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Abstract

A polynomial threshold function (PTF) is defined as the sign of a polynomial p: {0,1}" — R.
A PTF circuit is a Boolean circuit whose gates are PTFs. We study the problems of exact and
(promise) approximate counting for PTF circuits of constant depth.

e Satisfiability (#SAT). We give the first zero-error randomized algorithm faster than
exhaustive search that counts the number of satisfying assignments of a given constant-
depth circuit with a super-linear number of wires whose gates are s-sparse PTFs, for
s almost quadratic in the input size of the circuit; here a PTF is called s-sparse if its
underlying polynomial has at most s monomials. More specifically, we show that, for any
large enough constant ¢, given a depth-d circuit with (n2*1/ ¢)-sparse PTF gates that has at
most n'15¢ wires, where £4 depends only on ¢ and d, the number of satisfying assignments
of the circuit can be computed in randomized time 2"~ with zero error. This generalizes
the result by Chen, Santhanam and Srinivasan (CCC, 2016) who gave a SAT algorithm
for constant-depth circuits of super-linear wire complexity with linear threshold function
(LTF) gates only.

e Quantified derandomization. The quantified derandomization problem, introduced
by Goldreich and Wigderson (STOC, 2014), asks to compute the majority value of a given
Boolean circuit, under the promise that the minority-value inputs to the circuit are very
few. We give a quantified derandomization algorithm for constant-depth PTF circuits
with a super-linear number of wires that runs in quasi-polynomial time. More specifically,
we show that for any sufficiently large constant ¢, there is an algorithm that, given a
degree-A PTF circuit C' of depth d with n!+1/¢" wires such that C' has at most 2% '
minority-value inputs, runs in quasi-polynomial time exp ((log n)O(AQ)) and determines
the majority value of C. (We obtain a similar quantified derandomization result for PTF
circuits with n®-sparse PTF gates.) This extends the recent result of Tell (STOC, 2018)
for constant-depth LTF circuits of super-linear wire complexity.

e Pseudorandom generators. We show how the classical Nisan-Wigderson (NW) gen-
erator (JCSS, 1994) yields a nontrivial pseudorandom generator for PTF circuits (of unre-
stricted depth) with sub-linearly many gates. As a corollary, we get a PRG for degree-A
PTFs with the seed length exp (/A -Togn) - log?(1/€).
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1 Introduction

Satisfiability and derandomization are famous examples of “circuit analysis” problems that, apart
from being important algorithmic problems in their own right, are also intimately related to the
notoriously difficult problem of proving circuit lower bounds. In this paper, we give several al-
gorithmic results for these problems for the class of Boolean circuits with polynomial-threshold
functions (PTFs) as gates. A PTF is a generalization of the standard (weighted) majority function
(linear threshold function) to the case of arbitrary polynomials, and is formally defined as the sign
of a polynomial p: {0,1}" — R.

We next describe in more detail the satisfiability and derandomization problems that we consider
in this paper, as well as the class of PTF circuits for which we consider them. We then state our
main results, and discuss our techniques.

1.1 Circuit-SAT

Circuit-SAT asks to determine whether a given Boolean circuit has a satisfying assignment. As a
canonical NP-complete problem, it is not believed to have a polynomial-time (or subexponential-
time) algorithm. However, it is still very interesting to look for nontrivial algorithms for Circuit-SAT
running faster than naive exhaustive search. More specifically, given a circuit of polynomial size
on n variables, is there a satisfiability algorithm that runs in time at most 2"/ ne1)?

It turns out that this task is challenging even for very restricted classes of circuits. The difficulty
of obtaining such a SAT algorithm can be partially explained by the work of Williams [Wil10, Will1]
showing that a Circuit-SAT algorithm faster than exhaustive search for a given class of circuits can
often be used to prove nontrivial circuit lower bounds against that same class of circuits (given that
the class of circuits satisfies some mild conditions). In fact, Williams designed such a Circuit-SAT
algorithm for ACC circuits (constant-depth circuits with AND, OR, NOT, and modular counting
gates) that runs in time gn—nt/P(® (recently improved to gn—n!/PW(D [CP16]), where d is the
depth of the circuit, and then used this algorithm to show that NEXP contains a language that
is not computable by any family of polynomial-size constant-depth ACC circuits, a breakthrough
result in circuit complexity.

Given the connections between nontrivial Circuit-SAT algorithms and circuit lower bounds, one
of the next big goals in circuit complexity is to design such an algorithm for the class of TC circuits,
constant-depth circuits with majority gates. Lower bounds against the class of polynomial-size TC"
circuits is currently one of the most important open problems in complexity.

1.2 Derandomization

A central problem in derandomization is to give an efficient deterministic algorithm for computing
the majority value of a given Boolean circuit, under the promise that the fraction of minority-value
inputs to the circuit is at most 1/3. That is, given a circuit that outputs some unknown value
b € {0,1} on all but at most 1/3 fraction of inputs, we need to determine this majority value b,
efficiently deterministically.

As for Circuit-SAT, it is also known that a “faster-than-brute-force” algorithm solving the
aforementioned derandomization problem for a circuit class C (satisfying some mild conditions)
implies lower bounds against that class C [Will0].



Black-Box Derandomization: Pseudorandom generators. One way to solve the derandom-
ization problem for a class C of circuits is to construct a pseudorandom generator (PRG) for C. A
PRG for a class C of n-input Boolean circuits is an efficiently deterministically computable function
G mapping short binary strings (seeds) to longer binary strings so that every C' € C accepts G’s
output on a uniformly random seed with about the same probability as that for an actual uniformly
random string. More precisely, we say that a generator G: {0,1}" — {0,1}" is e-fooling for a class
C of Boolean circuits if for every C: {0,1}" — {0,1} from C

Pr{C(G(x) = 1] - Pr[C(y) = 1]| <

for uniformly random x € {0,1}" and y € {0,1}". The parameter r is called the seed length of the
PRG. Then given a PRG that fools C, for every C' € C, we can estimate the fraction of accepted
inputs to within an additive error €, by trying all possibles seeds. This gives a deterministic
algorithm solving the derandomization problem in time approximately 2".

Note that a PRG yields black-bor derandomization in the sense that we do not need to be given
as input a circuit C' € C in order to decide the set of 2" query points for C'; the set of 2" query
points is the same for all circuits in class C.

Quantified derandomization. As standard derandomization appears difficult even for weak
circuit classes, one considers relaxations. One relaxation is to assume that a given n-input circuit
C outputs an unknown value b € {0,1} on all but “very few” inputs, e.g., 2" /n‘”(l) inputs rather
than 2"/3 in the case of standard derandomization. Goldreich and Wigderson [GW14] named
this a quantified derandomization problem. More formally, for a class C of circuits, and a function
B: N — N, the (C, B)-quantified derandomization problem is the following: given a circuit C' € C
such that C' has at most B(n) minority-value inputs in {0,1}", determine the majority value
be{0,1} for C.

It was immediately observed by [GW14] that for “sufficiently powerful” circuit classes (e.g.,
AC°[@], polynomial-size constant-depth circuits with unbounded fan-in AND, OR, parity gates,
and negation gates), quantified derandomization is equivalent to standard derandomization, as
one can perform efficient pseudo-random sampling (via randomness extractors) within the same
circuit class. Thus, quantified derandomization may be possible to achieve (given our current
knowledge) only for “very weak” circuit classes. [GW14] gave quantified derandomization algorithms
for ACY (later strengthened by [Tell17a]) and some other classes. Recently, Tell [Tel18] showed that
quantified derandomization is also possible for constant-depth LTF circuits of small super-linear
wire complexity (and that improving this to slightly higher super-linear wire complexity is as hard
as getting nontrivial standard derandomization for the circuit class TC?, which in turn would imply
TC circuit lower bounds).

1.3 PTF circuits

The focus of the present paper is on circuits whose gates are polynomial threshold functions.
An n-variate polynomial threshold function (PTF) is defined as the sign sgn(p) of a multi-linear
polynomial p: {0,1}"™ — R. Here, for v € R, we define the sign function sgn(v) to be 1 on v > 0,
and 0 on v < 0. There are two common complexity measures for PTFs: degree, which is the
degree of p, and sparsity, which is the number of monomials in p, where a monomial® is of the form

!Note that our definition of a monomial is different from the usual definition, where a monomial is a product of
some variables (rather than literals, i.e., possibly negated variables). Our definition makes the class of s-sparse PTFs,



[Licg(zi®b;) where S C [n] and b; € {0,1} for each i € S. We call the PTF s-sparse if p(z1, ..., 2y)
is the sum of at most s monomials. PTFs of degree 1 are called linear threshold functions (LTFs).
Thus an s-sparse PTF can be equivalently defined as an LTF of at most s terms, where each term
is an AND of literals (variables and their negations).

Polynomial threshold circuits are circuits whose gates are PTFs. We will study both circuits
with low-degree PTF gates and circuits with sparse PTF gates. We call a circuit degree-A PTF
circuit if its gates are degree-A PTFs. Similarly, a circuit is called s-sparse PTF circuit if its
gates are s-sparse PTFs. We note that when discussing circuits, the word “sparse” is often used
to describe circuits with a small number of wires (recall that the number of wires is the sum of
fan-ins over all gates of the circuit). To avoid ambiguity, we clarify that in this paper the word
“sparse” always refers to PTFs. For example, a sub-quadratically sparse PTF circuit means a
circuit with gates that are sub-quadratically sparse PTFs (i.e., PTFs that have a sub-quadratic
number of monomials).

1.4 Our results

Circuit-SAT for sub-quadratically sparse PTF circuits with n'™® wires. PTFs are very
powerful even for small sparsity. For example, s-sparse PTFs can encode MAX-SAT with s clauses
and exponential weights, a problem known how to solve nontrivially only for a sub-quadratic
number of clauses. Therefore, a nontrivial SAT algorithm for PTFs of quadratic sparsity would
break the current barrier of solving MAX-SAT with exponential weights. In fact, since a polynomial
of degree-2 has at most a quadratic number of monomials, such an algorithm would also give a
nontrivial SAT algorithm for degree-2 PTFs, which is currently unknown?.

We give the first nontrivial #SAT algorithms (counting the number of satisfying assignments
of a given circuit) for the class of constant-depth circuits with PTF gates, where the PTF circuit
has small super-linear wire complexity (defined as the sum of fan-ins over all gates of the circuit)
and each PTF gate has sub-quadratic sparsity. Our main result is the following.

Theorem 1.1 (#SAT algorithm for sub-quadratically sparse PTF circuits). There is a constant
b1 > 1 such that, for every ¢ > by and d > 0, there is a zero-error randomized algorithm that counts
the number of satisfying assignments of any given depth-d, n-variate circuit with

o (n2~Y¢)-sparse PTF gates, and

o at most n'tee wires.
The running time of this #SAT algorithm is at most 2"~ where 4 = 3.

We also get an algorithm with better parameters if we further assume that the sparse PTF
gates in the circuit have low degree. Let Ga . denote the class of Boolean functions where each
function can be computed as an LTF of at most n2~Y/ (cA?) arbitrary A-variate Boolean functions.

for fixed sparsity s, much more expressive. For example, the polynomial p(z1,...,zn) =[]/, (x:®1) =[], (1 —xs)
has sparsity 1 by our definition, but sparsity 2" by the usual definition.

2Sakai, Seto, Tamaki and Teruyama [SSTT16] recently reported a faster-than-brute-force algorithm for MAX-k-
SAT for any constant k with arbitrary weights (which implies a satisfiability algorithm for degree-k PTFs). However,
their algorithm is conditional in that it relies on an assumption that one can efficiently reduce the weights of a given
n-variate LTF to integral weights of magnitude at most 2°(™1°8™)  While it is known that such small weights exist
for every LTF [MTT61], it is currently not known how to find them efficiently.



Theorem 1.2 (#SAT algorithm for sub-quadratically sparse PTF circuits with low-degree). There
exists a constant by > 1 such that, for every d, A > 0 and ¢ > by, there is a zero-error randomized
algorithm that counts the number of satisfying assignments of any given depth-d, n-variate circuit
with

e gates from Ga ., and
e at most n'teaa ywires.

The running time of this #SAT algorithm is at most n=n" A Chere EdA = (c . Az)_d.

Quantified derandomization for PTF circuits with n!*¢ wires in quasi-polynomial time.

Theorem 1.3 (Quantified derandomization for low-degree (or sparse) PTF circuits). For any
constant ¢ > 122 and any A,d > 0 such that A < \/logn/(c? -loglogn), let C = C(n,d,A,c) be
the class of n-variate, depth d PTF circuits with

e degree-A PTF gates (or nA/Cd-sparse PTF gates), and

14+1/cd

e at mostn wires.

nl=7/Vc . . . . . . (logn)O(A2)
The (C,2 -quantified derandomization problem is solvable in time 2 .

PRG for PTF circuits with few gates.

Theorem 1.4 (PRG for PTF Circuits). There exists a constant E > 0 such that the following
holds. For any positive integers o and A, let C = C(n, o, A) be the class of degree-A PTF circuits

on n inputs with at most s = na%l/ (E-5>4 -log?(n) - log(n/e)) gates. There exists a poly(n)-time
computable PRG G: {0,1}" — {0,1}" e-fooling C, where the seed length is r = n?/(@+1),

We get the following PRG for a single PTF (by setting « appropriately).

Corollary 1.5 (PRG for PTFs). There exists a PRG G: {0,1}" — {0,1}", computable in deter-
ministic time poly(n), that e-fools degree-A PTFs on n variables with the seed length

r=exp (0 (VA Togn)) -log(1/e).

1.5 Our techniques

A common way to analyze constant-depth circuits is to apply (random) restrictions, getting some
depth reduction, and iterate, until the resulting circuit becomes very simple. Our #SAT algo-
rithms and quantified derandomization algorithms for constant-depth PTF circuits also follow this
approach, mainly relying on the ideas of [CSS16] for depth reduction, and [KKL17] for (pseudo-)
random restrictions for PTFs. We give more details next.



Satisfiability for small PTF circuits. To get our Circuit-SAT algorithm, we generalize the
analysis of the Circuit-SAT algorithm for small LTF circuits in [CSS16]. An oversimplified descrip-
tion is as follows. We show that for a depth-d circuit with a slightly super-linear number of wires,
whose gates are sparse PTFs, there exists a shallow decision tree such that, for most of the leaves,
the circuit restricted to that leaf can be “approximated” by some depth-(d — 1) circuit. Then we
recursively apply a Circuit-SAT algorithm to depth-(d—1) circuits. However, to actually implement
this idea, we need three ingredients.

1. First, we need a base-case algorithm. In the case of LTF circuits, the base case is a conjunction
of LTFs, and there is a known algorithm by Williams [Will4] for such circuits. In contrast,
in our case, the base case is a conjunction of sparse PTFs. Using the polynomial method in
circuit complexity, we are able to design a Circuit-SAT algorithm for such circuits.

2. Secondly, to construct the decision tree, we need a random restriction lemma showing that,
under a random restriction, a gate in the circuit is likely to be close to constant. In the case
of LTFs, Chen et al. [CSS16] proved such a random restriction lemma for LTFs. Here, we
show such a restriction lemma for sparse PTF's using a restriction lemma for low-degree PTFs
in [KKL17].

3. Finally, since the restricted circuit under a leaf is only “approximated” by some circuit of
lower depth, we need to handle the inputs where these two circuits disagree. This issue can
be handled if we can enumerate the set of inputs where a gate evaluates to its minority value.
As shown in [CSS16], there is an efficient way to do this for functions whose satisfiability
can be decided in polynomial time, such as LTFs. However, we cannot apply this for sparse
PTF's since there is no known polynomial-time SAT algorithm for sparse PTFs. We overcome
this issue for sparse PTFs by reducing to the case of LTF's, using some ideas from Chen and
Santhanam [CS15].

Quantified derandomization for small PTF circuits. Our quantified derandomization al-
gorithm at the high level follows the approach of [GW14]. Given a circuit C' with at most B
minority-value inputs, the idea is to come up with a restriction p such that p leaves a large number
of variables unrestricted, say n’, and that C, is very close to some simple function C (say they
agree on all but at most 1/6 fraction of inputs). Then the number of minority-value inputs for
C is at most B + 2" /6. If B is also at most il /6, then we can determine the required majority
value for C' by finding the majority value C, which is a simple function. (This approach is also
used by Tell [Tell8] to get a quantified derandomization algorithm for LTF circuits with a slightly
super-linear number of wires.)

Let’s first consider a depth-2 LTF circuit with few wires. In [CSS16], Chen, Santhanam and
Srinivasan proved a random restriction lemma for LTFs, which says that under a random restriction,
an LTF is likely to become very close to an explicit constant. Using this result, one gets that under
such a random restriction, many of the gates in the bottom layer of the circuit are expected to
become close to constants. Since the circuit has only a few wires, one can further fix a small number
of variables so that only those gates that are close to constants are left. Finally, by replacing these
gate with their majority values, we obtain a single LTF that is close to the original depth-2 circuit.

Such a random restriction lemma was extended to low-degree PTFs in [KKL17], so we can
conclude the same for low-degree PTF circuits. One important issue, though, is that the above
“depth reduction” argument only holds for random restrictions (but with high probability). So to



get quantified derandomization, one will need to consider all possible restrictions. To handle this
issue, Tell [Tell8] derandomized the random restriction lemma for LTFs mentioned above so that
such a restriction can be sampled using few random bits. As a result, one only needs to consider a
much smaller sample space of restrictions.

Now we need to apply the above idea to a depth-d circuit C. It seems that all we need to do is
applying the pseudorandom restriction d — 1 times. While this is true, the analysis is much more
subtle. For example, after applying the first pseudorandom restriction p;, we get a new circuit C
of depth (d— 1) on some n' variables so that it agrees with C), on all but at most say 2" /6 inputs.
Now consider a subsequent restrictions p’. Note that the final number of unrestricted variable n”
after p’ is much smaller than n’. Therefore, (C),), and C'p/ can disagree on all the inputs (since
2" /6 > 2"") so Cy cannot be used to determine the correct output of (C,,),, which is also the
correct output of C. It turns out that this issue can be handled if we can say that those bottom
layer gates, which become close to constant after applying one step of pseudorandom restriction,
will remain close to the same constant for the subsequent pseudorandom restriction. Such a “bias
preservation lemma” for LTFs is also proved in [Tell8].

Both the pseudorandom restriction lemma for LTFs and the bias preservation lemma for LTF's
in [Tell8] are obtained using a PRG for LTFs. One way to extend those results to PTFs is to use a
PRG for PTFs. However, unlike LTFs, for which a PRG with a very short seed is known, all known
PRGs for PTFs have a large seed length (for small error, which is needed for the argument). In fact,
the only PRG that we can use in this case is the one in Corollary 1.5, and it would give a quantified
derandomization algorithm running in time gexp(VATogn) get quasi-polynomial running time,
we use a powerful pseudorandom “block restriction lemma” for PTFs in [KKL17] that uses only a
poly-logarithmic number of random bits, and convert it into a form of pseudorandom restriction
lemma that fits our needs. Also, we use an observation in [KKL17], which says that a concentrated
PTF (see Definition 2.1) is likely to remain concentrated under any random restriction that fixes
variables limited-wise independently, to get a similar bias preservation lemma for PTFs.

PRG for small PTF circuits. Our PRG is based on the celebrated Nisan-Wigderson “hardness-
based” generator (NW PRG) [NW94]. To fool a class C of Boolean functions f, the NW PRG
construction requires a “hard function” A that cannot be computed correctly on significantly more
than a half of all possible inputs by any Boolean function ¢ in a related class C of “slightly more
powerful” functions than those from C. Thus, sufficiently strong average-case lower bounds against
the class C can be used to build a PRG fooling the class C.

In our case, the class C contains all those n-variate Boolean functions that are computable by
constant depth-d circuits with at most s < n PTF gates of degree-A. Our main observation is that
the corresponding class C (for which we require average-case lower bounds) is the class of Boolean
functions computable by constant depth-d circuits with at most s PTF gates of degree A’ = o+ A,
for some parameter o > 1 that we can control (and which will determine the seed size of our PRG).
That is, the class C is the same as C, except for a somewhat higher degree A’ of the allowed PTF
gates.

To illustrate the idea of our analysis of the NW PRG for PTF circuits, we consider the special
case of a single n-variate PTF f of degree A. That is, f = sgn(p(z1,...,2,)) for some degree-A
multi-linear polynomial p: {0,1}"™ — R. Suppose that the NW generator based on some “hard”
Boolean function h failed to e-fool this PTF f.

First, the standard NW analysis shows that the function h(z) can be computed, with probability



at least 1/2 4 €/n, by (possibly the negation of) the function

9(2) = f(h1(2), ha(2), - - ., hi(2), biv1, - -+, bn), (1)

for some 1 < i < n, fixed bits biy1,...,b,, and Boolean functions hy,...,h;, where each h;(z)
depends on at most some « bits in z, for a parameter a > 1 coming from the NW construction (the
maximum overlap between pairs of sets in the NW design; see Section 5 for details).

It is well known that every Boolean function on « inputs can be written as a multi-linear
polynomial of degree a over the reals. Plugging in these polynomials for the function h;’s in
Equation (1), we get that ¢g(z) is a PTF of degree at most A’ = - A.

Hence, to ensure that this NW generator based on h is indeed e-fooling for degree-A PTFs, we
just need h to be such that no PTF of degree-(« - A) can compute h(z) on more than 1/2 4+ ¢/n
of inputs z. Such hard functions h turn out to be easy to construct. For example, we use the
average-case hard function for low-degree PTF circuits due to Nisan [Nis94].

The parameters of our PRG G: {0,1}" — {0,1}" (its error € and seed length r) depend on the
strength of the average-case lower bound for the hard function h. To get a short seed r, one needs
to maximize the aforementioned parameter «, ideally setting o = logn (as is the case for a standard
application of the NW construction). However, we also need to prove (average-case) lower bounds
against PTF's of degree a - A, where virtually nothing is known for the degree logn. Thus we are
forced to set o < logmn, which limits the stretch of our PRG to be at most only super-polynomial.
On the other hand, for such a small «, our hard function A has exponentially small correlation with
degree-(a - A) PTFs, thereby allowing our PRG to have an exponentially small error e.

1.6 Related work and comparison

Circuit Satisfiability. Impagliazzo, Paturi and Schneider [IPS13] gave a Circuit-SAT algorithm
for depth-2 LTF circuits with few wires; this result was improved by Chen and Santhanam [CS15].
A Circuit-SAT algorithm for constant-depth LTF circuits with few wires was recently given by Chen,
Santhanam and Srinivasan [CSS16]. Alman, Chan and Williams [ACW16] and Tamaki [Tam16]
both gave Circuit-SAT algorithms for depth-2 LTF circuits with an almost quadratic number of
gates.

The most closely related previous work is by Chen, Santhanam and Srinivasan [CSS16] who
gave a Circuit-SAT algorithm for circuits with a super-linear number of wires whose gates are LTF's.
In particular, they show that the satisfiability of a depth-d, n-variate circuit with LTF gates and
at most n!t%e wires can be solved by a zero-error randomized algorithm in time 27 " where
eq = ¢4 for some constant c. Our results extend their algorithm to the more general case of
circuits with sparse PTF gates. In particular, our algorithm in Theorem 1.2 for A = 1 subsumes
the Circuit-SAT algorithm for LTFs in [CSS16]. Also note that the sparsity of the PTF gates in
our model is almost quadratic in n, which is the input size of the circuit. “Opening up” the PTF
gates in the circuit and expressing them as LTFs of terms will result in a (constant-depth) LTF
circuit that can have an almost quadratic number of wires, and such a circuit can not be analyzed
by the result in [CSS16].

Quantified derandomization. The quantified derandomization problem was first introduced
by Goldreich and Wigderson in [GW14], where they obtained a polynomial time algorithm that
finds the majority output of a given AC’ circuit that has at most gn o minority-value inputs.



The key tool in their algorithm is a derandomized version of Hastad’s switching lemma [Hasg89]
with logarithmic seed length. In addition, they obtain quantified derandomization results for log-
space algorithms and arithmetic circuits. The quantified derandomization algorithm for AC® was
generalized by Tell [Tell7a] to handle ACY circuits with at most 22(*/ log?~?n) minority-value inputs,
where d is the depth, with an increase of the running time to 20(log’n)  Ag mentioned above,
Tell [Tell8] has recently obtained a quantified derandomization algorithm for depth-d LTF circuits
with n1*1/ &) wires with at most 2% /> minority-value inputs, running in time n{°glos "? Our
result extends this to low-degree PTF circuits and sparse PTF circuits, at the expense of increasing
the running time to quasi-polynomial (for constant degree and polynomial sparsity). For the results

on reducing standard derandomization to quantified derandomization, see [GW14, Tell7a, Tell7b,
Tel18].

PRGs. There has been a long sequence of works on constructing PRGs (of varying strength)
for various sub-classes of P/poly. Among these known PRG constructions, some are NW-style
“hardness-based” generators, while others are ad hoc constructions (often using such standard
pseudorandomness tools as hashing, limited-wise independence, expander graphs, etc.) The previ-
ous PRGs for PTFs due to [MZ13, Kanl2] are of the latter kind. The construction uses hashing
and limited-wise independence. The analysis is quite involved, and depends on a number of ana-
lytic tools for polynomials (concentration and anti-concentration results, the invariance principle,
hypercontractivity, regularization, etc.). In contrast, our PRG for PTFs (of Corollary 1.5) is the
NW-style construction, whose analysis is simple, assuming an average-case lower bound for an
appropriate class of functions.

For constant degree PTFs and constant error €, the PRG of [MZ13, Kanl2] has exponential
stretch (mapping a seed of length O(logn) to an n-bit string fooling n-input PTFs). However,
these PRGs has polynomial dependence in the error 1/e¢ and cannot handle small error. Our
PRG cannot achieve such exponentially long stretch for constant error, but it can achieve even
exponentially small error ¢ with a nontrivial (sub-linear) seed size, which is impossible for the
PRGs of [MZ13, Kan12].

In their work studying correlation bounds for AC® circuits with few symmetric gates [LS11],
Lovett and Srinivasan obtained an average-case hard function for constant depth poly-size AC”
circuits with few LTF gates and used it to construct a PRG fooling such circuits with polynomial
stretch and exponentially small error, also based on the generic construction of Nisan and Wigder-
son. Since a PTF can be viewed as a depth-2 circuit computing an LTF of ANDs, such a PRG
also fools small PTF circuits. While the PRG in [LS11] can fool a more general model, which is
constant-depth AC? circuits augmented with LTF gates, it can have only polynomial seed stretch
and the circuit can have only constant depth. Our work here focuses on circuits with only PTF
gates. Our PRG can have sub-polynomial seed length and it can fool PTF circuits regardless of
the depth as long as the number of gates is small. In particular, our PRG for a single PTF with
sub-polynomial seed length (Corollary 1.5) can be used to construct a PRG for degree-2 PTF's with
a seed length that is logarithmic in the input size and sub-polynomial in the error (see [KR18]).

Threshold circuits. It is well known that the class of constant-depth polynomial-size TCY cir-
cuits is equivalent to the class of constant-depth polynomial-size circuits with LTF gates [GHR92].
LTF circuits have been intensively studied in complexity theory. PTF circuits have been previously
studied for lower bounds [Nis94, KKL17]. Threshold circuits are also studied as a model of artificial



neural networks [MP43] (see also [Ant01]), where a threshold gate is also called a neuron.

Remainder of the paper. We give the necessary background in Section 2. We describe our
satisfiability algorithms (of Theorem 1.1 and Theorem 1.2) in Section 3. We prove our quantified
derandomization results (Theorem 1.3) in Section 4, and our PRG result (Theorem 1.4) in Section 5.
We conclude with some open problems in Section 6.

2 Preliminaries

2.1 Notation

For an positive integer n, let [n] denote the set {1,2,...,n}. For a Boolean function f: {0,1}" —
{0, 1}, we define the majority value of f to be the bit value b € {0,1} that maximizes the quantity
Pr, 0,132 [f(z) = b], and we call 1 — b the minority value.

We say that two Boolean functions f and g are d-close if Pr,[f(x) # g(z)] < §. We say that
a function f is d-close to an explicit constant if f is d-close to some constant function and such a
constant function can be efficiently determined from f.

We will often view an s-sparse PTF as an LTF of at most s AND gates. It is well known
that every LTF on m variables has a canonical representation, where the coefficients are integers
of magnitude at most 20(m1°&™) IN[TT61]. Therefore, every s-sparse PTF is equivalent to some
s-sparse PTF whose coefficients are integers of magnitude at most 20(1°8%)  Without loss of
generality, for a circuit with s-sparse PTF gates, we assume the coefficients of all gates have bit

complexity poly(s).

2.2 Random restrictions

A random restriction is a process that randomly fixes the values of a subset of variables. We will
often view a random restriction as a two step process: the first step is selecting (in some random
manner) a subset of unrestricted variables and the second step is fix (in some random manner) the
values of all the other variables. Depending on different contexts, we will consider different types
of random restrictions based on how the unrestricted variables are picked and how the restricted
variables are fixed.

Truly random restriction. The first type is the (truly) r-random restriction, for a parameter
0 < r < 1. It is the process that leaves each variable, independently, free with probability r, and
otherwise assigns it 0 or 1 uniformly at random.

Pseudorandom restriction using limited-wise independence. We can also pick and fix
variables in a pseudorandom manner. One way to do this is to use a limited-wise independent
distribution. For integers n,m > 0, a distribution X on [m]" is called k-wise independent if any
k coordinates of X are uniformly distributed. That is, for any 1 < 41,...,ix < n and every
b1,...,bx € [m], we have

Pr[Xi, =b1,..., X;, = bp] =m~F.

A k-wise independent distribution over [m|™ can be constructed using k - logn random bits for
m < n (see, e.g., [Vadl2]).
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For a random restriction p, we say that p picks the unrestricted variables k-wise independently,
each with probability r, if each variable is set to be unrestricted by p with probability r, and any
k of the variables are independent. Note that this process can be done using a k-wise independent
distribution over [1/r]", where n is the number of variables. Also, we say that p fixes the variables
k-wise independently if each variable is assigned 0 or 1 uniformly at random by p and any k of the
variables are independent.

Random block restriction. A random block restriction picks the set of unrestricted variables
by picking a block from some arbitrary predetermined partition of variables. More formally, an
m-block random restriction for a function is the following process: given an arbitrary partitioning of
input variables into m disjoint blocks, a random m-block restriction picks a uniformly random block
¢ € [m] and fixes all variable outside the chosen block ¢ to 0 or 1 according to some distribution.
Note that we can use a random block restriction to simulate the first two types of (pseudo-)random
restrictions above. For example, to simulate a truly r-random block restriction, we first randomly
partition the variables into m = 1/r disjoint blocks, where each variable is assigned to block
i € [m], independently, with probability 1/m. Then we apply an m-random block restriction based
on the partition in the previous step, by fixing the variables outside the selected block uniformly at
random. Similarly, to simulate a pseudorandom restriction using limited-wise independence, we can
partition (hash) the variables into disjoint blocks limited-wise independently, and apply a random
block restriction where we fix the variables also using a limited-wise independent distribution.

2.3 Useful tools for analyzing PTFs

Definition 2.1 (§-concentrated PTFs). Let p: {0,1}" — R be a degree-A multi-linear polynomial
and f = sgn(p). For parameters 0 < § <1/2 and A > 1, we call p (and f) (6, A)-concentrated if

Var[p] < (162 - log(1/5)) ™ - Exp [p*],

where Exp and Var denote the expectation and the variance, respectively, under the uniform
distribution over {0,1}". We refer to (9, 1)-concentrated polynomials as §-concentrated.

A useful property of concentrated PTFs is that they are close to an explicit constant.

Lemma 2.2 (Concentrated implies close to constant). For any 0 < 6 <1/2, if a PTF f = sgn(p)
is §-concentrated, then f is 0-close to the constant function sgn (Exp|p]).

For a multi-linear polynomial p: {0,1}" — R, it easy to see that Exp[p] = p(1/2,...,1/2), and
so the expectation of p can be computed efficiently given access to p (either the evaluation oracle
for p, or the full description of p via its coefficients). Thus, the constant function sgn(Exp|p]) from
Lemma 2.2 is efficiently computable for a given polynomial p.

The following is a random restriction lemma for PTFs which says that a low-degree PTF is
likely to become concentrated under a (truly) random block restriction.

Lemma 2.3 (Random block restriction lemma [KKL17] 3). For any 0 < § < 1 and any positive

3The original result in [KKIL17] was stated for PTFs and polynomials for {1, —1} domain. It is easy to see that
it also holds for {0,1} domain. This is because for every multi-linear polynomial p: {0,1} — R, there is the unique
polynomial p’: {1,—1} — R of the same degree such that, for any = € {0,1}" there is an unique y € {1, —1}" (that
maps the 0’s of z to 1 and the 1’s to —1) such that p(z) = p’(y). More precisely, for p(z) = ngn] cs - iesxi, we
get p'(y) = 2scin ¢s - ies(1 —yi)/2. It is easy to see that the expectation (variance) of p’ over {1,—1}" is the
same as that of p over {0,1}".
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integers m, A, let By, be a m-block random restriction that fizes variables uniformly at random.
Then for degree-A PTF f whose variables are partitioned into m blocks, we have

Pr,.s,, [f, is not (3, \)-concentrated) < m~2 - (logm - log(l/d))o()"y).
There is also a derandomized version of the above random block restriction lemma.

Lemma 2.4 (Pseudorandom block restriction lemma [KKL17]). For any 0 < §,7 < 1 and any
positive integers m, A, there is a polynomial-time algorithm for sampling a m-block random restric-
tion Bl , that uses at most m? - logn random bits, so that the following holds. For any n-variate
degree-A PTF f whose variables are partitioned into m blocks, we have

Pr,.s [f, is not (6, A)-concentrated] < m~Y2. (logm - log(l/é))o(/\'AQ/V).
Moreover, B),, fixes the variables (192 - A -log(1/6))-wise independently.

The following lemma says that a sparse PTF is likely to become a low-degree PTF under a mild
(pseudo-)random restriction.

Lemma 2.5 (Degree reduction lemma). For any positive integer D, any (logn) ™' < a < 1, let R
be a random restriction such that

e R picks the unrestricted variables D-wise independently, each with probability n=%.
e R fizes the variables using a (D - « - logn)-wise independent distribution.
Then for any s-sparse PTFE f on n variables, we have
Pr, r[deg(f,) > D] <s- n~Pel?,

Proof. Let M be any monomial in f.
Suppose |M| < D -« -logn. Then

Pr, r[|M,| > D] < Z Pr,[all variable in S are set unrestricted by p]
SCM:|S|=D

- >

SCM:|S|=D

= (MY oy

< (D a-logn )
< (e-a-logn)?- n*a
s ( )’

fD a/2

In above, we use the fact that R picks the set of unrestricted variables D-wise independently, each
with probability n=%.

12



Now suppose |M| > D -« -logn. Let S be any subset of M such that |S| = D -« -logn. Then

Pr, r[|M,| > D] < Pr,[M, # 0]
= Pr,[no variable in S is set to 0 by p]

_ (1 _ 1_n_a>|S|
2

92 D-a-logn
S —

3
< p D2

In above, we use the fact that R fixes the variables using a (D - « - log n)-wise independent distri-
bution.
The lemma then follows by applying the union bound over all s monomials. O

3 #SAT algorithm for PTF circuits

In this section, we present our counting (#Circuit-SAT) algorithm in Theorem 1.1 for circuits with
sparse PTF gates without any degree restriction on the monomials. We start with some useful
tools.

Definition 3.1 (Probabilistic Polynomials). We say that a function f: {0,1}" — {0,1} has an -
error probabilistic polynomial of degree d if there is a distribution P of polynomials p(x1,...,x,) €
Folxt,...,x,] such that, for any x € {0,1}", Pr,op[f(z) # p(z)] < e. We will call the distribution
P a probabilistic polynomial.

There are known constructions of probabilistic polynomials for LTFs and AND/OR, functions
that use few random bits.

Theorem 3.2 (Randomness-efficient probabilistic polynomials for LTFs [Sril3, Tam16]). For any
0 <e<1/2 and LTF f:{0,1}" — {0,1}, f has a e-error probabilistic polynomial P of degree

at most d = O («/n -log(1/€) - log® n) Moreover, P is samplable in time () - poly(n) using
0 (logQ(n/e)) random bits.

Theorem 3.3 (Randomness-efficient probabilistic polynomials for AND/OR [Raz87, CW16]). For
any 0 < € < 1/2, AND/OR on n wvariables has a e-error probabilistic polynomial P of degree at

most d = O (log(1/€)). Moreover, P is samplable in time (1)) - poly(n) using O (logn -log(1/e))
random bits.

We need the following useful tools for analyzing polynomials.

Lemma 3.4 (Fast multi-point polynomial evaluation [Yat37, Willl]). Let p be a n-variate poly-
nomial given as a sum of monomials. Then p can be evaluated on all points in {0,1}" in time

2™ - poly(n).

Theorem 3.5 (Toda’s polynomials [Tod91, BT94]). For any integer ¢ > 0, there exists an explicit
polynomial Fy of degree 20 — 1 such that the following holds

13



1. ify =0 mod 2, then Fy(y) =0 mod 2°.
2. ify =1 mod 2, then Fy(y) =1 mod 2°.
We also need the followings.

Proposition 3.6 (see Section 4.1 of [CS15]). Let ¢1,...,¢s be a sequence of terms whose literals
are from a set of n variables, where s > n. There exists a decision tree with at most on—(n?/s)
leaves such that restricted to each leaf of the tree, ¢; contains at most 1 literal, for all i € [s].

Proposition 3.7 (Proposition 5.2 of [CSS16]). Let f: {0,1}" — {0,1} be an LTF with coefficients
of bit complexity poly(n) and let S be the set of inputs on which f evaluates to 0 (or 1). Then S
can be enumerated in time |S| - poly(n)

3.1 Conjunction of sparse PTF's

First, we give a #Circuit-SAT algorithm for conjunctions of sparse PTFs, which is needed for
our main algorithm as the base case. The algorithm is based on the framework for designing
satisfiability algorithms developed by Williams [Willl, Will4]. The idea is to transform a given
constant-depth circuit into a low-degree probabilistic polynomial and solve satisfiability by evalu-
ating the polynomial on all points in a faster-than-brute-force manner. Applying this idea naively,
we get a randomized SAT algorithm that makes error. Such a base-case algorithm would result in
the final SAT algorithm for PTF circuits that also makes error. However, using some derandom-
ization ideas similar to those in [CW16, Tam16], we are able to obtain a deterministic base-case
algorithm that can count the number of satisfying assignments. This allows us to make our final
SAT algorithm for PTF circuits to be zero-error randomized algorithm that counts the number of
satisfying assignments.

Lemma 3.8. There exists a deterministic algorithm that counts the number of satisfying assign-
ments of every n-variate circuit C that is a conjunction of k s-sparse PTF gates, where s > n,
such that the algorithm runs in time at most

1/2
nf( o
2 (\/E-(logs)o(l)-long) .

The following lemma says that a conjunction of sparse PTFs has low degree probabilistic poly-
nomial that can be constructed using few random bits.

Lemma 3.9. For any 0 < € < 1/2 and n-variate circuit C that is a conjunction of k s-sparse PTF
gates, C' has an e-error probabilistic polynomial P of degree d = /s - (log s)°(M) - logk - log(1/e€).
Moreover, P is samplable in time (7)) - poly(n) using (log 5)°W logk - log(1/€) random bits.

Proof. Let fi,..., fr be the s-sparse PTFs at the bottom (closest to the inputs) layer of C. We
first consider the probabilistic polynomial for a single sparse PTF.

Claim 3.10. Each f;, i € [k], has a e-error probabilistic polynomial of degree at most d = /s -
(log 5)°M) - log(1/€) that is samplable in time (%) - poly(n) using (log 5)°M . log(1/€) random bits.
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Proof of claim. We view f; as an LTF of s AND gates. We first represent each of the AND gates
at the bottom by a ﬁ—error probabilistic polynomial of degree O (log s), using Theorem 3.3. This
takes O (logn - log s) random bits for a single AND gate. Then we represent the LTF gate (on s
variables) with a %—error probabilistic polynomial of degree O (\/E -log® s), using Theorem 3.2.
This takes O (log2 s) random bits. By composing the probabilistic polynomial for the bottom
ANDs with the probabilistic polynomial for the top LTF, we obtain, by the union bound, a %—
error probabilistic polynomial of degree /s - (log s)°() for f;. Note that since we are taking the
union bound over the bottom AND gates here, we can use the same random bits to construct the
probabilistic polynomials for all the AND gates. Finally, we sample O (log(1/¢)) independent copies
of such polynomials for f; and take the majority. Note that the majority function on ¢ variables
can be computed by a polynomial of degree t. By a standard concentration bound, we conclude
that each f; has an e-error probabilistic polynomial of degree at most /s - (log s)°() -log(1/€). O

By Claim 3.10, we now can represent each f; in C with a ﬁ—error probabilistic polynomial of
degree /s - (log 3)0(1) -log k. This takes (log 3)0(1) -log k for a single f;. Also, we represent the top
AND gate of C' by a 1—10-err0r probabilistic polynomial of constant degree. We then obtain a %—error
probabilistic polynomial for C' of degree /s - (log s)°() - log k. Again we use the same random bits
for the f;’s as we are taking the union bound. Finally, by standard error reduction as described

above, we get an e-error probabilistic polynomial for C' of degree /s - (log s)°(") -log k -log(1/¢). [
We are now ready to describe our #Circuit-SAT algorithm for conjunctions of sparse PTFs.

Proof of Lemma 3.8. Consider a subset of n/ variables and a partial assignment a € {0,1}". Denote
by C, the restricted circuit where the values of these n’ variables are fixed to a. We enumerate all

such partial assignments in {0,1}" and obtain a list of 7 = 2" restricted circuits Cy, ..., C,,. Let
Qx) =Y Ca;(a).
i€(r]

Note that the number of satisfying assignments of C is equal to

> Q).

ze{0,1}n—n’

Now let P! be an %—error probabilistic polynomial of Cy, of degree /s - (log s)°M) -log k - log ()
given by Lemma 3.9. Consider the following quantity:

szPi (p(x) mod 2)
|Pi|

Ri(x) =

Here we view p € P! as a polynomial with integer coefficients rather than a polynomial over Fs.
Since P! is an %—error probabilistic polynomial of C,,;, we have

i) = €
R'(z) = Cy,(z) £ 3
Then, we get
: 1
Y Ri(z)=Q(z) + 3
1€[r]
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Let ¢ = (log 5)0(1) -logk - logr so that 2¢ > 7. M. Let F be a degree 2¢ — 2 polynomial given by
Theorem 3.5. Then

o Ve Xpepi (F(p(x)) mod 2¢) (Z,Em > pepi F(p(a:))) mod 2¢
> (@) = 7 = = .

i€[r]

Now let

-3 Y Fote

i€[r] pePi

Note that Q" is a polynomial of degree at most

0-/s-(ogs)°WM logk - log(r) < (n)?- /s - (log s)°M) - log? k.

Moreover, Q' can be explicitly computed in time 9(n)?/5-(1og )9 Wlog” k- We then do fast multi-
point evaluation (Lemma 3.4) of Q' to obtain the values Q'(z) for each z € {0,1}""". Note that
We Can Tecover Y cp R(z), hence also Q(z), from @'(z). We then sum over all z’s in {0,1}"~"
to obtain the number of satisfying assignments of C. In total, the running time is at most

ON (2n—n’ + 2(n’)2-\/§-(10g 5)0 M) Jog? k) )

Setting

n 1/2
n/
(3 Vs - (log 5)0() - log? k‘)

completes the proof. O

3.2 Depth reduction for sparse PTF circuits with few wires

In this section, we show how to use the random restriction lemma for PTFs (Lemma 2.3) to simplify
a sparse PTF circuit with few wires.

Lemma 3.11. For any integer d > 2 and any (logn)~! < e < 1, let

e 5 =F- ¢, where E is some constant,

o(1)

0 = exp (—nQ('Bg)),

o C be any depth-d, n-variate, s-sparse PTF circuit with at most w =n

e s<n

1+e ires.

Then there exists a decision tree T of depth n — n'=P such that, for a random leaf o of T, with
probability at least 1 — exp(—n®), we have the following: Cy is a depth-d circuit of wire complezity
at most w such that its bottom layer has at most n gates that are d-close to an explicit constant
and at most n® gates that are not d-close to an explicit constant. Moreover, such a tree can be

) ) ) ~ _1-8
constructed in zero-error randomized time O (2” n )
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We need the following which is implicit in [CSS16].
Proposition 3.12 (see Section 4.1.1 of [CSS16]). For any integer d > 2 and any 0 < e < 1, let
e 5 =FE-¢, where E is some constant,

o r=n""72

e G be any class of Boolean functions such that for each g € G,
Pr, .z, [9, is not §-close to an explicit constant] < ),

where R, denotes the truly r-random restriction,

1+4-¢

o C be any depth-d, n-variate circuit with gates from G and at most w =n wires.

Then there exists a decision tree T of depth n — n'=2# such that, for a random leaf o of T, with
probability at least 1 — exp(—nF), we have the following: Cy is a depth-d circuit of wire complexity
at most w such that its bottom layer has at most n gates that are d-close to constant and at most
n® gates that are not §-close to constant. Moreover, such a tree can be constructed in zero-error

randomized time O (2”_”1_%).

Proof of Lemma 5.11. The proof uses Proposition 3.12 and we need to show that a sparse PTF is
likely to become close to an explicit constant under a r-random restriction. More specifically, we
need to show that for any s-sparse PTF f,
Pr,.z,[f, is not d-close to an explicit constant] < nB) = L),

Let

o 11 =7y = /7, where r = n /2,

e )= exp(—nﬂg/cl), where ¢; < B is a sufficiently large constant,

e D =cy- B!, where ¢y < ¢ is a sufficiently large constant,

By Lemma 2.5, we have

Pr,, r,, [deg(fp) 2 D] < 50~ 2/8 < r20. (2)

Next, consider any degree-D PTF g and the random restriction R,,. Note that R,, can be
sampled equivalently as follows: first randomly partitioning the variables into m = 1/rs disjoint
blocks so that each variable is assigned to each block with probability 72, and then applying a
random m-block restriction, where we fixes the variables outside of the chosen block uniformly at
random. Then by Lemma 2.3 and Lemma 2.2, for every partition of variables, the probability that
g restricted by a random block restriction is not d-close to an explicit constant is at most

V72 - (log(1/r3) - log(1/8))°(P?) < pB) = o), -
Finally, we have

Pr, R, .,[fp is not é-close to an explicit constant]
< Pr,, po[(fo1)ps 18 not 0-close to an explicit constant | deg(f,,) < D]+ Pr, [deg(f,, ) > D]
< 20, (by Equations (2) and (3))
O
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3.3 Enumerating minority outputs of sparse PTF's

In our main algorithm, we will need to apply the depth reduction lemma (Lemma 3.11) to the
circuit to conclude that many of the gates at the bottom layer will become close to constant so
that we can replace them with actual constants. This changes the function of the circuit and we
need to deal with the inputs where these gates do not evaluate to their majority values. As we
will see, we can handle this issue if given a sparse PTF we can find the set of all inputs where it
evaluates to its minority value, in a relatively efficient way. Then for the case of sparse PTF, we
use Proposition 3.6 to reduce to the case of LTF, where we can perform this task efficiently using
Proposition 3.7.

Lemma 3.13. Let f: {0,1}" — {0,1} be a s-sparse PTF with coefficients of bit complezity poly(n),
where s > n and let S be the set of inputs on which f evaluates to O (or 1). Then S can be

enumerated in time (2”_9("2/5) + ]S|> - poly(n).

Proof. We view f as an LTF of s AND gates. By Proposition 3.6, there exists a decision tree for f
with at most 2"~2("*/9) leaves such that ® restricted to each leaf is an LTF. We then go through
each leaf o and enumerate the set of inputs on which f, evaluates to 0. Let .S, be the size of such
set. By Proposition 3.7, this enumeration takes time S, - poly(n). The total running time is the
time for going through the leaves of the decision tree, which is at most on—(n?/ $), and the time to
enumerate the set of inputs evaluating to 0, which is at most »__ S, - poly(n) < |S| - poly(n). O

3.4 Putting it all together

Leteg=1/ <E3d71> and 8y = E-g4, where F is a sufficiently large constant. We show the following.

Theorem 3.14. For any integer d > 1, the number of satisfying assignments of a depth-d, n-
variate circuit with (n*>~'%92)-sparse PTF gates and at most n1+ed) wires can be computed by a
o(p3

zero-error randomized algorithm in time poly(n) - 2"~ " ( d).

Definition 3.15 (Skew Circuits). We say that a circuit C is (d,n,t,s)-skew if it is a n-variate
circuit that can be expressed as a conjunction of some circuit C' and at most t s-sparse PTFs,
where C' is a depth-d circuit with s-sparse PTF gates and has at most w = n'*%d wires. We call
C' the skew subcircuit of C.

Let T(d,n,t,s) denote the supremum, over all (d,n,t, s)-skew circuits C, of the randomized
running time of counting the number of satisfying assignments of C. Throughout this subsection,
we will assume that the constant F in the definition of €4 and 3, is a sufficiently large constant.

The following lemma says that we can reduce the task of counting satisfying assignments of
depth-d circuits to that of depth-(d — 1) circuits. This is done in a way that is similar to that
in [CSS16].

Lemma 3.16. If s < n2_55d, then

_ of g3
T(d,n,t,s) < gn—n'"*0d gnfd (d —1,n' 7284 t 4 2n, 3> + poly(n) - 27" ( d).
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Proof. Let C be any (d,n,t, s)-skew circuit, where its skew subcircuit is C’. To count the number
of satisfying assignments of C'. We first apply Lemma 3.11 to C’ to get a decision tree with the
claimed property. We then count the number of satisfying assignments at each leaves. For those
“bad” leaves for which the conditions in Lemma 3.11 are not satisfied, we will simply do brute force
on all n'=284 variables. The time to perform this is

21 T oxp(—ntt) - 2n T < gt (4)
Next, consider a “good” leaf o that satisfies the conditions in Lemma 3.11. We now describe how
to count the number of satisfying assignments of C,. We call a gate imbalanced if it is d-close to
an explicit constant and balanced otherwise. Let (g1, ..., gi<pn) be the set of imbalanced gates and
(a1,...,ar) be their majority values. Let (h1,...,h,.,5,) be the set of balanced gates.

We first count the number of satisfying assignments of C,, in the following subset of inputs:

S = {x:3 1€ [{] for which g;(z) # a;}.

To do so, for each of the imbalanced gates, we enumerate the set of inputs on which it evaluates to
its minority value, and keep those that satisfy the circuit C,. By Lemma 3.13, the running time

for this is ( )
1-28, ,g(@) B
mey(f : fon s (5)

where § = exp (—nQ(’Bg)). Note that for s < n27%54  we have

B n2:(1-284)
2n1 2%4}(%) - 2n1*25d7§2(n5d) - 2n_nn(5§’)

9

so Equation (5) is at most
_ o(p3
poly(n) - 27 747" ) (6)
We do this for every imbalanced gate and obtain a set of satisfying inputs. In the end we simply
take the union of these sets to get the satisfying assignments in S.
Next, we counts the number of satisfying assignments in

T=1{0,1}"-&.

Let C7 , be the circuit with those imbalanced gates in C7, replaced with their majority values (i.e.,
the values given by (ai,...,ap)). Instead of counting the number of satisfying assignments for the
original circuit C,, we consider the following circuit:

D=c,,n N an N\ o
1

i a;=— i a;=1

It is easy to see that D(x) = 0 for every x € S and D(x) = C,(x) for every x € T. We now need
to count the number of satisfying assignments of D. We first partition T" into 2¢ subsets, each of
which is indexed by some b = (by,...,b;) € {0,1}, where the subset T} given by the index b is

Ty, = {(L‘:.’L’ eT, hl(a?) =by,..., ht({L') :bt}.
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To count the number of satisfying assignments of D in Ty. We consider the following circuit:

By=Dy A [\ hin N\ hi,
i1 by=—1 i bi=1

where Dy, is the circuit D with the balanced gates replaced by the values by,...,b; € {0,1}. Again,
we have Fy(z) = 0 for every z € [n] — T}, and Ep(x) = D(x) for every x € Tp. Now our task is
reduced to counting the number of satisfying assignments of FEj, for each b € {0,1}'. But note that
each Ej is a conjunction of some depth-(d—1) circuit (i.e., the skew subcircuit of Ej) and k s-sparse
PTFs, where k =t +n +nf <t + 2n. Also, the skew subcircuit has at most n'*%¢ wires, and we
have

1+eq-1
nlted < (nl—Zﬂd) '

Therefore, each Ejp is a (d —1,n'"2Pa t 4 2n, s)-skew circuits, and its number of satisfying assign-
ments can be computed in time 7T (d —1,n'2Pa t 4 2n, s). Then the total time for counting the
number of satisfying assignments of the original circuit C, in the subset T' is

2t T (d —1,n'72%P ¢ 4 2n,s) <ot (d —1,n'72%4 ¢ 4 on, s) . (7)

Therefore, by Equation (6) and Equation (7), counting the number of satisfying assignments of
C, can be done in time

_ a(p3
poly(n) . 2n1 284 —p, ( d) + 2n5d T (d _ 1,n1_2’8d,t + 2n, 8) . (8)
There are at most L = 2"~ >’ such leaves. Multiplying L by the running time in Equation (8)
and combining Equation (4) yields the desired running time. O

Given the recursion in Lemma 3.16, we are now ready to prove Theorem 3.14.
Proof of Theorem 3.14. It suffices to show

()

9)

We will iteratively apply Lemma 3.16 until we reach d = 1. Then we use the base case algorithm
(Lemma, 3.8) for the depth 1 case.
Recall that 5; = E/ E3 " for1<i<d. Wewill always assume F is a sufficiently large constant.

Let ng = n and n; = nll_;f Bit1  That is, n; is the number of variables of the circuit after its skew

subcircuit has depth i. It is easy to see by induction that for 1 <1 < d, Z?:i 4185 < Bi. Then we
have

T (d,n, 0,s = n2_1052> < poly(n) - 2" "

g 2 71172.2?:“'1 5]' Z n1_46i+1. (10)
By Lemma 3.16, if s < n?7%84_then

o(83
T(d7 n,t, 3) < 2nT L 2nﬂd ’ T<d - 17 ng—1,t + 2n, 8) + poly(n) LnTn ( d)

(11)

Now note that using Equation (10), we have for all 3 <1i <d,

n?_5'5" > p(1=4Bi11)(2-56:) > 2-1062 _
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Using Equation (11), we unwind 7 (d,n,0,s) d — 1 times, and we get

d ) Q(,B3 ) 3
B Bi i—1 QB
T(d,n,0,s) <2"™™ . 9na” -T(l,nl,k,s)+z2”i -poly(n;)-2" -1 +poly(n)-2"7" ( d), (12)
i=3

where k = Z?:z 2n; < 2dn.
We now upper bound Equation (12). We first upper bound the first summand in Equation (12).
By Lemma 3.8 and Equation (10), we have

1/2
_ ny a(p3
27 T (L, kys) < 272 2" (Fmestma) < gmea?)

: _p (%)
so the first summand is at most 2"~ .
We now upper bound the second summand. Note for 3 < i < d, we have

I

0(6) =0 (B°/E%) 2 B i

Thus,
. o83 . B . 3
an’ .2”—7%-_(1 1) < an’ .2”—”5? < 2”?’ L gn-—nf A2 < 2“’"9(%). (13)

Therefore, the second summand is also bounded by

poly(n) - 2"7"9(53) .

3.5 Circuits with gates that are LTFs of few functions

In this section, we describe our #Circuit-SAT algorithm in Theorem 1.2 for circuits whose gates are
LTFs of few functions of small arity. The algorithm is similar to that in the previous subsections,
and we only provide a sketch here.

We need a different base-case algorithm, as now the base case is a circuit that is a conjunction
of gates each of which is an LTF of few arbitrary functions of bounded arity. We need the following
#Circuit-SAT algorithm for such circuits.

Lemma 3.17. Let Gs A be the class of Boolean functions computable by an LTF of s arbitrary
A-variate functions, and let C' be an n-variate circuit that is a conjunction of k Gs A gates. There
exists a deterministic algorithm that counts the number of satisfying assignments of every such
circuit C' and runs in time at most

2n—\/ﬁ-(51/4-(log 5)°M.(log k)~A)71 )

The proof of the above algorithm is similar to that of Lemma 3.8. We first show that a
conjunction of £ functions from the class G; o has a probabilistic polynomial of degree at most

Vs - (log s)°W “logk - log(1/€) - A,
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as in the proof of Lemma 3.9. The only difference is that for a function f from G, A, viewed as
an LTF of functions with bounded arity A, we can simply replace those bottom functions with
bounded arity A with polynomials of degree A (instead of using Theorem 3.3), since any function
on A variables can be computed by a polynomial of degree A (over any field).

As for random restriction lemma, we can directly use Lemma 2.3, since every function in Gs A
can be expressed as a degree-A PTFs. Following an argument similar to the proof of Lemma 3.11,
we get that

Lemma 3.18. For any integers A > 1, d > 2, let

® cgn=(E- A)~2d=1) and Ban =E- A?. ed,n, where E is a sufficiently large constant,
o §=exp (_na(ﬂd,A/M)) — exp (—nfaa),

o C be any depth-d, n-variate, degree-A PTF circuit with at most w = n'*¢ wires.

Then there exists a decision tree T of depth n —n'=28a.a such that, for a random leaf o of T, with
probability at least 1 — &, we have the following: C, is a depth-d circuit of wire complezity at most
w such that its bottom layer has at most n gates that are d-close to an explicit constant and at most
nPaa gates that are not 6-close to an explicit constant. Moreover, such a tree can be constructed in

. . ~ _nl=284,A
zero-error randomized time O (2” n )

Finally, to enumerate the set of inputs where a function from Gs A evaluates to its minority
value, we can use the following.

Proposition 3.19 (see Section 3.2 of [CS15]). Let ¢1,. .., ¢s be a sequence of arbitrary A-constrains
whose literals are from a set of n variables, where S > n. There exists a decision tree with at most
on=Qn?/(-A%) Jeques such that restricted to each leaf ¢;, i € [s], contains at most 1 literal.

Then combining with Proposition 3.6, we have the following which is analogous to Lemma 3.13

Lemma 3.20. Let f: {0,1}" — {0,1} be an LTF of at most s arbitrary A-variate functions with
coefficients of bit complexity poly(n), where s > n, and let S be the set of inputs on which f

evaluates to 0 (or 1). Then S can be enumerated in time (2”_9(”2/(5'A2)) + |S\) - poly(n).

The final algorithm then follows from an argument that is similar to that of Section 3.4 with a
different settings of parameters, which now are g4 A and Bg .

4 Quantified derandomization for PTF circuits

In this section, we prove our quantified derandomization results.

4.1 Pseudorandom restrictions for PTFs

We prove in this subsection some pseudorandom restriction lemmas for both low-degree PTFs
and sparse PTF's, which will be used to reduce the depth of a PTF circuit with few wires. We
obtain these pseudorandom restriction lemmas from the pseudorandom block restriction lemma
(Lemma 2.4). We first show for low-degree PTFs.
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Lemma 4.1 (Pseudorandom restriction lemma for low-degree PTFs). For any constant ¢; > 0,
any a1 < 1 and any positive integer A such that A < \/al -logn/loglogn, there is a random
restriction R' such that the following holds:

e R! picks the unrestricted variables (logn)-wise independently, each with probability n=*.

e R! fizes the variables (600 - c1 - A - log n)-wise independently.

e R can be sampled in polynomial time using (log n)O(AZ) random bits.

e For any degree-A PTF f on n variables,

Pr, r1[f, is not (n~, 3)-concentrated] < n=/3,

Proof. We define R! by describing the following process of sampling a random restriction from R!:
1. Hash the variables into n®* blocks (logn)-wise independently.

2. Apply a (n"‘l/ 2)—block pseudorandom restriction from Lemma 2.4 for degree-A PTFs, with
parameters

e )=n"and A\ = 3.

o v = (c1-A?-loglogn)/(aj - logn), where ¢ is a sufficiently large constant (note that
v < 1for A< /o -logn/loglogn).

We now argue that the random restriction R' has the desired properties. For the first item, it is
easy to see from the above that R! picks the set of unrestricted variables (log n)-wise independently,
each with probability 1/ n~/2 The second item follows from Lemma 2.4 that the pseudorandom
block restriction fixes the variables (600 - ¢; - A - logn)-wise independently. For the third item,
note that to sample from R!, we need polylog(n) random bits for its first step, and the number of
random bits for its second step is

n*7 - logn < (log n)O(AQ).

Finally, for the last item, note that in the above process of sampling R', for any partition into n®
blocks generated in the first step, by Lemma 2.4, the probability over the restrictions in the second

step that the restricted PTF is not (n~°', 3)-concentrated is at most n~*/2- (log n)O(N/”’). Thus,
Pr,[f, is not (n~ ', 3)-concentrated] < n=°/2 . (log n)O(AQ/W) <~/ /6 < pren /3,

O]

To obtain a similar pseudorandom restriction lemma for sparse PTFs, we combine the pseu-
dorandom restriction lemma for low-degree PTFs (Lemma 4.1) and the degree reduction lemma
(Lemma 2.5) to get the following pseudorandom restriction lemma for sparse PTFs.

Lemma 4.2 (Pseudorandom restriction lemma for sparse PTFs). For any constant ca > 0, any
ag < 1 and any positive integer A such that A < \/ag -logn/loglogn, there is a random restriction
R? such that the following holds:
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R? picks the unrestricted variables (logn)-wise independently, each with probability n=2.

R? fizes the variables (600 - ca - A - log n)-wise independently.

o(a?)

e R? can be sampled in polynomial time using (logn) random bits.

e For any n®®2-sparse PTF f on n variables,

Pr, r2[f, is not a degree-(4A) (n~,2)-concentrated PTF| < n~2/5,

Proof. The idea is first applying a random restriction from Lemma 2.5 to reduce the degree of the
sparse PTFs; and then using a random restriction from Lemma 4.1 for low degree PTFs.

Let p; be a random restriction that picks the set of unrestricted variables (logn)-wise indepen-
dently, each with probability n=®2/2, and fixes the other variables using a (600 - o - A - log n)-wise
independent distribution. Note that, by Lemma 2.5 (with parameters D = 4A and o = a/2), we
have

Pr,, [deg(f,) > 4A] < n=2/2,

Let p2 be a random restriction from Lemma 4.1 for degree-4A PTFs with parameters y = aa/2.
Define R? to be the random restriction p; o ps. Note that since both p; and py pick the
set of unrestricted variables (logn)-wise independently, each with probability n=2/2 the set of
unrestricted variables is picked by R? (logn)-wise independently, each with probability n~2. For
the second item, note that p; can be sampled using polylog(n) random bits and p2 can be sampled

using (log n)O(AQ) random bits. Therefore, the total number of random bits needed to sample p is
at most (log n)O(AQ). Finally, we have
Pr, r[f, is not a degree-(4A) (n™,2)-concentrated PTF]

=Pr,, 0, [(fp1)ps is not a degree-(4A) (n~,2)-concentrated PTF]

< Prp, p,[(fp1)pe 18 nOt (™, 2)-concentrated | deg(f,,) < 4A] + Pr, [deg(f,,) > 4A]

< nmo2/4 . (log n)O(8°/7) 4 po2/2
—2/4 (log n)O(A"’/v)
—az/4  az/20

IN A
S 3

_ n—a2/5.
]

Finally, we will need the following lemma which says that a concentrated PTF is likely to remain
concentrated under any random restriction that fixes variables limited-wise independently.

Lemma 4.3 (see Lemma 4.2 and Claim 7.7 of [KKL17]). Let f = sgn(p) be any degree-A PTF that
is (0, \+ 1)-concentrated. Let p be a random restriction that fizes any subset of variables according
to some (192 - A -log(1/9))-wise independent distribution. Then with probability at least 1 — § we
have

e f, is (0, \)-concentrated.

o sgn(Exp(p,)) = sgn(Exp(p)).

The above means that if a PTF is (d, 2)-concentrated and hence close to some constant. Then
the restricted PTF is likely to remain close to the same constant.

24



4.2 Quantified derandomization for sparse PTF circuits
Let G be a class of Boolean functions, we say that a circuit C' is a (n,d, w, s, G)-sparse PTF circuit
if

1. C is an n-variate circuit of depth-d with at most w wires and

2. C has s-sparse PTFs as its gates except for the top gate, which is a function from G.

Similarly, we use (n,d,w, A, G)-low-degree PTF circuits for the analogous type of circuits whose
gates (except for the top gate) are degree-A PTFs.
For a class of Boolean functions G, we denote by Appr,, ((G) the running time, given an n-variate
function ¢ from G, of approximating the acceptance probability of g to within an additive error e.
We first show the following.

Theorem 4.4. For any constant E > 11 and any positive integers A and d such that A <

\/&?d -logn/loglogn, where e4 = E~2=1) et C be the class of (n, d, n1+5d,nA'€d,g) -sparse PTF
2

(1ogm) (%) |

circuits. Then the (C, 2”177/E> -quantified derandomization problem is solvable in time 2
Apprn,l/G(g)'

Theorem 4.4 implies Theorem 1.3 for sparse PTF circuits since we can always add a dummy
gate (e.g., AND) to the top of a PTF circuits, which only increase the depth by 1.

We will iteratively use the pseudorandom restriction lemma (Lemma 4.2) to reduce the depth
of the circuit until the circuit has depth 1. We first show how to do this in one step.

Lemma 4.5. For any constants E > 11, ¢ > 0, any ¢ < 1/(7E), and any positive integer
A such that A < \/E-e-logn/ loglogn, there is a polynomial time algorithm that, given a
(n, d, nHS,nA'E,Q) -sparse PTF circuit C' and a random seed of length (log n)O(AQ), outputs the
following with probability at least 1 — nc:

o A restriction p € {0,1,%}" that leaves n' = n'=3E¢ variables unrestricted and that the re-

stricted variables are fixed (600 - ¢ - A - logn)-wise independently.

o A (n’, d—1,(n)H7Ee (n/)2Ae Q) -sparse PTF circuit C such that for all subsequent random
restriction p' that fizes the variables in a~(600 ¢+ A -logn)-wise independent manner, with
probability 1 —n=¢ over p/, it holds that C,y is n~°-close to (C,), .

For the second item, we say that the restriction p' is good (for C and C,) if it holds that C'p/ 18
n~¢-close to (Cp) -

The proof of Lemma 4.5 is similar to that in [Tel18], which is based on the argument in [CSS16],
but requires some critical modifications. We sketch the proof below and highlight these modifica-
tions.

Proof sketch. Let f = E - & and p = n~?. The restriction p consists of three sub-restrictions.
p1: Preprocessing. Fix each of the variables with fan-out greater than 2n° using a (600-c- A -

log n)-wise independent distribution. Since the number of wires is at most n'*¢, it can be easily
seen that the number of variables needed to be fixed is at most n'*¢/(2n) = n/2.
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p2: Pseudorandom restriction to simplify PTFs. Let ps be a random restriction from
Lemma 4.2 with parameters oy =  and co = 2c. Note that po fixes the variables (600 - ¢ - A -
logn)-wise independently. Now by Lemma 4.2, after ps, we expect all but at most a fraction
of n=P/5 of the gates in the bottom layer to become (n~2¢, 3)-concentrated. Moreover, since the
number of unrestricted variables is picked in a (logn)-wise independent manner, by a Chernoff-
type concentration bound (for k-wise independence), the fan-in of each of the non-concentrated
gates (there are only about a fraction of n=P/5 of such gates) will shrink by a factor of p with
high probability, assuming they have large fan-ins. Then we can expect to eliminate all those non-
concentrated gates by fixing a small number of variables. As for the gates with small fan-ins, using
a simple graph theoretic argument along with the condition given by the preprocessing step, we can
also eliminate those gate by fixing a few variables. More precisely, as in [CSS16, Tel18], it can be
shown that with probability except O (n_ﬁ/ 10), over the random restriction py, the following holds:
there is a set 1" of variables such that all the bottom layer gates that are not (n~2¢, 3)-concentrated
can be replaced by constants after fixing the variables in 7. The number of unrestricted variables
after applying po and fixing T is at least n! =3¢,

p3: Eliminate non-concentrated gates. We will use a (600 - ¢ - A - logn)-wise independent
distribution to fix the variable in the set T described above. Note that the number of unrestricted
variables is at least n/ = n!™3F¢. We may further fix additional variables so that the number
of unrestricted variables is exactly n’. Although this restriction eliminates all non-concentrated
gates in the bottom layer, it may also cause some concentrated gates to become non-concentrated.
However, by Lemma 4.3, the probability that each of these gate is not (n~2¢, 2)-concentrated is at
~2¢, By the union bound, we get with probability all but n=2¢ - n!*te < n7¢, all these gates
remain (n~2¢,2)-concentrated.

most n

Obtaining C. By above, with probability at least 1 — O (n*B/ 10), we have a restriction p such
that all the bottom layer gates of C), are (n=2¢,2)-concentrated and hence close to some associated
constants. Let’s call these constants V. C is the circuit obtained from C), by replacing those
concentrated gates in the bottom with the constants V. Let’s argue that C'p/ and (C,), are n™°
close to each other for any subsequent random restriction p’ that fixes the variables (600-c-A-logn)-
wise independently. Consider such a subsequent random restriction p’ and the restricted circuit
(Cp)p- By Lemma 4.3, with probability except n~2¢, the bottom layer gates of (Cy), which are
just the bottom layer gates of (), are still (n=2¢)-concentrated. Moreover, they are close to the
same constants V. Now by replacing these gates in (C,),y with the constants V', we obtain a circuit
C’. By a union bound, C" and (C,), are (n~¢)-close to each other. On the other hand, consider
the circuit C, which is obtained by replacing the concentrated gates in the bottom C), with the
constant V. Note that C’pz = C’. Thus, épr and (C,), are n~°close to each other. Finally, we
need to show that C'is a (n',d — 1, (n/)1*4E¢ (n)A ¢ G)-sparse PTF circuit. As for the number

of wires in C, note that

(n/)1+7E~a _ n(1—3E-£)-(1+7E-£) >

> n1+5_

Also, we have
(n')28 = p(-36€) 20 5 A

We are now ready to describe our quantified derandomization algorithm.
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173E-€7;+1

Proof of Theorem 4.4. For 1 < i < d, define ¢; = F~20—1) Also define ng = n and n; = Mg

It is easy to see by induction that for 1 < < d, Z?:iﬂ ¢j < &i. Then we have
n; > n1—3E.Z§l:i+1ej > pl—6E-eir1 (14)

Let p be a sequence of d random restriction p1,- - , pg, such that p; is a random restriction from
Lemma 4.5 with parameters ¢; and ¢ = 1. We say that the restriction p; is successful if the two
items in Lemma 4.5 are satisfied.

We claim the following.

Claim 4.6. Let K; = 22122 ni_l < 1/10. The probability, over p, that C, is not (Kg)-close to a G
function is at most 2- 3%, n% < 1/3.

Proof of claim. We prove by induction on the depth d. The base case d = 2 follows from Lemma 4.5.
Now suppose the claim holds for d — 1, we show that it holds for d. We have

Pr,[C, is not Kg4-close to §]
S Pr, y—po,..pal(Cpy)p is not Kg-close to G | py is successful] 4+ Pr,, [p; is not successful]

< Pry, »[(Cp,)y is not Kg-close to G | py is successful and p’ is good] - Pry[p is good]
+ Pr,[p’ is not good] + n ==
< Pr,, y[(Cp, ),y is not K4-close to G | p is successful and p’ is good] - Pry[p’ is good]

+2.-n"% (15)

Now if p; is successful and p’ is good, then by Lemma 4.5, (C, ), is n~1-close to some circuit C'pz,
where C'is a (n/,d — 1, (n/)1 75 <q, (n/)28ea, G)-sparse PTF circuit, with

° n/ — n1—3E~8d =Ng_1.

° (n/)1+7E~€d S < - )1+5d71_
o (ng_1)%2ed < (ng_q)>ei

Also, if (C,,),s is n™!-close to C'p/ and C'p/ is (K4—1)-close to G, then (C),),; would be Kg-close to
G. Therefore, Equation (15) is at most

Pr, » [C'p/ is not (K4—1)-close to G | p1 is successful and p’ is good] - Pr/[p’ is good] + 2 - n~5¢
< Pr,[Cy is not (Kg_1)-close to G | o’ is good] - Pr,[p’ is good] + 2 - n =5

< Pry[Cy is not (K4_1)-close G] +2-n~%.

By the induction hypothesis, the above is at most 2 - Z‘fzg n; .
O

1-6/E

If the original circuit C has at most 27" """ bad inputs, then C, (on n; > n variables)

also has at most 2" /% bad inputs. Now suppose the restriction p is successful that we obtain a
single G function that is ( L )—close to C,. Then it must accept have at most

10

nl-7/E <

1
—_.9Mm 4 9 .9m
0 +

[N
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bad inputs. If we now approximate the acceptance probability of this G function within error 1/6,
we can correctly determine the correct value.

Finally, we can enumerate all the possible seeds and take the majority vote to decide the correct
answer. O

4.3 Quantified derandomization for low-degree PTF circuits
Here, we briefly describe the quantified derandomization algorithm for low-degree PTF circuits.

Theorem 4.7. For any constant E > 11 and any positive integers A and d such that A <
\/Ed-logn/ loglogn, where eq = E~24=1 et C be the class of (n,d, n1+5d,A,Q)-low-degree

PTF circuits. Then the (C,2"1_7/E)—quantz'ﬁed derandomization problem can be solved in time

o(a2
gios ) )'Apprn,l/a(g).

The above result can be proved in the same way as Theorem 4.4, using the following one-step
pseudorandom restriction for low-degree PTF circuits.

Lemma 4.8. For any constants E > 11, ¢ > 0, any ¢ < 1/(7TE), and any positive integer
A such that A < \/E-e-logn/ loglogn, there is a polynomial time algorithm that, given a
(n, d, n“’E,A,Q) -low-degree PTF circuit C' and a random seed of length (log n)O(AQ), outputs the
following with probability at least 1 — nf:

o A restriction p € {0,1,%}" that leaves n' = n'=3E¢ yariables unrestricted and that the re-

stricted variables are fixed (600 - ¢ - A - logn)-wise independently.

o A (n’,d — 1, (n/)tH7Ee, A,g) -sparse PTF circuit C such that for all subsequent random re-
striction p' that fizes the variables in a £600 -c- A -logn)-wise independent manner, with
probability 1 —n=¢ over p', it holds that C, is n=¢-close to (C)).

The proof of the above lemma is similar to Lemma 4.5 for the sparse PTF gate case, but uses
Lemma 4.1 instead of Lemma 4.2. Given Lemma 4.8, we can prove Theorem 1.3 in the same way
as proving Theorem 1.3 in the previous section.

5 PRG for PTF circuits

In this section, we present our NW-style PRG for low-degree PTF circuits with few gates.

Theorem 5.1. There exists a constant E > 0 such that for any positive integers o, A and any
degree-A PTF circuit C on n variables with at most s = R - (E-5%48 . log?(n) - log(n/e))_1
gates, there exists a poly(n)-time computable PRG G: {0,1}" — {0,1}" e-fooling C, with the seed
length r = n?/(at+1),

We first need a (average-case) hard function for such circuits.

Theorem 5.2 ([Nis94]). There exists a constant E > 0 such that for any degree A > 1, there exists
a polynomial-time computable function f: {0,1}"™ — {0, 1} such that for any error parameter € and

any n-variate degree-A PTF circuit C' with at most n- (E - 52 - log?(n) - log(l/e))_l gates, we have
Pry o [C(x) = f(7)] < - +e
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Next we apply the Nisan-Wigderson construction to the hard function of Theorem 5.2. We will
use the following (standard) combinatorial designs.

Claim 5.3 (NW Designs [NW94]). For any positive integers n,«, there exists an efficiently com-
putable family of sets S1,...,Sy, such that

e S; C[r], Vi € [n], where r = n?/(@+1)
o [Si| =0 =nltD) Vicn], and
e |S;NS;| <a, Vi,j€ [n] such that i # j.
Proof. We view the set [r] as the set of pairs Fy x Fy, for a finite field Fy of size ¢. Let ey,..., ey

be the elements in Fy, and p1, ..., p, all univariate degree-a polynomials over Fy. For each i € [n],
define S; = {(e1,pi(a1)),..., (eg, pi(eg))}. The third condition follows from the fact that a non-zero
univariate polynomial of degree o has at most « roots. O

Proof Theorem 5.1. For £ = n'/(@+D et f: {0,1}* — {0,1} be the hard function for degree-(a-A)
PTF circuits from Theorem 5.2. By Theorem 5.2 and assuming FE' is a sufficiently large constant,
we have that for any degree-(a- A) PTF circuit D on ¢ variables of size at most s,

Pr.o1y[D() = f(2)] < 5 + /. (16)

Let Si,...,Sy be the sets from Claim 5.3. Define the generator G4 a: {0,1}" — {0,1}" as
follows:

GO&7A(y) = f(y‘sl)7 s 7f(y|5n)7
where, for i € [n], y|s, denotes the substring of y indexed by the set S;.
Toward a contradiction, suppose
[Pry (0,132 [C(x) = 1] = Pry 01y [C(Gaaly)) = 1] > € (17)

By a standard argument via “reduction from distinguishing to predicting” as in [NW94], Equa-
tion (17) implies that there exist an i € [n], and bits b;y1,...,b, € {0,1}, such that

Pr, 011[C"(h1(2), ..., hi(2),bi1, -, bn) = f(2)] > 1/2 +¢/n, (18)
where
e O'=Cor(C'=-C,and
e hq,...,h; are Boolean functions such that each depends on at most « bits of its input z.

First, note that each gate in C’ is always a PTF of degree at most A. Next, observe that
every Boolean function that depends on at most « variables can be computed by a multi-linear
polynomial of degree at most « over the reals. Replacing our functions h1, ..., h; with such degree
a polynomials p1,...,p; inside C’, we get

C”(pl(z), e ,pi(z), bi+1, ey bn)

Now we can we merge the polynomials p;’s into every PTF gate in the circuit that reads from
them. This yields a new circuit with exactly the same number of gates, and of degree at most - A.
Denote this new circuit by C”. Note that C” is a degree-(a- A) PTF circuit on ¢ variables of size
at most s. By Equation (18), this PTF circuit C” computes the function f with probability greater
than 1/2 + €/n, contradicting Equation (16). O
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Next, we show how to obtain the PRG in Corollary 1.5 for PTFs from the result in Theorem 5.1.

Proof of Corollary 1.5. In order to make sure our PRG in Theorem 5.1 fools any degree-A PTF,
we need to choose a value for « so that the size s in Theorem 5.1 is at least 1, where

s = na+r1/ (E- 544 . log?(n) - log(n/e)) .
Let’s pick «a so that the seed length of our PRG in Theorem 5.1 is
r = n?/ (D) = glVAIET 1og2(] /e), (19)
where L > 0 is a some sufficiently large constant. Then the numerator of s is
natt = pl/2 = 9% VAogn log(1/e). (20)
On the other hand, Equation (19) implies that

2logn
a = -1
L- (/A -logn + 2loglog(1/e))

Plugging the above into the denominator of s, we get

-y/logn/A.

=l

(E- 5% . log?(n) -log(n/e)) < E - 9z -VAlgn, log? n - log(n/e),

which is less than the numerator of s given in Equation (20). O

6 Open problems

An important open problem is to get a nontrivial Circuit-SAT algorithm for circuits with degree-2
PTF gates. Our algorithm only works for the case where the PTF gates have a sub-quadratic
number of monomials, so it does not work for the degree-2 case in general. Such an algorithm is
not known even for a single degree-2 PTF. Another interesting open problem is to derandomize
our zero-error randomized algorithms to get deterministic #Circuit-SAT algorithms of similar time
complexity.

Can we get any nontrivial standard derandomization for constant-depth PTF (LTF) circuits of
small wire complexity? For PRGs, can we get a nontrivial PRG for depth-2 LTF circuits with a
super-linear number of gates?

Acknowledgements. We thank Suguru Tamaki for suggesting to us to consider sparse PTFs in
the case of satisfiability, and for clarifying the MAX-k-SAT algorithm in [SSTT16] for us.
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