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Abstract

Efficient learning algorithms with limited information
by
Anindya De
Doctor of Philosophy in Computer Science
University of California, Berkeley
Professor Umesh V. Vazirani, Co-chair

Professor Luca Trevisan, Co-chair

The thesis explores efficient learning algorithms in settings which are more restrictive than
the PAC model of learning [144] in one of the following two senses: (i) The learning algorithm
has a very weak access to the unknown function, as in, it does not get labeled samples for the
unknown function (ii) The error guarantee required from the hypothesis is more stringent than the
PAC model.

Ever since its introduction, the PAC model of learning is considered as the standard model of
learning. However, there are many situations encountered in practice in which the PAC model does
not adequately model the learning problem in hand. To meet this limitation, several other models
have been introduced for e.g. the agnostic learning model [65, 88], the restricted focus of attention
model [12], the positive examples only model [35] amongst others. The last two models are the
ones which are most relevant to the work in this thesis.

Beyond the motivation of modeling learning problems, another reason to consider these alter-
nate models is because of the rich interplay between the questions arising here and other areas like
computational complexity theory and social choice theory. Further, the study of these models lead
to interesting questions in discrete Fourier analysis and probability theory. In fact, the connections
forged between these learning questions and Fourier analysis and probability theory are key to the
results in this thesis.

Part 1 of this thesis is motivated by an easy theorem of C.K. Chow [23] who showed that over
the uniform distribution on the hypercube, a halfspace is uniquely identified (in the space of all
Boolean functions) by its expectation and correlation with the input bits. Rephrased in the language
of Fourier analysis, if f : {—1,1}* — {—1,1} is a halfspace and ¢ : {—1,1}" — {—1,1}is
any other Boolean function, such that the degree 0 and 1 Fourier coefficients of f and g are the
same, then f and ¢ are identical over the hypercube. The degree 0 and 1 Fourier coefficients
of f are sometimes called the Chow parameters of f. Chow’s result immediately gives rise to
two questions: The first is whether this characterization is robust i.e. if the Chow parameters
of f and ¢ are close to each other and f is halfspace, then are f and g close to each other in
Hamming distance? The second question is whether Chow’s characterization is algorithmic. In



other words, is there an efficient algorithm which given the Chow parameters of a halfspace f, can
reconstruct the halfspace f (exactly or approximately)? Chapter 2 answers both these questions in
the affirmative and in fact shows a strong connection between the answers to the two questions.

In Chapter 3, we consider a different generalization of the theorem of Chow. It is easy to extend
the theorem of Chow that show over any distribution D on the hypercube {—1,1}" (which has
full support), a halfspace f is completely characterized within the space of all Boolean functions
by its expectation and correlation with the input bits. Similar to Chapter 2, one can ask if this
characterization can be made algorithmic and robust. While the question is interesting in its own
right, for specific choices of distribution D, this problem has been investigated intensively in the
social choice literature where it is known as Inverse power index problem. Informally speaking, the
function f is viewed as a voting function and the correlation between f and an input bit is viewed
as the influence of that input bit (The distribution D is dependent on the definition of influence
that is used). Arguably the most popular choice for power indices in social choice literature is
the Shapley-Shubik indices [130]. Despite much interest in the Inverse power index problem for
Shapley-Shubik indices, prior to our work, there was no rigorous algorithm for this problem. In
Chapter 3, we give the first polynomial time approximation scheme for the Inverse power index
problem for Shapley-Shubik indices.

Part 2 of this thesis is motivated by the problem of learning distributions over the hypercube.
While the problem of learning distributions has a rich history in statistics and computer science,
there has not been much work in learning distributions over the hypercube which are interesting
from the point of view of Boolean functions. While most natural learning problems that can be
framed in this context can easily shown to be hard (under cryptographic assumption), a sweet spot
comes from the following kind of learning problems: Let C be an interesting class of Boolean func-
tions (say halfspaces). Given an unknown f € C, the distribution learning problem we consider is
to learn the uniform distribution over f~!(1) provided we have access to random samples from this
set. This question has interesting connections to questions in complexity theory like sampling NP
solutions among others. In Chapter 3, we consider this problem for many different instantiations of
the class C. While we give efficient algorithms for classes like halfspaces and DNFs, we show that
classes like CNFs and degree-d polynomial threshold functions which are learnable in the standard
PAC model, are cryptographically hard to learn in this context.
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Chapter 1

Introduction

The task of learning is amongst the most fundamental tasks of human existence. The ability to
learn, in other words, the ability to infer from observations is the most important reason for the
success of human species. While learning or inference is performed routinely in all sciences, the
problem of learning was first rigorously put under the scanner of theoretical computer science by
the seminal work of Valiant [144].

In this work, Valiant defined the Probably Approximately Correct (PAC) model of learning.
The model is parameterized by a domain X, a distribution D over X and a subset of functions C
which map X to {0, 1}. The class C is referred to as the concept class. The algorithmic problem
is as follows : An adversary fixes an f € C and the learner only access to samples of the form
(x, f(x)) where x ~ D. The learner is said to be a (7', ¢, ) learner if after time 7, the learner
outputs a hypothesis h (of complexity bounded by 7") such that over the randomness of samples,
with probability 1 — ¢, the hypothesis h satisfies Pr.cp[f(x) # h(x)] < e.

From the perspective of computer science, probably the most natural domain to consider is
X = {0,1}". In this setting, we would ideally like the learner to be efficient i.e. we would like the
time complexity of the learner to be 7" = poly(n, 1/¢,log(1/4)). As aresult, it makes sense to only
consider classes C with limited expressive abilities like halfspaces, DNFs, decision trees etc. Even
with this simple definition, there are a couple of classifications possible depending on the nature
of the learner and the hypothesis. In particular, if the learner depends on the distribution D, it is
said to be a distribution dependent learner whereas if the learner is independent of the distribution,
then the learner is said to be a distribution independent learner. Likewise, if the hypothesis h € C,
then the learner is said to be proper, else its said to be improper.

1.1 Deviations from the PAC model

Agnostic learning model

Soon after the introduction of the PAC model, it was realized that it does not adequately model
all learning situations encountered in practice. A particularly well known variant of the model is
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the agnostic learning model the agnostic learning model introduced by Haussler [65] and Kearns
et. al. [88]. In this model, similar to the PAC model, the learner gets access to random samples
(x, f(z)) for an unknown f € C. However, an (adversarially chosen) n-fraction of samples are
corrupted as in the value of f(x) gets flipped (but x remains unchanged). The task of the learner
is to produce a hypothesis i such that Pr,_plh(x) # f(x)] < € + n for any € > 0. This model
of learning proves to be much more challenging than the PAC learning model. An evidence of
this is the fact that while halfspaces are learnable in the PAC model under any distribution (using
linear programming), halfspaces are not known to be efficiently learnable in the agnostic learning
model except for the uniform distribution where the running time is nO/e) [78]. In fact, under
standard assumptions, this problem is known to be hard under arbitrary distributions [62]. Still, it
remains of interest to get better algorithms for specific distributions of interest or under additional
assumptions on the structure of the hidden halfspace.

k-Restricted Focus of Attention model of learning

Ben-David and Dichterman [12] introduced the “Restricted Focus of Attention” (RFA) learning
framework to model the phenomenon (common in the real world) of a learner having incomplete
access to examples. This model is parameterized by a number k. In this model, similar to the PAC
models, random samples = are chosen from an underlying distribution D. However, instead of
giving the learner access to (z, f(z)), the learner is shown f(z) and k indices of x (of the learner’s
choice). To get an intuition as to why such a model might be helpful in real life applications, note
that this models a learning problem where observing an attribute degenerates the sample and after
k of the attributes are observed, the sample might get degenerated to the point such that observation
of the (k + 1)™ attribute might be a very noisy process. This of course, can be the situation with
experiments in natural sciences like biology and chemistry.

It is easy to observe (using a random sampling algorithm) that in the £-RFA model, the learner
can compute E, p[f(z) - [[,cs 2:] for any S C [n] of size bounded by % up to an error € in time
poly(n - k/e). In fact, the converse can also be shown i.e. we can simply assume that the learner
has been given the value of E,.p[f(7) - [[,cg2:] for any S C [n] of size bounded by & (up to
polynomialy small error). Given this equivalent description of the k-RFA model of learning, it is
clear that not every class is learnable in this model. This is because two very different functions
can be identical with respect to the statistics on any k-sized set of coordinates. An easy example
are two different parity functions xg, : {0,1}" — {0,1} and xs, : {0,1}" — {0, 1} where xs,
computes the parity on the set S; C [n| and xg, computes the parity on set Sy C [n]. If both
|S1], |Se| > k and the underlying distribution D is uniform on {0, 1}", then it is easy to see that
E.-p[xs, (%) - [[;cq ] is the same for any given S for both f = xg, and f = xs,.

While not every function is learnable in this model (even with unlimited number of examples),
it remains of interest to ask if there are specific classes of interest which might be learnable in
this model. As we will see in Chapter 2, halfspaces are a class of functions which are learnable
in the 1-RFA model. In contrast to the PAC model, where the sample complexity for learning a
class can easily be deduced from its VC-dimension [17], getting non-trivial upper bounds on the
sample complexity of learning in the k-RFA model is a formidable challenge. To give a flavor of
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this problem, in Chapter 2, we show that in the 1-RFA model, poly(n) - (1/€)°0°s*(1/9) samples
suffices to learn halfspaces (with an e-accuracy) in the 1-RFA model. On the other hand, we only
have a weak lower bound of O(poly(n/¢€)) on the sample complexity required to learn halfspaces
in this model. To see an even more stark contrast, it can be shown that the class of polynomial
threshold functions (PTFs) of degree d are learnable in the d-RFA model of learning but the only
known upper bound on the sample complexity is O(n? - 2"). On the other hand, the only known
lower bound on the sample complexity of learning is the trivial bound of poly(n?/e).

Learning from positive examples

Another interesting model of learning is when only kind of examples are available to the learning
model. This model was considered explicitly in the paper [35] but was implicitly considered in
many earlier works in practical machine learning. Besides the intrinsic appeal of the model, a
large part of the motivation comes from the following kind of situation encountered in practice:
Consider the problem of a child learning a language. In this setting, the learner (i.e. the child) has
only positive samples available to him/her (the positive examples being the legitimate words). The
learner explicitly does not explicitly get negative examples. Many other real-life situations have a
similar flavor where the learner has access to just the positive examples.

As said earlier, previous papers like [35] have considered this model. In these papers, they
show that with access to positive samples and unlabeled samples, one can simulate the execution
of any SQ learner (the definition is given later). As most learning algorithm are in fact SQ learn-
ing algorithms, this implies that all concept classes which are learnable in the SQ model can be
learnt using just positive example (we assume that the underlying distribution is something easy
and hence the learner can itself sample unlabeled examples). While this seems to be a compre-
hensive answer, unfortunately, there is an important caveat in this solution. The caveat comes
from the precise definition of error that is used. The paper [35] produces a hypothesis i such that
Pr..p[h(z) # f(x)] < e where D is the underlying distribution and f is the target function and
the running time of their algorithm has a polynomial dependence on €. Now, consider a situation
in which Pr,.p[f(z) = 1] is negligible (say exponentially small). In these situations, it is con-
ceivable that the hypothesis i can be identically zero. Now, while it is certainly true that & and
f are equal with all but negligible probability, in a sense, this is a very uninteresting hypothesis
as it is completely wrong on the interesting part of the distribution. Another way to quantify the
issue is that Pr,.p|f@)=1[f(2) # h(z)] = 1 in this case. In other words, what we would like is
that the hypothesis has an error which is small compared to the density of the positive part. Again,
from a practical point of view, this is the guarantee that is desirable. For example, in the context
of learning language, it is true that a random string is not a legitimate word and we would like the
learner to have a small error with respect to the size of the lexicon as opposed to the size of all
possible strings (of a certain length) in a given alphabet. To remedy this situation, the type of error
guarantee that we would like the hypothesis to satisfy is that Pr,..p|r)=1[f(z) # h(z)] <

While not exactly equivalent, another way to capture the kind of guarantee that we want is to
consider the problem of learning the distribution over positive examples. In other words, since
the learner gets x ~ D conditioned on f(x) = 1, one can consider the task of learning the
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conditional distribution {x ~ D|f(x) = 1}. In other words, the learner needs to output a circuit
C :{0,1}™ — Supp(D) such that if the distribution of the input is uniform on {0, 1}, then the
output C'is e-close to {z ~ D|f(z) = 1} in total variation distance. To see the correspondence
between the task of learning f such that Pr,.p)=1[f(2) # h(x)] < € and the task of learning
the distribution {z ~ D|f(z) = 1}, note that the distribution {x ~ D|h(z) = 1} is € close in
total variation distance to the distribution {z ~ D|f(x) = 1}. Of course, it might be the case that
even though we learn h explicitly, sampling from {z ~ D|h(x) = 1} is a hard problem. However,
leaving aside this complication, one can see why learning a hypothesis & meeting the condition
stated above is related to the problem of learning the distribution D.

1.2 Our results

We now discuss the various results which constitute this thesis. Chapter 2 contains results from
[30] which is a joint work with Ilias Diakonikolas, Vitaly Feldman and Rocco Servedio. Chapter 3
contains results from [32] which is a joint work with Ilias Diakonikolas and Rocco Servedio.
Chapter 4 contains results from as yet unpublished work [29] which is a joint work with Ilias
Diakonikolas and Rocco Servedio.

Chow parameters problem

We begin by recalling that halfspaces are Boolean functions f : R™ — {—1, 1} of the form f(x) =
sign(w-x —6) where w € R™ and 6 € R. Alternatively known as linear threshold functions, linear
separators, Boolean perceptrons (of order 1) and weighted majority games, this class of functions
has been extensively studied in computational complexity theory, learning theory and social choice
theory amongst many other disciplines. As mentioned earlier, because linear programming is in
P, learning halfspaces in the PAC model is easy (in fact, the learner is distribution independent).
However, learnability of halfspaces remains open in many other settings of interest. To define
the model we are interested in, we begin by defining the Chow parameters of a function f :
{—1,1}" — R as the n + 1 values

f(0) =E[f(@)], f(i)=E[f(@)z]fori=1,....n,

i.e. the n + 1 degree-0 and degree-1 Fourier coefficients of f. (Here and throughout the chapter,
all probabilities and expectations are with respect to the uniform distribution over {—1, 1}" unless
otherwise indicated.) It is easy to see that in general the Chow parameters of a Boolean function
may provide very little information about f; for example, any parity function on at least two
variables has all its Chow parameters equal to 0. However, in a surprising result, C.-K. Chow
[23] showed that the Chow parameters of an LTF f uniquely specify f within the space of all
Boolean functions mapping {—1,1}" — {—1, 1}. Chow’s proof (given in Section 2.2) is simple
and elegant, but is completely non-constructive; it does not give any clues as to how one might
use the Chow parameters to find f (or an LTF that is close to f). This naturally gives rise to the
following algorithmic question, which we refer to as the “Chow Parameters Problem:”
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The Chow Parameters Problem (rough statement): Given (exact or approximate)
values for the Chow parameters of an unknown LTF f, output an (exact or approxi-
mate) representation of f as sign(vix; + - - + vz, — 6').

In Chapter 2, we give a partial resolution to this question. In particular, we prove the following
theorem.

[Main theorem] There is an O(n?) - (1/€)°Uog*(1/9) . 1og(1/5)-time algorithm A with
the following property: Let f : {—1,1}" — {—1,1} beanLTFandlet0 < €, < 1/2.
If A is given as input €, 6 and (sufficiently precise estimates of) the Chow parameters
of f, then A outputs integers vy, ..., v,,# such that with probability at least 1 — 6,
the linear threshold function f* = sign(vyzy + - - - + v,z,, — 0) satisfies Pr,[f(x) #

[r@)] <e

Thus we obtain an efficient randomized polynomial approximation scheme (ERPAS) with a
quasi-polynomial dependence on 1/¢. For the subclass of LTFs with integer weights of magnitude
at most poly(n), our algorithm runs in poly(n/e) time, i.e. it is a fully polynomial randomized
approximation scheme (FPRAS).

An interesting feature of our algorithm is that it outputs an LTF with integer weights of mag-
nitude at most v/n - (1/ e)O(1°g2(1/ ©)). Hence, as a corollary of our approach, we obtain essentially
optimal bounds on approximating arbitrary LTFs using LTFs with small integer weights. It has
been known since the 1960s that every n-variable LTF f has an exact representation sign(w -z —6)
in which all the weights w; are integers satisfying |w;| < 29(!°¢") and Héstad [64] has shown
that there is an n-variable LTF f for which any integer-weight representation must have each
lw;| > 2%Mleen) However, by settling for an approximate representation (i.e. a representation
f = sign(w-x—0) such that Pr,[f(x) # f'(z)] < e), itis possible to get away with much smaller
integer weights. As a consequence of our algorithm, we show that one can always construct such
an approximate representation with integer weights of magnitude at most y/n - (1/ e)O(logQ(l/ 9. In
fact, we show in Chapter 2, this is nearly optimal as in there exists a LTF f such that any LTF
g with integer weights bounded by /n - (1/¢)°U°8108(1/)) must differ from f at e fraction of the
points.

Inverse Shapley value problem

A very important problem in Social choice theory is the scenario where n different parties are trying
to arrive at an outcome by voting for or against a proposal. Translating this problem to the language
of Boolean functions, we can assume that each party/voter casts a vote +1 or —1 indicating their
choice. Further, there is a voting function f : {—1,1}" — {—1, 1} which aggregates the opinions
of n voters to arrive at an outcome. The most popular kind of voting function (or scheme) used
in practice is a weighted voting game in which the proposal passes if a weighted sum of yes-votes
exceeds a predetermined threshold. In the language of computer science, these voting schemes are
nothing but linear threshold functions (or halfspaces) over n Boolean variables (where the weights
associated with different variables are all non-negative).



CHAPTER 1. INTRODUCTION 6

An important problem that arises in the design of good voting schemes is to quantify the influ-
ence of various voters. There have been several measures put forward by social choice theorists
but the most popular one used in practice is the Shapley-Shubik index [130], which is also known
as the index of Shapley values (we shall henceforth refer to it as such). The Shapley values (which
we define shortly) have the property that given any weighted voting game, the Shapley values of
the voters can be estimated to e-accuracy in time poly(n/e€) using a standard random sampling
approach. On the other hand, the inverse problem i.e. given a set of Shapley values, constructing a
weighted voting game with (approximately) the same set of Shapley values, is significantly more
challenging. In fact, despite much interest in the inverse problem from social choice theory and
economics, prior to our work, there was no efficient algorithm for the inverse problem. Without
further ado, we first define the Shapley values of a Boolean function f : {—1,1}" — {—1,1}.

First, we will assume that the function f is monotone in all the coordinates. This can be done
because from the point of view of social choice theory, this is the only interesting case. Further,

we assume that f is not the constant function, and hence f(—1) = —1 and f(1) = 1 where
-1 =(-1,...,—1)and 1 = (1,...,1). For any permutation 7 € S,,, consider the following
thought experiment : Flip the inputs from —1 to 1 in the order defined by 7 1.e. flip Zr(1), .. ., Tr(n)

in order. Let 7(j) be the input such that when z;) flips from —1 to 1, the value of f changes from
—1to 1. The index 7(j) is said to be the pivotal input for the permutation 7. The i'" Shapley index
of f (denoted by f (7)) is defined to be

f(i) = Pr [z; is pivotal for 7]
TESH
While unlike Chow parameters, the Shapley values of a weighted voting game do not uniquely
identify it, it almost does the job in the sense that only one additional parameter (namely its expec-
tation under the uniform distribution) uniquely identifies the function. Informally, the following
algorithmic question is referred to as the inverse Shapley value problem.

The inverse Shapley value problem (rough statement): Given (exact or approximate)
values for the Shapley values of an unknown monotone LTF f, output a LTF g which
has (approximately) the same Shapley values as f.

In Chapter 3, we give a partial resolution to this question. In particular, we prove the following
theorem.

[Main theorem] There is an O(n?) - 20°%(1/9) . log(1/4)-time algorithm A with the
following property: Let f : {—1,1}" — {—1,1} be a monotone LTF and let 0 <
€,0 < 1/2. If Ais given as input €, § and (sufficiently precise estimates of) the Shapley
values of f, then A outputs integers vy, . . . , v,  such that with probability at least 1 —
8, the linear threshold function f* = sign(vyx; + - - - +v,x, — ) satisfies Y7, (f(i) —

—_~—

fr@)* <e

Thus we obtain an efficient randomized polynomial approximation scheme (ERPAS) with a
exponential dependence on 1/e. For the subclass of LTFs with integer weights of magnitude at
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most poly(n), our algorithm runs in poly(n/e) time, i.e. it is a fully polynomial randomized
approximation scheme (FPRAS).

The machinery in this chapter bears some resemblance to the machinery in Chapter 2 though
we prove new anti-concentration bounds for exchangeable distributions which are likely to be of
further interest. Further, our techniques can potentially be extended to other inverse problems in
social-choice theory.

Inverse approximate uniform generation

Over the past two decades, there has been substantial progress in the learning of Boolean functions.
Compared to this, there has not been much progress in setting of learning distributions over {0, 1}"
since the work of Kearns et al. [87]. Part of the reason for this is that even very simple distributions
over the hypercube are hard to learn (compared to the function learning version for the same class).
In Chapter 4, we initiate the study of learning distributions on the hypercube which can be seen
as the inverse of uniform generation of satisfying assignments of Boolean functions. We focus on
specific classes of Boolean function which are interesting from learning theory point of view like
halfspaces, CNFs, DNFs etc.

In such an inverse problem, the algorithm is given uniform random satisfying assignments of an
unknown function f belonging to a class C of Boolean functions (such as linear threshold functions
or polynomial-size DNF formulas), and the goal is to output a probability distribution D which is
e-close, in total variation distance, to the uniform distribution over f _1(1). Problems of this sort
comprise a natural type of unsupervised learning problem in which the unknown distribution to be
learned is the uniform distribution over satisfying assignments of an unknown function f € C.

Positive results: We prove a general positive result establishing sufficient conditions for ef-
ficient inverse approximate uniform generation for a class C. We define a new type of algorithm
called a densifier for C, and show (roughly speaking) how to combine (i) a densifier, (ii) an approx-
imate counting / uniform generation algorithm, and (iii) a Statistical Query learning algorithm, to
obtain an inverse approximate uniform generation algorithm. We apply this general result to obtain
a poly(n, 1/€)-time inverse approximate uniform generation algorithm for the class of n-variable
linear threshold functions (halfspaces); and a quasipoly(n, 1/€)-time inverse approximate uniform
generation algorithm for the class of poly(n)-size DNF formulas.

Negative results: We prove a general negative result establishing that the existence of certain
types of signature schemes in cryptography implies the hardness of certain inverse approximate
uniform generation problems. We instantiate this negative result with known signature schemes
from the cryptographic literature to prove (under a plausible cryptographic hardness assumption)
that there are no subexponential-time inverse approximate uniform generation algorithms for 3-
CNF formulas; for intersections of two halfspaces; for degree-2 polynomial threshold functions;
and for monotone 2-CNF formulas.

Finally, we show that there is no general relationship between the complexity of the “forward”
approximate uniform generation problem and the complexity of the inverse problem for a class C
— it is possible for either one to be easy while the other is hard. In one direction, we show that
the existence of certain types of Message Authentication Codes (MACs) in cryptography implies
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the hardness of certain corresponding inverse approximate uniform generation problems, and we
combine this general result with recent MAC constructions from the cryptographic literature to
show (under a plausible cryptographic hardness assumption) that there is a class C for which the
“forward” approximate uniform generation problem is easy but the inverse approximate uniform
generation problem is computationally hard. In the other direction, we also show (assuming the
GRAPH ISOMORPHISM problem is computationally hard) that there is a problem for which
inverse approximate uniform generation is easy but “forward” approximate uniform generation is
computationally hard.



Chapter 2

Chow Parameters problem

We begin this chapter by recalling that a linear threshold function, or LTF, over {—1,1}" is a
Boolean function f : {—1,1}" — {—1, 1} of the form

f(z) = sign (Zn: w;x; — 9) ,

where wy, . .., w,, 0 € R. The function sign(z) takes value 1 if z > 0 and takes value —1 if z < 0;
the w;’s are the weights of f and 6 is the threshold. Throughout this chapter we shall refer to them
simply as LTFs.

The Chow parameters of a function f : {—1,1}" — R are the n + 1 values

F(0)=E[f(2)], f(i)=E[f(x)z,]fori=1,...,n,

i.e. the n + 1 degree-0 and degree-1 Fourier coefficients of f. (Here and throughout the chapter,
all probabilities and expectations are with respect to the uniform distribution over {—1, 1}" unless
otherwise indicated.) It is easy to see that in general the Chow parameters of a Boolean function
may provide very little information about f; for example, any parity function on at least two
variables has all its Chow parameters equal to 0. However, in a surprising result, C.-K. Chow
[23] showed that the Chow parameters of an LTF f uniquely specify f within the space of all
Boolean functions mapping {—1,1}" — {—1, 1}. Chow’s proof (given in Section 2.2) is simple
and elegant, but is completely non-constructive; it does not give any clues as to how one might
use the Chow parameters to find f (or an LTF that is close to f). This naturally gives rise to the
following algorithmic question, which we refer to as the “Chow Parameters Problem:”

The Chow Parameters Problem (rough statement): Given (exact or approximate)
values for the Chow parameters of an unknown LTF f, output an (exact or approxi-
mate) representation of f as sign(vix; + -+ + vz, — 6').

Motivation and Prior Work. We briefly survey some previous research on the Chow Parameters
problem (see Section 1.1 of [120] for a more detailed and extensive account). Motivated by ap-
plications in electrical engineering, the Chow Parameters Problem was intensively studied in the
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1960s and early 1970s [45, 115, 150, 117]; several researchers suggested heuristics of various sorts
[83, 152, 80, 36] which were experimentally analyzed in [151]. See [149] for a survey covering
much of this early work and [10, 69] for some later work from this period.

Researchers in game theory and voting theory rediscovered Chow’s theorem in the 1970s [99],
and the theorem and related results have been the subject of study in those communities down
to the present [123, 9, 42, 44, 136, 55, 103, 21, 53, 135, 6]. Since the Fourier coefficient f()
can be viewed as representing the “influence” of the i-th voter under voting scheme f (under
the “Impartial Culture Assumption” in the theory of social choice, corresponding to the uniform
distribution over inputs x € {—1,1}"), the Chow Parameters Problem corresponds to designing
a set of weights for n voters so that each individual voter has a certain desired level of influence
over the final outcome. This natural motivation has led practitioners to implement and empirically
evaluate various heuristics for the Chow parameters problem, see [100, 102, 104, 89, 97, 98].

In the 1990s and 2000s several researchers in learning theory considered the Chow Parame-
ters Problem. Birkendorf et al. [14] showed that the Chow Parameters Problem is equivalent to
the problem of efficiently learning LTFs under the uniform distribution in the “1-Restricted Focus
of Attention (1-RFA)” model of Ben-David and Dichterman [11] (we give more details on this
learning model in Section 2.7). Birkendorf et al. showed that if f is an LTF with integer weights
of magnitude at most poly(n), then estimates of the Chow parameters that are accurate to within
an additive +¢/poly(n) information-theoretically suffice to specify the halfspace f to within e-
accuracy. Other information-theoretic results of this flavor were given by [57, 129]. In complexity
theory several generalizations of Chow’s Theorem were given in [20, 126], and the Chow parame-
ters play an important role in a recent study [22] of the approximation-resistance of linear threshold
predicates in the area of hardness of approximation.

Despite this considerable interest in the Chow Parameters Problem from a range of different
communities, the first provably effective and efficient algorithm for the Chow Parameters Problem

was only obtained fairly recently. [120] gave a poly(n) - 226(1/62)—time algorithm which, given

sufficiently accurate estimates of the Chow parameters of an unknown n-variable LTF f, outputs
an LTF f’ that has Pr[f(x) # f'(z)] < e.

Our results.

In this chapter we give a significantly improved algorithm for the Chow Parameters Problem,
whose running time dependence on e is almost doubly exponentially better than the [120] algo-
rithm. Our main result is the following:

Theorem 1 (Main, informal statement). There is an O(n?) - (1/€)P0* (/) . 1og(1/8)-time algo-
rithm A with the following property: Let f : {—1,1}" — {—1,1} be an LTF and let 0 < ¢€,0 <
1/2. If A is given as input €, and (sufficiently precise estimates of) the Chow parameters of f,
then A outputs integers vy, . . ., v,, 0 such that with probability at least 1 — 6, the linear threshold
function f* = sign(vizy + - - - + vz, — 0) satisfies Pr,[f(x) # f*(z)] <e.

Thus we obtain an efficient randomized polynomial approximation scheme (ERPAS) with a
quasi-polynomial dependence on 1/e. We note that for the subclass of LTFs with integer weights
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of magnitude at most poly(n), our algorithm runs in poly(n/e€) time, i.e. it is a fully polynomial
randomized approximation scheme (FPRAS) (see Section 2.6 for a formal statement). Even for
this restricted subclass of LTFs, the algorithm of [120] runs in time doubly exponential in 1/e.

Our main result has a range of interesting implications in learning theory. First, it directly
gives an efficient algorithm for learning LTFs in the uniform distribution 1-RFA model. Second,
it yields a very fast agnostic-type algorithm for learning LTFs in the standard uniform distribution
PAC model. Both these algorithms run in time quasi-polynomial in 1/e. We elaborate on these
learning applications in Section 2.7.

An interesting feature of our algorithm is that it outputs an LTF with integer weights of mag-
nitude at most /7 - (1/¢)°¢ (log”(1/6))  Hence, as a corollary of our approach, we obtain essentially
optimal bounds on approximating arbitrary LTFs using LTFs with small integer weights. It has
been known since the 1960s that every n-variable LTF f has an exact representation sign(w -z —6)
in which all the weights w; are integers satisfying |w;| < 29(*!°¢7) and Héstad [64] has shown
that there is an n-variable LTF f for which any integer-weight representation must have each
lw;| > 29%mleem) However, by settling for an approximate representation (i.e. a representation
f' = sign(w - x — @) such that Pr,[f(x) # f'(x)] < e), it is possible to get away with much
smaller integer weights. Servedio [129] showed that every LTF f can be e-approximated using in-
teger weights each at most y/n - 201/ <), and this bound was subsequently improved (as a function
of €) to n3/2 - 200/¢*/*) in [38]. (We note that ideas and tools that were developed in work on low-
weight approximators for LTFs have proved useful in a range of other contexts, including hardness
of approximation [51], property testing [110], and explicit constructions of pseudorandom objects
[401.)

Formally, our approach to proving Theorem 1 yields the following nearly-optimal weight
bound on e-approximators for LTFs:

Theorem 2 (Low-weight approximators for LTFs). Let f : {—1,1}" — {—1,1} be any LTF.
There is an LTF f* = sign(vixy + -+ + vyx, — 0) such that Pr.[f(x) # f*(x)] < € and the
weights v; are integers that satisfy

> 07 =n - (1/e) 0019
i=1

The bound on the magnitude of the weights in the above theorem is optimal as a function
of n and nearly optimal as a function of €. Indeed, as shown in [64, 57], in general any e-
approximating LTF f* for an arbitrary n-variable LTF f may need to have integer weights at
least max{Q(y/n), (1/¢)?0els(l/9)1  Thus, Theorem 2 nearly closes what was previously an al-
most exponential gap between the known upper and lower bounds for this problem. Moreover, the
proof of Theorem 2 is constructive (as opposed e.g. to the one in [38]), i.e. there is a randomized
poly(n) - (1/€)°0g*(1/9))_time algorithm that constructs an e-approximating LTF.

Techniques. We stress that not only are the quantitative results of Theorems 1 and 2 dramatically
stronger than previous work, but the proofs are significantly more self-contained and elementary
as well. The [120] algorithm relied heavily on several rather sophisticated results on spectral
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properties of linear threshold functions; moreover, its proof of correctness required a careful re-
tracing of the (rather involved) analysis of a fairly complex property testing algorithm for linear
threshold functions given in [110]. In contrast, our proof of Theorem 1 entirely bypasses these
spectral results and does not rely on [110] in any way. Turning to low-weight approximators,
the improvement from 20(1/€%) i [129] to 20(1/€%) in [38] required a combination of rather del-
icate linear programming arguments and powerful results on the anti-concentration of sums of
independent random variables due to Haldsz [63]. In contrast, our proof of Theorem 2 bypasses
anti-concentration entirely and does not require any sophisticated linear programming arguments.

Two main ingredients underlie the proof of Theorem 1. The first is a new structural result
relating the “Chow distance” and the ordinary (Hamming) distance between two functions f and
g, where f is an LTF and g is an arbitrary bounded function. The second is a new and simple
algorithm which, given (approximations to) the Chow parameters of an arbitrary Boolean function
f, efficiently construct a “linear bounded function” (LBF) g — a certain type of bounded function
— whose “Chow distance” from f is small. We describe each of these contributions in more detail
below.

The main structural result.

In this subsection we first give the necessary definitions regarding Chow parameters and Chow
distance, and then state Theorem 7, our main structural result.

Chow parameters and distance measures.

We formally define the Chow parameters of a function on {—1, 1}

Definition 3. Given any function f : {—1,1}" — R, its Chow Parameters are the rational numbers
7(0), F(1), ..., f(n) defined by F(0) = E[f(x)], F(i) = B[f(x)a] for 1 < i < n. We say that the
Chow vector of f is Xr = (f(0), f(1),..., f(n)).

The Chow parameters naturally induce a distance measure between functions f and g:

Definition 4. Let f, g : {—1,1}" — R. We define the Chow distance between f and g to be
def | -
dChow(fa g) = HXf — Xy

o, L.e. the Euclidean distance between the Chow vectors.

This is in contrast with the familiar L-distance between functions:

Definition 5. The distance between two functions f,g : {—1,1}" — R is defined as dist(f, g) &«
E[|f(x) — g(2)|]. If dist(f,g) < € we say that f and g are e-close.

We note that if f, g are Boolean functions with range {—1, 1} then dist(f, g) = 2Pr[f(z) #
g(x)] and thus dist is equivalent (up to a factor of 2) to the familiar Hamming distance.
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The main structural result: small Chow-distance implies small distance.

The following fact can be proved easily using basic Fourier analysis (see Proposition 1.5 in [120]):

Fact 6. Let f,g: {—1,1}" — [—1, 1]. We have that dcpnow (f, g) < /2 - dist(f, g).

Our main structural result, Theorem 7, is essentially a converse which bounds dist(f, g) in
terms of dcnow(f, g) When f is an LTF and ¢ is any bounded function:

Theorem 7 (Main Structural Result). Let f : {—1,1}" — {—1,1} bean LTF and g : {—1,1}" —
[—1, 1] be any bounded function. If dcyow (f, g) < € then

dist(f, ) < 2—Q<\3/10g(1/6)>.

Chow’s theorem says that if f is an LTF and ¢ is any bounded function then dcypew(f,g9) = 0
implies that dist(f, g) = 0. In light of this, Theorem 7 may be viewed as a “robust” version of
Chow’s Theorem. Note that the assumption that g is bounded is necessary for the above state-
ment, since the function g(z) = > 7, f(i)z; (where zy = 1) satisfies dcnow(f, g) = 0, but has
dist(f, g) = €(1). Results of this sort but with weaker quantitative bounds were given earlier in
[14, 57, 129, 120]; we discuss the relationship between Theorem 7 and some of this prior work
below.

Discussion. Theorem 7 should be contrasted with Theorem 1.6 of [120], the main structural result
of that paper. That theorem says that for f : {—1,1}" — {—1,1} any LTFand g : {—1,1}" —
[—1, 1] any bounded function', if depow(f,g) < € then dist(f, g) < O(1/+/log(1/€)). Our new
Theorem 7 provides a bound on dist( f, g) which is almost exponentially stronger than the [120]
bound.

Theorem 7 should also be contrasted with Theorem 4 (the main result) of [57], which says that
for f an n-variable LTF and g any Boolean function, if dcpew (f, g) < (e/n)C00s(/€)108(1/4) then
dist(f, g) < e. Phrased in this way, Theorem 7 says that for f an LTF and g any bounded function,
if donow(f,g) < €2U00g”(1/9) then dist(f, g) < e. So our main structural result may be viewed
as an improvement of Goldberg’s result that removes its dependence on n. Indeed, this is not a
coincidence; Theorem 7 is proved by carefully extending and strengthening Goldberg’s arguments
using the “critical index” machinery developed in recent studies of structural properties of LTFs
[129, 120, 40].

It is natural to wonder whether the conclusion of Theorem 7 can be strengthened to “dist(f, g) <
€’ where ¢ > 0 is some absolute constant. We show that no such strengthening is possible,
and in fact, no conclusion of the form “dist(f, g) < 277(9” is possible for any function (e) =
w(log(1/€)/loglog(1/e€)); we prove this in Section 2.6.

I'The theorem statement in [120] actually requires that g have range {—1, 1}, but the proof is easily seen to extend
tog:{-1,1}" — [—1, 1] as well.
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The algorithmic component.

A straightforward inspection of the arguments in [120] shows that by using our new Theorem 7
in place of Theorem 1.6 of that paper throughout, the running time of the [120] algorithm can be
improved to poly(n) - 2(/ 9O/ s s already a significant improvement over the poly(n) -
9200/ running time of [120], but is significantly worse than the poly(n) - (1/¢)°1°&*1/9) running
time which is our ultimate goal.

The second key ingredient of our results is a new algorithm for constructing an LTF from
the (approximate) Chow parameters of an LTF f. The previous approach to this problem [120]
constructed an LTF with Chow parameters close to x'; directly and applied the structural result to
the constructed LTF. Instead, our approach is based on the insight that it is substantially easier to
find a bounded real-valued function ¢ that is close to f in Chow distance. The structural result can
then be applied to g to conclude that g is close to f in L;-distance. The problem with this idea is,
of course, that we need an LTF that is close to f and not a general bounded function. However, we
show that it is possible to find g which is a “linear bounded function” (LBF), a type of bounded
function closely related to LTFs. An LBF can then be easily converted to an LTF with only a small
increase in distance from f. We now proceed to define the notion of an LBF and state our main
algorithmic result formally. We first need to define the notion of a projection:

Definition 8. For a real value a, we denote its projection to [—1, 1] by Py(a). That is, P;(a) = a if
la| < 1 and P,(a) = sign(a), otherwise.

Definition 9. A function g : {—1,1}" — [—1, 1] is referred to as a linear bounded function (LBF)
if there exists a vector of real values w = (wo, wy, . . ., wy,) such that g(x) = Py(wo+ Y| w;x;).
The vector w is said to represent q.

We are now ready to state our main algorithmic result:

Theorem 10 (Main Algorithmic Result). There exists a randomized algorithm ChowReconstruct
that for every Boolean function f : {—1,1}" — {—1,1}, given ¢ > 0,0 > 0 and a vector
a = (a,aq,...,ay) such that ||Xy — d|| < e with probability at least 1 — 6, outputs an LBF g
such that || X —X,|| < 6¢. The algorithm runs in time O(n*e¢*1og (1/5)). Further, g is represented
by a weight vector kv € R"™!, where k € R and v is an integer vector with ||v|| = O(y/n/€?).

We remark that the condition on the weight vector v given by Theorem 10 is the key for the
proof of Theorem 2.

The way we use ChowReconstruct is to construct an LBF g whose Chow distance from
f is small enough to ensure that dist(f, ¢g) is at most e. For general LTFs, this upper bound on
dist(f, g) is given by Theorem 7; however in special cases other structural results may give even
stronger bounds. In particular, a structural result of [14] gives that if f is an LTF with integer
weights of magnitude bounded by poly(n), then as long as the Chow distance between f and g
is €/poly(n), it must be the case that dist(f, g) < e. Hence our algorithm performs extremely
well for such LTFs f: given the (approximate) Chow parameters of an LTF f with poly(n) integer
weights, it outputs an LBF ¢ with dist(f, g) < e. Given g, it is trivial to obtain a LTF f* such
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that dist(f, f*) < 2e. Thus, for poly(n)-weight LTFs, we obtain a FPRAS. (See Theorem 34 for a
detailed statement of this result.

Discussion. It is interesting to note that the approach underlying Theorem 10 is much more ef-
ficient and significantly simpler than the algorithmic approach of [120]. The algorithm in [120]
roughly works as follows: In the first step, it constructs a “small” set of candidate LTFs such that
at least one of them is close to f, and in the second step it identifies such an LTF by searching over
all such candidates. The first step proceeds by enumerating over “all” possible weights assigned to
the “high influence” variables. This brute force search makes the [120] algorithm very inefficient.
Moreover, its proof of correctness requires some sophisticated spectral results from [110], which
make the approach rather complicated.

In this work, our algorithm is based on a boosting-based approach, which is novel in this con-
text. Our approach is much more efficient than the brute force search of [120] and its analysis is
much simpler, since it completely bypasses the spectral results of [110]. We also note that the algo-
rithm of [120] crucially depends on the fact that the relation between Chow distance and distance
has no dependence on n. (If this was not the case, the approach would not lead to a polynomial
time algorithm.) Our boosting-based approach is quite robust, as it has no such limitation. This
fact is crucial for us to obtain the aforementioned FPRAS for small-weight LTFs.

While we are not aware of any prior results similar to Theorem 10 being stated explicitly, we
note that weaker forms of our theorem can be obtained from known results. In particular, Trevisan
et. al. [139] describe an algorithm that given oracle access to a Boolean function f, ¢ > 0, and a
set of functions H = {hy, ha, ..., hy}, efficiently finds a bounded function g that for every i < n
satisfies | E[f - h;] — E[g - h;]| < €. One can observe that if H = {1, z1, ..., x,}, then the function
g returned by their algorithm is in fact an LBF and that the oracle access to f can be replaced with
approximate values of E[f - h;] for every i. Hence, the algorithm in [139], applied to the set of
functions H = {1, z1, 3, ...,x,}, would find an LBF g which is close in Chow distance to f. A
limitation of this algorithm is that, in order to obtain an LBF which is A-close in Chow distance
to f, it requires that every Chow parameter of f be given to it with accuracy of O(A/y/n). In
contrast, our algorithm only requires that the total distance of the given vector to )y is at most
A/6. In addition, the bound on the integer weight approximation of LTFs that can be obtained
from the algorithm in [139] is linear in n*/2, whereas we obtain the optimal dependence of /7.

The algorithm in [139] is a simple adaptation of the hardcore set construction technique of
Impagliazzo [71]. Our algorithm is also based on the ideas from [71] and, in addition, uses ideas
from the distribution-specific boosting technique in [49].

Our algorithm can be seen as an instance of a more general approach to learning (or approxi-
mating) a function that is based on constructing a bounded function with the given Fourier coeffi-
cients. Another instance of this new approach is the recent algorithm for learning a certain class of
polynomial threshold functions (which includes polynomial-size DNF formulae) from low-degree
Fourier coefficients [50]. We note that the algorithm in [50] is based on an algorithm similar to
ours. However, like the algorithm in [139], it requires that every low-degree Fourier coefficient be
given to it with high accuracy. As a result it would be similarly less efficient in our application.

Organization. In Section 2.1 we record some mathematical preliminaries that will be used through-
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out the chapter. In Section 2.2 we present some observations regarding the complexity of solving
the Chow parameters problem exactly and give an LP-based 2°(™-time algorithm for it. Sec-
tions 2.3 and 2.4 contain the proof of our main structural result (Theorem 7). In Section 2.5 we
present our main algorithmic ingredient (Theorem 10). Section 2.6 puts the pieces together and
proves our main theorem (Theorem 1) and our other main result (Theorem 2), while Section 2.7
presents the consequences of our results to learning theory. Finally, in Section ?? we conclude the
chapter and present a few interesting research directions.

2.1 Mathematical Preliminaries

Probabilistic Facts.

We require some basic probability results including the standard additive Hoeffding bound:

Theorem 11. Let X1, ..., X,, be independent random variables such that for each j € [n], X; is
supported on |a;,b;| for some a;,b; € R, a; < b;. Let X = 2?21 X;. Then, for any t > 0,

Pr{|X ~BIX]| > 1] < 2exp (~2/ T3, (0 — 0,)?)

The Berry-Esséen theorem (see e.g. [52]) gives explicit error bounds for the Central Limit Theo-
rem:

Theorem 12. (Berry-Esséen) Let X1, . . ., X,, be independent random variables satisfying E[X;] =
0foralli € [n], /> ,E[X?] =0, and Y, E[|X;’] = ps. Let S = (X1 + -+ + X,,)/o and let F
denote the cumulative distribution function (cdf) of S. Then sup,, |F(z) — ®(x)| < p3/03 where ®
denotes the cdf of the standard gaussian random variable.

For us, the most important consequence of the Berry-Esséen theorem is its application in prov-
ing anti-concentration for a weighted sum of Bernoulli random variables. To describe the applica-
tion, we need to define the notion of regularity for a vector in R".

Definition 13 (regularity). Fix 7 > 0. We say that a vector w = (wy, ..., w,) € R™ is T-regular
if max;ep, |wi| < Tllw|| = T/wi + - +w?2. A linear form w - x is said to be T-regular if w is
T-regular, and similarly an LTF is said to be T-regular if it is of the form sign(w - x — 0) where w
is T-regular.

Regularity is a helpful notion because if w is 7-regular then the Berry-Esséen theorem (stated
below) tells us that for uniform x € {—1,1}", the linear form w - x is “distributed like a Gaussian
up to error 7.” This can be useful for many reasons; in particular, it will let us exploit the strong
anti-concentration properties of the Gaussian distribution. The next fact states this precisely.

Fact 14. Let w = (wy,...,w,) be a T-regular vector in R™ and write o to denote ||w||o. Then
for any interval [a,b] C R, we have |Pr[}_"_ wz; € (a,b]] — ®(la/o,b/o])| < 27, where



CHAPTER 2. CHOW PARAMETERS PROBLEM 17
O ([c, d]) g@(d) — ®(c). In particular, it follows that
Pr [ Y w; € (a,b]] < |b—al/o+ 2.
i=1

Useful inequality.

We will need the following elementary inequality.

Fact 15. For a,b € (0,1), (ab)ce(t/a)+loe(1/b) > g2log(l/a) . 2log(1/b),

Proof.
(ab)log(l/a)Jrlog(l/b) _ 9~ log®(1/a)—log?(1/b)—2log(1/a)-log(1/b)
> 272log2(1/a)7210g2(1/b)
a210g(1/a) . b210g(1/b)’
where the inequality is the arithmetic-geometric mean inequality. 0

Useful facts about affine spaces.

A subset V' C R" is said to be an affine subspace if it is closed under affine combinations of vectors
in V. Equivalently, V' is an affine subspace of R" if V' = X + b where b € R" and X is a linear
subspace of R". The affine dimension of V' is the same as the dimension of the linear subspace X.
A hyperplane in R" is an affine space of dimension n — 1. Throughout the chapter we use bold
capital letters such as H to denote hyperplanes.

In this chapter whenever we refer to a “subspace” we mean an affine subspace unless explicitly
otherwise indicated. The dimension of an affine subspace V' is denoted by dim(V"). Similarly, for
aset S C R”, we write span(.S) to denote the affine span of S, i.e.

span(S) = {s + sz(ffl —y") | 5,29y € S,w; € R,m € N}.
i=1
The following very useful fact about affine spaces was proved by Odlyzko[118].

Fact 16. [118] Any affine subspace of R"™ of dimension d contains at most 2% elements of {—1, 1}".

2.2 On the Exact Chow Parameters Problem

In this section we make some observations regarding the complexity of the exact version of the
Chow parameters problem and present a simple (albeit exponential time) algorithm for it, that
beats brute-force search.
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Proof of Chow’s Theorem.

For completeness we state and prove Chow’s theorem here:

Theorem 17 ([23]). Let f : {—1,1}" — {—1,1} be an LTF and let g : {—1,1}" — [—1,1] be a
bounded function such that g(j) = f(j) forall 0 < j <n. Then g = f.

Proof. Write f(x) = sign(wy + wix; + -+ + w,x,), where the weights are scaled so that
> i ow; = 1. We may assume without loss of generality that [wg + wizy + - -+ + w, x| # 0
for all z. (If this is not the case, first translate the separating hyperplane by slightly perturbing w
to make it hold; this can be done without changing f’s value on any point of {—1, 1}".) Now we

have

0 = > w(f(j) = 9)

= El(wo+ i+ 4 w,2,)(F(2) — 9(a)]
= E[f(z) —g(x)| - |[wo + wiz1 + - - + wpxy|].

~

The first equality is by the assumption that f(j) = g(j) for all 0 < j < n, the second equality is
linearity of expectation (or Plancherel’s identity), and the third equality uses the fact that

sign(f(z) — g(x)) = f(x) = sign(wo + w21 + -+ + Wyxy)

for any bounded function g with range [—1, 1]. But since |wg + wix; + -+ - + w,x,| is always
strictly positive, we must have Pr[f(z) # g(x)] = 0 as claimed. O

An exact 20" —time algorithm.

Let us start by pointing out that it is unlikely that the Chow Parameters problem can be solved
exactly in polynomial time. Note that even checking the correctness of a candidate solution is -
complete, because computing f(0) is equivalent to counting 0-1 knapsack solutions. This suggests
(but does not logically imply) that the exact problem is intractable; characterizing its complexity
is an interesting open problem (see Section ??).

The naive brute-force approach (enumerate all possible n-variable LTFs, and for each one
check whether it has the desired Chow parameters) requires 29("*) time. The following proposition
gives an improved (albeit exponential time) algorithm:

Proposition 18. The Chow parameters problem can be solved exactly in time 20,

Proof. Letoy;, i = 0,1,...,n be the target Chow parameters; we are given the promise that there
exists an LTF f : {—1,1}" — {—1,1} such that f(i) = «; for all i. Our goal is to output
(a weights-based representation of) the function f. Let g : {—1,1}" — [—1, 1] be a bounded
function that has the same Chow parameters as f. We claim that there exists a linear program

with 2" variables and O(2") constraints encoding the truth-table of g. Indeed, for every = €
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{—1,1}" we have a variable g(z) and the constraints are as follows: For all z € {—1,1}" we
include the constraint —1 < g(z) < 1. We also include the (n + 1) constraints E,[g(z)z;] =
27" e 9(@)r = ai, @ = 0,1,...,n (where zp = 1). Chow’s theorem stated above
implies that the aforementioned linear program has a unique feasible solution, corresponding to
the truth table of the target LTF f. That is, the unique solution of the linear program will be
integral and is identical to the target function. Since the size of the linear program is 20 and
linear programming is in P, the truth table of f can thus be computed in time 2.

A weight-based representation of f as sign(w - © — ) can then be obtained straightforwardly
in time 2°( by solving another linear program with variables (w, #) and 2" constraints, one for
eachz € {—1,1}". O

We point out that our main algorithmic result also yields an algorithm for the exact Chow
parameters problem that beats brute-force search, in particular it runs in time 201" (See The-
orem 34 and the remark following its statement.)

2.3 Proof overview of main structural result: Theorem 7

In this section we provide a detailed overview of the proof of Theorem 7, restated here for conve-
nience:

Theorem 7 (Main Structural Result). Let f : {—1,1}" — {—1,1} bean LTF and g : {—1,1}" —
[—1, 1] be any bounded function. If dcnow (f, g) < € then dist(f, g) < 2—9(\/3 log(l/e)).

We give an informal overview of the main ideas of the proof of Theorem 7 in Section 2.3, and
then proceed with a detailed outline of Theorem 7 in Section 2.3.

Informal overview of the proof.

We first note that throughout the informal explanation given in this subsection, for the sake of
clarity we restrict our attention to the case in which g : {—1,1}" — {—1,1} is a Boolean rather
than a bounded function. In the actual proof we deal with bounded functions using a suitable
weighting scheme for points of {—1,1}" (see the discussion before Fact 26 near the start of the
proof of Theorem 7).

To better explain our approach, we begin with a few words about how Theorem 1.6 of [120]
(the only previously known statement of this type that is “independent of n”’) is proved. The key to
that theorem is a result on approximating LTFs using LTFs with “good anti-concentration”; more
precisely, [120] shows that for any LTF f there is an LTF f’(x) = sign(v - x — v), ||v]| = 1, that
is extremely close to f (Hamming distance roughly 27'/€) and which has “moderately good anti-
concentration at radius ¢.” in the sense that Pr[jv - z — v| < €] < O(1/+/log(1/€)). Given this,
Theorem 1.6 of [120] is proved using a modification of the proof of the original Chow’s Theorem.
However, for this approach based on the original Chow proof to work, it is crucial that the Ham-
ming distance between f and f’ (namely 2~/) be very small compared to the anti-concentration
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radius (which is €). Subject to this constraint it seems very difficult to give a significant quantitative
improvement of the approximation result in a way that would improve the bound of Theorem 1.6
of [120].

Instead, we hew more closely to the approach used to prove Theorem 4 of [57]. This approach
also involves a perturbation of the LTF f, but instead of measuring closeness in terms of Hamming
distance, a more direct geometric view is taken. In the rest of this subsection we give a high-level
explanation of Goldberg’s proof and of how we modify it to obtain our improved bound.

The key to Goldberg’s approach is a (perhaps surprising) statement about the geometry of
hyperplanes as they relate to the Boolean hypercube. He establishes the following key geometric
result (see Theorem 21 for a precise statement):

If H is any n-dimensional hyperplane such that an « fraction of points in {—1, 1}" lie
“very close” in Euclidean distance (essentially 1/quasipoly(n/«)) to H, then there is
a hyperplane H’ which actually contains all those 2™ points of the hypercube.

With this geometric statement in hand, an iterative argument is used to show that if the Hamming
distance between LTF f and Boolean function g is large, then the Euclidean distance between the
centers of mass of (the positive examples for f on which f and g differ) and (the negative examples
for f on which f and g differ) must be large; finally, this Euclidean distance between centers of
mass corresponds closely to the Chow distance between f and g.

However, the 1/quasipoly(n) closeness requirement in the key geometric statement means that
Goldberg’s Theorem 4 not only depends on 7, but this dependence is superpolynomial. The heart
of our improvement is to combine Goldberg’s key geometric statement with ideas based on the
“critical index” of LTFs to get a version of the statement which is completely independent of n.
Roughly speaking, our analogue of Goldberg’s key geometric statement is the following (a precise
version is given as Lemma 22 below):

If H is any n-dimensional hyperplane such that an « fraction of points in {—1,1}"
lie within Euclidean distance o®(°8(1/®)) of H, then there is a hyperplane H’ which
contains all but a tiny fraction of those a2" points of the hypercube.

Our statement is stronger than Goldberg’s in that there is no dependence on n in the distance
bound from H, but weaker in that we do not guarantee H' passes through every point; it may miss
a tiny fraction of points. We are able to handle the effect of missing points in the subsequent
analysis. Armed with this improvement, a careful sharpening of Goldberg’s iterative argument (to
get rid of another dependence on n, unrelated to the tiny fraction of points missed by H') lets us
prove Theorem 7.

Detailed outline of the proof.

As discussed in Section 2.3, the key to proving Theorem 7 is an improvement of Theorem 3 in [57].
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Definition 19. Given a hyperplane H in R"™ and 8 > 0, the 3-neighborhood of H is defined as the
set of points in R™ at Euclidean distance at most [ from H.

We recall the following fact which shows how to express the Euclidean distance of a point from
a hyperplane using the standard representation of the hyperplane:

Fact 20. Let H = {z : w -z — 0 = 0} be a hyperplane in R™ where |w|| = 1. Then for any
x € R", the Euclidean distance d(x,H) of x from H is |w - x — 6|.

Theorem 21 (Theorem 3 in [57]). Given any hyperplane in R" whose [3-neighborhood contains a
subset S of vertices of {—1,1}", where |S| = « - 2", there exists a hyperplane which contains all
elements of S provided that

0< B < ((2/a) n> /™) (2 4 |log(n/a)])!) "

Before stating our improved version of the above theorem, we define the set U = U}" ;e; U {0}
where 0 € R" is the all zeros vector and e; € R™ is the unit vector in the i** direction.
Our improved version of Theorem 21 is the following:

Lemma 22. There exist a constant C such that for every hyperplane H in R™ whose (3-neighborhood
contains a subset S of vertices of {—1,1}", where |S| = o - 2" and any 0 < Kk < «/2, there exists
a hyperplane H' in R™ that contains a subset S* C S of cardinality at least (o« — k) - 2" provided
that

0< 5 < BD (log(l/ﬁ,)) 1/2 27V loglog(1/k) | C’1 log(l/a

Moreover, the coefficient vector defining H' has at most

C1 - (1/a®) - (loglog(1/k) +log*(1/a))

nonzero coordinates. Further, for any x € U, if x lies on H then x lies on H' as well.

Discussion. We note that while Lemma 22 may appear to be incomparable to Theorem 21 because
it “loses” k2" points from the set S, in fact by taking x = 1/2"*! it must be the case that our S*
is the same as S, and with this choice of x, Lemma 22 gives a strict quantitative improvement of
Theorem 21. (We stress that for our application, though, it will be crucial for us to use Lemma 22
by setting the x parameter to depend only on « independent of n.) We further note that in any
statement like Lemma 22 that does not “lose” any points from .S, the bound on 3 must necessarily
depend on n; we show this in Appendix A.l. Finally, the condition at the end of Lemma 22 (that
if x € U lies on H, then it lies on H' as well) allows us to obtain an analogous result in any affine
subspace of R" instead of R". This is necessary for the iterative application of Lemma 22 in the
proof of Theorem 7.

We give the detailed proof of Lemma 22 in Section 2.4. We now briefly sketch the main idea
underlying the proof of the lemma. At a high level, the proof proceeds by reducing the number of
variables from n down to m = O ((1/a?) - log(1/3)) followed by an application of Theorem 155,
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a generalization of Theorem 21 proved in Appendix A.2, in R™. (As we will see later, we use
Theorem 155 instead of Theorem 21 because we need to ensure that points of U which lie on H
continue to lie on H'.) The reduction uses the notion of the 7-critical index applied to the vector w
defining H. (See Section 2.4 for the relevant definitions.)

The idea of the proof is that for coordinates 7 in the “tail” of w (intuitively, where |w;| is small)
the value of x; does not have much effect on d(z, H), and consequently the condition of the lemma
must hold true in a space of much lower dimension than n. To show that tail coordinates of z
do not have much effect on d(z, H), we do a case analysis based on the 7-critical index c(w, T)
of w to show that (in both cases) the 2-norm of the entire “tail” of w must be small. If ¢(w, T)
is large, then this fact follows easily by properties of the 7-critical index. On the other hand, if
c(w, T) is small we argue by contradiction as follows: By the definition of the 7-critical index and
the Berry-Esséen theorem, the “tail” of w (approximately) behaves like a normal random variable
with standard deviation equal to its 2-norm. Hence, if the 2-norm was large, the entire linear form
w - x would have good anti-concentration, which would contradict the assumption of the lemma.
Thus in both cases, we can essentially ignore the tail and make the effective number of variables
be m which is independent of n.

As described earlier, we view the geometric Lemma 22 as the key to the proof of Theorem 7;
however, to obtain Theorem 7 from Lemma 22 requires a delicate iterative argument, which we
give in full in the following section. This argument is essentially a refined version of Theorem 4
of [57] with two main modifications: one is that we generalize the argument to allow g to be a
bounded function rather than a Boolean function, and the other is that we get rid of various factors
of \/n which arise in the [57] argument (and which would be prohibitively “expensive” for us).
We give the detailed proof in Section 2.4.

2.4 Proof of Theorem 7

In this section we provide a detailed proof of our main structural result (Theorem 7).

Useful Technical Tools.

As described above, a key ingredient in the proof of Theorem 7 is the notion of the “critical index”
of an LTF f. The critical index was implicitly introduced and used in [129] and was explicitly used
in [38, 40, 120] and other works. To define the critical index we need to first recall the definition
of “regularity” (see Definition 13). Intuitively, the critical index of w is the first index 7 such that
from that point on, the vector (w;, w;;1, ..., w,) is regular. A precise definition follows:

Definition 23 (critical index). Given a vector w € R" such that |wy| > - -+ > |w,| > 0, for k € [n]
we denote by oy, the quantity \/> ., w?. We define the T-critical index c(w, 7) of w as the smallest
index i € |n| for which |w;| < 7 - 0;. If this inequality does not hold for any i € [n|, we define
c(w, 1) = oo.
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The following simple fact states that the “tail weight” of the vector w decreases exponentially
prior to the critical index:

Fact 24. For any vector w = (wy, . .., wy,) such that |wy| > -+ > |w,| > 0and 1 < a < c(w, 1),
we have o, < (1 — 72)@=D/2. 5,

Proof. If a < c¢(w, T), then by definition |w,| > 7 - 0,. This implies that 0,,1 < V1 — 72 - 0,.
Applying this inequality repeatedly, we get that o, < (1 — 72)@V/2. 5 forany 1 < a <
c(w, ). O

Proof of Lemma 22.

Let H= {z € R" | w-x = 0} where we can assume (by rescaling) that ||w|s = 1 and (by
reordering the coordinates) that |w;| > |ws| > ... > |w,|. Note that the Euclidean distance of any

point x € R” from H is |w - = — 6|. Let us also define V/ “HAU. Setr & a/4 (for conceptual
clarity we will continue to use “7” for as long as possible in the arguments below). We note that
we can assume that all weights are non-zero since we can project the problem to coordinates where
H has non-zero weights. This does not affect distances or our bounds. We can therefore define the

T-critical index ¢(w, T) of the vector w € R™.

Fix the parameter K &y (1/72%) - log(1/B) for a constant Cy to be chosen later and let
K, = min{c(w,7), Ko}. We partition [n| into a set of “head” coordinates H = [K;] and a
complementary set of “tail” coordinates 7' = [n] \ H. Writing w as (wg, wr) and likewise for x.
(We can assume that A; < n since otherwise the lemma follows immediately from Theorem 21.)
We now prove by case analysis that ||wr||; must be small.

Claim 25. We have ||wr||s < 86/ «.

Proof.
Case I: c(w, 7) > K. In this case, |[H| = Cy - (1/72) - log(1/3) and it follows from Fact 24 that
for large enough constant Cs, ||wr|| < 8 < 88/«

Case II: c(w, 7) < Kj. In this case, | H| = c(w, 7). We use the fact that wy is 7-regular to deduce
that the norm of the tail must be small.
Suppose for the sake of contradiction that

|wrll2 > 26/(a —37) = 86/ a.

By the Berry-Esséen theorem (Theorem 12, or more precisely Fact 14), for all 6 > 0 we have

SUD;cRr ];z" [lwr - xp —t] <] < + 2.

[wr|
By setting § & (v — 37)||wr||/2 > B we get that

SUD;cr Ix’jz“ [lwr - xp —t] <0] < «,
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and consequently

Prilw-x—0| <p] < supPr{|wr-xr—t| <[]
z tecR 2T
< sup Pr|lwr - xp — t| <d]
teR T
< «
which contradicts the existence of the set S in the statement of the lemma. L]

By the Hoeffding bound, for 1 — & fraction of z € {—1,1}" we have
\wy -z — 0] <|w-x— 0|+ |wr - 27| < |Jw-x—0|+ 0

where 8 = C5 - (8/a) - \/log(1/k) for a sufficiently large constant C's.
By the assumption of the lemma, there exists a set S C {—1, 1}" of cardinality at least « - 2"

such that for all z € S we have |w-x — 6| < /3. A union bound and the above inequality imply that
there exists a set S* C S of cardinality at least (o« — ) - 2™ with the property that for all z € S*,
we have

’U}HZL’H—9| Sﬁ—i‘ﬁ/
Also, any = € U satisfies ||xr|| < 1. Hence for any x € V, we have that

lwy - xg — 0| \w -z — 0|+ |wr - 27| = |wr - 7|

<
< lwrll - florl] <88/a < 5"

Define the projection mapping ¢z : R” — Rl by ¢ :  + 25 and consider the image of
S*ie &€ ¢ (S*). Itis clear that |S’| > (o — k) - 2!Hl and that for all z;; € S’, we have

jw -xg — 0] < B+ 5 <25

Similarly, if V’ is the image of V under ¢, then for every 5 € V' we have |wy -z — 0| < .
It is also clear that ||wr|| < 1/2 and hence ||wg|| > 1/2. Thus for every zy € (S’ U V') we have

Wy - TH 0 <4B/

lwall Nlwnll]

We now define the | H |-dimensional hyperplane Hy as Hy & {rg e RA | wy -z = 0}. As
all points in S U V' are in the 43'-neighborhood of Hy, we may now apply Theorem 155 for the
hyperplane Hy; over RI”I to deduce the existence of an alternate hyperplane H, = {zy € RI¥! |
vy - xy = v} that contains all points in S" U V. The only condition we need to verify in order that
Theorem 155 may be applied is that 45’ is upper bounded by

-1
5, (a 3 . | H |5 Uos(H1/(=m))] . (2 4 |log(|H|/(a — m))J)!) :
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< (a/Kg)C+1o8Ko/2) for some large

enough constant C’4._Using Ko = Cy-(4/a)? -1log(1/B) and 8’ = C38+/log(1/k)/c, we need to
verify that

oY
16 - Cy - log(1/8)

Using Fact 15, we get that, for a sufficiently large constant Cs, it sufficient to ensure that

8 < ra/(4Cy/og(1/R)) < (a/(4Cs log(l//i))>-( 3 )Cﬂog(l%log(” A)fe?)

B < (lOg(]_/li))_l/2 . 0405 log(1/c) | IOg(l/ﬁ)_C5 loglog(l/ﬂ)'
For a sufficiently small 3, 2~ V!°6(1/8) < Jog(1/)~C5logls(1/) giving sufficient condition:

B < (log(l//i))fl/z . Cslos(l/a) [ 9—1/log(1/B) 2.1)

Let
60 def (10g(1/l€)) 1/2 9= \/1oglog(1/k) 01 log(1/c)

for C; to be chosen later. Then using concavity of the square root function we get

2—«/10g(1//30) > 2—\/01 log?(1/a)+loglog(1/k) > 2—\/C7'110g(1/a) . 2—«/10g10g(1/n)

Y

and therefore for a sufficiently large constant C' it holds that
(10g(1//€)>_1/2 .an,log(l/a) ‘2—\/1og(1/50) > (log(l//i)) 1/2 2~ v/ loglog(1/k) | C log(1/a)++/C1 > 6

Hence we obtained that condition (2.1) holds for 5 = 3, and so also for any S < [3y. This implies
the desired upper bound on 45’.

Thus, we get a new hyperplane H}; = {z;; € R¥| | vy - 27 = v} that contains all points in
S"U V', Tt is then clear that the n-dimensional hyperplane H' = {x € R" | vy - xy = v} contains
all the points in S* = (¢)*(S’) and the points in V/, and that the vector vy defining H' has the
claimed number of nonzero coordinates, concluding the proof of Lemma 22.

Proof of Theorem 7.

As mentioned earlier, our proof is essentially a refined version of the proof of Theorem 4 of
[57]. The proof establishes the contrapositive of Theorem 7; it shows that if dist(f, g) is large
then danow (f, g) must also be large.

To aid the reader in understanding our proof, let us recall the high level structure of Goldberg’s
argument (which our argument follows quite closely). The first step in the argument is to show that
the Chow distance dcnow (f, g) corresponds to a Euclidean distance between two points g, and
in R™ which are the “centers of mass” of the “false positive™ points V7 and the “false negative”
points V' respectively (see Proposition 27). Hence, in order to show that the Chow distance is
large, it is enough to show that ;. and p_ are far apart, and to do this it is enough to lower bound
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(4 — p—) - n for any unit vector n. The proof attempts to do this in a sequence of stages; if any
stage succeeds then we get the desired conclusion, and a dimension argument is used to show that
after not too many stages, one of the stages must succeed.

In more detail, the analysis of the first stage works as follows: Fix a separating hyperplane A,
and consider the unit vector £, which is normal to A,. If many points in V' := Vﬁ U VO lie far
from Ay then it is not hard to lower bound (p; — p_) - 1 (see Claim 30). On the other hand, if
very few points in VY lie far from A, then since |V9| is large (essentially of size at least €2"; recall
that by assumption dist(f, g) is large) it must be the case that almost all the points in V° lie very
close to the hyperplane A,. This means that we may apply the key geometric lemma, Lemma 22,
to conclude that there is a hyperplane A, which passes through almost all of the points in V.

In the next stage, essentially the same argument as above is carried out in the affine space
spanned by the hyperplane A;. As above, it is argued that either a large set of points lies far from
a separating hyperplane (in which case the Euclidean distance between p. and ;. can be lower
bounded as above, see Claim 31), or else we can again apply Lemma 22 to conclude that there is
a hyperplane A — which is an (n — 2)-dimensional affine subspace of R” — which passes through
almost all of the points in V5. Continuing this reasoning for O(log(1/¢)) stages, the argument gives
that there is an (n — O(log(1/¢)))-dimensional affine subspace of R™ that contains €2(¢) - 2" points
of Vj; but this contradicts a well-known upper bound on the number of points in {—1,1}" that any
affine subspace of R" of a given dimension can contain (see Fact 16). This contradiction concludes
the argument.

The arguments sketched above are those used by Goldberg in the proof of his Theorem 4, and
indeed we follow the same high level steps in our proof; however there are two significant ways in
which our proof differs from that of Goldberg. One of these ways is that we generalize Goldberg’s
arguments to allow g to be a bounded function rather than a Boolean function (this is why our
detailed arguments given below use the weight function W(z)). The second is that we carefully
getrid of various factors of y/n which arise in the [57] argument (and which would be prohibitively
“expensive” for us). Lemma 156 (see Appendix A.3) is useful for this purpose.

We are now ready to prove Theorem 7.

Proof of Theorem 7. Let f : {—1,1}" — {—1,1} bean LTF and g : {—1,1}" — [—1,1] be
arbitrary bounded function. Assuming that dist(f, g) = €, we will prove that dcpow(f,9) > § =
5(6):€O(log2(1/e)).

Let us define V, = {z € {—1,1}" | f(z) = 1,9(x) <1} and V_ = {z € {-1,1}" | f(z) =
—1,¢9(x) > —1}. Also, for every point z € {—1, 1}", we associate a weight W(x) = |f(x) —g(x)|
and for a set S, we define W(S) & Y ores W(x).

It is clear that V, UV_ is the disagreement region between f and ¢ and that therefore W(V, ) +
W(V_) = e-2". We claim that without loss of generality we may assume that (e — §) - 2”1 <
WV,), W(V.) < (e + 6) - 21, Indeed, if this condition is not satisfied, we have that | f(0) —
9(0)| > 0 which gives the conclusion of the theorem.

We record the following straightforward fact which shall be used several times subsequently.

Fact 26. For W as defined above, for all X C {—1,1}", | X| > W(X)/2.
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We start by defining V? = V., VY = V_and V? = V2 U V. The following simple proposition
will be useful throughout the proof, since it characterizes the Chow distance between f and g
(excluding the degree-0 coefficients) as the (normalized) Euclidean distance between two well-
defined points in R":

Proposition 27. Let piy = > oy W(x)-wand i =3, ., W(x)-x. Then Zle(f(z)—ﬁ(z))Q =
27 |y — |2

~ ~

Proof. For i € [n] we have that f(i) = E[f(x)x;] and hence f(z) — g(i) = E[(f(z) — g(z))x:].
Henee 2'(F(3) (1)) = 3, ey, Ww)-2i— Y0, W(a)-; = (s — )¢, where (s —pi_) -

is the inner product of the vector i, — p_ with the unit vector e;. Since e, . . . , e, form a complete
orthonormal basis for R"”, it follows that

s = - |? = 22" (F(0) = §(0))?

i€[n]
proving the claim. O

If n € R™ has ||n|| = 1 then it is clear that || — p—|| > (14 — pu—) - n. By Proposition 27, to
lower bound the Chow distance dcnow (f, 9), it suffices to establish a lower bound on (py — p—) -7
for a unit vector 7 of our choice.

Before proceeding with the proof we fix some notation. For any line ¢ in R" and point z € R",
we let /() denote the projection of the point x on the line ¢. For a set X C R" and a line ¢ in R",

0(X) &« {l(z) : x € X}. We use ¢ to denote the unit vector in the direction of / (its orientation is
irrelevant for us).

Definition 28. For a function VW : {—1,1}" — [0,00), a set X C {—1,1}" is said to be (¢,v)-
balanced if (e — v)2" ' < W(X) < (e +v)2" L

Whenever we say that a set X is (e, v)-balanced, the associated function W is implicitly as-
sumed to be the one defined at the start of the proof of Theorem 7. Recall that as noted above, we
may assume that the sets V., and V_ are balanced since otherwise the conclusion of the theorem
follows easily.

The following technical proposition will be useful during the course of the proof; later we will
apply it taking X; to be V) and X, to be V°. Intuitively, it says that that if balanced sets X and
X, are (a) separated by a point ¢ after projection onto a line ¢, and (b) contain many points which
(after projection onto ¢) lie far from ¢, then the unit vector in the direction of ¢ “witnesses” the fact
that the centers of mass of X; and X, are far from each other.

Proposition 29. Let X1, Xo C {—1,1}" be (¢, v)-balanced sets where v < ¢/8. Let { be a line in
R™and q € ¢ be a point on { such that the sets {(X) and {(X3) lie on opposite sides of q. Suppose

that S % {7z e XiUXyand||l(z) —ql| > B} IfW(S) > 72", then for jiy = ) x, W() -
and iy = .y, W(x) - 7, we have

(111 — p2) - €] > (By — vy/21In(16/¢))2".



CHAPTER 2. CHOW PARAMETERS PROBLEM 28

~

In particular, for v\/21n(16/¢) < Bv/2, we have |(u1 — po) - €| > (Bv/2)2™

Proof. We may assume that the projection ¢(z) of any point z € X; on / is of the form ¢ + )\xz
where A\, > 0, and that the projection ¢(x) of any point x € X, on ¢ is of the form ¢ — \,¢ where
Az > 0. We can thus write

(i —p2) -0 = S W@ (g-C+A) — X W)(g-L—A)

zeX1 z€Xo

= WX)-W(X))g- I+ S W) .

reX1UXo

By the triangle inequality we have

(= p2) 0] =50 W) e —la- TIW(X) = WKL)

reX1UXo

so it suffices to bound each term separately. For the first term we can write

reX1UX>2 €S

To bound the second term, we first recall that (by assumption) |W(X;) — W(X5)| < v2™. Also,
we claim that |¢-¢| < 1/21In(16/¢). This is because otherwise the Hoeffding bound implies that the

function defined by g(z) = sign(x A—q- Z) will be €/8 close to a constant function on {—1,1}". In
particular, at least one of | X1, | X2| must be at most (¢/8)2". However, by Fact 26, for i = 1,2 we
have that | X;| > W(X;)/2 > (e¢/4—v/4)2" > (¢/8)2" resulting in a contradiction. Hence it must

~

be the case that |¢ - ¢| < 1/21n(16/¢). This implies that | (11 — 12) Z\ > (By —vy/2In(16/¢))2"

and the proposition is proved. 0

We consider a separating hyperplane A, for f and assume (without loss of generality) that A,
does not contain any points of the unit hypercube {—1,1}". Let Ag = {z € R" | w -z = 6},
where ||w|| = 1,60 € Rand f(z) = sign(w - z — ).

Consider a line ¢, normal to Ay, so w is the unit vector defining the direction of ¢ that points
to the halfspace f~!(1). As stated before, the exact orientation of £, is irrelevant to us and the
choice of orientation here is arbitrary. Let gy € R" be the intersection point of ¢, and Ay. Then we
can write the line {y as {, = {p € R" | p = qo + A\w, A € R}.

Define (8 & C2108(1/) for a constant (5 to be chosen later and consider the set of points
So=A{x 2 € V' ||llo(x) - qoll = B}

The following claim states that if WW(.Sy) is not very small, we get the desired lower bound on
the Chow distance. It follows from the geometric characterization of Chow distance, Proposi-
tion 27, and Proposition 29.
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Claim 30. Suppose that W(Sy) > 7o - 2" where 7y 01:4/64 log(1/€)=2 . ¢, Then dcnow(f, g) > 0, where
def

5 B4log(1/e).

Proof. To prove the desired lower bound, we will apply Proposition 27. Consider projecting every
point in V° on the line ;. Observe that the projections of V7 are separated from the projections
of V° by the point go. Also, we recall that the sets V and V° are (e, d) balanced. Thus, for
e = 2966\/_2 W(zx) - xand p- = Y 0o W(x) - 2, we can apply Proposition 29 to get that

(g — p) - w| > (Byo — 04/21In(16/€))2™ > §2". This implies that ||p, — p_||*> > §22%" and
using Proposition 27, this proves that dchow (f, g) > 0. O

If the condition of Claim 30 is not satisfied, then we have that W(V°\ Sp) > (¢ — 70)2". By
Fact 26, we have [V°\ S| > (€ —~0)2"'. We now apply Lemma 22 to obtain another hyperplane

A which passes through all but «,-2" points (k4 o Y0/2) in VO\ Sy. We note that, for a sufficiently
large constant C5, the condition of the lemma is satisfied, as log(1/x1) = poly(log(1/¢)) and
[VON So| > (e/4) - 2™

From this point onwards, our proof uses a sequence of |log(1/¢)| cases, each of which follows
along essentially the same lines as the “zeroth” case analyzed above. To this end, we define 7, =
BH1oe(1/9=2+1) . ¢ At the beginning of case j, we will have an affine space A; of dimension n — j
such that W(VON A;) > (e —2(329-4 7¢))2". We note that this is indeed satisfied at the beginning
of case 1. To see this, recall that W(V?\ Sy) > (e — 7)2". Also, we have that

WVINSo) \ (VPN A) < 2[(VO\So) \ (VPN Ay

< 2k12" = 92"

These together imply that W(V° N A;) > (e — 27,)2" confirming the hypothesis for j = 1.

We next define V7 = VON A;, Vi = VinV,and V2 = VI NV_. Let A}, = A; N Aq. Note
that A; ¢ Ay. This is because A; contains points from {—1, 1}" as opposed to A, which does
not. Also, A; is not contained in a hyperplane parallel to A, because A; contains points of the unit
hypercube lying on either side of A,. Hence it must be the case that dim(A’,,) = n — (j + 1).
Let /; be a line orthogonal to A, which is parallel to A;. Again, we observe that the direction of
¢; is unique.

Our aim is essentially to establish that the conditions of Proposition 29 hold so that we may
apply it to the line /; and thus obtain an analogue of Claim 30 (recall that Proposition 29 played a
key role in the proof of Claim 30). Towards that end, we observe that all points in A’ ; project to
the same point in ¢;, which we call ¢;. Let us define A, = £;(V7) and A’ = £;(V?). We observe
that the sets A’ and A’ are separated by ¢;. Next, we define S; as :

Sy ={x e V7| ||t;(x) — g5l > B}

The next claim is analogous to Claim 30. It says that if JV(.S;) is not too small, then we get the
desired lower bound on the Chow distance. The underlying ideas are the same as Claim 30 but
the proof is slightly more technical; we postpone it to Appendix A.3.
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Claim 31. For j < log(8/¢), suppose that W(S;) > ~; - 2" where ; is as defined above. Then
dChow(fa g) Z 5

If the hypothesis of Claim 31 fails, then we construct an affine space A, of dimensionn—j—1
such that W(VO N A1) > (e — 2377 7¢)2" as described next. We recall that U = U?_;e; U 0.
It is obvious there is some subset Y; C U such that |Y;| = j and span(A; UY;) = R". Now, let us

define H’, o span(Y; U A} ). Clearly, H is a hyperplane and every point 2 € (VN A;) \ S; is
at a distance at most (3 from HY. This is because every = € (V° N A;) \ S; is at a distance at most
B from A’ , and A}, C HJ. Also, note that all x € Y lie on H.

Note that W((VO N A;)\ S;) > (e — 23797} 44 — ,)2". As prior calculation has shown, for
j < log(8/e) we have W((VO N A;)\ S;) > (e — 2370 ve — 7;)2" > (e/2)2". Using Fact 26,
we get that |(VO N A;) \ S;| > (e/4)2". Thus, putting x; = 7;/2 and applying Lemma 22, we get
a new hyperplane H; such that [((V° N A;)\ S;) \ (H; N V)| < (v;/2) - 2". Using that the range
of W is bounded by 2, we get W(((V° N A4;) \ S;) \ (H; N V?)) < ;- 2". Thus, we get that
WMH; NVOINA) > (e—237_,7)2" Also, Y; C Hj.

Let us now define A;; = A; NH;. Ttis clear that W(A; 1 NV°) > (e — 2377_,7)2". Also,
dim(A;41) < dim(A;). To see this, assume for contradiction that dim(A;) = dim(A;;,). This
means that A; C H;. Also, Y; C H;. This means that span(A; UY;) C H;. Butspan(4; UY;) =
R™ which cannot be contained in H;. Thus we have that dim(A; ;) = dim(A4;) — 1.

Now we observe that taking j = |log(8/¢) |, we have a subspace A; of dimension n — j which
has W(A; NV0) > (e — 237970 7)2" > (¢/2)2". By Fact 26, we have that |A; N V0| > (e/4)2".
However, by Fact 16, a subspace of dimension n — j can contain at most 2"~/ points of {—1,1}".
Since j = [log(8/¢)], this leads to a contradiction. That implies that the number of cases must
be strictly less than |log(8/¢)]. In particular, for some j < [log(8/¢)], it must be the case that
|S;| > ;2. For this j, by Claim 31, we get a lower bound of § on dchow(f, g). This concludes
the proof of Theorem 7. 0

2.5 The Algorithm and its Analysis

Algorithm and Proof Overview.

In this section we give a proof overview of Theorem 10, restated below for convenience. We give
the formal details of the proof in the following subsection.

Theorem 10 (Main Algorithmic Result). There exists a randomized algorithm ChowReconstruct
that for every Boolean function f : {—1,1}" — {—1,1}, given ¢ > 0,0 > 0 and a vector
a = (a,aq,...,ay) such that ||Xy — @|| < € with probability at least 1 — §, outputs an LBF g
such that || X —X,|| < 6e. The algorithm runs in time O(n*e~*)-1og(1/6). Further, g is represented
by a weight vector kv € R"™!, where € R and v is an integer vector with ||v|| = O(y/n/€?).

We now provide an intuitive overview of the algorithm and its analysis. Our algorithm is

motivated by the following intuitive reasoning: since the function oy + Zie[n} «; - r; has the
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desired Chow parameters, why not just use it to define an LBF gy as P (ag + Zie[n] a; - x;)? The
answer, of course, is that as a result of applying the projection operator, the Chow parameters of
g1 can become quite different from the desired vector &. Nevertheless, it seems quite plausible to
expect that g; will be better than a random guess.

Given the Chow parameters of g; we can try to correct them by adding the difference between
@ and Y, to the vector that represents g;. Again, intuitively we are adding a real-valued function
hi = ag —91(0) + 3_cp (@ — 91(4)) - z; that has the Chow parameters that we would like to add
to the Chow parameters of g;. And, again, the projection operation is likely to ruin our intention,
but we could still hope that we got closer to the vector &, and that by repeating this operation we
will converge to an LBF with Chow parameters close to &.

While this might appear too naive, this is almost exactly what we do in ChowReconstruct.
The main difference between this naive proposal and our actual algorithm is that at step ¢t we
actually add only half the difference between & and the Chow vector of the current hypothesis X/,.
This is necessary in our proof to offset the fact that & is only an approximation to Xy and the
fact that we can only approximate the Chow parameters of g;. An additional minor modification is
required to ensure that the final weight vector is a multiple of an integer weight vector of length
O(Vin/é).

The proof of correctness of this algorithm proceeds roughly as follows. If the difference vector
is sufficiently large (namely, more than a small multiple of the difference between )’y and &) then
the linear function h; defined by this vector can be easily shown to be correlated with f — g,
namely E[(f — g:)h] > c||X, — @||* for a constant ¢ > 0. As was shown in [139] and [49]
this condition for a Boolean h; can be used to decrease a simple potential function measuring
E[(f — g:)?], the [ distance of the current hypothesis to f. One issue that arises is this: while the
l% distance is only reduced if h; is added to g;, in order to ensure that g, is an LBF, we need to
add the vector of difference (used to define h;) to the weight vector representing g;. To overcome
this problem the proof in [139] uses an additional point-wise counting argument from [71]. This
counting argument can be adapted to the real valued h;, but the resulting argument becomes quite
cumbersome. Instead, we augment the potential function in a way that captures the additional
counting argument from [71] and easily generalizes to the real-valued case.

Proof of Theorem 10.

We begin by describing the ChowReconstruct algorithm. The algorithm builds g through the
following iterative process. Let g, = 0 and let gy = P;(g;). Given g;, the algorithm approximates
each Chow parameter of ¢, to accuracy €/(4v/n + 1); let (5o, f1, - - -, 5r) denote the results. For
each 0 < i < n, define §:(i) to be the closest value to f3; that ensures that a;; — g;(7) is an integer
multiple of €/(2v/n + 1). Let x,, = (G:(0), ..., g:(n)) denote the resulting vector of coefficients.
Note that

n

[Xge = Xl < (€/(2Vn+1))* = e€/2.

=0
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Define p = ||@ — X, ||- If p < 4e then the algorithm stop s and output s g;. By the triangle
inequality,

1Xr = @l + 1@ = Xl + Xg: = Xo.l
€(1+4+1/2) < Ge,

IXr = Xall <
<

so g; satisfies the claimed condition.
Otherwise (if p > 4e), let g;,, = g; + h,/2 and ¢;1 = Pi(g;,,) where h, is defined by

n

he 2 (i = Guli))s.

=0

Note that this is equivalent to adding the vector (d— Xy, ) /2 to the degree 0 and 1 Fourier coefficients
of g; (which are also the components of the vector representing g;). This concludes the description
of the ChowReconstruct algorithm.

To prove the convergence of this process we define a potential function at step ¢ as

E(t) = E[(f—9)"+2E[(f —g:)(9 — 1))
= E[(f —g)(f — 29{5 + 1))

The key claim in the proof of Theorem 10 is the following:
Claim 32. We have E(t + 1) — E(t) < —2¢>.
Proof. To prove Claim 32 we first prove that

E[(f —g)h] = p (P - 26) - (2.2)

To see this, observe that by the Cauchy-Schwarz inequality, we have

E[(f =gl = D (F() = G()(ei — Gu(3)

=0

3

_ [( F(0) = o) (as — Go(i)) +

(i) = G0 (i = Gild) + (0 — Gi0))?]

3
> —pe—pe/2+p* > pP — 2Pe

—~ .
=

In addition, by Parseval’s identity,

n

B[R] = (a; — gi(i)* = p*. (2.3)

1=0
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Now,

E(t+1)—-E(t) = E[(f—gu1)(f — 20141 + 9e41)] = E[(f — 90)(f — 29, + 91)]
E [(f - 9t)(297/s - 29£+1) + (9t+1 - 9t)(29£+1 — gt — 9t+1)]
—E[(f — g)h] + E [(ge41 — 90) (29141 — 9t — 911)] - (2.4)

To upper-bound the expression E [(gi11 — ¢:)(29)1 — 9: — ge+1)] we prove that for every
point x € {—1,1}",

(gr41(z) — gt(ﬂf))@g;ﬂ(x) — gi(x) — gra (7)) < ht(ﬂf)Q/?' (2.5)
We first observe that
19e11(2) — gue(@)| = [Pri(g(2) + hu()/2) — Pi(g;(2))] < [he(2) /2],

where the equality is by definition of ¢;.; and g; and the inequality holds because a projection
operation does not increase the distance. Now the triangle inequality gives

|29£+1(x) = 9(x) = g1 (z)] < |9£+1($) — ge(w)] + |g£+1(x) — grr1(2)].

We shall argue that either each of the two summands above on the right-hand size is at most
|hi () /2], or else the left-hand side of (2.5) is zero.

For the first summand, we have that |g;_; (z) — g:(z)| = |hi()/2+ g,(x) —
larger than |h;(x)/2| in only two ways: the first of these is that g;(z) — g:(z) #
has the same sign as h;(x). By the definition of Pj, this implies that gi(x)
sign(h(x)) = sign(g;(x) — g:(x)) = g:(x). However, in this case |g;,,(x)| > |g;(x)| > 1 and
sign(g;,1(z)) = sign(g;(x)) = g:(x). Asaresult gi1(z) = gi(z) and (ge+1(x) — g¢(7)) (29,41 () —
9:(2) = g () = 0.

The second way in which it is possible to have |h;(x) /2+g;(z) —g:(x)| > |he(x) /2] isif g, (x) —
gi(x) # 0, g;(x) — ¢g:(x) has the opposite sign from h.(x)/2, and |g;(z) — g:(x)| > 2|hi(x)/2].
In this case we have that |g;, ()| > 1 and g1 () = sign(g;,(x)) = sign(g;(z)) = g:(x), so
(91+1(2) = 9:(2)) (29141 () — g1(x) — gesa (x)) = O as above.

Similarly, () — ger1(x)| > |he(2)/2| implies that g¢11(x) =
sign(gly, () and |gf.,(x)] > |he(z)/2] + 1. This implies that |g.(x)| > |gL.,(z)] — |y(2)/2] > 1
and g,(x) = sign(g.(r)) = sign (gl (7)) = ges1(x), which means (g1 () — go(2)) (2914, () —
9:(z) = gr1(z)) = 0.

Altogether we obtain that

(9141 (2) = 9:(2)) (29141 () — 9:(2) — gra(x)) < max{0, [he(x)/2|(|he(2)/2] + |he(x) /2])}
= ht(x)2/27

establishing (2.5) as desired. This pointwise inequality implies that

¢(x)|. This can be
and gi(z) — g:()
sign(g;(x)) and

Q

AV, ||D

E [(g9t41 = 9020141 — 96 — ge1)] < E[R{]/2 = p?/2, (2.6)
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where we used (2.3) for the equality. By substituting equations (2.2) and (2.6) into equation (2.4),
we obtain the claimed decrease in the potential function,

3
E(t+1)—E(t) < —p*+ SPet p?/2 = —(p—3€)p/2 < =262,

and Claim 32 is proved. 0

‘We now observe that

Et) =E[(f —g)"]+2E[(f —9)(9t — 91)] > 0 (2.7)

for all t. This follows from noting that for every x and f(z) € {—1, 1}, if g:(x) — g;(2) is non-zero
then, by the definition of Py, g;(z) = sign(g;(z)) and sign(g:(z) — ¢;(x)) = —g:(z). In this case,
either f(z) — g:(x) = 0 or else sign(f(z) — g:(z)) = —gi(z) and hence (f(x) — g:(x))(g:(x) —

gi(x)) > 0. Therefore
E[(f —g)(g:—91)] >0

(and, naturally, E[(f — ¢¢)?] > 0).

It is easy to see that F(0) = 1 and consequently (2.7) and Claim 32) imply that the process
will stop after at most 1/(2¢?) steps.

We now establish the claimed weight bound on the LBF output by the algorithm and the bound
on the running time. Let 7" denote the number of iterations of the algorithm. By our construction,
the function gp = Py(>_,_, h:/2) is an LBF represented by weight vector « such that w; =
> jer(@i = g;j(i))/2. Our rounding of the estimates of Chow parameters of g; ensures that each
(a; — gj(7))/2 is an integer multiple of kK = €/(2y/n + 1). Hence gy can be represented by a
vector w = k¥, where vector ¢ has only integer components. At every step j,

n

Z(Ofi —g;(1)?<2+e+¢€/2=0(1).

=0

Therefore, by the triangle inequality, ||| = O(¢~2) and hence ||| = ||@||/x = O(y/n/€?).

The running time of the algorithm is essentially determined by finding X, in each step .
Finding y,, requires estimating each ¢;(i) = E[g:(x) - x;] to accuracy €/(4v/n + 1). Chernoff
bounds imply that, by using the empirical mean of g;(z) - z; on O((n/e?) - log (n/(€d)) random
points as our estimate of g;(i), we can ensure that, with probability at least 1 — J, the estimates
are within €/(4+/n + 1) of the true values for all n + 1 Chow parameters of g; for every t < T =
O(e7?).

Evaluating ¢; on any point x € {—1, 1}" takes O(n - log(n/¢)) time and we need to evaluate it
on O((n/€*) - log (n/(€d)) points in each of O(e~?) steps. This gives us the claimed total running
time bound, and the proof of Theorem 10 is complete.
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2.6 The Main Results

Proofs of Theorems 1 and 2.

In this subsection we put the pieces together and prove our main results. We start by giving a
formal statement of Theorem 1:

Theorem 33 (Main). There is a function k() & 9-0008°(1/) sych that the following holds: Let
f:{-1,1}" = {-1,1} bean LTF and let 0 < €,6 < 1/2. Write Xt for the Chow vector of f and
assume that & € R"™ is a vector satisfying ||&@ — X¢|| < k(€). Then, there is an algorithm A with
the following property: Given as input &, € and 8, algorithm A performs O(n? - poly(1/k(e))) -
log(1/9) bit operations and outputs the (weights-based) representation of an LTF [* which with
probability at least 1 — ¢ satisfies dist(f, f*) < e.

Proof of Theorem 33. Suppose that we are given a vector @ € R™ " that satisfies ||a@— ;|| < x(e),
where f is the unknown LTF to be learned. To construct the desired f*, we run algorithm
ChowReconstruct (from Theorem 10) on input @ with its “e” parameter set to x(¢). The
algorithm runs in time O(n? - poly(1/k(¢))) -log(1/§) and outputs an LBF g such that with proba-
bility at least 1 —§ we have donow(f, 9) < 6r(€). Applying Theorem 7 we get that with probability
at least 1 — § we have dist(f, g) < €/2. (We can set the constants appropriately in the definition
of the function k(€) above, so that the conclusion of applying Theorem 7 is “dist(f, g) < €/2”.)
Writing the LBF g as g(z) = Pi(vo+ >, viz;), we now claim that f*(x) = sign(vo+> ;. vi;)
has dist(f, f*) < e. This is simply because for each input x € {—1,1}", the contribution that z
makes to to dist(f, f*) is at most twice the contribution = makes to dist(f, ¢). This completes the
proof of Theorem 33. U

As a simple corollary, we obtain Theorem 2.

Proof of Theorem 2. Let f : {—1,1}" — {—1,1} be an arbitrary LTF. We apply Theorem 33
above, for 6 = 1/3, and consider the LTF f* produced by the above proof. Note that the weights v;
defining f* are identical to the weights of the LBF ¢ output by the algorithm ChowReconstruct.
It follows from Theorem 10 that these weights are integers that satisfy » ., v7 = O(n - k(€)°),
and the proof is complete. 0

As pointed out in Section 2 our algorithm runs in poly(n/e€) time for LTFs whose integer weight
is at most poly(n). Formally, we have:

Theorem 34. Let f = sign(d ., w;x; — 0) be an LTF with integer weights w; such that W &

S wil. Fix 0 < €,8 < 1/2. Write Xy for the Chow vector of f and assume that & € Rt
is a vector satisfying ||&@ — X¢|| < €/(12W). Then, there is an algorithm A’ with the following
property: Given as input &, W', € and §, where W' > W and W' = poly(W), algorithm A’
performs poly(nW/e) - log(1/0) bit operations and outputs the (weights-based) representation of
an LTF f* which with probability at least 1 — § satisfies dist(f, f*) < e.
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Before we proceed with the proof, we remark that the above theorem implies an algorithm for
the exact problem with running time 2°("1°¢™) This follows by applying the theorem for ¢ = 27"~
recalling that any LTF has an exact integer-weight representation with 1/ = 20(loegn),

Proof. As stated before, both the algorithm and proof of the above theorem are essentially identi-
cal to the ones in Theorem 33. The details follow.

Given a vector @ € R satisfying |@— x¢|| < €/(12W), where f is the unknown LTF, we run
algorithm ChowReconstruct oninput @ with its “e” parameter set to € /(12W/). The algorithm
runs in time poly(nW’/e)-log(1/0), whichis poly(nW¥/e)-log(1/d) by our assumption on W, and
outputs an LBF g such that with probability at least 1 — 0, denow (f, 9) < 6¢/(12W') < ¢/(2W).
At this point, we need to apply the following simple structural result of [14]:

Fact 35. Let f = sign(} ", wyx; — 0) be an LTF with integer weights w;, where W &« Yoy lwil,
and let g : {—1,1}" — [—1,1] be an arbitrary bounded function. Fix 0 < e¢ < 1/2. If
dChow(fa g) < E/VV’ then diSt(f: g) <€

The above fact implies that, with probability at least 1 — §, the LBF ¢ output by the algorithm
satisfies dist(f, g) < €/2. If g(x) = Pi(vo + >, viz;), then as in the proof of Theorem 33 we
have that the LTF f*(z) = sign(vo+ Y, v;x;) has dist(f, f*) < e. This completes the proof. [J

Near-optimality of Theorem 7.
Theorem 7 says that if f is an LTF and ¢ : {—1,1}" — [—1,1] satisfy dcnow(f,g) < € then

dist(f, g) < 27 V10a(1/) Tt is natural to wonder whether the conclusion can be strengthened to

“dist(f, g) < € where ¢ > 0 is some absolute constant. Here we observe that no conclusion of

the form “dist(f, g) < 277(/9” is possible for any function y(1/¢) = w(log(1/¢)/loglog(1/e)).
To see this, fix v to be any function such that

7(1/€) = w(log(1/€)/loglog(1/e)).

If there were a stronger version of Theorem 7 in which the conclusion is “then dist(f,g) <
2-7(1/9) ” the arguments of Section 2.6 would give that for any LTF f, there is an LTF f’ =
sign(v - x — v) such that Pr[f(z) # f'(x)] < ¢, where each v; € Z satisfies |v;| < poly(n) -
(1/€)eleglos(1/9))  Taking ¢ = 1/2""', this tells us that f’ must agree with f on every point in
{—1,1}", and each integer weight in the representation sign(v - x — v/) is at most 2°"1°s™) But
choosing f to be Hastad’s LTF from [64], this is a contradiction, since any integer representation
of that LTF must have every |v;| > 2%nlosn),

2.7 Applications to learning theory

In this section we show that our approach yields a range of interesting algorithmic applications in
learning theory.
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Learning threshold functions in the 1-RFA model.

Ben-David and Dichterman [11] introduced the “Restricted Focus of Attention” (RFA) learning
framework to model the phenomenon (common in the real world) of a learner having incomplete
access to examples. We focus here on the uniform-distribution “1-RFA” model. In this setting each
time the learner is to receive a labeled example, it first specifies an index ¢ € [n]; then an n-bit
string z is drawn from the uniform distribution over {—1, 1}" and the learner is given (x;, f(z)).
So for each labeled example, the learner is only shown the i-th bit of the example along with the
label.

Birkendorf et al. [14] asked whether LTFs can be learned in the uniform distribution 1-RFA
model, and showed that a sample of O(n-TW?-log(%)/€*) many examples is information-theoretically
sufficient for learning an unknown threshold function with integer weights w; that satisfy > . |w;| <
. The results of Goldberg [57] and Servedio [129] show that samples of size (/) log(n/e)log(1/€))
and poly(n) - 200/<") respectively are information-theoretically sufficient for learning an arbitrary
LTF to accuracy ¢, but none of these earlier results gave a computationally efficient algorithm.
[120] gave the first algorithm for this problem; as a consequence of their result for the Chow Pa-
rameters Problem, they gave an algorithm which learns LTFs to accuracy e and confidence 1 — 9
in the uniform distribution 1-RFA model, running in 220U/ 12 ogn log(%) bit operations. As
a direct consequence of Theorem 1, we obtain a much more time efficient learning algorithm for
this learning task.

Theorem 36. There is an algorithm which performs O(n?2) - (1/¢)©es*(1/e) -log(3) bit-operations
and properly learns LTFs to accuracy € and confidence 1 — ¢ in the uniform distribution 1-RFA
model.

Agnostic-type learning.

In this section we show that a variant of our main algorithm gives a very fast “agnostic-type”
algorithm for learning LTFs under the uniform distribution.

Let us briefly review the uniform distribution agnostic learning model [86] in our context.

Let f : {—1,1}" — {—1,1} be an arbitrary boolean function. We write opt = dist(f, H) &

mingey Pri[h(z) # f(x)], where H denotes the class of LTFs. A uniform distribution agnostic
learning algorithm is given uniform random examples labeled according to an arbitrary f and
outputs a hypothesis & satisfying dist(h, f) < opt + €.

The only efficient algorithm for learning LTFs in this model [77] is non-proper and runs in
time nP°Y(1/<) This motivates the design of more efficient algorithms with potentially relaxed
guarantees. [120] give an “agnostic-type” algorithm, that guarantees dist(h, f) < opt®™) + ¢ and
runs in time poly(n)-2P°Y(1/<) In contrast, we give an algorithm that is significantly more efficient,
but has a relaxed error guarantee.

Theorem 37. There is an algorithm B with the following performance guarantee: Let [ be any
Boolean function and let opt = dist(f,H). Given 0 < ¢,§ < 1/2 and access to independent
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uniform examples (x, f(x)), algorithm BB outputs the (weights-based) representation of an LTF f*

which with probability 1 — ¢ satisfies dist(f*, f) < 9~/ loa(1/opY)) 4 ¢ The algorithm performs
O(n?) - (1/€)C0es(1/9) . 10g(1/6) bit operations.

Proof. We describe the algorithm B in tandem with a proof of correctness. We start by estimat-
ing each Chow parameter of f (using the random labeled examples) to accuracy O(k(e)//n);
we thus compute a vector @ € R™"! that satisfies ||[@ — \s|| < r(e). We then run algorithm
ChowReconstruct (from Theorem 10) on input @, with its “€” parameter set to x(e¢). The
algorithm runs in time poly(1/k(e)) - O(n?) - log(1/§) and outputs an LBF g such that with
probability at least 1 — § we have donow(f,9) < 6k(€). By assumption, there exists an LTF
h* such that dist(h*, f) < opt. By Fact 6 we get dcnow(h*, f) < +/20pt. An application of
the triangle inequality now gives dcnow(g, h*) < v/20pt + 6r(e). By Theorem 7, we thus obtain

dist(g, h*) < 2-AR/loe(l/opt) 1 ¢ /9 Writing the LBF g as g(x) = Py (vo + Y20, v;z;), as above
we have that f*(x) = sign(vy + Y1, via;) has dist(f, f*) < 27 Vioa(1/9pt) 4 ¢ Tt is easy to see
that the running time is dominated by the execution of ChowReconstruct, and the proof of
Theorem 37 is complete. [
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Chapter 3

Inverse Shapley value problem

In this chapter we consider the common scenario in which each of n voters must cast a binary vote
for or against some proposal. What is the best way to design such a voting scheme? Throughout
the chapter we consider only weighted voting schemes, in which the proposal passes if a weighted
sum of yes-votes exceeds a predetermined threshold. Weighted voting schemes are predominant
in voting theory and have been extensively studied for many years, see [46, 153] and references
therein. In computer science language, we are dealing with linear threshold functions (henceforth
abbreviated as LTFs) over n Boolean variables.

If it is desired that each of the n voters should have the same “amount of power” over the
outcome, then a simple majority vote is the obvious solution. However, in many scenarios it may
be the case that we would like to assign different levels of voting power to the n voters — perhaps
they are shareholders who own different amounts of stock in a corporation, or representatives of
differently sized populations. In such a setting it is much less obvious how to design the right
voting scheme; indeed, it is far from obvious how to correctly quantify the notion of the “amount
of power” that a voter has under a given fixed voting scheme. As a simple example, consider
an election with three voters who have voting weights 49, 49 and 2, in which a total of 51 votes
are required for the proposition to pass. While the disparity between voting weights may at first
suggest that the two voters with 49 votes each have most of the “power,” any coalition of two voters
is sufficient to pass the proposition and any single voter is insufficient, so the voting power of all
three voters is in fact equal.

Many different power indices (methods of measuring the voting power of individuals under a
given voting scheme) have been proposed over the course of decades. These include the Banzhaf
index [9], the Deegan-Packel index [34], the Holler index [68], and others (see the extensive survey
of de Keijzer [90]). Perhaps the best known, and certainly the oldest, of these indices is the Shapley-
Shubik index [130], which is also known as the index of Shapley values (we shall henceforth refer
to it as such). Informally, the Shapley value of a voter : among the n voters is the fraction of all n!
orderings of the voters in which she “casts the pivotal vote” (see Definition 38 in Section 3.1 for a
precise definition, and [125] for much more on Shapley values). We shall work with the Shapley
values throughout this chapter.

Given a particular weighted voting scheme (i.e., an n-variable linear threshold function), stan-
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dard sampling-based approaches can be used to efficiently obtain highly accurate estimates of the n
Shapley values (see also the works of [101, 8]). However, the inverse problem is much more chal-
lenging: given a vector of n desired values for the Shapley values, how can one design a weighted
voting scheme that (approximately) achieves these Shapley values? This problem, which we refer
to as the Inverse Shapley Value Problem, is quite natural and has received considerable attention;
various heuristics and exponential-time algorithms have been proposed [6, 47, 91, 96], but prior to
our work no provably correct and efficient algorithms were known.

Our Results. We give the first efficient algorithm with provable performance guarantees for the
Inverse Shapley Value Problem. Our results apply to “reasonable” voting schemes; roughly, we
say that a weighted voting scheme is “reasonable” if fixing a tiny fraction of the voting weight does
not already determine the outcome, i.e., if the threshold of the linear threshold function is not too
extreme. (See Definition 39 in Section 3.1 for a precise definition.) This seems to be a plausible
property for natural voting schemes. Roughly speaking, we show that if there is any reasonable
weighted voting scheme that approximately achieves the desired input vector of Shapley values,
then our algorithm finds such a weighted voting scheme. Our algorithm runs in fixed polynomial
time in n, the number of voters, for any constant error parameter ¢ > 0. In a bit more detail, our
first main theorem, stated informally, is as follows (see Section 3.5 for Theorem 63 which gives a
precise theorem statement):

Main Theorem (arbitrary weights, informal statement). There is a poly(n)-time algorithm
with the following properties: The algorithm is given any constant accuracy parameter € > ()
and any vector of n real values a(1),...,a(n). The algorithm has the following performance
guarantee: if there is any monotone increasing reasonable LTF f(x) whose Shapley values are
very close to the given values a(1), ..., a(n), then with very high probability the algorithm outputs
v € R"™, 6 € R such that the linear threshold function h(x) = sign(v - © — 0) has Shapley values
e-close to those of f.

Our second main theorem gives an even stronger guarantee if there is a weighted voting scheme
with small weights (at most poly(n)) whose Shapley values are close to the desired values. For
this problem we give an algorithm which achieves 1/poly(n) accuracy in poly(n) time. An in-
formal statement of this result is (see Section 3.5 for Theorem 64 which gives a precise theorem
statement):

Main Theorem (bounded weights, informal statement). There is a poly(n, W )-time algorithm
with the following properties: The algorithm is given a weight bound W and any vector of n real
values a(1),... ,a(n). The algorithm has the following performance guarantee: if there is any
monotone increasing reasonable LTF f(z) = sign(w - x — 0) whose Shapley values are very close
to the given values a(1), ..., a(n) and where each w; is an integer of magnitude at most W, then
with very high probability the algorithm outputs v € R", 0 € R such that the linear threshold
function h(x) = sign(v - © — 0) has Shapley values n="/®-close to those of f.

Discussion and Our Approach. At a high level, the Inverse Shapley Value Problem that we
consider is similar to the “Chow Parameters Problem” that has been the subject of several recent
papers [58, 119, 31]. The Chow parameters are another name for the n Banzhaf indices; the Chow
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Parameters Problem is to output a linear threshold function which approximately matches a given
input vector of Chow parameters. (To align with the terminology of the current paper, the “Chow
Parameters Problem” might perhaps better be described as the “Inverse Banzhaf Problem.”)

Let us briefly describe the approaches in [119] and [31] at a high level for the purpose of
establishing a clear comparison with this chapter. Each of the papers [119, 31] combines structural
results on linear threshold functions with an algorithmic component. The structural results in [119]
deal with anti-concentration of affine forms w - x — § where x € {—1,1}" is uniformly distributed
over the Boolean hypercube, while the algorithmic ingredient of [119] is a rather straightforward
brute-force search. In contrast, the key structural results of [31] are geometric statements about
how n-dimensional hyperplanes interact with the Boolean hypercube, which are combined with
linear-algebraic (rather than anti-concentration) arguments. The algorithmic ingredient of [31] is
more sophisticated, employing a boosting-based approach inspired by the work of [138, 70].

Our approach combines aspects of both the [119] and [31] approaches. Very roughly speaking,
we establish new structural results which show that linear threshold functions have good anti-
concentration (similar to [119]), and use a boosting-based approach derived from [138] as the
algorithmic component (similar to [31]). However, this high-level description glosses over many
“Shapley-specific” issues and complications that do not arise in these earlier works; below we
describe two of the main challenges that arise, and sketch how we meet them in this work.

First challenge: establishing anti-concentration with respect to non-standard distributions.
The Chow parameters (i.e., Banzhaf indices) have a natural definition in terms of the uniform dis-
tribution over the Boolean hypercube {—1,1}". Being able to use the uniform distribution with
its many nice properties (such as complete independence among all coordinates) is very useful in
proving the required anti-concentration results that are at the heart of [119]. In contrast, it is not
a priori clear what is (or even whether there exists) the “right” distribution over {—1, 1}" corre-
sponding to the Shapley values. Here we derive such a distribution x over {—1, 1}", but it is much
less well-behaved than the uniform distribution (it is supported on a proper subset of {—1,1}",
and it is not even pairwise independent). Nevertheless, we are able to establish anti-concentration
results for affine forms w - x — 6 corresponding to linear threshold functions under the distribu-
tion p as required for our results. This is done by showing that any reasonable linear threshold
function can be expressed with “nice” weights (see Theorem 40 of Section 3.1), and establishing
anti-concentration for any “nice” weight vector by carefully combining anti-concentration bounds
for p-biased distributions across a continuous family of different choices of p (see Section 3.3 for
details).

Second challenge: using anti-concentration to solve the Inverse Shapley problem. The main
algorithmic ingredient that we use is a procedure from [138]. Given a vector of values (E[f(x)x;])
for i = {1,...,n} (correlations between the unknown linear threshold function f and the indi-
vidual input variables), it efficiently constructs a bounded function g : {—1,1}" — [—1, 1] which
closely matches these correlations, i.e., E[f (z)x;] &~ E[g(z)x;] for all i. Such a procedure is very
useful for the Chow parameters problem, because the Chow parameters correspond precisely to
the values E[f(z)z;] —i.e., the degree-1 Fourier coefficients of f — with respect to the uniform dis-
tribution. (This correspondence is at the heart of Chow’s original proof [24] showing that the exact
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values of the Chow parameters suffice to information-theoretically specify any linear threshold
function; anti-concentration is used in [119] to extend Chow’s original arguments about degree-1
Fourier coefficients to the setting of approximate reconstruction.)

For the inverse Shapley problem, there is no obvious correspondence between the correlations
of individual input variables and the Shapley values. Moreover, without a notion of “degree-1
Fourier coefficients” for the Shapley setting, it is not clear why anti-concentration statements with
respect to i should be useful for approximate reconstruction. We deal with both these issues by
developing a notion of the degree-1 Fourier coefficients of [ with respect to distribution j. and
relating these coefficients to the Shapley values '. (We actually require two related notions: one
is the “coordinate correlation coefficient” E,.,[f(x)z;], which is necessary for the algorithmic
[138] ingredient, and one is the “Fourier coefficient” f(i) = E,,[f(x)L;], which is necessary for
Lemma 52, see below.) We define both notions and establish the necessary relations between them
in Section 3.2.

Armed with the notion of the degree-1 Fourier coefficients under distribution i, we prove a
key result (Lemma 52) saying that if the LTF f is anti-concentrated under distribution z, then any
bounded function g which closely matches the degree-1 Fourier coefficients of f must be close to
f in ¢, distance with respect to u. (This is why anti-concentration with respect to y is useful for
us.) From this point, exploiting properties of the [138] algorithm, we can pass from g to an LTF
whose Shapley values closely match those of f.

Organization. Useful preliminaries are given in Section 3.1, including the crucial fact (Theo-
rem 40) that all “reasonable” linear threshold functions have weight representations with “nice”
weights. In Section 3.2 we define the distribution 1 and the notions of Fourier coefficients and
“coordinate correlation coefficients,” and the relations between them, that we will need. At the end
of that section we prove a crucial lemma, Lemma 52, which says that anti-concentration of affine
forms and closeness in Fourier coefficients together suffice to establish closeness in ¢; distance.
Section 3.3 proves that “nice” affine forms have the required anti-concentration, and Section 3.4
describes the algorithmic tool from [138] that lets us establish closeness of coordinate correlation
coefficients. Section 3.5 puts the pieces together to prove our main theorems. Finally, in Section ??
we conclude the chapter and present a few open problems.

3.1 Preliminaries

Notation and terminology. For n € Z,, we denote by [n] o {1,2,...,n}. Fori,j € Zy,1 <},

we denote [7, j| o {i,i+1,...,75}.

Given a vector w = (wy, ..., w,) € R we write ||w||, to denote >, |w;|. A linear threshold
function, or LTF, is a function f : {—1,1}" — {—1, 1} which is such that f(z) = sign(w - x — 0)
for some w € R",0 € R.

'We note that Owen [121] has given a characterization of the Shapley values as a weighted average of p-biased
influences (see also [79]). However, this is not as useful for us as our characterization in terms of “u-distribution”
Fourier coefficients, because we need to ultimately relate the Shapley values to anti-concentration with respect to (.
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Our arguments will also use a variant of linear threshold functions which we call linear bounded
functions (LBFs). The projection function P, : R — [—1, 1] is defined by P;(t) = t for |{| < 1 and
P (t) = sign(t) otherwise. An LBF g : {—1,1}" — [—1, 1] is a function g(x) = Pi(w - x — 0).

Shapley values. Here and throughout the chapter we write S,, to denote the symmetric group of
all n! permutations over [n]. Given a permutation = € S,, and an index ¢ € [n], we write z(7, 1) to
denote the string in {—1, 1}" that has a 1 in coordinate j if and only if 7(j) < 7(¢), and we write
a7t (7, 1) to denote the string obtained from x (7, ) by flipping coordinate ¢ from —1 to 1. With this
notation in place we can define the generalized Shapley indices of a Boolean function as follows:

Definition 38. (Generalized Shapley values) Given f : {—1,1}" — {—1, 1}, the i-th generalized
Shapley value of f is the value

%, . def . .
F(0) = Brgs, [f (27 (7, 1)) = f(x(m,4))] G.1)
(where “m ~g S, ” means that 7 is selected uniformly at random from S,).

A function f : {—1,1}" — {—1,1} is said to be monotone increasing if for all i € [n],
whenever two input strings =,y € {—1,1}" differ precisely in coordinate i and have z; = —1,
y; = 1, it is the case that f(z) < f(y). It is easy to check that for monotone functions our
definition of generalized Shapley values agrees with the usual notion of Shapley values (which are
typically defined only for monotone functions) up to a multiplicative factor of 2; in the rest of the
chapter we omit “generalized” and refer to these values simply as the Shapley values of f.

We will use the following notion of the “distance” between the vectors of Shapley values for
two functions f,g: {—1,1}" — [-1,1]:

dShapley(fa g) d;f \/Z:Zn:l(f(z) - g(Z))2,

i.e., the Shapley distance dgspapley (f, g) is simply the Euclidean distance between the two n-dimensional
vectors of Shapley values. Givena vectora = (a(1),...,a(n)) € R" we will also use dgpapley (@, f)

to denote /Y0, (F(i) — a(i)2.

The linear threshold functions that we consider. Our algorithmic results hold for linear threshold
functions which are not too “extreme” (in the sense of having a very skewed threshold). We will
use the following definition:

Definition 39. (n-reasonable LTF) Let f : {—1,1}" — {—1,1}, f(x) = sign(w - z — 0) be an
LTF. For 0 < n < 1 we say that f is n-reasonable if 0 € [—(1 — n)||w]1, (1 — n)||w]|1]-

All our results will deal with 7-reasonable LTFs; throughout the chapter 7 should be thought
of as a small fixed absolute constant (such as 1/1000). LTFs that are not 7-reasonable do not seem
to correspond to very interesting voting schemes since typically they will be very close to constant
functions. (For example, even at n = 0.99, if the LTF f(z) = sign(x; + --- + 2, — 0) has a
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threshold 6 > 0 which makes it not an n-reasonable LTF, then f agrees with the constant function
—1 on all but a 27 fraction of inputs in {—1,1}".)

Turning from the threshold to the weights, some of the proofs in our chapter will require us
to work with LTFs that have “nice” weights in a certain technical sense. Prior work [129, 120]
has shown that for any LTF, there is a weight vector realizing that LTF that has essentially the
properties we need; however, since the exact technical condition that we require is not guaranteed
by any of the previous works, we give a full proof that any LTF has a representation of the desired
form. The following theorem is proved in Appendix B.1:

Theorem 40. Let f : {—1,1}" — {—1,1} be an n-reasonable LTF and k € [2,n|. There exists
a representation of f as f(x) = sign(vo + Y., vix;) such that (after reordering coordinates so
that condition (i) below holds) we have: (i) |v;| > |vit1|, i € [n— 1]; (i) |vo] < (1 —n) >, |vi

and (iii) for all i € [0,k — 1] we have |v;| < (2/n) - /- k* - 0}, where oy, “, [ sk VF-

Tools from probability. We will use the following standard tail bound:

>

Theorem 41. (Chernoff Bounds) Let X be a random variable taking values in [—a, a] and let
Xy, ..., X beiid. samples drawn from X. Let X = 22:1 X;/t. Then for any v > 0, we have

Pr[|X - BIX]| > ] < 2exp(—/(20%).

We will also use the Littlewood-Offord inequality for p-biased distributions over {—1, 1}".
One way to prove this is by using the LYM inequality (which can be found e.g. as Theorem 8.6 of
[76]); for an explicit reference and proof of the following statement see e.g. [1].

Theorem 42. Fix 6 € (0,1) and let Ds denote the d-biased distribution over {—1,1}" (under
which each coordinate is set to 1 independently with probability §.) Fix w € R"™ and define S =
{i:|w;| > €}. If|S| > K, then for all 6 € R we have Pr..p[|w-x — 0] < €] < 1

— VK§(1-6)

Basic Facts about function spaces. We will use the following basic facts:

Fact 43. The n + 1 functions 1,xy,...,x, are linearly independent and form a basis for the
subspace V ={f : {—1,1}" — Rand f is linear }.
Fact 44. Fix any Q C {—1,1}" and let pu be a probability distribution over ) such that p(z) > 0

for all x € Q. We define (f, g), & E.,.[f(w)g(w)] for f,g : & = R. Suppose that f,..., fum :

Q0 — R is an orthonormal set of functions, i.e., (f;, f;),, = 0;; for all i, j € [m]. Then we have
(f, 1o =20 f, fi)i- As a corollary, if f,h : Q — {—1, 1} then we have \/Z:L(f —h, fi)2 <
N O ERO)
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3.2 Analytic Reformulation of Shapley values

The definition of Shapley values given in Definition 38 is somewhat cumbersome to work with.
In this section we derive alternate characterizations of Shapley values in terms of “Fourier coef-
ficients” and “coordinate correlation coefficients” and establish various technical results relating
Shapley values and these coefficients; these technical results will be crucially used in the proof of
our main theorems.

There is a particular distribution p that plays a central role in our reformulations. We start by
defining this distribution p and introducing some relevant notation, and then give our results.

The distribution . Let us define A(n) &of > ocken £ + =7 clearly we have A(n) = O(logn),
and more precisely we have A(n) < 2logn. We also define Q(n, k) as Q(n, k) oot T+ 2
0 < k < n, sowe have A(n) = 32771 Q(n, k).

For z € {—1,1}" we write wt(x) to denote the number of 1’s in z. We define the set B,, to be
def

B, ={re{-1,1}":0 < wt(z) <n} ie, B, ={-1,1}"\ {1, -1}.
The distribution x is supported on B,, and is defined as follows: to make a draw from p, sample
k € {1,...,n — 1} with probability Q(n, k)/A(n). Choose x € {—1,1}" uniformly at random

from the k-th “weight level” of {—1,1}", i.e., from {—1,1}", iz e {=1,1}": wt(z) = k}.

% for

n—

Useful notation. For ¢ = 0, ..., n we define the “coordinate correlation coefficients” of a function
f:{=1,1}" — R (with respect to y) as:

def

[7(0) = Epoulf(2) - 2] (3.2)

(here and throughout the chapter x( denotes the constant 1).
Later in this section we will define an orthonormal set of linear functions Lg, Ly, ..., L, :
{=1,1}" — R. We define the “Fourier coefficients” of f (with respect to y) as:

A def

f(0) = BEpny[f () - Li(2)]. (3.3)

An alternative expression for the Shapley values. We start by expressing the Shapley values in
terms of the coordinate correlation coefficients:

Lemma 45. Given f : {—1,1}" — [-1,1], foreachi = 1,...,n we have

or equivalently,
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Proof. Recall that f(i) can be expressed as follows:

F(i) = Ereps, [f( (7, 0) — fla(m,i))]. (3.4)

Since the i-th coordinate of ™ (mr, i) is 1 and the i-th coordinate of z(r, i) is —1, we see that f (i)
is a weighted sum of { f(z);},c(—1,1}». We now compute the weights associated with any such
xe{-1,1}"

e Let x be a string that has wt(z) coordinates that are 1 and has x; = 1. Then the total number
of permutations 7 € S, such that " (7,i) = z is (wt(z) — 1)!(n — wt(z))!. Consequently
the weight associated with f(z)x; for such an x is (wt(z) — 1)! - (n — wt(z))!/nl.

e Now let = be a string that has wt(z) coordinates that are 1 and has x; = —1. Then the
total number of permutations 7 € S,, such that z(m,i) = z is wt(z)!(n — wt(z) — 1)l
Consequently the weight associated with f(x)x; for such an x is wt(z)!- (n —wt(z) —1)!/nl.

Thus we may rewrite Equation (3.4) as

fli) = Z (wt(z) — 1)I(n — wt(a:))'f(x) -

n!

z:{—1,1}"z;=1

Z wt(x)!(n — wt(z) — 1)!]”(33) 2

n!
{11} =—1

Let us now define v( f) &« (f(1) — f(—1))/n. Using the fact that 27 = 1, it is easy to see that one
gets

2f(i) = 2w(f)+
5 (Z (@) - (wt(z) = D!(n — wt(z) = 1! ((n/2 — wt(z)) + (m;i)/g)>

n!
reB),

flo) - =D =28 02w
= QV(f) + meZBn (f(l’) Wt(ZL’)(n — Wt(«T)) (thz)) n
1
f(@)- wt(z)(n — Wt(x))(w‘:(lx)) e 2Wt(x))> ‘ )

We next observe that n — 2wt(z) = —(3_,¢(, ¥;)- Next, letus define P(n, k) (for k € [1,n — 1])

as follows : ) .
ar @ k) 5+

GG

P(n, k)
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So we may rewrite Equation (3.5) in terms of P(n, wt(z)) as

2) =200+ 3 [0 - Pluwtlo)] = F | ) Pl we(a) - (5 .

x€Bn z€Bn
We have
n—1 nol o nol

and consequently we get

2£(0) = 20(4) + M)+ ( B [10) -] = B [ 70 (S ] ).

T T~

finishing the proof. O

Construction of a Fourier basis for distribution . For all x € B,, we have that y(z) > 0, and
consequently by Fact 43 we know that the functions 1, z1, ..., 2z, form a basis for the subspace
of linear functions from B,, — R. By Gram-Schmidt orthogonalization, we can obtain an orthonor-
mal basis Ly, . . ., L, for this subspace, i.e., a set of linear functions such that (L;, L;),, = 1 for all i
and (L;, L;), = Oforall i # j.

We now give explicit expressions for these basis functions. We start by defining Ly : B,, — R
as Ly : © — 1. Next, by symmetry, we can express each L; as

Li(z) = a(xy + ...+ z,) + S

Using the orthonormality properties it is straightforward to solve for o and 3. The following
Lemma gives the values of o and [3:

Lemma 46. For the choices

acz_ejg.(\/ A A(n)) 54 /AG)
n nA(n) —4(n — 1) 2 S

the set {L;}_, is an orthonormal set of linear functions under the distribution .

We note for later reference that « = —© ( v log”) and 5 = O(y/logn).
We start with the following proposition which gives an explicit expression for E,..,,[z;z;] when
1 # j; we will use it in the proof of Lemma 46.

4

Proposition 47. Forall 1 <i < j < nwe have B, [v;z;| =1 — oL
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Proof. For brevity let us write A, = {—1,1}",,i.e., Ay = {x € {—1,1}" : wt(z) = k}, the k-th
“slice” of the hypercube. Since 1 is supported on B,, = U, Ak, we have
E, v = Y Bl |z € A Priz € Ay

T~ T
0<k<n "

If ¥k =1orn—1,itis clear that
2 2 4
and when 2 < k < n — 2, we have

wesentoeni- (G (7))

Recall that A(n) = >, + + —% and Q(n, k) = + + —*= for 0 < k < n. This means that we
have
Priz € Ayl = Q(n, k)/A(n).

T

Thus we may write E,.,[x;z;] as

k
E,oplriz] = Z ngn ) ‘Epoplvizy | v € Ag] +

(n)
ke{l,n—1}
For the latter sum, we have

an 1 4 2n
Z . xNu[xixj’xEAk]:W<1_ﬁ>‘n_l'

ke{l,n—1}

For the former, we can write

n—2
3 Qﬁﬁ? Epulziz | 2 € Ay
k=2

- Bt () () - ()
1

= . (( 2b=1)  2n—k-1)  n )

U

e An) \(n—1(n—k  (n—Dk  kn—Fk)
_51.2_2+3_L_1_1
B kZQA(n) n—k n—-1 k n—-1 k n—k

n—2

- 1 S
B n) \n—k k n-1)
k=2

=
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Thus, we get that overall E,, [x;z;] equals

Lo, 4 om +”*2 1 1 +1 4
A(n) n) n-—1 Aln) \n—%k k n-—1

1 (2 L2 8 )+ 1 (1 P T 8
A(n) n—1 n-1 Aln) \“<= k n—k A(n)  A(n)(n—1)
1 [ 4 4
A (Z @ ’“)> A A
as was to be shown. [

Proof of Lemma 46. We begin by observing that
E, .[Li(x)Lo(z)] = EpopLi(2)] = Epopla(z + ...+ ) + B =0
since E,.,[z;] = 0. Next, we solve for o and [ using the orthonormality conditions on the set
{L;}i—y. ASE, ,[Li(x)L;(z)] = 0and E,,[L;(x)L;(z)] = 1, we get that B, ,[L;(2)(L;(z) —
L;(z))] = 1. This gives
EooulLi(z) - (Li(z) — Lj(2))] = Epop[Li(z) - (2 — ;)]
= Eou[B((a+ Bz + ax;j) - (z: — ;)]
= af+ [ —af — fPE, pu[zj2]
= (1 = Epupfaiag]) = 45°/A(n) = 1,

A(n)

where the penultimate equation above uses Proposition 47. Thus, we have shown that § = ~—

To solve for o, we note that

ZLZ-(:E) = (an+ B) (1 + ... + ).

However, since the set { L;}"_, is orthonormal with respect to the distribution y, we get that
E, . [(Li(x)+...4+ Lp(x))(Li(z) + ...+ Ly(2))] =n

and consequently
(an+ B)? Eppl(zi 4+ ...+ 2p)(x1 4+ ... +2,)] =n

Now, using Proposition 47, we get

E, o llzi+ .. +z) (1 +...+2,)] = Z Exwﬂ[xf] + Z E, .lziz)]
i=1 itj

= n+nn-—1)- (1—%)
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Thus, we get that

(an + B)? - <n+n(n—1)- (1—%)) =n.

Simplifying further,
_ A(n)
(an +5) = \/nA(n) “i(n—1)
and thus
o 1 A(n) VA
n nA(n) —4(n —1) 2
as was to be shown. [

Relating the Shapley values to the Fourier coefficients. The next lemma gives a useful expres-
sion for f(i) in terms of f(i):

Lemma 48. Let f : {—1,1}" — [—1, 1] be any bounded function. Then for eachi = 1,...,n we

have
Foe 20 ~ . f(1)— f(-1) 1 o~
f(l)_m< —) :

Proof. Lemma 46 gives us that L;(x) = a(zy + ... + x,) + Sz;, and thus we have

f(0) = Bo[f(@) - Li()] = a (Z Equlf() -:cj]> + BByl f(2) - ]

= «a Z () + Bfr(i (3.6)
Summing this for ¢ = 1 to n, we get that
Z FG) = (an+8) Y £7G). (3.7)
j=1
Plugging this into (3.6), we get that
P P S
f16) =3 (f(z) TER )3 f(J)) (3.8)

fiy = v+ 20 (B @) al - B | @) (S )

T T

=
[\ZJ3 [\]
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where v(f) = (f(1) — f(—1))/n. Hence, combining the above with (3.7) and (3.8), we get

1 ) < 1 "
B'(fl om+ﬁ Zf ) Al (f(0) - (f))*‘m'jz:f@)‘

From this, it follows that

[y _ 2 . NZ‘ —v 1 . l @ . —~ i
G i) = o G =+ g (545 > i)
and hence .
. 2 - .
f(l):m'(f(l)—’/(f))Jr— Zf(])
as desired. [

Bounding Shapley distance in terms of Fourier distance. Recall that the Shapley distance

dshapley (f, g) between f, g : {—1,1}" — [—1, 1] is defined as dshapiey ( f; 9) & \/Zle(f(z) — (1))

We define the Fourier distance between f and g as dgourier(f, 9) o \/ Yool f(i) — §(i))2.
Our next lemma shows that if the Fourier distance between f and g is small then so is the
Shapley distance.

Lemmad49. Let f,g: {—1,1}" — [—1,1]. Then,

>~ \;l— + M dFourler(f7 )

Proof. Letv(f) = (f(1) — f(—=1))/nand v(g) = (g(l) — g(—1))/n. From Lemma 48, we have

that forall 1 <7 <n,
A, (f(i) -2l )) +ulf) = )

dShapley(fa )

26
Using a similar relation for g, we get that for every 1 <1 < n,

A(n) (M _E 0 D i)

25 0 . ) +u(f) - vlg) = F(0) — 3(0).

We next define the following vectors: let v € R™ be defined by v; = f(i) — §(i), i € [n] (so our
goal is to bound ||v|2). Let u € R™ be defined by u; = v(f) — v(g), i € [n]. Finally, let w € R

be defined by X
w; = (f(l) B Zj;f(]) —a6) + Zj:l g(])) ieln].

n
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A()

With these definitions the vectors u, v and w satisfy =z~ - w + u = v, and hence we have

A(n)
2p
Since the range of f and g is [—1, 1], we immediately have that

(f(l) —9(1) = f(=D) +g(= )) i <

n

[olla < lullz + =2= - lwl2-

Jull2 =

\/_

5o all that remains is to bound ||w|| from above. To do this, let us define another vector v’ € R"
by w; = f(i) — g(i). Let e € R™ denote the unit vectore = (1/y/n, ..., 1/y/n). Letting w,, denote
the projection of w along e, it is easy to see that

,:<Z§1<f<j>—g<j>> Py RGO >>)_

s
n n

This means that w = w’ — w,, and that w is the projection of w’ in the space orthogonal to e.
Consequently we have ||w]|s < ||w'||2, and hence

[v]l2 < _4 —(n>|| fl
v + w
as was to be shown. [l

Bounding Fourier distance by ‘“correlation distance.” The following lemma will be useful for
us since it lets us bound from above Fourier distance in terms of the distance between vectors of
correlations with individual variables:

Lemma 50. Ler f,g : {—1,1}" — R. Then we have

dFourier(f7 g) S O( V log n) ’ \/Z(f*(z) - g*(l))Q

=0

Proof. We first observe that £(0) = f*(0) and §(0) = ¢*(0), so (f(0)—§(0))2 = (f*(0)—g*(0))2.
Consequently it suffices to prove that

n n

> (f() = a(i)? < O(Vlogn) - (| > (f*(i) = g*(i))%,

i=1 =1

which is what we show below.
From (3.6), we get

—aZf )+ Bf(@) and g(i)=a ) g¢"(j)+ Bg*(i).
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and thus we have

n

(F) ~ 3) = o (Z £6) - Zg*w) +BU (D) =" (0)

Jj=1

Now consider vectors u, v, w € R"™ where for i € [n],

3

w = (f(i) = §(0)), wvi= (Zf*(j)—zg*(j)>, and - w; = (f*(i) — g"(i))

j=1 j=1
By combining the triangle inequality and Cauchy-Schwarz, we have
lullz < 2(e?lvllz + 8%[lwl3),
and moreover
n n 2 n
[v]|3 = n <Z £) - g*(j)) < n? (Z(f*(j) — g*<j>>2> = n’lwl3.
1

j=1 i= Jj=1

Hence, we obtain
[ull3 < 2(a’n? + 5%)||wl]3

Recalling that a?n? = ©(logn) and 5% = ©(logn), we conclude that

n n

drowier(f,9) = | D_(f(1) = §(0))2 < O(V/logn) -\ | Y (f*(i) — g7(i))?

i=1 =1

which completes the proof. [

From Fourier closeness to /;-closeness. An important technical ingredient in our work is the
notion of an affine form ¢(z) having “good anti-concentration” under distribution ; we now give
a precise definition to capture this.

def

Definition 51 (Anti-concentration). Fix w € R" and 0 € R, and let the affine form ((z) be
l(z) = w-x — 0. We say that {(x) is (J, k)-anti-concentrated under p if Pr,.,[|¢(z)| < 6] <

K.

The next lemma plays a crucial role in our results. It essentially shows that for f = sign(w -
x — ), if the affine form ¢(x) = w - x — 0 is anti-concentrated, then any bounded function
g :{—1,1}" — [—1, 1] that has drouie:(f, g) small must in fact be close to f in ¢; distance under
e
Lemma 52. Let f : {—1,1}" — {—1,1}, f = sign(w - x — 0) be such that w - x — 0 is (0, k)-anti-
concentrated under y (for some k < 1/2), where |0| < ||w|1. Let g : {—1,1}" — [—1, 1] be such
that dgowsier (f, g) < p. Then we have

E,ul[f(2) = g(2)[] < (4]lwlliv/p) /6 + 25.
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: def . o .
Proof. Let us rewrite {(2) = w - 2 — 6 as a linear combination of the orthonormal basis elements

Lo, Ly, ..., L, (Wrt. p),i.e.,

n

() =O) Lo+ > L(i)L;.

i—1
Recalling the definitions of L; fori = 1,...,n and the fact that L, = 1, we get 0(0) = —6.
We first establish an upper bound on 6 + 37", £(j)* as follows :

P Y G = Bl 0] < 2w 2] 20

< 2wl +2[lw]f = 4ffwlf7.

The first equality above uses the fact that the L;’s are orthonormal under p, while the first inequality
uses (a + b)? < 2(a? + b?) for a, b € R. The second inequality uses the assumed bound on |6] and
the fact that |w - x| is always at most ||w||;.

Next, Plancherel’s identity (linearity of expectation) gives us that

E,ul(f(2) = g(2)) - (w-z—6)] = 6(3(0) — f(0)) + Z (@) (f(@) = 4(0)

< L\ Do6) - 96))2 92+Z£(i)2

j=0
< 2fwly/p (3.9)

where the first inequality is Cauchy-Schwarz and the second follows by the conditions of the
lemma.
Now note that since f = sign(w - — 0), forall z € {—1,1}" we have

(f(x) = g(2)) - (w-2z—0) = |f(z) = g(z)| - |w-z -0

Let E denote the event that |w - x — 6] > J. Using the fact that the affine form w - = — 6 is
(0, k)-anti-concentrated, we get that Pr[E] > 1 — k, and hence

E.ul(f(2) = g(@)) - (w-z=0)] = Eou[(f(z) —g(x)) (w-2—0)| E]Pr[E]
> 01 = R)Ee[|f(z) = g(2) | E].
Recalling that x < 1/2, this together with (3.9) implies that
Bl e) — g(0)] | B < AP,

which in turn implies (since | f(x) — g(x)| < 2forall x € {—1,1}") that

Buullf(2) — (@) < TV 4

as was to be shown. ]
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3.3 A Useful Anti-concentration Result

In this section we prove an anti-concentration result for monotone increasing 7n-reasonable affine
forms (see Definition 39) under the distribution . Note that even if k is a constant the result gives
an anti-concentration probability of O(1/logn); this will be crucial in the proof of our first main
result in Section 3.5.

Theorem 53. Let L(x) = wo + Y, w;x; be a monotone increasing n-reasonable affine form, so
w; > 0fori € [n]and |wol < (1 —n)> 0" Jwy|. Letk € [n],0 < (< 1/2,k>2/nandr € Ry
be such that |S| > k, where S := {i € [n] : |w;| > r}. Then

1 1 1 1
pylol <=0 (G e (¢ 5))

This theorem essentially says that under the distribution y, the random variable L(z) falls in
the interval [—r, r] with only a very small probability. Such theorems are known in the literature as
“anti-concentration” results, but almost all such results are for the uniform distribution or for other
product distributions, and indeed the proofs of such results typically crucially use the fact that the
distributions are product distributions.

In our setting, the distribution x is not even a pairwise independent distribution, so standard
approaches for proving anti-concentration cannot be directly applied. Instead, we exploit the fact
that . is a symmetric distribution; a distribution is symmetric if the probability mass it assigns to an
n-bit string = € {—1, 1}" depends only on the number of 1’s of = (and not on their location within
the string). This enables us to perform a somewhat delicate reduction to known anti-concentration
results for biased product distributions. Our proof adopts a point of view which is inspired by the
combinatorial proof of the basic Littlewood-Offord theorem (under the uniform distribution on the
hypercube) due to Benjamini et. al. [13]. The detailed proof is given in the following subsection.

Proof of Theorem 53.

Recall that {—1,1}", denotes the i-th “weight level” of the hypercube, i.e., {r € {—1,1}" :
wt(x) = i}. We view a random draw = ~ p as being done according to a two-stage process:

1. Draw ¢ € [n — 1] with probability g(n, 7) o Q(n,1)/A(n). (Note that this is the probability
 assigns to {—1,1}"..)

2. Independently pick a uniformly random permutation 7 : [n] — [n], i.e., 7 ~g S,,. The string
x is defined to have x(1) = ... = ;) = Ll and T(i41) = ... = Tr(n) = —1.

It is easy to see that the above description of u is equivalent to its original definition. Another
crucial observation is that any symmetric distribution can be sampled in the same way, with ¢(n, k)
being the only quantity dependent on the particular distribution. We next define a (r, 7)-balanced
permutation.
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Definition 54 ((r, i)-balanced permutation). A permutation 7 : [n] — [n] is called (r,i)-balanced
if|w0 + 2321 Wr(5) — Z;'l:i-q—l wﬂ’(j)| <7

For i € [n—1], let us denote by p(r, 7) the fraction of all n! permutations that are (7, i) balanced.
That is,

p(rii) = Pr ||wo+ 3 weiy = D0 we(p| <7
T~RSn j=1 j=it1
At this point, as done in [13], we use the above two-stage process defining p to express the desired
“small ball” probability in a more convenient way. Conditioning on the event that the ¢-th layer is
selected in the first stage, the probability that |L(z)| < r is p(r, 7). By the law of total probability
we can write:

PrilL(e)| <1l = 5 plr.a(rn i)

We again observe that p(r, ) is only dependent on the affine form L(z) and does not depend on
the particular symmetric distribution; ¢(n, %) is the only part dependent on the distribution. The
high-level idea of bounding the quantity """ p(r,i)q(n,4) is as follows: For i which are “close
to 1 or n — 17, we use Markov’s inequality to argue that the corresponding p(r,7)’s are suitably
small; this allows us to bound the contribution of these indices to the sum, using the fact that each
q(n, 1) is small. For the remaining i’s, we use the fact that the p;’s are identical for all symmetric
distributions. This allows us to perform a subtle “reduction” to known anti-concentration results
for biased product distributions.

We start with the following simple claim, a consequence of Markov’s inequality, that shows
that if one of 7 or n — i is reasonably small, the probability p(r, ) is quite small.

Claim 55. Foralli € [n — 1] we have

p(r,1) < (4/n) - min{i,n — i} /n.

Proof. Fori € [n—1],1et& ={m €S, : |wo + Z§=1 Wr(j) = D j—ip1 Wn(j)| < 7} By definition
we have that p(r,i) = Pr,. s, [&].

Let i < n/2.If the event &; occurs, we certainly have that wg + 23:1 Wr(j) — Z?:z 1 Wa(j) >
—r which yields that

n

Z way > (1/2)(33 s — 7 — o).

i=1
That is,

i

p(ryi) < Pro | > weg) > (1/2)(ilwi — 7 — wp)

T~RSn 7j=1

Consider the random variable X = 22:1 wr(;) and denote o o (1/2)>°7, w; —r — wp). We
will bound from above the probability

Pr [X > q].

T~RSK
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Since 7 is chosen uniformly from S,,, we have that B s, [wr;y] = (1/n) - > 7" | w;, hence

B, [X] = (i/n) 2 w

Recalling that |wo| < (1 —7)->" , w; and noting that > 7" w; > >~ cw; > kr > (2/n) -, we
get

a>(n/4)- Z:lwz
Therefore, noting that X > 0, by Markov’s inequality, we obtain that

EWNRSn [X]

Pr [X >a] <
T~RSH (0

< (4/n) - (i/n)
as was to be proven. 4

If i > n/2, we proceed analogously. If &; occurs, we have wg+ Z;:l W (j) — Z;L:Hl Wr(jy <1
which yields that

n

> w2 (/25 wi+ w ).

j=it1
We then repeat the exact same Markov type argument for the random variable > i1 Wr(j)- This
completes the proof of the claim. [

Of course, the above lemma is only useful when either ¢ or n — 7 is relatively small. Fix
ip < m/2 (to be chosen later). Note that, for all i < n/2, it holds ¢(n,i) < By Claim 55 we

— zA(n)
thus get that
‘o , , io 2 4 9 8
p(ryi)gn,i) <) ——F—~ - — < —————. (3.10)
SIS B TNG) S - Aw)
By symmetry, we get
n—l1 . . 820
p(r,i)g(n,i) < ———. (3.11)
i:%;io Jatn. ) n-n-An)

We proceed to bound from above the term ) Z?Hl p(r,4)q(n, ). To this end, we exploit the
fact, mentioned earlier, that the p(r,4)’s depend only on the affine form and not on the particular
symmetric distribution over weight levels. We use a subtle argument to essentially reduce anti-
concentration statements about p to known anti-concentration results.

For ¢ € (0, 1) let Ds be the 0-biased distribution over {—1, 1}"; that is the product distribution
in which each coordinate is 1 with probability ¢ and —1 with probability 1 — §. Denote by ¢(J, 7)

the probability that Dj assigns to {—1,1}";, i.e., g(6,7) = (7)d"(1 — 6)"~". Theorem 5 now yields
1

Fr llL(@)] <r] < NZED)
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Using symmetry, we view a random draw x ~ Dj as a two-stage procedure, exactly as in y, the
only difference being that in the first stage we pick the i-th weight level of the hypercube, i € [0, n],
with probability g(d,7). We can therefore write

Pr [|L(z)] < 1] = z 9(0,i)p(r,7)

x~Dg

and thus conclude that

ndo1 . . n . . 1
i:%—i—l g(0,1)p(r,i) < ;}9(572)17(732) < m

We now state and prove the following crucial lemma. The idea of the lemma is to bound from above
the sum Z?:_iZOJr_ll p(r,1)q(n, i) by suitably averaging over anti-concentration bounds obtained from
the ¢-biased product distributions:

(3.12)

Lemma 56. Let I : [0, 1] — Ry be such that q(n, i) < f;:O F(6)g(0,4)do forall i € [ig+ 1,n —
io — 1]. Then,

n—ig—1 ' ' i 1 F(5)
i:%lp(r,z)q(n,z)é i i 503

Proof. We have the following sequence of inequalities

do.

S i) <5 ( / 1 F(cs)g(é,z')da)-p(r,z‘)

1=ig+1 i=19+1 =0
1 n—ig—1
-/ F<6>( > g(é,z')p(r,z‘)) a5
=0 i=19+1
1 L F(©)

— do

= Tk o B0 =0)

where the first line follows from the assumption of the lemma, the second uses linearity and the
third uses (3.12). [

We thus need to choose appropriately a function [ satisfying the lemma statement which can
give a non-trivial bound on the desired sum. Fix ¢ > 0, and define F'(0) as

1/2+¢
F(é)d:ef1024‘(n+1) ( 1 1 >

An) Z.(1)/2+c 51/2—¢ + (1—6)1/2=¢

The following claim (proved in Section 3.3) says that this choice of F'(§) satisfies the conditions
of Lemma 56:

Claim 57. For the above choice of F(§) and igp <i < n —ig, g(n,1) < f;zo F(8)g(6,1)do.
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Now, applying Lemma 56, for this choice of F'(§), we get that

n—ig—1

p(r,i)q(n, 1)
i=i0+1

1 1024 (n+1)1/2+</1 1 N 1 L s
> \/E A(n) 2.(1)/2+( P 51/2—{ (1_5)1/2_4 (5(1_5) .

_oft. L 1 (n+ 1)
— Ok P :

We choose (with foresight) 7y = [#} . Then the above expression simplifies to

n—ig—1 . . 1 1 1
> p(ri)g(n,i) =0 (Z A W)

i=ig+1
Now plugging ip = [ 77| in (3.10) and (3.11), we get
. . 1 1
B Z ' p(r,i)q(n,i) = O (nA—(n) ’ W)
1<igVi>n—ig

Combining these equations, we get the final result, and Theorem 53 is proved. [

Proof of Claim 57

We will need the following basic facts :

Fact 58. For x,y € R, let ' : R, — R be the usual “Gamma” function, so that

1

. yoe Ll+1)-T(y+1)
5:05(1_5) dé = Mz +y+2)

Recall that for z € Z.,, I'(z) = (z — 1)L

Fact 59. (Stirling’s approximation) For z € R, we have I'(z) = ,/27“ . (i)z . (1 +0 (%)) .In
particular, there is an absolute constant cq > 0 such that for z > cg

sV E () T ()

Fact 60. For x € R and x > 2, we have (1 — %)z > 1.
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We can now proceed with the proof of Claim 57. We consider the case when iy < i < n/2.
(The proof of the complementary case (n — ip — 1 > ¢ > n/2) is essentially identical.) We have
the following chain of inequalities:

/5 " R()9(5.0)ds

=0
1024 (n+1)Y><  [n . } . X
. . . 1 1 _ n—u
A(TL) ,L(l)/ZJrC i /(;0 ) ( 6) §1/2—C + (1 _ 5)1/2_C do

(
1024 (n+ 1)+ (n) '
(

2 A o\ ST

1024 (n+D)YEC /n\ T(n—i+1)-T{i+1/24C) :

~ Aln) S \i) T(n+3/2+¢) (using Fact 58)
1024 (n+4 1)t/ [(n+1) T(n—i+1)-T({+1/2+¢)
— A(n) it L(i+1)-T(n—i+1) L(n+3/2+()

1024 (n+ 1Y Dn+1)-T(i+1/2+()

An) P T(i+1)-T(n+3/2+0)

We now proceed to bound from below the right hand side of the last inequality. Towards that, using
Fact 59 and assuming n and ¢ are large enough, we have

D(n+1)-T@E+1/24)
L(i+1)-T(n+3/24()
I (n+1)"2 (i4+1/2+ )¢

Z 16 G+ D)2 (nt3/24 oo

oL 1 (241240

= 16 n+2 (i+ 12 (n43/2+ )

N T (n+D)"e ((+1/2+ 07 (n+1)2C
~ 16 n+2 (n+3/24+ )"t (i + 1)i+¢ (i + 1)1/2<
. 1 1 (n+1)1/2€> 1 1 1

256 n+2 (i+1)72C =512 (n+1)/2HC (i +1)1/2<

Plugging this back, we get

! . 1024 (n+1)V2% T(n+1)-T(+1/2+C)
/5_0 F(0)g(6,9)do = A(n) 427 T(i+1) T(n+3/2+()
. 1024 (n+ niEe 1 1 ‘ 1
— A(n) it/ *re 12 (n+ 1)/2H (i +1)1/2=<
2 1 1 2 1 ,
= : > = 2> q(n,1)

A(n) 27 i+ 1)V2C = A(n) i
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which concludes the proof of the claim. 0

3.4 A Useful Algorithmic Tool

In this section we describe a useful algorithmic tool arising from recent work in computational
complexity theory. The main result we will need is the following theorem of [138] (the ideas go
back to [70] and were used in a different form in [31]):

Theorem 61. ([138]) Let X be a finite domain, |1 be a samplable probability distribution over
X, f: X — [-1,1] be a bounded function, and L be a finite family of Boolean functions { :
X — {—1,1}. There is an algorithm Boosting-TTV with the following properties: Suppose
Boosting-TTV is given as input a list (ay)eer of real values and a parameter & > 0 such that
| Epouf(2)l(2)] — ae| < E/16 for every £ € L. Then Boosting-TTV outputs a function h : X —
[—1, 1] with the following properties:

(i) | Exnult(z)h(x) — £(2)f(2)]] < & for every € L;

(ii) h(z) is of the form h(z) = Pl(g > ver Wel(x)) where the wy’s are integers whose absolute
values sum to O(1/£2).

The algorithm runs for O(1/£?) iterations, where in each iteration it estimates E,..,[I/(x)((
to within additive accuracy +£/16. Here each h' is a function of the form h'(x) = Pi(
> ver vel(x)), where the v,’s are integers whose absolute values sum to O(1/£?).

)

ol 8

We note that Theorem 61 is not explicitly stated in the above form in [138]; in particular,
neither the time complexity of the algorithm nor the fact that it suffices for the algorithm to be
given “noisy” estimates a, of the values E,_,[f(z)¢(z)] is explicitly stated in [138]. So for the
sake of completeness, in the following we state the algorithm in full (see Figure 3.4) and sketch a
proof of correctness of this algorithm using results that are explicitly proved in [138].

Proof of Theorem 61. 1t is clear from the description of the algorithm that (if and) when the al-
gorithm Boosting-TTV terminates, the output h satisfies property (i) and has the form h(z) =
Pl(g - > ver wel(x)) where each wy is an integer. It remains to bound the number of iterations
(which gives a bound on the sum of magnitudes of w,’s) and indeed to show that the algorithm
terminates at all.

Towards this, we recall Claim 3.4 in [138] states the following:

Claim 62. For all x € supp(u) and all t > 1, we have Z;Zl fi@) - (f(z) — hj—1(x)) < (4/7) +
() /2.

We now show how this immediately gives Theorem 61. Fix any 7 > 0, and suppose without
loss of generality that a, — a,; > ~. We have that

[Eonpulfir1(z)hy(x)] —ar;] < /16 and hence  E,.,[fji1(z)hi(z)] < ar; +§/16,
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and similarly

|Eyulfjr (@) f(x)] —ar] <&/16 andhence E,.,[fj+1(z)f(z)] > ar — £/16.

Combining these inequalities with a;, — a,; > v = £/2, we conclude that

B, fy1(2) (f(2) — By ()] > 3¢/8.

Putting this together with Claim 62, we get that

B S B ) (0) — byl < 2+ 2

2

Since v = /2, this means that if the algorithm runs for ¢ time steps, then 8/ > (£t)/8, which
implies that ¢ < 64/£2. This concludes the proof. ]

Boosting-TTV

Parameters:
13 = positive real number
I := samplable distribution over finite domain X
L := finite list of functions such that all ¢/ € £ maps X to {—1,1}.
(ag)ecr = list of real numbers with the promise that some f : X — [—1, 1] has
|Eg~ulf(2)l(z)] —ae] < &/16forall £ € L.
Output:

An LBF h(z) = P1(}_,c, wel(x)), where wy € Z, such that E,,[h(z)0(x)] — f(z)l(x)| < £ for
all/ e L.

Algorithm:

1. Let £0% {t:0eLor—leLl} Fix7d§f§/2.

2. Let hg £ 0. Set t = 0.
3. Foreach ¢ € L, find ay+ € R such that |E,,[hi(2)l(2)] — ars| < &/16.

4. If |ag — ag| <~y forall £ € L, then stop and output h;. Otherwise, fix £ to be any element of
L such that |a; — ag¢| > 7.

o Ifay —ay; > ythenset fi11 &/ else set fre1 def —7. Note that f; 1 € £°.

o Define hyy1 as hey1(z) = Py (y(X0H £5())).

5. Sett =t + 1 and go to Step 3.
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3.5 Our Main Results

In this section we combine ingredients from the previous subsections and prove our main results,
Theorems 63 and 64.

Our first main result gives an algorithm that works if any monotone increasing 7)-reasonable
LTF has approximately the right Shapley values:

Theorem 63. There is an algorithm IS (for Inverse-Shapley) with the following properties. IS
is given as input an accuracy parameter € > 0, a confidence parameter § > 0, and n real values
a(1),...,a(n); its output is a pair v € R", 6 € R. Its running time is poly(n, 2°°Y1/9) 1og(1/5)).
The performance guarantees of 1S are the following:

1. Suppose there is a monotone increasing n-reasonable LTF f(x) such that dspapiey(a, f) <
1/poly(n, 2°°Y (/). Then with probability 1 — § algorithm IS outputs v € R", § € R which
are such that the LTF h(z) = sign(v - © — 0) has dghapley(f, h) < €.

2. For any input vector (a(1),...,a(n)), the probability that IS outputs v € R",0 € R such
that the LTF h(x) = sign(v - © — 6) has dgpapley (f, h) > € is at most .

Proof. We first note that we may assume € > n~ ¢ for a constant ¢ > 0 of our choosing, for if
e < n~° then the claimed running time is 9@(n*logn) Tp this much time we can easily enumerate all
LTFs over n variables (by trying all weight vectors with integer weights at most n"; this suffices
by [116]) and compute their Shapley values exactly, and thus solve the problem. So for the rest of
the proof we assume that € > n=°.

It will be obvious from the description of IS that property (2) above is satisfied, so the main
job is to establish (1). Before giving the formal proof we first describe an algorithm and analysis
achieving (1) for an idealized version of the problem. We then describe the actual algorithm and
its analysis (which build on the idealized version).

Recall that the algorithm is given as input €, and a(1),. .., a(n) that satisfy dspapiey(a, f) <
1/poly(n, 2°°Y(1/9) for some monotone increasing 7-reasonable LTF f. The idealized version of
the problem is the following: we assume that the algorithm is also given the two real values f*(0),
> iy [*(i)/n. It is also helpful to note that since f is monotone and 7-reasonable (and hence is
not a constant function), it must be the case that f(1) = 1 and f(—1) = —1.

The algorithm for this idealized version is as follows: first, using Lemma 45, the values f (i),
i = 1,...,n are converted into values a*(7) which are approximations for the values f*(i). Each
a* (i) satisfies |a*(i) — f*(i)| < 1/poly(n,20®v(1/9)) The algorithm sets a*(0) to f*(0). Next,
the algorithm runs Boosting-TTV with the following input: the family £ of Boolean functions is
{1,z1,...,2,}; the values a*(0), ..., a*(n) comprise the list of real values; y is the distribution;
and the parameter ¢ is set to 1/poly(n, 2P°¥(1/9)). (We note that each execution of Step 3 of
Boosting-TTV, namely finding values that closely estimate E,.,[h;(z)z;] as required, is easily
achieved using a standard sampling scheme; for completeness in Appendix B.2 we describe a
procedure Estimate-Correlation that can be used to do all the required estimations with overall
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failure probability at most 0.) Boosting-TTV outputs an LBF h(z) = P;(v - x — 6); the output of
our overall algorithm is the LTF A/(z) = sign(v - = — 0).

Let us analyze this algorithm for the idealized scenario. By Theorem 61, the output func-
tion A that is produced by Boosting-TTV is an LBF h(x) = Pi(v - x — ) that satisfies the

equation \/Z?ZO(h*(j) — f*(5))? = 1/poly(n,2P°¥1/9)). Given this, Lemma 50 implies that

dFourier(f7 h) g p déf 1/pOIY(n7 2poly(1/e)>.

At this point, we have established that h is a bounded function that satisfies the constraint
drousier(f, h) < 1/poly(n,2P°¥(1/€)) We would like to apply Lemma 52 and thereby assert that
the ¢, distance between f and h (with respect to p) is small. To see that we can do this, we first
note that since f is a monotone increasing 7-reasonable LTF, by Theorem 40 it has a representation
as f(x) = sign(w -  + wy) whose weights satisfy the properties claimed in that theorem; in

particular, for any choice of ( > 0, after rescaling all the weights, the largest-magnitude weight

has magnitude 1, and the k & O¢(1/€572¢) largest-magnitude weights each have magnitude at

least r & 1 /(n - k")), (Note that since ¢ > n~° we indeed have k < n as required.) Given this,
Theorem 53 implies that the affine form L(z) = w - x + wy satisfies

Pr{|L(z)| < r] <k & €2/(51210g(n)), (3.13)
Tp
i.e., itis (r, x)-anticoncentrated with x = €2/(512log(n)). Thus we may indeed apply Lemma 52,
and it gives us that

E. .[f(z) = h(z)]] < M + 2K < €2/(1281ogn). (3.14)

Now let A’ : {—1,1}" — {—1,1} be the LTF defined as h'(x) = sign(v - x — 0) (recall that h
is the LBF Py (v - x — #)). Since f is a {—1, 1}-valued function, it is clear that for every input z
in the support of 1, the contribution of x to Pr,.,[f(z) # h'(x)] is at most twice its contribution
to E,,[|f(z) — h(x)|]. Thus we have that Pr,.,[f(z) # I/'(x)] < €/(641logn). We may now
apply Fact 44 to obtain that dpouie: (f, 7') < €/(44/logn). Finally, Lemma 49 gives that

dshapley (f, ') < 4/v/n+ /A(n) - ¢/(4/logn) < €/2.
So indeed the LTF h/(z) = sign(v - © — ) satisfies dspapley (f, h') < €/2 as desired.

Now we turn from the idealized scenario to actually prove Theorem 63, where we are not given
the values of f*(0) and >, f*(¢)/n. To get around this, we note that f*(0), >." , f*(i)/n €
[—1, 1]. So the idea is that we will run the idealized algorithm repeatedly, trying “all” possibilities
(up to some prescribed granularity) for f*(0) and for > | f*(i)/n. At the end of each such run we
have a “candidate” LTF h’; we use a simple procedure Shapley-Estimate (see Appendix B.2) to
estimate dgpapley (f, 2') to within additive accuracy +¢/10, and we output any i’ whose estimated
value of dghapiey (f, ') is at most 8¢/10.

We may run the idealized algorithm poly(n, 2P°Y(1/9)) times without changing its overall run-
ning time (up to polynomial factors). Thus we can try a net of possible guesses for f*(0) and
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S, f*(i)/n which is such that one guess will be within £1/poly(n, 2P°¥(1/)) of the the correct
values for both parameters. It is straightforward to verify that the analysis of the idealized scenario
given above is sufficiently robust that when these “good” guesses are encountered, the algorithm
will with high probability generate an LTF &' that has dghapiey (f, ') < 6€/10. A straightforward
analysis of running time and failure probability shows that properties (1) and (2) are achieved as
desired, and Theorem 63 is proved. L]

For any monotone 7-reasonable target LTF f, Theorem 63 constructs an output LTF whose
Shapley distance from f is at most ¢, but the running time is exponential in poly(1/¢). We now
show that if the target monotone n-reasonable LTF f has integer weights that are at most 1/, then
we can construct an output LTF A with dspapiey (f, h) < n~1/® running in time poly(n, W); this is
a far faster running time than provided by Theorem 63 for such small €. (The “1/8” is chosen for
convenience; it will be clear from the proof that any constant strictly less than 1/6 would suffice.)

Theorem 64. There is an algorithm ISBW (for Inverse-Shapley with Bounded Weights) with
the following properties. ISBW is given as input a weight bound W € 7., a confidence parameter
d > 0, and n real values a(1), ..., a(n); its output is a pair v € R" 6 € R. Its running time is
poly(n, W,log(1/6)). The performance guarantees of ISBW are the following:

1. Suppose there is a monotone increasing n-reasonable LTF f(x) = sign(u - x — 0), where
each u; is an integer with |u;| < W, such that dspapiey(a, f) < 1/poly(n, W). Then with
probability 1 — § algorithm ISBW outputs v € R™, € R which are such that the LTF
h(x) = sign(v - x — 0) has dspapley (f, h) < n7Y/5.

2. For any input vector (a(1),...,a(n)), the probability that IS outputs v, 0 such that the LTF
h(z) = sign(v - x — 0) has dsnapiey (f, h) > n~1/8 is at most .

Proof. Let f(x) = sign(u - x — ) be as described in the theorem statement. We may assume
that each |u;| > 1 (by scaling all the u;’s and 6 by 2n and then replacing any zero-weight u; with
1). Next we observe that for such an affine form u -  — 6, Theorem 53 immediately yields the
following corollary:

Corollary 65. Let L(x) = > w;x; — 0 be a monotone increasing n-reasonable affine form.
Suppose that u; > r forallt = 1,... ,n. Then for any ¢ > 0, we have

1 1 1 1
Pr||L <r=0|— ——-|=+-) ).
By <=0 (g e ()
With this anti-concentration statement in hand, the proof of Theorem 64 closely follows the
proof of Theorem 63. The algorithm runs Boosting-TTV with £, a*(i) and i as before but now

with ¢ set to 1/poly(n, W). The LBF h that Boosting-TTV outputs satisfies drourier(f, h) < p &

1/poly(n, W). We apply Corollary 65 to the affine form L(x) & up 0 and get that for

l[ullx BRI
r = 1/poly(n, W), we have

Pr(|L(z)| <] < k € €2/(102410g n) (3.15)

Top
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where now ¢ & =1/ 8. in place of Equation (3.13). Applying Lemma 52 we get that

4||lw
Bl1f@) — b)) < DY g < 2/12810gm)
analogous to (3.14). The rest of the analysis goes through exactly as before, and we get that the
LTF I/ (z) = sign(v - x — 0) satisfies dspapley (f, ') < €/2 as desired. The rest of the argument is
unchanged so we do not repeat it. [
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Chapter 4

Inverse approximate uniform generation

The generation of (approximately) uniform random combinatorial objects has been an important
research topic in theoretical computer science for several decades. In complexity theory, well-
known results have related approximate uniform generation to other fundamental topics such as
approximate counting and the power of nondeterminism [74, 72, 132, 133, 134]. On the algorithms
side, celebrated algorithms have been given for a wide range of approximate uniform generation
problems such as perfect matchings [75], graph colorings (see e.g. [73, 147, 66]), satisfying as-
signments of DNF formulas [82, 72, 81], of linear threshold functions (i.e., knapsack instances)
[112, 43] and more.

Before describing the inverse problems that we consider, let us briefly recall the usual frame-
work of approximate uniform generation. An approximate uniform generation problem is defined
by a class C of combinatorial objects and a polynomial-time relation R(x,y) over C x {0,1}*. An
input instance of the problem is an object x € C, and the problem, roughly speaking, is to output an
approximately uniformly random element y from the set R, := {y : R(z,y) holds}. Thus an algo-
rithm A (which must be randomized) for the problem must have the property that for all x € C, the
output distribution of A(z) puts approximately equal weight on every element of R,. For example,
taking the class of combinatorial objects to be {all n x n bipartite graphs} and the polynomial-
time relation R over (G, M) pairs to be “M is a perfect matching in G,” the resulting approximate
uniform generation problem is to generate an (approximately) uniform perfect matching in a given
bipartite graph; a poly(n,log(1/¢))-time algorithm was given in [75]. As another example, taking
the combinatorial object to be a linear threshold function (LTF) f(x) = sign(w -  — ) mapping
{=1,1}" — {—1, 1} (represented as a vector (wy, ..., w,,#)) and the polynomial-time relation
R over (f,x) to be “z is a satisfying assignment for f,” we arrive at the problem of generat-
ing approximately uniform satisfying assignments for an LTF (equivalently, feasible solutions to
zero-one knapsack). A polynomial-time algorithm was given by [112] and a faster algorithm was
subsequently proposed by [43].

The focus of this chapter is on inverse problems in approximate uniform generation. In such
problems, instead of having to output (near-)uniform elements of R, the input is a sample of
elements drawn uniformly from R,, and the problem (roughly speaking) is to “reverse engineer”
the sample and output a distribution which is close to the uniform distribution over R,. More



CHAPTER 4. INVERSE APPROXIMATE UNIFORM GENERATION 68

precisely, following the above framework, a problem of this sort is again defined by a class C
of combinatorial objects and a polynomial-time relation R. However, now an input instance of
the problem is a sample {yi, ...,y } of strings drawn uniformly at random from the set R, :=
{y : R(x,y) holds}, where now = € C is unknown. The goal is to output an e-sampler for
R,, i.e., a randomized algorithm (which takes no input) whose output distribution is e-close in
total variation distance to the uniform distribution over R,. Revisiting the first example from the
previous paragraph, for the inverse problem the input would be a sample of uniformly random
perfect matchings of an unknown bipartite graph GG, and the problem is to output a sampler for the
uniform distribution over all perfect matchings of G. For the inverse problem corresponding to the
second example, the input is a sample of uniform random satisfying assignments of an unknown
LTF over the Boolean hypercube, and the desired output is a sampler that generates approximately
uniform random satisfying assignments of the LTF.

Discussion. Before proceeding we briefly consider some possible alternate definitions of inverse
approximate uniform generation, and argue that our definition is the “right” one (we give a precise
statement of our definition in Section 4.1, see Definition 76).

One stronger possible notion of inverse approximate uniform generation would be that the
output distribution should be supported on 2, and put nearly the same weight on every element of
R,, instead of just being e-close to uniform over R,. However a moment’s thought suggests that
this notion is too strong, since it is impossible to efficiently achieve this strong guarantee even in
simple settings. (Consider, for example, the problem of inverse approximate uniform generation
of satisfying assignments for an unknown LTF. Given access to uniform satisfying assignments of
an LTF f, it is impossible to efficiently determine whether f is (say) the majority function or an
LTF that differs from majority on precisely one point in {—1, 1}", and thus it is impossible to meet
this strong guarantee.)

Another possible definition of inverse approximate uniform generation would be to require that
the algorithm output an e-approximation of the unknown object x instead of an e-sampler for R,.
Such a proposed definition, though, leads immediately to the question of how one should measure
the distance between a candidate object 2’ and the true “target” object z. The most obvious choice
would seem to be the total variation distance between Up, (the uniform distribution over R?,) and
Ur,,; but given this distance measure, it seems most natural to require that the algorithm actually
output an e-approximate sampler for R,.

Inverse approximate uniform generation via reconstruction and sampling. While our ultimate
goal, as described above, is to obtain algorithms that output a sampler, algorithms that attempt to
reconstruct the unknown object = will also play an important role for us. Given C, R as above, we
say that an (e, 0)-reconstruction algorithm is an algorithm A.econstructy that works as follows: for
any = € C, if Areconstruct 18 given as input a sample of m = m(e, ) i.i.d. draws from the uniform
distribution over R,, then with probability 1 — ¢ the output of A,cconstruct 1S an object T € C such
that the variation distance drv (Ug, ,Ur,) is at most €. (Note that the class C need not coincide with
the original class C, so & need not necessarily belong to C.) With this notion in hand, an intuitively
appealing schema for algorithms that solve inverse approximate uniform generation problems is to
proceed in the following two stages:
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1. (Reconstruct the unknown object): Run a reconstruction algorithm A, construct With accu-
racy and confidence parameters ¢/2, /2 to obtain € C;

2. (Sample from the reconstructed object):NLet Agample be an algorithm which solves the
approximate uniform generation problem (C, R) to accuracy €¢/2 with confidence 1 — §/2.
The desired sampler is the algorithm Ag,mpie With its input set to z.

We refer to this as the standard approach for solving inverse approximate uniform generation
problems. Most of our positive results for inverse approximate uniform generation can be viewed
as following this approach, but we will see an interesting exception in Section 4.6, where we
give an efficient algorithm for an inverse approximate uniform generation problem which does not
follow the standard approach.

Relation between inverse approximate uniform generation and other
problems.

Most of our results will deal with uniform generation problems in which the class C of combina-
torial objects is a class of syntactically defined Boolean functions over {—1, 1}" (such as the class
of all LTFs, all poly(n)-term DNF formulas, all 3-CNFs, etc.) and the polynomial-time relation
R(f,y) for f € Cis “y is a satisfying assignment for f.” In such cases our inverse approximate
uniform generation problem can be naturally recast in the language of learning theory as an un-
supervised learning problem (learning a probability distribution from a known class of possible
target distributions): we are given access to samples from U;-1(q), the uniform distribution over
satisfying assignments of f € C, and the task of the learner is to construct a hypothesis distribution
D such that dry (Us-1(1), D) < e with high probability. We are not aware of prior work in unsu-
pervised learning that focuses specifically on distribution learning problems of this sort (where the
target distribution is uniform over the set of satisfying assignments of an unknown member of a
known class of Boolean functions).

Our framework also has some similarities to “uniform-distribution learning from positive ex-
amples only,” since in both settings the input to the algorithm is a sample of points drawn uniformly
at random from f~!(1), but there are several differences as well. One difference is that in uniform-
distribution learning from positive examples the goal is to output a hypothesis function s, whereas
here our goal is to output a hypothesis distribution (note that outputting a function A essentially cor-
responds to the reconstruction problem described above). A more significant difference is that the
success criterion for our framework is significantly more demanding than for uniform-distribution
learning. In uniform-distribution learning of a Boolean function f over the hypercube {—1, 1}",
the hypothesis i must satisfy Pr[h(z) # f(x)] < ¢, where the probability is uniform over all 2"
points in {—1, 1}". Thus, for a given setting of the error parameter ¢, in uniform-distribution learn-
ing the constant —1 function is an acceptable hypothesis for any function f thathas | f~1(1)| < €2".
In contrast, in our inverse approximate uniform generation framework we measure error by the to-
tal variation distance between U;-1(;) and the hypothesis distribution D, so no such “easy way out”
is possible when |f~!(1)| is small; indeed the hardest instances of inverse approximate uniform
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generation problems are often those for which f~!(1) is a very small fraction of {—1, 1}". Essen-
tially we require a hypothesis with small multiplicative error relative to |f~*(1)|/2" rather than
the additive-error criterion that is standard in uniform-distribution learning. We are not aware of
prior work on learning Boolean functions in which such a “multiplicative-error” criterion has been
employed.

We summarize the above discussion with the following observation, which essentially says that
reconstruction algorithms directly yield uniform-distribution learning algorithms:

Observation 66. Let C be a class of Boolean functions {—1,1}" — {—1,1} and let R(f,y)
be the relation “y is a satisfying assignment for f.” Suppose there exists a t(n, €, d)-time (¢,0)-
reconstruction algorithm for C that outputs elements of C. Then there is an (O(log(1/8)/€?) +
O(t(n,€,6/3) -log(1/8)/€))-time uniform-distribution learning algorithm that outputs hypotheses
in C (i.e., given access to uniform random labeled examples (x, f(x)) for any f € C, the algorithm
with probability 1 — § outputs a hypothesis h € C such that Pr{h(z) # f(x)] < e).

Proof. The learning algorithm draws an initial set of O(log(1/4)/€?) uniform labeled examples to
estimate |f~*(1)|/2" to within an additive +(e/4) with confidence 1 — §/3. If the estimate is less
than 3¢/4 the algorithm outputs the constant — 1 hypothesis. Otherwise, by drawing O(t(n, €, §/3)-
log(1/d)/€)) uniform labeled examples, with failure probability at most §/3 it can obtain ¢(n, €, 5 /3)
positive examples (i.e., points that are uniformly distributed over f~'(1)). Finally the learning al-
gorithm can use these points to run the reconstruction algorithm with parameters ¢, § /3 to obtain a
hypothesis h € C that has drv(Us-11),Up-1(1y) < € with failure probability at most §/3. Such a
hypothesis £ is easily seen to satisfy Pr{h(z) # f(z)] <e. O

As described in the following subsection, in this chapter we prove negative results for the
inverse approximate uniform generation problem for classes such as 3CNF-formulas, monotone 2-
CNF formulas, and degree-2 polynomial threshold functions. Since efficient uniform-distribution
learning algorithms are known for these classes, these results show that the inverse approximate
uniform generation problem is indeed harder than standard uniform-distribution learning for some
natural and interesting classes of functions.

The problem of inverse approximate uniform generation is also somewhat reminiscent of the
problem of reconstructing Markov Random Fields (MRFs) from random samples [19, 28, 113].
Much progress has been made on this problem over the past decade, especially when the hidden
graph is a tree. However, there does not seem to be a concrete connection between this problem
and the problems we study. One reason for this seems to be that in MRF reconstruction, the task
is to reconstruct the model and not just the distribution; because of this, various conditions need to
be imposed in order to guarantee the uniqueness of the underlying model given random samples
from the distribution. In contrast, in our setting the explicit goal is to construct a high-accuracy
distribution, and it may indeed be the case that there is no unique underlying model (i.e., Boolean
function f) given the samples received from the distribution.
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Our results.

We give a wide range of both positive and negative results for inverse approximate uniform gen-
eration problems. As noted above, most of our results deal with uniform generation of satisfying
assignments, i.e., C is a class of Boolean functions over {—1, 1}" and for f € C the relation R(f,y)
is “y is a satisfying assignment for f.” All the results, both positive and negative, that we present
below are for problems of this sort unless indicated otherwise.

Positive results: A general approach and its applications. We begin by presenting a general
approach for obtaining inverse approximate uniform generation algorithms. This technique com-
bines approximate uniform generation and counting algorithms and Statistical Query (SQ) learning
algorithms with a new type of algorithm called a “densifier,” which we introduce and define in Sec-
tion 4.2. Very roughly speaking, the densifier lets us prune the entire space {—1,1}" to a set S
which (essentially) contains all of f~!(1) and is not too much larger than f~1(1) (so f~1(1) is
“dense” in S). By generating approximately uniform elements of .S it is possible to run an SQ
learning algorithm and obtain a high-accuracy hypothesis which can be used, in conjunction with
the approximate uniform generator, to obtain a sampler for a distribution which is close to the
uniform distribution over f~'(1). (The approximate counting algorithm is needed for technical
reasons which we explain in Section 4.2.) In Section 4.2 we describe this technique in detail and
prove a general result establishing its effectiveness.

In Sections 4.3 and 4.4 we give two main applications of this general technique to specific
classes of functions. The first of these is the class LTF of all LTFs over {—1,1}". Our main
technical contribution here is to construct a densifier for LTFs; we do this by carefully combining
known efficient online learning algorithms for LTFs (based on interior-point methods for linear
programming) [108] with known algorithms for approximate uniform generation and counting of
satisfying assignments of LTFs [112, 43]. Given this densifier, our general approach yields the
desired inverse approximate uniform generator for LTFs:

Theorem 67. (Informal statement) There is a poly(n, 1/¢)-time algorithm for the inverse prob-
lem of approximately uniformly generating satisfying assignments for LTFs.

Our second main positive result for a specific class, in Section 4.4, is for the well-studied class
DNF,, ; of all size-s DNF formulas over n Boolean variables. Here our main technical contribu-
tion is to give a densifier which runs in time n°(°8(s/9) and outputs a DNF formula. A challenge
here is that known SQ algorithms for learning DNF formulas require time exponential in n'/3. To
get around this, we view the densifier’s output DNF as an OR over n?(°8(5/<)) “metavariables”
(corresponding to all possible conjunctions that could be present in the DNF output by the densi-
fier), and we show that it is possible to apply known malicious noise tolerant SQ algorithms for
learning sparse disjunctions as the SQ-learning component of our general approach. Since ef-
ficient approximate uniform generation and approximate counting algorithms are known [72, §82]
for DNF formulas, with the above densifier and SQ) learner we can carry out our general technique,
and we thereby obtain our second main positive result for a specific function class:
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Theorem 68. (Informal statement) There is a n°1°¢/) time algorithm for the inverse problem
of approximately uniformly generating satisfying assignments for s-term DNF formulas.

Negative results based on cryptography. In light of the “standard approach,” it is clear that in
order for an inverse approximate uniform generation problem (C, R) to be computationally hard,
it must be the case that either stage (1) (reconstructing the unknown object) or stage (2) (sampling
from the reconstructed object) is hard. (If both stages have efficient algorithms A.cconstruct and
Asample Tespectively, then there is an efficient algorithm for the whole inverse approximate uniform
generation problem that combines these algorithms according to the standard approach.) Our first
approach to obtaining negative results can be used to obtain hardness results for problems for which
stage (2), near-uniform sampling, is computationally hard. The approach is based on signature
schemes from public-key cryptography; roughly speaking, the general result which we prove is
the following (we note that the statement given below is a simplification of our actual result which
omits several technical conditions; see Theorem 118 of Section 4.5 for a precise statement):

Theorem 69. (Informal statement) Let C be a class of functions such that there is a parsimonious
reduction from CIRCUIT-SAT to C-SAT. Then known constructions of secure signature schemes
imply that there is no subexponential-time algorithm for the inverse problem of approximately
uniformly generating satisfying assignments to functions in C.

The secure signature schemes we require are known to exist under many different assumptions.
These include the RSA’ assumption of Micali, Rabin and Vadhan [111], the DH-DDH assumption
of Lysyanskaya [107], and the strong RSA assumption of Cramer and Shoup [25]. The same as-
sumptions can also be used in Corollary 70.

This theorem yields a wide range of hardness results for specific classes that show that our
positive results (for LTFs and DNF) lie quite close to the boundary of what classes have efficient
inverse approximate uniform generation algorithms. We prove:

Corollary 70. (Informal statement) Under known constructions of secure signature schemes,
there is no subexponential-time algorithm for the inverse approximate uniform generation prob-
lem for either of the following classes of functions: (i) 3-CNF formulas; (ii) intersections of two
halfspaces.

We show that our signature-scheme-based hardness approach can be extended to settings where
there is no parsimonious reduction as described above. Using “blow-up”-type constructions of the
sort used to prove hardness of approximate counting, we prove the following:

Theorem 71. (Informal statement) Under the same assumptions as Corollary 70, there is no
subexponential-time algorithm for the inverse approximate uniform generation problem for either
of the following classes: (i) monotone 2-CNF; (ii) degree-2 polynomial threshold functions.

It is instructive to compare the above hardness results with the problem of uniform generation
of NP-witnesses. In particular, while it is obvious that no efficient randomized algorithm can
produce even a single satisfying assignment of a given 3-SAT instance (assuming NP ¢ BPP),
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the seminal results of Jerrum ef al. [72] showed that given access to an NP-oracle, it is possible to
generate approximately uniform satisfying assignments for a given 3-SAT instance. It is interesting
to ask whether one requires the full power of adaptive access to NP-oracles for this task, or whether
a weaker form of “advice” suffices. Our hardness results can be understood in this context as giving
evidence that receiving polynomially many random satisfying assignments of a 3-SAT instance
does not help in further uniform generation of satisfying assignments.!

Our signature-scheme based approach cannot give hardness results for problems that have
polynomial-time algorithms for the “forward” problem of sampling approximately uniform satisfy-
ing assignments. Our second approach to proving computational hardness can (at least sometimes)
surmount this barrier. The approach is based on Message Authentication Codes in cryptography;
the following is an informal statement of our general result along these lines (as before the follow-
ing statement ignores some technical conditions; see Theorem 138 for a precise statement):

Theorem 72. (Informal statement) There are known constructions of MACs with the following
property: Let C be a class of circuits such that the verification algorithm of the MAC can be
implemented in C. Then there is no subexponential-time inverse approximate uniform generation
algorithm for C.

We instantiate this general result with a specific construction of a MAC that is a slight variant of
a construction due to Pietrzak [124]. The computational assumption in this construction is a slight
variant of the standard Learning Parity with Noise (LPN) assumption. This specific construction
yields a class C for which the “forward” approximate uniform generation problem is computa-
tionally easy, but (under a plausible computational hardness assumption) the inverse approximate
uniform generation problem is computationally hard.

The above construction based on MACs shows that there are problems (C, R) for which the
inverse approximate uniform generation problem is computationally hard although the “forward”
approximate uniform generation problem is easy. As our last result, we exhibit a group-theoretic
problem (based on graph automorphisms) for which the reverse situation holds: under a plausi-
ble hardness assumption the forward approximate uniform generation problem is computationally
hard, but we give an efficient algorithm for the inverse approximate uniform generation problem
(which does not follow our general technique or the “standard approach”).

Related work. Concurrent (but independent) to our work, Anderson, Goyal and Rademacher [3]
considered the following problem : Given access to random samples drawn uniformly from an
unknown simplex X (i.e. an intersection of n 4 1 halfspaces) over R"”, estimate the simplex. More
precisely, their task is to output n + 1 halfspaces H, ..., H, such thatif X' = H,N...N H,, then
dry(Ux,Ux) < e. Anderson et al. give a poly(n)-time algorithm for this problem. Combining
this with an efficient algorithm for sampling from convex bodies [105], we get a poly(n)-time
algorithm to output a sampler for the distribution {/x-.

'There is a small caveat here in that we are not given the 3-SAT formula per se but rather access to random
satisfying assignments of the formula. However, there is a simple elimination based algorithm to reconstruct a high-
accuracy approximation for a 3-SAT formula if we have access to random satisfying assignments for the formula.
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Note that this is the same as inverse approximate uniform generation for the class of intersec-
tion of n + 1 halfspaces, but with one crucial difference: the underlying measure is the Lebesgue
measure on R" as opposed to the uniform measure on {0, 1}" (as it is in our case). The distinction
between these two measures is indeed a very significant one; recall that, as we mentioned in Corol-
lary 70, an analogous result is impossible (under a cryptographic hardness assumption) even for
an intersection of two halfspaces for the uniform measure on {0, 1}". Perhaps not too surprisingly,
the techniques of Anderson et al. are rather disjoint from the techniques in this chapter; in partic-
ular, they rely on ideas from algorithmic convex geometry, especially ideas related to Independent
Component Analysis (ICA) [56].

Structure of this chapter. After the preliminaries in Section 4.1, we present in Section 4.2 our
general upper bound technique. In Sections 4.3 and 4.4 we apply this technique to obtain efficient
inverse approximate uniform generation algorithms for LTFs and DNFs respectively. Section 4.5
contains our hardness results. In Section 4.6 we give an example of a problem for which approx-
imate uniform generation is hard, while the inverse problem is easy. Finally, in Section ?? we
conclude the chapter suggesting further directions for future work.

4.1 Preliminaries and Useful Tools

Notation and Definitions.

For n € Z,, we will denote by [n] the set {1,...,n}. For a distribution D over a finite set WW
we denote by D(z), € W, the probability mass that D assigns to point z, so D(z) > 0 and
Y wewD(x) = 1. For S € W, we write D(S) to denote ) . D(x). For a finite set X we
write €y X to indicate that = is chosen uniformly at random from X. For a random variable

x, we will write  ~ D to denote that x follows distribution D. Let D, D’ be distributions over

W. The total variation distance between D and D' is drv (D, D’) o maxgcy |D(S) — D'(S)| =

(1/2)-||D = D'||, where | D — D'||y = >, o | D(x) — D'(x)| is the L,—distance between D and
D'

We will denote by C,,, or simply C, a Boolean concept class, i.e., a class of functions mapping
{=1,1}" to {—1,1}. We usually consider syntactically defined classes of functions such as the
class of all n-variable linear threshold functions or the class of all n-variable s-term DNF formulas.
We stress that throughout this chapter a class C is viewed as a representation class. Thus we will
say that an algorithm “takes as input a function f € C” to mean that the input of the algorithm is a
representation of f € C.

We will use the notation U4, (or simply ¢/, when the dimension 7 is clear from the context) for
the uniform distribution over {—1,1}". Let f : {—1,1}" — {—1,1}. We will denote by U1y
the uniform distribution over satisfying assignments of f. Let D be a distribution over {—1, 1}"
with 0 < D(f'(1)) < 1. We write Dy, to denote the conditional distribution D restricted to
f71(1);soforz € f~1(1) we have Dy (z) = D(x)/D(f'(1)). Observe that, with this notation,
we have that Up-1q) = Uy 4.
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We proceed to define the notions of approximate counting and approximate uniform generation
for a class of Boolean functions:

Definition 73 (approximate counting). Let C be a class of n-variable Boolean functions. A ran-
domized algorithm AS, . is an efficient approximate counting algorithm for class C, if for any
€,0 > 0andany f € C, on input €,§ and f € C, it runs in time poly(n,1/e,log(1/0)) and with

probability 1 — 0 outputs a value D such that

g Pl =1<5< 049 Pyl =1]

Definition 74 (approximate uniform generation). Let C be a class of n-variable Boolean functions.
A randomized algorithm Agen is an efficient approximate uniform generation algorithm for class
C, if for any € > 0 and any f € C, there is a distribution D = D, . supported on f~(1) with

11
Lte [f711)]

§D(x)§(1+e)-m

foreach x € f~'(1), such that for any § > 0, on input €,6 and f € C, algorithm AS_ (e, 9, f) runs

in time poly(n,1/¢,1og(1/6)) and either outputs a point x € f~'(1) that is distributed precisely
according to D = Dy ., or outputs 1. Moreover the probability that it outputs L is at most 6.

An approximate uniform generation algorithm is said to be fully polynomial if its running time
dependence on € is poly(log(1/e)).

Before we define our inverse approximate uniform generation problem, we need the notion of
a sampler for a distribution:

Definition 75. Let D be a distribution over {—1,1}". A sampler for D is a circuit C' with m =
poly(n) input bits z € {—1,1}" and n output bits x € {—1,1}" which is such that when z ~ U,,
then v ~ D. For ¢ > 0, an e-sampler for D is a sampler for some distribution D' which has
dTv(D,, D) S €.

For clarity we sometimes write “C' is a O-sampler for D to emphasize the fact that the outputs
of C'(z) are distributed exactly according to distribution D. We are now ready to formally define
the notion of an inverse approximate uniform generation algorithm:

Definition 76 (inverse approximate uniform generation). Let C be a class of n-variable Boolean
functions. A randomized algorithm AS, is an inverse approximate uniform generation algorithm
for class C, if for any €,0 > 0 and any f € C, on input €,0 and sample access to Uy-1(1), with
probability 1 — § algorithm AS, outputs an e-sampler C; for Usp-1(1).

mv
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Hypothesis Testing.

Our general approach works by generating a collection of hypothesis distributions, one of which
is close to the target distribution U;-1(;y. Thus, we need a way to select a high-accuracy hypoth-
esis distribution from a pool of candidate distributions which contains at least one high-accuracy
hypothesis. This problem has been well studied, see e.g. Chapter 7 of [37]. We use the following
result which is an extension of Lemma C.1 of [26].

Proposition 77. Let D be a distribution over a finite set VV and D, = {Dj}j-vzl be a collection
of N distributions over YV with the property that there exists i € [N| such that drv(D, D;) < e.
There is an algorithm TP, which is given access to:

(i) samplers for D and Dy, for all k € [N],

(ii) a (1 + [)—approximate evaluation oracle EVALp, (53), for all k € [N], which, on input
w € W, deterministically outputs a value DY (w), such that Dy(w)/(1 + ) < D (w) <
(1 + B)Dy(w), where B > 0 is any parameter satisfying (1 + 5)* <1+ ¢/8,

an accuracy parameter € and a confidence parameter 0, and has the following behavior: It makes
m = QO ((1/62) - (log N + log(l/é)))

draws from D and from each Dy, k € [N, and O(m) calls to each oracle EVALp, (), k € [N],
performs O(mN?) arithmetic operations, and with probability 1 — & outputs an index i* € [N]
that satisfies dry (D, D;+) < 6e.

Before we proceed with the proof, we note that there are certain crucial differences between the
current setting and the setting of [26, 27] (as well as other related works that use versions of Propo-
sition 77). In particular, in our setting, the set WV is of size 2", which was not the case in [26, 27].
Hence, we cannot assume the distributions D; are given explicitly in the input. Thus Proposition 77
carefully specifies what kind of access to these distributions is required. Proposition 77 is an ex-
tension of similar results in the previous works; while the idea of the proof is essentially the same,
the details are more involved. We postpone the proof to Appendix C.1.

Remark 78. As stated Proposition 77 assumes that algorithm 7 has access to samplers for all
the distributions Dy, so each call to such a sampler is guaranteed to output an element distributed
according to Dy.. Let D;- be a distribution over YW U { L} which is such that (i) D;-(L) < 1/2, and
(ii) the conditional distribution (Di-)yy of Di- conditioned on not outputting L is precisely Dy,. Itis
easy to see that the proof of Proposition 77 extends to a setting in which 7 has access to samplers
for Dit rather than samplers for Dy,; each time a sample from Dj, is required the algorithm can
simply invoke the sampler for D;- repeatedly until an element other than L is obtained. (The low-
probability event that many repetitions are ever needed can be “folded into” the failure probability
J.)
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4.2 A general technique for inverse approximate uniform
generation

In this section we present a general technique for solving inverse approximate uniform generation
problems. Our main positive results follow this conceptual framework. At the heart of our approach
is a new type of algorithm which we call a densifier for a concept class C. Roughly speaking, this
is an algorithm which, given uniform random positive examples of an unknown f € C, constructs
a set S which (essentially) contains all of f~'(1) and which is such that f~'(1) is “dense” in S.
Our main result in this section, Theorem 81, states (roughly speaking) that the existence of (i) a
computationally efficient densifier, (ii) an efficient approximate uniform generation algorithm, (iii)
an efficient approximate counting algorithm, and (iv) an efficient statistical query (SQ) learning
algorithm, together suffice to yield an efficient algorithm for our inverse approximate uniform
generation problem.

We have already defined approximate uniform generation and approximate counting algo-
rithms, so we need to define SQ) learning algorithms and densifiers. The statistical query (SQ)
learning model is a natural restriction of the PAC learning model in which a learning algorithm is
allowed to obtain estimates of statistical properties of the examples but cannot directly access the
examples themselves. Let D be a distribution over {—1,1}". In the SQ model [85], the learning
algorithm has access to a statistical query oracle, STAT(f, D), to which it can make a query of
the form (y, 7), where x : {—1,1}" x {—1,1} — [—1,1] is the query function and 7 > 0 is the
tolerance. The oracle responds with a value v such that |E,p [x (z, f(x))] —v| < 7, where f € C
is the target concept. The goal of the algorithm is to output a hypothesis h : {—1,1}" — {—1,1}
such that Pr,p[h(z) # f(x)] < e. The following is a precise definition:

Definition 79. Let C be a class of n-variable Boolean functions and D be a distribution over
{—1,1}". An SQ learning algorithm for C under D is a randomized algorithm AgQ that for every
€,0 > 0, every target concept f € C, on input €, 6 and with access to oracle STAT(f, D) and to
independent samples drawn from D, outputs with probability 1 — 6 a hypothesis h : {—1,1}" —
{—1,1} such that Pry.plh(z) # f(x)] < e Let ti(n,1/e,1/0) be the running time of AS,
(assuming each oracle query is answered in unit time), ty(n) be the maximum running time to
evaluate any query provided to STAT(f, D) and 7(n, 1/¢€) be the minimum value of the tolerance
parameter ever provided to STAT(f, D) in the course of AgQ ’s execution. We say that AgQ is
efficient (and that C is efficiently SQ) learnable with respect to distribution D), if t,(n,1/€,1/9)
is polynomial in n, 1/€ and 1/6, ta(n) is polynomial in n and T(n,1/€) is lower bounded by
an inverse polynomial in n and 1/e. We call an SQ learning algorithm AgQ for C distribution
independent if AgQ succeeds for any distribution D. If C has an efficient distribution independent
SQ learning algorithm we say that C is efficiently SQ learnable (distribution independently).

We sometimes write an “(e, §)—SQ learning algorithm” to explicitly state the accuracy pa-
rameter € and confidence parameter Throughout this chapter, we will only deal with distribution
independent SQ) learning algorithms.
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To state our main result, we introduce the notion of a densifier for a class C of Boolean func-
tions. Intuitively, a densifier is an algorithm which is given access to samples from U;-1(;) (where
f is an unknown element of C) and outputs a subset S C {—1, 1}" which is such that (i) S contains
“almost all” of f~1(1), but (ii) S is “much smaller” than {—1, 1}" — in particular it is small enough
that f~!(1) N S is (at least moderately) “dense” in S.

Definition 80. Fix a function v(n,1/e,1/0) taking values in (0,1] and a class C of n-variable
Boolean functions. An algorithm .Aé <) is said to be a ~y-densifier for function class C using
class C' if it has the following behavior: For every €,§ > 0, every 1/2" < p < 1, and every
[ € C, given as input €,5,p and a set of independent samples from Us-1(1), the following holds:

Let p “ Pro,[f(z) = 1]. If p < p < (1 + €)p, then with probability at least 1 — §, algorithm
Aden outputs a function g € C' such that:

(a) Pramuf,l(l) [g(x)=1]>1—¢€.
(b) Procy_, ,, [f(x) =1] = v(n,1/€,1/0).

We will sometimes write an “(¢, v, §)—densifier” to explicitly state the parameters in the defini-
tion.
Our main conceptual approach is summarized in the following theorem:

Theorem 81 (General Upper Bound). Let C,C’ be classes of n-variable Boolean functions. Sup-
pose that

o Aéif,) is an (€,7, 0)-densifier for C using C' running in time Tyen(n,1/€,1/6).

° Agen is an (€, §)-approximate uniform generation algorithm for C' running in time Tyen(n,1/€,1/6).

o AC .. isan (e,8)-approximate counting algorithm for C' running in time Trouni (n, 1/€, 1/9).

o ASq is an (€,0)-SQ learning algorithm for C such that: ASq runs in time ti(n,1/€,1/6)
, to(n) is the maximum time needed to evaluate any query provided to STAT(f, D), and
7(n, 1/€) is the minimum value of the tolerance parameter ever provided to STAT(f, D) in

the course of ACQ s execution.

Then there exists an inverse approximate uniform generation algorithm Amv for C. The run-
ning time of AS,, is polynomial in Tyen(n,1/€,1/5), 1/7, Tyen(n,1/€,1/6), Teoum (n,1/€,1/5),
t1(n,1/€,1/0), ta(n) and 1/7(n, 1/€) provided the dependence of Taen(-), Tgen(+), Teount (), t1(),
to(+) and 7(+) is polynomial in their input parameters. *

Sketch of the algorithm. The inverse approximate uniform generation algorithm A _ for C works

mv

in three main conceptual steps. Let f € C be the unknown target function and recall that our
algorithm A€ _ is given access to samples from Up-1(1)-

mv

Mt is straightforward to derive an explicit running time bound for A¢,  in terms of the above functions from our

analysis, but the resulting expression is extremely long and rather uninformative so we do not provide it.
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(€.

den

runs the densifier A
(e

den

(1) In the first step, A¢

mv

on a set of samples from U;-1(;y. Let g € C’

be the output function of A
Note that by setting the input to the approximate uniform generation algorithm Ag,;n to g, we obtain
an approximate sampler C, for U;-1(;). The output distribution D’ of this sampler, is by definition
supported on g~'(1) and is close to D = U,—1(1) in total variation distance.

(2) The second step is to run the SQ-algorithm AgQ to learn the function f € C' under the
distribution D. Let h be the hypothesis constructed by AgQ.

(3) In the third and final step, the algorithm simply samples from C; until it obtains an example
x that has h(z) = 1, and outputs this .

Remark 82. The reader may have noticed that the above sketch does not seem to use the approxi-
mate counting algorithm AC. ; we will revisit this point below.

count?

Remark 83. The connection between the above algorithm sketch and the ‘““standard approach”
discussed in the Introduction is as follows: The function g A h essentially corresponds to the
reconstructed object Z of the “standard approach.” The process of sampling from C, and doing
rejection sampling until an input that satisfies / is obtained, essentially corresponds to the Agample
procedure of the “standard approach.”

Intuition, motivation and discussion.

To motivate the high-level idea behind our algorithm, consider a setting in which f~!(1) is only a
tiny fraction (say 1/2°™) of {—1,1}". It is intuitively clear that we would like to use some kind
of a learning algorithm in order to come up with a good approximation of f~!(1), but we need
this approximation to be accurate at the “scale” of f~!(1) itself rather than at the scale of all of
{—1,1}", so we need some way to ensure that the learning algorithm’s hypothesis is accurate at
this small scale. By using a densifier to construct ¢ such that g~*(1) is not too much larger than
f71(1), we can use the distribution D = U,-1(1) to run a learning algorithm and obtain a good
approximation of f~1(1) at the desired scale. (Since D and D’ are close in variation distance, this
implies we also learn f with respect to D’.)

To motivate our use of an S(Q) learning algorithm rather than a standard PAC learning algorithm,
observe that there seems to be no way to obtain correctly labeled examples distributed according to
D. However, we show that it is possible to accurately simulate statistical queries under D having
access only to random positive examples from f~!(1) and to unlabeled examples drawn from D
(subject to additional technical caveats discussed below). We discuss the issue of how it is possible
to successfully use an SQ learner in our setting in more detail below.

Discussion and implementation issues. While the three main conceptual steps (1)-(3) of our
algorithm may (hopefully) seem quite intuitive in light of the preceding motivation, a few issues
immediately arise in thinking about how to implement these steps. The first one concerns running
the SQ-algorithm AgQ in Step 2 to learn f under distribution D (recall that D = Uy-1() and is
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close to D’). Our algorithm A needs to be able to efficiently simulate AgQ given its available
information. While it would be easy to do so given access to random labeled examples (x, f(z)),
where x ~ D, such information is not available in our setting. To overcome this obstacle, we show
(see Proposition 85) that for any samplable distribution D, we can efficiently simulate a statistical
query algorithm under D using samples from Dy . This does not quite solve the problem, since
we only have samples from U;-1(;). However, we show (see Claim 88) that for our setting, i.e., for
D = U411y, we can simulate a sample from Dy , by a simple rejection sampling procedure using
samples from U;-1(;) and query access to g.

Some more issues remain to be handled. First, the simulation of the statistical query algorithm
sketched in the previous paragraph only works under the assumption that we are given a sufficiently
accurate approximation by of the probability Pr, p[f(x) = 1]. (Intuitively, our approximation
should be smaller than the smallest tolerance 7 provided to the statistical query oracle by the
algorithm .A‘S:Q.) Second, by Definition 80, the densifier only succeeds under the assumption that
it is given in its input an (1 + €)-multiplicative approximation p to p = Pr,, [f(z) = 1].

We handle these issues as follows: First, we show (see Claim 89) that, given an accurate
estimate p and a “dense” function g € C’, we can use the approximate counting algorithm AS,
to efficiently compute an accurate estimate IZ« (This is one reason why Theorem 81 requires an
approximate counting algorithm for C’.) To deal with the fact that we do not a priori have an
accurate estimate p, we run our sketched algorithm for all possible values of Pr,., [f(z) = 1]
in an appropriate multiplicative “grid” of size N = O(n/e), covering all possible values from
1/2™ to 1. We thus obtain a set D of N candidate distributions one of which is guaranteed to
be close to the true distribution U;-1(;y in variation distance. At this point, we would like to
apply our hypothesis testing machinery (Proposition 77) to find such a distribution. However,
in order to use Proposition 77, in addition to sample access to the candidate distributions (and
the distribution being learned), we also require a multiplicatively accurate approximate evaluation
oracle to evaluate the probability mass of any point under the candidate distributions. We show
(see Lemma 169) that this is possible in our generic setting, using properties of the densifier and
the approximate counting algorithm AS, . for C'.

Now we are ready to begin the detailed proof of Theorem 81. The reader who wishes to
proceed directly to the applications of Theorem 81 may skip to Section 4.3.

Simulating statistical query algorithms.

Our algorithm A€ will need to simulate a statistical query algorithm for C, with respect to a

specific distribution D. Note, however that A;,,, only has access to uniform positive examples of
[ € C, ie., samples from Uy-1(;). Hence we need to show that a statistical query algorithm can
be efficiently simulated in such a setting. To do this it suffices to show that one can efficiently
provide valid responses to queries to the statistical query oracle STAT(f, D), i.e., that one can
simulate the oracle. Assuming this can be done, the simulation algorithm Agq_gsny is very simple:
Run the statistical query algorithm Agq, and whenever it makes a query to STAT( f, D), simulate
it. To this end, in the following lemma we describe a procedure that simulates an S() oracle.
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(Our approach here is similar to that of earlier simulation procedures that have been given in the
literature, see e.g. Denis et al. [35].)

Lemma 84. Let C be a concept class over {—1,1}", f € C, and D be a samplable distribution
over {—1,1}". There exists an algorithm Simulate-STAT} with the following properties: It is

given access to independent samples from Dy ., and takes as input a number be € [0,1], a t(n)-
time computable query function x : {—1,1}" x{—1,1} — [—1, 1], a tolerance T and a confidence
d. It has the following behavior: it uses m = O ((1/7%)1log(1/8)) samples from D and Dy, runs
in time O (m - t(n)), and if |l;;c — Pr,plf(z) = 1]| <7/, then with probability 1 — ¢ it outputs a
number v such that

|E.wp [X (2, f(2)] —v| <7+ 7. 4.1)

The proof of Lemma 84 is deferred to Appendix C.2. Given the above lemma, we can state and
prove our general result for simulating SQ) algorithms:

Proposition 85. Let C be a concept class and D be a samplable distribution over {—1,1}". Sup-
pose there exists an SQ-learning algorithm Agq for C under D with the following performance:
Asq runs in time Ty = t1(n,1/¢,1/0), each query provided to STAT(f, D) can be evaluated in
time Ty = ty(n), and the minimum value of the tolerance provided to STAT(f, D) in the course of
its execution is T = 7(n, 1/€). Then, there exists an algorithm Asq_si that is given access to

(i) independent samples from Dy . ; and
(ii) a numberlgc €[0,1],

and efficiently simulates the behavior of Asq. In particular, Asq_siv has the following perfor-
mance guarantee: on input an accuracy € and a confidence 8, it usesm = O ((1/72%) - log(T1/5) - Ty)
samples from D and Dy ., runs in time Tsq_sny = O (m15), and lfll;} —Prep[f(z) =1]| <7/2
then with probability 1—0 it outputs a hypothesis h : {—1,1}" — {—1, 1} such that Pr,.p[h(z) #
f@)] <e

The proof of Proposition 85 is deferred to Appendix C.2. Proposition 85 tells us we can efficiently
simulate a statistical query algorithm for a concept class C under a samplable distribution D if we
have access to samples drawn from Dy (and a very accurate estimate of Pr,_p[f(z) = 1]). In

our setting, we have that D = U,-1(;) where g € C’ is the function that is output by Af{;f'). So,
the two issues we must handle are (i) obtaining samples from D, and (ii) obtaining samples from
Dy .

For (i), we note that, even though we do not have access to samples drawn exactly from D, it
suffices for our purposes to use a 7’-sampler for D for a sufficiently small 7’. To see this we use

the following fact:

Fact 86. Let D, D’ be distributions over {—1,1}" with drv(D, D') < 7'. Then for any bounded
function ¢ : {—1,1}" — [—1, 1] we have that | E,.p|¢(x)] — Epwp[o(2)]] < 27"
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The proof of Fact 86 is deferred to Appendix C.2. The above fact implies that the statement of
Proposition 85 continuous to hold with the same parameters if instead of a O-sampler for D we
have access to a 7'-sampler for D, for 7/ = 7/8. The only difference is that in Step 1 of the
subroutine Simulate-STAT} we empirically estimate the expectation E,.p/[x(x, —1)] up to
an additive £7/4. By Fact 86, this will be a +(7/4 + 27') = £7/2 accurate estimate for the
E..p[x(z,—1)]. That is, we have:

Corollary 87. The statement of Proposition 85 continues to hold with the same parameters if
instead of a 0-sampler for D we have access to a 7' = 7 /8-sampler for D.

For (ii), even though we do not have access to the distribution D = U,-1(y) directly, we note
below that we can efficiently sample from Dy , using samples from Uy-1(;) together with evalu-
ations of ¢ (recall again that g is provided as the output of the densifier).

Claim 88. Let g : {—1,1}" — {—1,1} be a t,(n) time computable function such that it satisfies
Prou, ., [g(x) = 1] > €. There is an efficient subroutine that is given ¢ and a circuit to com-
pute g as input, uses m = O((1/€')log(1/9)) samples from Us-1(1, runs in time O(m -t4(n)), and

with probability 1 — 0 outputs a sample x such that x ~ Dy, where D = Ug-1y).

As before, we defer the proof of Claim 88 to Appendix C.2.

Getting a good estimate l;;c of Pr..p[f(x) = 1]. The simulations presented above require an
additively accurate estimate 5} of Pr,.p[f(z) = 1]. We now show that in our context, such an
estimate can be easily obtained if we have access to a good estimate p of p = Pr,¢y, [f(z) = 1],
using the fact that we have an efficient approximate counting algorithm for C’ and that D = U1
where g € C'.

Claim 89. Let g : {—1,1}" — {—1,1}, g € C' be a t,(n) time computable function, sat-
isfying Proy [f(z) = 1] > + and Prou, ., [g(x) = 1] > 1 —¢€. Let AS . be an
(€, 0)-approximate counting algorithm for C' running in time Touni(n, 1/€,1/6). There is a proce-
dure Est imate-Bias with the following behavior: Estimate—Bias takes as input a value
0 < p < 1, a parameter 7" > 0, a confidence parameter &', and a representation of g € C'.
Estimate-Bias runs in time O(ty - Toount(n,2/7',1/0")) and satisfies the following: if p &«
Prou,[f(z) = 1] < p < (1 + €)p, then with probability 1 — ¢’ Estimate-Bias outputs a
value l;;c such that |5} —Prooplf(z) =1]| < 7.

The proof of Claim 89 is deferred to Appendix C.2.

An algorithm that succeeds given the (approximate) bias of f.
In this section, we present an algorithm A, (¢, d, p) which, in addition to samples from U1 (1),
takes as input parameters €, 9, p. The algorithm succeeds in outputting a hypothesis distribution Dy
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satisfying drv(Dy,Us-11)) < € if the input parameter p is a multiplicatively accurate approxima-
tion to Pr,, [f(z) = 1]. The algorithm follows the three high-level steps previously outlined
and uses the subroutines of the previous subsection to simulate the statistical query algorithm.

Algorithm A (Us-1(1), €, 8, D):

Input: Independent samples from I;-1(;), accuracy and confidence parameters ¢,d, and a
value 1/2" < p < 1.

Output: If Pr, [f(z) = 1] < ﬁ < (1 +€)Pryy,[f(z) = 1], with probability 1 — ¢
outputs an e-sampler C'y for U1

1. Fix ¢ & €¢/6 and -~y &of v(n,1/€1,3/0). Run the ~y-densifier Aéif/)(el,é/?),ﬁ) using
random samples from U/;-1(1). Let g € C' be its output.

2. a) Fixes & ev/7, 7 € 7(n,1/6) and m £ © ((1/72) - 1og(T1/8) - T}), where T} =
tl(n ]_/62, 12/6)

b) Run the generator .Agen(g7 72/8,6/(12m)) m times and let Sp C {—1,1}" be the
multiset of samples obtained.

¢) Run Simulate-sample®’+(Us-1(1),9,7,6/(12m)) m times and let Sp,, C
{—1,1}" be the multiset of samples obtalned.

d) Run Estimate-Bias with parameters p, 77 = 75/2, &' = /12, using the
representation for g € C’, and let b be the value it returns.

e) Run Asq sm(Sp, Sp, ., €2, I;}, §/12). Let h : {—1,1}" — {—1, 1} be the output
hypothesis.

3. Output the sampler C'; which works as follows:
Fori=1tot =0 ((1/7)log(1/(d€)) do

a) Set e3 & ev/48000.

b) Run the generator AS. (g, €3, d¢/(12t)) and let () be its output.

gen

¢) If h(z®) = 1, output z®,

If no 2V with h(2()) = 1 has been obtained, output the default element L.

Let D denote the distribution over {—1 1}” U {L} for which Cy is a 0-sampler, and let
D’ denote the conditional distribution of D restricted to {—1,1}" (i.e., excluding ).

We note that by inspection of the code for C'y, we have that the distribution D’ is identi-
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cal to (Dg,)n-1(1), where Dy, is the distribution corresponding to the output of the approxi-
mate uniform generator when called on function g and error parameter €3 (see Definition 74) and
(Dg.es)n-1(1) is Dy, conditioned on h~'(1).

We have the following:
Theorem 90. Let p < Procy, [f(x) = 1]. Algorithm AE (e,8,D) has the following behavior: If

mv

p < p < (1+ ¢€)p, then with probability 1 — § the following both hold:

(i) the output C'y is a sampler for a distribution D such that dTv(D, Up-11y) < € and
(ii) the functions h, g satisfy |h=(1) N g=*(1)|/|g~1(1)] > ~v/2.

The running time of AC is polynomial in Tyen(n, 1/€,1/6), Tyen(n,1/€,1/8), Teount(n, 1/€,1/6),

mv

t1(n,1/€e,1/9), ta(n), 1/7(n,1/€), and 1/v(n,1/e, 1/9).

Proof. We give an intuitive explanation of the pseudocode in tandem with a proof of correctness.
We argue that Steps 1-3 of the algorithm implement the corresponding steps of our high-level
description and that the algorithm succeeds with confidence probability 1 — 4.

We assume throughout the argument that indeed p lies in [p, (1 + €)p). Given this, by Defini-
tion 80 with probability 1 — §/3 the function g satisfies properties (a) and (b) of Definition 80,
Le., Prou, [g(x) =1] > 1 — ¢ and PrxNug_l(l)[f(x) = 1] > 7. We condition on this event
(which we denote F;) going forth.

We now argue that Step 2 simulates the SQ learning algorithm AgQ to learn the function f € C
under distribution D = U,-1(1) to accuracy €, with confidence 1 — §/3. Note that the goal of
Step (b) is to obtain m samples from a distribution D" (the distribution “D, ., 5" of Definition 74)
such that drv (D", D) < 75/8. To achieve this, we call the approximate uniform generator for g
a total of m times with failure probability 6/(12m) for each call (i.e., each call returns L with
probability at most §/(12m)). By a union bound, with failure probability at most 4/12, all calls to
the generator are successful and we obtain a set Sp of m independent samples from D”. Similarly,
the goal of Step (c) is to obtain m samples from D and to achieve it we call the subroutine
Simulate-sample”s+ a total of m times with failure probability § /(12m) each. By Claim 88
and a union bound, with failure probability at most 6/12, this step is successful, i.e., it gives a
set Sp, . of m independent samples from Dy . The goal of Step (d) is to obtain a value l;;c
satisfying |l;} — Proop[f(x) = 1]| < 75/2; by Claim 89, with failure probability at most /12
the value Z;;c obtained in this step is as desired. Finally, Step (e) applies the simulation algorithm
Asq-siu using the samples Sp and Sp, . and the estimate l;;c of Pr,.p[f(xz) = 1] obtained in
the previous steps. Conditioning on Steps (b), (c) and (d) being successful Corollary 87 implies
that Step (e) is successful with probability 1 — 6/12, i.e., it outputs a hypothesis & that satisfies
Pr..p[f(z) # h(z)] < €. A union bound over Steps (c), (d) and (e) completes the analysis
of Step 2. For future reference, we let 5 denote the event that the hypothesis / constructed in
Step 2(e) has Pr,..p[f(x) # h(z)] < € (so we have that E; holds with probability at least 1 —0/3;
we additionally condition on this event going forth). We observe that since (as we have just shown)
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Prwwuflm [f(x) # h(x)] < ey and Prx,vugfl(l) [f(x) =1] > v, we have Prw~ug71(1) [h(z) =1] >
v — €2 > 7y/2, which gives item (ii) of the theorem; so it remains to establish item (i) and the
claimed running time bound.

To establish (i), we need to prove that the output distribution D of the sampler C is e-close
in total variation distance to {/y-1(;). This sampler attempts to draws ¢ samples from a distribution
D' such that dpv (D', D) < e (this is the distribution “D, ., in the notation of Definition 74) and
it outputs one of these samples that satisfies / (unless none of these samples satisfies A, in which
case it outputs a default element ). The desired variation distance bound follows from the next
lemma for our choice of parameters:

Lemma 91. Let D be the output distribution of AS,Us-11),€,0,D). If Pro,[f(z) =1 <p <
(14 €) Prouy, [f(x) = 1], then conditioned on Events E; and Es, we have

R € € des 2 €2
dov(D,Up-1) < S o2 e+ 2y
D lmw) < Gt ato by
o+l
=+ = —+—+=-<e
— 6 6 12000 6 14 ©

Proof. Consider the distribution D’ = D, ., (see Definition 74) produced by the approximate uni-
form generator in Step 3 of the algorithm. Let D’|;,—1 ;) denote distribution D’ restricted to h~*(1).
Let S denote the set g~ (1) N A~*(1). The lemma is an immediate consequence of Claims 92, 94,
95 and 96 below using the triangle inequality (everything below is conditioned on F; and Es). [

Claim 92. dy (D, D') < /6.

Proof. Recall that D' is simply D conditioned on not outputting L.

We first claim that with probability at least 1 — de/12 all ¢ points drawn in Step 3 of the code for
C} are distributed according to the distribution D’ = D, ., over g~'(1). Each of the ¢ calls to the
approximate uniform generator has failure probability de/(12t) (of outputting _L rather than a point
distributed according to D’) so by a union bound no calls fail with probability at least 1 — de/12,
and thus with probability at least 1 — d¢/12 indeed all ¢ samples are independently drawn from
such a distribution D’.

Conditioned on this, we claim that a satisfying assignment for / is obtained within the ¢ samples
with probability at least 1 — d¢/12. This can be shown as follows:

Claim 93. Let b : {—1,1}" — {—1,1} be the hypothesis output by ASq,_g\- We have

Py h(x) = 1] > /4.

Proof. First recall that, by property (b) in the definition of the densifier (Definition 80), we have
Pr..p[f(z) = 1] > . Since dry(D’, D) < €3, by definition we get

Prifle)=12 Prif(z) =1] —es 27— e 2 37/4.
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Now by the guarantee of Step 2 we have that Pr,.p[f(x) # h(x)] < €. Combined with the fact
that dpy (D', D) < es, this implies that

Py [f(#) # h(@)] < o265 <7/2

Therefore, we conclude that

Pr [h(z) = 1] = Pr[f(x) =1] = Pr[f(z) # h(z)] = 37/4 —7/2 = 7/4

x~D’ x~D' x~D’

as desired. ]

Hence, for an appropriate constant in the big-Theta specifying ¢, with probability at least 1 —
§e/12 > 1—§/12 some x(7) is a satisfying assignment of h. that with probability at least 1 — de/12
some (), i € [t], has h(z) = 1. Thus with overall failure probability at most d¢/6 a draw from D’
is not L, and consequently we have drv (D, D) < 8¢/6 < €/6. O

Claim 94. dry (D', D'|-101)) < €/6.

Proof. The probability that any of the ¢ points (1), ..., z® is not drawn from D’ is at most ¢ -
5¢/(12t) < €/12. Assuming that this does not happen, the probability that no 2 lies in A~1(1)
is at most (1 — v/4)" < de/12 < €/12 by Claim 93. Assuming this does not happen, the output
of a draw from D is distributed identically according to D’|,-1(). Consequently we have that

dry (D, D'|p-1(1y) < €/6 as claimed. O
Claim 95. dTv(Dl|h71(1),uS) < 463/’)/.

Proof. The definition of an approximate uniform generator gives us that dpy (D', Uy-1(1)) < €3,
and Claim 93 gives that Pr,.p/[h(x) = 1] > /4. We now recall the fact that for any two distri-
butions Dy, D and any event E, writing D;|g to denote distribution D; conditioned on event ),

we have
drv(Dy, Do)

Dy (E)

The claim follows since U;-1(1) | n-1(1) 18 equivalent to Us. L]

drv(D1lg, Da|p) <

Claim 96. drv (Us, Up-11)) < e + £ + =2

2 y—e€a”®
Proof. The proof requires a careful combination of the properties of the function g constructed by
the densifier and the guarantee of the SQ) algorithm. Recall that S = ¢~ !(1) Nh~!(1). We consider

the set S = ¢g~!(1) N f~1(1). By the triangle inequality, we can bound the desired variation
distance as follows:

drv(Us, Up-1(1y) < doy(Up-—11),Usr) + drv(Us, Us). 4.2)

We will bound from above each term of the RHS in turn. To proceed we need an expression for
the total variation distance between the uniform distribution on two finite sets. The following fact
is obtained by straightforward calculation:
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Fact 97. Let A, B be subsets of a finite set VW and Uy, Up be the uniform distributions on A, B
respectively. Then,

ANB| B4

1
A WA e

dTV(uA,Z/{B) (1/2) ’A| |B|

+(1/2)-|AnB|- ’ 4.3)

To bound the first term of the RHS of (4.2) we apply the above fact for A = f~'(1) and B = §'.
Note that in this case B C A, hence the second term of (4.3) is zero. Regarding the first term, note
that .
[AnB| _ |1 1)ng (1)
A /1))
where the inequality follows from Property (a) of the densifier definition. Similarly, for the third
term we can write

S €1,

O I ol ]

- — — | = — Selv
‘!A\ !B\’ Al [B] |Al |f~1 (D)

AN B|-

where the inequality also follows from Property (a) of the densifier definition. We therefore con-
clude that dTV(uf—l(l),US’) < €.

We now proceed to bound the second term of the RHS of (4.2) by applying Fact 97 for A = 5’
and B = S. It turns out that bounding the individual terms of (4.3) is trickier in this case. For the
first term we have:

ANB| _[f' Mgt nAT M) [ N @) N AT g Ml _ e

T e O O g1 (V)] A Wng ] T A

where the last inequality follows from the guarantee of the SQ) learning algorithm and Property (b)
of the densifier definition. For the second term we have

[BnA] _[f/'W)ng @) nht(1)]
|B| lg=H(1) N A= (1)

To analyze this term we recall that by the guarantee of the S(Q) algorithm it follows that the numer-
ator satisfies

DN W NATH )] < e g (1))
From the same guarantee we also get
N M NAT )] S e g (1)

Now, Property (b) of the densifier definition gives |f~*(1)Ng~!(1)| > v-|¢'(1)|. Combing these
two inequalities implies that

g W NAH W)= W) g MR > (v —e) - g (D).
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In conclusion, the second term is upper bounded by (1/2) - ,;—262
For the third term, we can write

1 1 1
'Mng Y ()nhrt)]- — .
1 Ta| 0 00 01 ey~ e
To analyze these term we relate the cardinalities of these sets. In particular, we can write
Mg W = )N O NRT W)+ ) N7 ) NATH (L))
< |f7M)ngt)naTi(1 )|+€ g™ (1)
< | M)ngt ) naTi1 )|+ AW N )]
where the last inequlity is Property (b) of the densifier deﬁntion. Therefore, we obtain
€ _ _ _ _ — — _
(1—;2)-!f Mng W< W) ng M NA < 1) ng (1))

Similarly, we have

g7 (1) MR

|AN B -

Nnh
Nnh

W g )N W)+ 1) N (1) NATH (L)
W g )N AT )] e [g7H (D)

N N )]+ =g~ () k()
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A
=
=

and therefore
(1-

€

o o) g W NAH O <) N W) AR D] < g () NATH )]

The above imply that the third term is bounded by (1/2) - —2-. This completes the proof of the
claim. ]

With Lemma 91 established, to finish the proof of Theorem 90 it remains only to establish
the claimed running time bound. This follows from a straightforward (but somewhat tedious)

verification, using the running time bounds established in Lemma 84, Proposition 85, Corollary 87,
Claim 88 and Claim 89. 0

Getting from AC_to AC :

mv mv*

Recall that the algorithm A, from the previous subsection is only guaranteed (with high prob-
ability) to output a sampler for a hypothesis distribution D that is statistically close to the tar-

get distribution U1y if it is given an input parameter p satisfying p < p < (1 + €)p, where

P o P%eun If ( ) = 1]. Given this, a natural idea is to run A, a total of kK = O(n/e) times, using

mv

“guesses” for p that increase multiplicatively as powers of 1 + e, starting at 1 / 2™ (the smallest
possible value) and going up to 1. This ylelds hypothesis distributions Dl, .. Dk where D is the

: An approximate evaluation oracle.

distribution obtained by setting p to pZ (1 +¢)i~1 /2" With such distributions in hand, an obvious
approach is to use the “hypothesis testing” machinery of Section 4.1 to identify a high-accuracy
Di from this collection. This is indeed the path we follow, but some care is needed to make the
approach go through. The details are given in Section C.2.
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4.3 Linear Threshold Functions

In this section we apply our general framework from Section 4.2 to prove Theorem 67, i.e., obtain
a polynomial time algorithm for the problem of inverse approximate uniform generation for the
class C = LTF,, of n-variable linear threshold functions over {—1, 1}". More formally, we prove:

Theorem 98. There is an algorithm ALY which is a poly (n,1/e, 1/6)-time inverse approximate

mv

uniform generation algorithm for the class LTF,,.

The above theorem will follow as an application of Theorem 81 for C’ = C = LTF,,. The
literature provides us with three of the four ingredients that our general approach requires for LTFs
— approximate uniform generation, approximate counting, and Statistical Query learning — and
our main technical contribution is giving the fourth necessary ingredient, a densifier. We start by
recalling the three known ingredients in the following subsection.

Tools from the literature.

We first record two efficient algorithms for approximate uniform generation and approximate
counting for LTF,,, due to Dyer [43]:

Theorem 99. (approximate uniform generation for LTF,,, [43]) There is an algorithm AéglF that
on input (a weights—based representation of) an arbitrary h € LTF,, and a confidence parameter
d > 0, runs in time poly(n,log(1/6)) and with probability 1 — § outputs a point x such that

€T~ uh—1(1)~

We note that the above algorithm gives us a somewhat stronger guarantee than that in Definition 74.
Indeed, the algorithm ALTF with high probability outputs a point z € {—1, 1} whose distribution

gen
is exactly Uy,-1(1) (as opposed to a point whose distribution is close to U,-1(1)).

Theorem 100. (approximate counting for LTF,, [43]) There is an algorithm AYXY. that on input

(a weights—based representation of) an arbitrary h € LTF,,, an accuracy parameter ¢ > 0 and a
confidence parameter 6 > 0, runs in time poly(n,1/¢,log(1/9)) and outputs p € [0, 1] that with
probability 1 — ¢ satisfiesp € [1 —€,1 + €] - Proy, [h(z) = 1].

We also need an efficient SQ) learning algorithm for halfpaces. This is provided to us by a result
of Blum et. al. [15]:

Theorem 101. (SQ learning algorithm for LTF,, [15]) There is a distribution-independent SQ
learning algorithm ASEY for LTF,, that has running time t; = poly(n, 1/e,log(1/6)), uses at
most to = poly(n) time to evaluate each query, and requires tolerance of its queries no smaller
than T = 1/poly(n, 1/¢).
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A densifier for LTF,,.

The last ingredient we need in order to apply our Theorem 81 is a computationally efficient den-
sifer for LTF,,. This is the main technical contribution of this section and is summarized in the
following theorem:

Theorem 102. (efficient proper densifier for LTF,,) Set v(e, §,n) Yo (6/(n?logn)). There is an
(€,7, 8)—densifier AYLY for LTF,, that, for any input parameters 0 < ¢,5, 1/2" < p < 1, outputs

den

a function g € LTF,, and runs in time poly(n, 1/¢, log(1/6)).

Discussion and intuition. Before we prove Theorem 102, we provide some intuition. Let f €
LTF,, be the unknown LTF and suppose that we would like to design an (¢, v, §)—densifier AYEF
for f. That is, given sample access to {/;-1(1), and a number p satisfying p < p < (1 + €)p, where
p = Procy,[f(x) = 1], we would like to efficiently compute (a weights—based representation for)
an LTF g : {—1,1}" — {—1,1} such that the following conditions are satisfied:

(a) Pr:}cNZ/{ffl(l)

() Prow, [9(x) =1] < (1/7) - Prow, [f = 1].

(While condition (b) above appears slightly different than property (b) in our Definition 80, because
of property (a), the two statements are essentially equivalent up to a factor of 1/(1 — €) in the value
of v.)

We start by noting that it is easy to handle the case that p is large. In particular, observe that if
D > 2ythenp = Proy, [f(x) = 1] > p/(1 +€) > p/2 > ~, and we can just output g = 1 since
it clearly satisfies both properties of the definition. For the following intuitive discussion we will
henceforth assume that p < 2+.

Recall that our desired function ¢ is an LTF, i.e., g(z) = sign(v - © — t), for some (v,t) €
R™*1. Recall also that our densifier has sample access to U -1(1)» SO it can obtain random positive
examples of f, each of which gives a linear constraint over the v, ¢ variables. Hence a natural
first approach is to attempt to construct an appropriate linear program over these variables whose
feasible solutions satisfy conditions (a) and (b) above. We begin by analyzing this approach; while
it turns out to not quite work, it will gives us valuable intuition for our actual algorithm, which is
presented further below.

Note that following this approach, condition (a) is relatively easy to satisfy. Indeed, consider
any € > 0 and suppose we want to construct an LTF g = sign(v-z—t) such that Prou, ., [g(x) =1] >

1 — . This can be done as follows: draw a set S, of Ny = O ((1/e€) - (n® 4 log(1/§))) samples
from U;-1(1) and consider a linear program LP . with variables (w,f) € R"*! that enforces all
these examples to be positive. That is, for each x € S, we will have an inequality w - x > 6. Itis
clear that LP, is feasible (any weights—based representation for f is a feasible solution) and that it
can be solved in poly(n, 1/¢,log(1/0)) time, since it is defined by O(V.;) many linear constraints
and the coefficients of the constraint matrix are in {£1}. The following simple claim shows that
with high probability any feasible solution of LP_ satisfies condition (a):

[g(x) =1] > 1—¢,and
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Claim 103. With probability at least 1 — 6 over the sample S, any g € LTF,, consistent with S
satisfies condition (a).

Proof. Consider an LTF ¢ and suppose that it does not satisfy condition (a), i.e., Pr .y, [g(z) =
—1|f(x) = 1] > e. Since each sample x € S, is uniformly distributed in f~*(1), the probability it
does not “hit” the set g~'(—1) N f~1(1) is at most 1 — e. The probability that no sample in S, hits
g 1 (—=1)N f~1(1) is thus at most (1 — €)¥+ < §/2"°. Recalling that there exist at most 2" distinct
LTFs over {—1,1}" [114], it follows by a union bound that the probability there exists an LTF that
does not satisfy condition (a) is at most ¢ as desired. ]

The above claim directly implies that with high probability any feasible solution (w*,6*) to
LP is such that g*(x) = sign(w* - x — 6*) satisfies condition (a). Of course, an arbitrary feasible
solution to LP is by no means guaranteed to satisfy condition (b). (Note for example that the
constant 1 function is certainly feasible for £P,.) Hence, a natural idea is to include additional
constraints in our linear program so that condition (b) is also satisfied.

Along these lines, consider the following procedure: Draw a set S_of N_ = |§/p] uniform
unlabeled samples from {—1,1}" and label them negative. That is, for each sample x € S_, we
add the constraint w - x < 6 to our linear program. Let LP be the linear program that contains all
the constraints defined by S, U S_. It is not hard to prove that with probability at least 1 — 24 over
the sample S_, we have that S_ C f~!(—1) and hence (any weight based representation of) f is
a feasible solution to LP. In fact, it is possible to show that if v is sufficiently small — roughly,
v < 8§/ (4(n* +10g(1/6))) is what is required — then with high probability each solution to LP
also satisfies condition (b). The catch, of course, is that the above procedure is not computationally
efficient because N_ may be very large — if p is very small, then it is infeasible even to write down
the linear program LP.

Algorithm Description. The above discussion motivates our actual densifier algorithm as follows:
The problem with the above described naive approach is that it generates (the potentially very
large set) S_ all at once at the beginning of the algorithm. Note that having a large set S_ is
not necessarily in and of itself a problem, since one could potentially use the ellipsoid method to
solve LP if one could obtain an efficient separation oracle. Thus intuitively, if one had an online
algorithm which would generate S_ on the fly, then one could potentially get a feasible solution to
LP in polynomial time. This serves as the intuition behind our actual algorithm.

More concretely, our densifier AYTF will invoke a computationally efficient online learning
algorithm for LTFs. In particular, AYTF will run the online learner ALEF for a sequence of stages
and in each stage it will provide as counterexamples to ATF, random labeled examples from
a carefully chosen distribution. These examples will be positive for the online learner’s current
hypothesis, but negative for f (with high probability). Since ALLF makes a small number of
mistakes in the worst-case, this process is guaranteed to terminate after a small number of stages
(since in each stage we force the online learner to make a mistake).

We now provide the details. We start by recalling the notion of online learning for a class C
of Boolean functions. In the online model, learning proceeds in a sequence of stages. In each
stage the learning algorithm is given an unlabeled example x € {—1,1}" and is asked to predict
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the value f(z), where f € C is the unknown target concept. After the learning algorithm makes
its prediction, it is given the correct value of f(z). The goal of the learner is to identify f while
minimizing the total number of mistakes. We say that an online algorithm learns class C with
mistake bound M if it makes at most M mistakes on any sequence of examples consistent with
some f € C. Our densifier makes essential use of a computationally efficient online learning
algorithm for the class of linear threshold functions by Maass and Turan [108]:

Theorem 104. ([108], Theorem 3.3) There exists a poly(n) time deterministic online learning

algorithm AYEY for the class LTF,, with mistake bound M (n) 4 O(n?logn). In particular,
at every stage of its execution, the current hypothesis maintained by AYEY is a (weights—based

representation of an) LTF that is consistent with all labeled examples received so far.

We note that the above algorithm works by reducing the problem of online learning for LTFs
to a convex optimization problem. Hence, one can use any efficient convex optimization algorithm
to do online learning for LTFs, e.g. the ellipsoid method [92, 61]. The mistake bound in the above
theorem follows by plugging in the algorithm of Vaidya [141, 142].

We now proceed with a more detailed description of our densifier followed by pseudocode and
a proof of correctness. As previously mentioned, the basic idea is to execute the online learner to
learn f while cleverly providing counterexamples to it in each stage of its execution. Our algorithm
starts by sampling N, samples from U;-1(;) and making sure that these are classified correctly
by the online learner. This step guarantees that our final solution will satisfy condition (a) of the
densifier. Let h € LTF,, be the current hypothesis at the end of this process. If A satisfies condition
(b) (we can efficiently decide this by using our approximate counter for LTF',,), we output & and
terminate the algorithm. Otherwise, we use our approximate uniform generator to construct a
uniform satisfying assignment x € U,-1(;) and we label it negative, i.e., we give the labeled
example (x, —1) as a counterexample to the online learner. Since h does not satisfy condition (b),
i.e., it has “many” satisfying assignments, it follows that with high probability (roughly, at least
1 — 7) over the choice of = € U),-1(y), the point = output by the generator will indeed be negative
for f. We continue this process for a number of stages. If all counterexamples thus generated are
indeed consistent with f (this happens with probability roughly 1 — ~ - M, where M = M (n) =
©(n%logn) is an upper bound on the number of stages), after at most M stages we have either
found a hypothesis & satisfying condition (b) or the online learner terminates. In the latter case,
the current hypothesis of the online learner is identical to f, as follows from Theorem 104. (Note
that the above argument puts an upper bound of O(é/M ) on the value of +y.) Detailed pseudocode
follows:

Algorithm AL (U101, €,0,D):

den
Input: Independent samples from U;-1(1), parameters e, d > 0,and avalue 1/2" < p < 1.
Output: If p < p < (1 + €)p, with probability 1 — ¢ outputs a function g € LTF,, satisfying
conditions (a) and (b).
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1. Draw aset S, of Ny = © ((1/e) - (n* 4 log(1/4))) examples from Us-1(y).

2. Initialize i = 0 and set M & ©(n2logn).
While (i < M) do the following:

a) Execute the i-th stage of AULF and let R € LTF,, be its current hypothesis.

b) If there exists x € S, with h¥)(x) = —1 do the following:

e Give the labeled example (z, 1) as a counterexample to AMLF.

e Set7 =1+ 1 and go to Step 2.
¢) Run ALTF (b ¢ §/(4M)) and let p; be its output.

count

d) Sety = §/(16M). If p; < p/(7 - (1 + €)?) then output ~(%);

e) otherwise, do the following:
e Run ATTF(h(® §/(4M)) and let 2 be its output.
e Give the point (z(¥, —1) as a counterexample to AFEF.

e Set: =1+ 1 and go to Step 2.

3. Output the current hypothesis 7% of ALVLF.

Theorem 105. Algorithm AYEF (Us-1(1), €, 8,D) runs in time poly (n, 1/e,log(1/8)). Ifp < p <

(1 + €)p then with probability 1 — ¢ it outputs a vector (w,0) such that g(x) = sign(w - z — )
satisfies conditions (a) and (b) at the start of Section 4.3.

Proof. First note that by Claim 103, with probability at least 1 — §/4 over S any LTF consistent
with S will satisfy condition (a). We will condition on this event and also on the event that each
call to the approximate counting algorithm and to the approximate uniform generator is successful.
Since Step 2 involves at most M iterations, by a union bound, with probability at least 1 — 6/4 all
calls to AYTF. will be successful, i.e., for all 7 we will have that p; /(1 +¢) < p; < (1 +€) - p;,
where p; = Pryey, [M?(x) = 1]. Similarly, with failure probability at most §/4, all points ("
constructed by AZTF will be uniformly random over (R™)~1(1). Hence, with failure probability
at most 36/4 all three conditions will be satisfied.

Conditioning on the above events, if the algorithm outputs a hypothesis A" in Step 2(d), this
hypothesis will certainly satisfy condition (b), since p; < (1+€)p; < p/(v- (1 +¢€)) < p/v. In
this case, the algorithm succeeds with probability at least 1 — 34 /4. It remains to show that if the
algorithm returns a hypothesis in Step 3, it will be successful with probability at least 1 — J. To
see this, observe that if no execution of Step 2(e) generates a point () with f(z(®) = 1, all the
counterexamples given to AXLF are consistent with f. Therefore, by Theorem 104, the hypothesis

of Step 3 will be identical to f, which trivially satisfies both conditions.
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We claim that with overall probability at least 1 — /4 all executions of Step 2(e) generate
points () with f(x(®) = —1. Indeed, fix an execution of Step 2(e). Since p; > p/ ((1 + €)% - 7), it
follows that p < (47)p;. Hence, with probability at least 1 — 4y a uniform point ® ~ Upi)-1() is
a negative example for f,i.e., 2) € f~'(—1). By a union bound over all stages, our claim holds
except with failure probability 4y - M = /4, as desired. This completes the proof of correctness.

It remains to analyze the running time. Note that Step 2 is repeated at most M = O(n?logn)
times. Each iteration involves (i) one round of the online learner ALY (this takes poly(n) time
by Theorem 104), (ii) one call of AT (this takes poly(n,1/e,log(1/§)) time by Theorem 100),

count

and (iii) one call to AYTF (this takes poly(n, 1/¢,1og(1/5)) time by Theorem 99). This completes

gen

the proof of Theorem 105. [

Discussion. As mentioned before, the algorithm AYTF is the most important technical contribution

of this section and hence it is instructive to understand, at a high level, the ingredients which are
combined to construct a densifier. Let C be a class of Boolean functions and C,, consist of functions
in C over n variables. While we do not formalize it here, one can modify the proof of Theorem 105,
mutatis mutandis, to show that C,, has a (¢, v, d)-densifier AS,, with running time 7'(n) (where ¢,
v and § are 1/poly(n) and T'(n) is poly(n)) provided that the following conditions hold:

(i) C, has an (e, 0)-approximate counting algorithm and an (e, §)-approximate uniform genera-
tion algorithm both of which run in time poly(n, 1/¢,1/6);

(ii) There is an online learning algorithm AS; for C with a poly(n) running time and poly(n)
mistake bound.

It will be interesting to see if there are other interesting classes of functions for which this frame-
work gives an “automatic” construction of densifiers.

4.4 DNFs

In this section we apply our general positive result, Theorem 81, to give a quasipolynomial-time
algorithm for the inverse approximate uniform generation problem for s-term DNF formulas. Let
DNPF,, ; denote the class of all s-term DNF formulas over n Boolean variables (which for conve-
nience we think of as 0/1 variables). Our main result of this section is the following:

. . DNF.. ., . . . .
Theorem 106. There is an algorithm A, ™" which is an inverse approximate uniform gener-
ation algorithm for the class DNF,, . Given input parameters €, the algorithm runs in time

poly (n'°8(*/9 log(1/4)).

We note that even in the standard uniform distribution learning model the fastest known run-
ning time for learning s-term DNF formulas to accuracy ¢ is poly(n'°8(*/9) log(1/6)) [146, 143].
Thus it seems likely that obtaining a poly(n, s, 1/¢)-time algorithm would require a significant
breakthrough in computational learning theory.
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For our application of Theorem 81 for DNFs we shall have C = DNF,,; and C' = DNF,,,
for some ¢ which we shall specify later. As in the case of LTFs, the literature provides us with
three of the four ingredients that our general approach requires for DNF — approximate uniform
generation, approximate counting, and Statistical Query learning (more on this below) — and our
main technical contribution is giving the fourth necessary ingredient, a densifier. Before presenting
and analyzing our densifier algorithm we recall the other three ingredients.

Tools from the literature.

Karp, Luby and Madras [81] have given approximate uniform generation and approximate count-
ing algorithms for DNF formulas. (We note that [72] give an efficient algorithm that with high
probability outputs an exactly uniform satisfying assignment for DNFs.)

Theorem 107. (Approximate uniform generation for DNFs, [81]) There is an approximate uniform
generation algorithm Agm " ™" for the class DNPF,, ; that runs in time poly(n,t,1/¢,1og(1/9)).

Theorem 108. (Approximate counting for DNFs, [81]) There is an approximate counting algo-
rithm Agm" ™" for the class DNPF,,; that runs in time poly(n,t,1/¢,log(1/9)).

The fastest known algorithm in the literature for SQ learning s-term DNF formulas under
arbitrary distributions runs in time n®™'/*1°8) . poly(1/€) [95], which is much more than our
desired running time bound. However, we will see that we are able to use known malicious noise
tolerant SQ) learning algorithms for learning sparse disjunctions over N Boolean variables rather
than DNF formulas. In more detail, our densifier will provide us with a set of N = n?os(s/9))
many conjunctions which is such that the target function f is very close to a disjunction (which
we call f’) over an unknown subset of at most s of these /N conjunctions. Thus intuitively any
learning algorithm for disjunctions, run over the “feature space” of conjunctions provided by the
densifier, would succeed if the target function were f’, but the target function is actually f (which
is not necessarily exactly a disjunction over these /N variables). Fortunately, known results on the
malicious noise tolerance of specific S learning algorithms imply that it is in fact possible to use
these SQ) algorithms to learn f to high accuracy, as we now explain.

We now state the precise SQ) learning result that we will use. The following theorem is a direct
consequence of, e.g., Theorems 5 and 6 of [33] or alteratively of Theorems 5 and 6 of [5]:

Theorem 109. (Malicious noise tolerant SQ algorithm for learning sparse disjunctions) Let Cpisj 1
be the class of all disjunctions of length at most k over N Boolean variables x1, ... ,xy. There
is a distribution-independent SQ learning algorithm ASDCESJ for Cpisy i that has running time
t1 = poly(N, 1/¢,1og(1/0)), uses at most to = poly(N) time to evaluate each query, and requires
tolerance of its queries no smaller than T = 1/poly(k, 1/¢€). The algorithm outputs a hypothesis
which is a disjunction over x4, ..., xy.

Moreover, there is a fixed polynomial ((-) such that algorithm ASDC%SJ has the following prop-
erty: Fix a distribution D over {0,1}". Let f be an N-variable Boolean function which is

such that Pr,.p[f'(x) # f(x)] < K, where f' € Cpisyy is some k-variable disjunction and
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K < l(e/k) < €/2. Then if A3 is run with a STAT(f, D) oracle, with probability 1 — & it out-
puts a hypothesis h such that Pr,..p[h(z) # f'(x)] < €/2, and hence Pr,.plh(x # f(z)] < e.

(We note in passing that at the heart of Theorem 109 is an attribute-efficient SQ algorithm for
learning sparse disjunctions. Very roughly speaking, an attribute efficient SQ learning algorithm
is one which can learn a target function over /N variables, which actually depends only on an
unknown subset of k£ < N of the variables, using statistical queries for which the minimum value
of the tolerance 7 is “large.” The intuition behind Theorem 109 is that since the distance between
f and f” is much less than 7, the effect of using a STAT(f, D) oracle rather than a STAT(f’, D)
oracle is negligible, and hence the SQ algorithm will succeed whether it is run with f or f’ as the
target function.)

A densifier for DNF,, ; and the proof of Theorem 106.

In this subsection we state our main theorem regarding the existence of densifiers for DNF formu-
las, Theorem 110, and show how Theorem 106 follows from this theorem.

Theorem 110. Lety(n, s, 1/¢,1/8) = 1/(4n?1082s/4</9) og(s/6)). Algorithm ADNF"’S(L{fA(l), €,0,D)

den
outputs a collection S of conjunctions C1, .. ., C\s| and has the following performance guarantee:

Ifp ¥ Proy,[f(x) = 1] < P < (1 + €)p, then with probability at least 1 — 6, the function
9(2) ¥ Vs G satisfies the following:

1. PTxNufil(l)

2. Proy, [f(z) =1] > v(n,s,1/e,1/0).
3. There is a DNF f' = C;, V ---V C; ,, which is a disjunction of s' < s of the conjunctions

Cy, ..., Cls), such that Proy _, [f'(x) # f(x)] < l(e/s), where [(-) is the polynomial
from Theorem 109.

lg(zx) =1 >1-¢

The size of S and the running time of Aon® "™ (Us-1(1), €, 8, D) is poly(n'e/9) 1og(1/4)).

den

With a slight abuse of terminology we may rephrase the above theorem as saying that A?;:F”’S

is a (e,7,0)-densifier for function class C = DNF, ¢ using class C' = DNF,,; where t =
nOUos(s/9) "We defer the description of Algorithm AifF"’s and the proof of Theorem 110 to the
next subsection.

Proof of Theorem 106. The proof is essentially just an application of Theorem 81. The only twist
is the use of a SQ) disjunction learning algorithm rather than a DNF learning algorithm, but the
special properties of Algorithm A5 let this go through without a problem.

In more detail, in Step 2(e) of Algorithm A€ (see Section 4.2), in the execution of Algo-

mv
rithm Agq_smv, the SQ algorithm that is simulated is the algorithm A]S%SJ run over the feature

space S of all conjunctions that are output by Algorithm Ag;:F"‘S in Step 1 of Algorithm A<



CHAPTER 4. INVERSE APPROXIMATE UNIFORM GENERATION 97

(i.e., these conjunctions play the role of variables z1, . .., xy for the SQ learning algorithm). Prop-
erty (3) of Theorem 110 and Theorem 109 together imply that the algorithm Alsjés‘] , run on a
STAT(f,Uy-1(1)) oracle with parameters ¢, d, would with probability 1 — § output a hypothesis /’
satisfying Proy _, [W/(z) # f(x)] < e. Hence the hypothesis h that is output by Agq_sn in
Step 2(e) of Algorithm A, fulfills the necessary accuracy (with respect to f under D = Uy-1(1))
and confidence requirements, and the overall algorithm AC  succeeds as described in Theorem 81.

Finally, combining the running time bounds of A~ ™* and AE3ST with the time bounds of
the other procedures described earlier, one can straightforwardly verify that the running time of the
overall algorithm A is poly(n'°e(/9) 1og(1/4)). O

mv

Construction of a densifier for DNF,, ; and proof of Theorem 110.

Let f =TV ---V T, be the target s-term DNF formula, where 77, ..., T are the terms (conjunc-
tions). The high-level idea of our densifier is quite simple: If 7; is a term which is “reasonably
likely” to be satisfied by a uniform draw of x from f~!(1), then T} is at least “mildly likely” to
be satisfied by 7 = 2log n consecutive independent draws of = from f~!(1). Such a sequence of
draws z!, ..., 2" will with high probability uniquely identify T;. By repeating this process suffi-
ciently many times, with high probability we will obtain a pool C', . . ., C|s| of conjunctions which
contains all of the terms 7; that are reasonably likely to be satisfied by a uniform draw of = from
f1(1). Theorem 110 follows straightforwardly from this.
We give detailed pseudocode for our densifier algorithm below:

Algorithm .AdDeiIF"’s U101y, €,6,D):

Input: Independent samples from Uf;-1(;, parameters €, > 0, and a value 1 /2" <p< 1.
Output: If p < p < (1+4¢)p, with probability 1—¢ outputs a set S of conjunctions C1, . . ., Clg
as described in Theorem 110

1. Initialize set S to (). Let £(-) be the polynomial from Theorem 109.
2. Fori = 1to M = 2n2198(2s/4¢/%) Jog(s/6), repeat the following:

a) Draw r = 2logn satisfying assignments z', ..., 2" from Ur-1(1).

b) Let C; be the AND of all literals that take the same value in all r strings z*, ..., 2"
(note C; may be the empty conjunction). We say C; is a candidate term.

¢) If the candidate term C; satisfies Pr,, [C;(x) = 1] < pthen add C; to the set S.

3. Output S.

The following crucial claim makes the intuition presented at the start of this subsection precise:



CHAPTER 4. INVERSE APPROXIMATE UNIFORM GENERATION 98

Claim 111. Suppose T} is a term in [ such that Proy, ., [T;(x) = 1] > ((e/s)/(2s). Then
with probability at least 1 — /s, term Tj is a candidate term at some iteration of Step 2 of Algo-
rithm ADN ™ (Ur-101),€,0,D).

den

Proof. Fix a given iteration 7 of the loop in Step 2. With probability at least
((e/s)/(25))2108™ = (1/n)?Ioe2s/te/5))

all 2logn points z!, .. ., z21°8™ satisfy T}; let us call this event £, and condition on E taking place.
We claim that conditioned on E, the points z, . .., 22!°¢" are independent uniform samples drawn
from Tj’l(l). (To see this, observe that each ' is an independent sample chosen uniformly at
random from f~(1)NT; *; but f~(1) N T} '(1) is identical to 7; '(1).) Given that ', . . ., z?'8"
are independent uniform samples drawn from Tj’1 (1), the probability that any literal which is not
present in 7} is contained in C; (i.e., is satisfied by all 2logn points) is at most 2n/n? < 1/2.
So with overall probability at least m the term 7} is a candidate term at iteration 7.
Consequently 7 is a candidate term at some iteration with probability at least 1 — §/s, by the

choice of M = 2n?198(2s/4(c/3)) Jog(s/§). O
Now we are ready to prove Theorem 110:
Proof of Theorem 110. The claimed running time bound of AdDefF"’s is easily verified, so it re-

mains only to establish (1)-(3). Fix p such that p < p < (1 + €)p where p = Pr,, [f(z) = 1].

Consider any fixed term T} of f such that Pryy , | [Tj(x) =1] > (¢/s)/(2s). By Claim 111
we have that with probability at least 1 —d /s, term 7} is a candidate term at some iteration of Step 2
of the algorithm. We claim that in step (c) of this iteration the term 7); will in fact be added to S.
This is because by assumption we have

Pr([Ti@)=1] < Prifz)=1]=p<p.
So by a union bound, with probability at least 1—¢ every term 7} in f such that PTamuf,l o T;(z) =
1] > 4(e/s)/(2s) is added to S.

Let L be the set of those terms T} in f that have Proy _, [T;(x) = 1] > l(e/s)/(2s). Let
/' be the DNF obtained by taking the OR of all terms in L. By a union bound over the (at most
s) terms that are in f but not in f’, we have Pro.y _, [f'(x) =1] > 1 —{(¢/s)/2. Since g (as
defined in Theorem 110 has g(x) = 1 whenever f'(z) = 1, it follows that Prou, ., lg(x) =
1] > 1—1{(e/s)/2 > 1 — ¢, giving item (1) of the theorem.

For item (2), since f(z) = 1 whenever f'(z) = 1, we have Prou, ., [f(z) = 1] >
Prx,vug_lm[f’(:c) = 1]. Every z such that f’(z) = 1 also has g(z) = 1 so to lower bound
Prou, ., [f(x) = 1] it is enough to upper bound the number of points in g~!(1) and lower
bound the number of points in f'~1(1). Since each C; that is added to S is satisfied by at most
p2" < (1 4 €)p2™ points, we have that [¢g~'(1)] < (1 + €)pM2™. Since at least 1 — e of
the points that satisfy f also satisfy f’, we have that |f~'(1)] > p(1 — €)2". Thus we have
Pross, 1 [f/(2) = 1] > p(1 = /(14 )pM) = 1 - 3 > 5L, giving (2).
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Finally, for (3) we have that f(z) # f'(x) only on those inputs that have f(z) = 1 but f'(x) =
0 (because some term outside of L is satisfied by x and no term in L is satisfied by ). Even if all
such inputs z lie in g7 (1) (the worst case), there can be at most (¢(¢/s)/2)p2" such inputs, and we
know that [¢g71(1)| > |f~1(1)] > p(1 — €)2". So we have Prou ., [f(z) # f(x)] < % <

((€e/s), and we have (3) as desired. O

Inverse approximate uniform generation for £-DNFs.

We briefly note that our general approach immediately yields an efficient inverse approximate
uniform generation algorithm for the class of £-DNFs for any constant k. Let k&-DNF denote the
class of all k.-DNFs over n Boolean variables, i.e., DNF formulas in which each term (conjunction)
has at most £ literals.

_Ak-DNF

mv

Theorem 112. There is an algorithm which is an inverse approximate uniform gener-
ation algorithm for the class k-DNF. Given input parameters €, the algorithm runs in time

poly (n*,1/e,log(1/4)).

For any k-DNF f it is easy to see that Pr .y, [f(z) = 1] > 1/2%, and consequently the con-
stant 1 function is a y-densifier for &-DINF with v = 1/2%. Theorem 112 then follows immediately
from Theorem 81, using the algorithms for approximate uniform generation and counting of DNF
formulas mentioned above [81] together with well-known algorithms for SQ) learning k-DNF for-
mulas in poly(n*,1/e,log(1/§)) time [85].

4.5 Negative results for inverse approximate uniform
generation

In this section, we will prove hardness results for inverse approximate uniform generation problems
for specific classes C of Boolean functions. As is standard in computational learning theory, our
hardness results are based on cryptographic hardness assumptions. The hardness assumptions we
use are well studied assumptions in cryptography such as the strong RSA assumption, Decisional
Diffie Hellman problem, and hardness of learning parity with noise.

As was alluded to in the introduction, in light of the standard approach, there are two potential
barriers to obtaining inverse approximate uniform generation algorithms for a class C of functions.
The first is that “reconstructing” the object from class C may be hard, and the second is that sam-
pling approximately uniform random satisfying assignments from the reconstructed object may
be hard. While any hard inverse approximate uniform generation problem must be hard because
of one of these two potential barriers, we emphasize here that even if one of the two steps in the
standard approach is shown to be hard, this does not constitute a proof of hardness of the overall
inverse approximate uniform generation problem, as there is may exist some efficient algorithm
for the class C which departs from the standard approach. Indeed, we will give such an example
in Section 4.6, where we give an efficient algorithm for a specific inverse approximate uniform



CHAPTER 4. INVERSE APPROXIMATE UNIFORM GENERATION 100

generation problem that does not follow the standard approach. (In fact, for that problem, the sec-
ond step of the standard approach is provably no easier than the well-known graph automorphism
problem, which has withstood several decades of effort towards even getting a sub-exponential
time algorithm.)

Our hardness results come in two flavors. Our first hardness results, based on signature schemes,
are for problems where it is provably hard (of course under a computational hardness assumption)
to sample approximately uniform satisfying assignments. In contrast, our hardness results of the
second flavor are based on Message Authentication Codes (MACs). We give such a result for a
specific class C which has the property that it is actually easy to sample uniform satisfying assign-
ments for functions in C; hence, in an informal sense, it is the first step in the standard approach that
is algorithmically hard for this problem. The following subsections describe all of our hardness
results in detail.

Hardness results based on signature schemes.

In this subsection we prove a general theorem, Theorem 118, which relates the hardness of inverse
approximate uniform generation to the existence of certain secure signature schemes in cryptogra-
phy. Roughly speaking, Theorem 118 says that if secure signature schemes exist, then the inverse
approximate uniform generation problem is computationally hard for any class C which is Levin-
reducible from CIRCUIT-SAT. We will use this general result to establish hardness of inverse
approximate uniform generation for several natural classes of functions, including 3-CNF formu-
las, intersections of two halfspaces, and degree-2 polynomial threshold functions (PTFs).

We begin by recalling the definition of public key signature schemes. For an extensive treat-
ment of signature schemes, see [59]. For simplicity, and since it suffices for our purposes, we only
consider schemes with deterministic verification algorithms.

Definition 113. A signature scheme is a triple (G,S,V) of polynomial-time algorithms with the
following properties :

e (Key generation algorithm) G is a randomized algorithm which on input 1" produces a
pair (pk, sk) (note that the sizes of both pk and sk are polynomial in n).

e (Signing algorithm) S is a randomized algorithm which takes as input a message m from
the message space M, a secret key sk and randomness r€ {0, 1}", and outputs a signature
o= S(m,sk,r).

e (Verification algorithm) V' is a deterministic algorithm such that V (m, pk, o) = 1 for every
o = S(m,sk,r).

We will require signature schemes with some special properties which we now define, first
fixing some notation. Let (G,S,V) be a signature scheme. For a message space M and pair
(pk, sk) of public and secret keys, we define the set R, 4 of “valid” signed messages as the set
of all possible signed messages (m,o = S(m, sk, r)) as m ranges over all of M and r ranges
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over all of {0, 1}". Similarly, we define the set R, of “potential” signed messages as R, =
{(m,o0) : V(m,pk,o0) = 1}. Likewise, we define the set of valid signatures for message m,
denoted R4 sx(m), as the set of all possible pairs (m,o = S(m, sk,r)) as r ranges over all of
{0,1}", and we define the set of potential signatures for message m as Ra,k(m) = {(m, o) :
V(m,pk,o) = 1}.

Definition 114. Let (G, S, V') be a signature scheme and M be a message space. A pair (pk, sk)
of public and secret keys is said to be (§,n)-special if the following properties hold :

o Let Ry 4, be the set of valid signed messages and R . be the set of potential signed mes-

[R1,skl >1—
Rape] = & '

sages. Then

1

e For any fixed pair (m, o) € Ry g (m), we have Pr,cgo 1[0 = S(m, sk, r)] = Rl

e Define two distributions D and D' over pairs (m, o) as follows : D is obtained by choosing
m €y M and choosing o €y Ry s (m). D' is the distribution defined to be uniform over
the set Ry s Then dry (D, D’) < 6.

From now on, in the interest of brevity, M will denote the “obvious” message space M asso-
ciated with a signature scheme unless mentioned otherwise. Similarly, the randomness r for the
signing algorithm S will always assumed to be r € {0, 1}".

We next recall the standard notion of existential unforgeability under RMA (Random Message
Attack):

Definition 115. A signature scheme (G,S,V) is said to be (t,e)-RMA secure if the following
holds: Let (pk,sk) < G(1™). Let (my,...,m;) be chosen uniformly at random from M. Let
o; < S(my, sk, r). Then, for any probabilistic algorithm A running in time t,

Pr ( )[A(pk,ml, cesmy, 01, 0) = (m o) < e

where V(m/, pk,o’) = 1 and m’ # m; foralli =1,... t.

Next we need to formally define the notion of hardness of inverse approximate uniform gener-
ation:

Definition 116. Let C be a class of n-variable Boolean functions. C is said to be (t(n), €, §)-hard
for inverse approximate uniform generation if there is no algorithm A running in time t(n) which
is an (€, §)-inverse approximate uniform generation algorithm for C.

Finally, we will also need the definition of an invertible Levin reduction:

Definition 117. A binary relation R is said to reduce to another binary relation R' by a time-t
invertible Levin reduction if there are three algorithms «, (5 and vy, each running in time t(n) on
instances of length n, with the following property:
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e Forevery (z,y) € R, it holds that (a(z), f(z,y)) € R';

e Forevery (a(x),z) € R, it holds that (x,v(a(x), z)) € R.

Furthermore, the functions [3 and y are injective maps with the property that ~y(a(x), 5(z,y)) =

Note that for any class of functions C, we can define the binary relation R as follows : (f, x) €
R if and only if f(z) = 1 and f € C. In this section, whenever we say that there is an invertible
Levin reduction from class C; to class Cy;, we mean that there is an invertible Levin reduction
between the corresponding binary relations R, and R, .

A general hardness result based on signature schemes.

We now state and prove our main theorem relating signature schemes to hardness of inverse ap-
proximate uniform generation:

Theorem 118. Let (G, S, V') be a (t, €)-RMA secure signature scheme. Suppose that with probabil-
ity at least 99/100 a random pair (pk, sk) < G(1") is (8, n)-special. Let C be a class of n-variable
Boolean functions such that there is a Levin reduction from CIRCUIT-SAT to C running in time
t'(n). Let k1 and ko be such that k; < 1 —2-(2n+ 0 +t'(n)/|M|), ke <1 —=2t'(n) - (n+9)
and € < (1 — ry)(1 — ko)/4. If t1(+) is a time function such that 2t,(t'(n)) < t(n), then C is
(t1(n), K1, ko)-hard for inverse approximate uniform generation.

The high-level idea of the proof is simple: Suppose there were an efficient algorithm for the
inverse approximate uniform generation problem for C. Because of the invertible Levin reduction
from CIRCUIT-SAT to C, there is a signature scheme for which the verification algorithm (using
any given public key) corresponds to a function in C. The signed messages (mq,01), ..., (my, oy)
correspond to points from U;-1(;) where f € C. Now the existence of an efficient algorithm
for the inverse approximate uniform generation problem for C (i.e. an algorithm which, given
points from U;-1(1), can generate more such points) translates into an algorithm which, given a
sample of signed messages, can generate a new signed message. But this violates the existential
unforgeability under RMA of the signature scheme.

We now proceed to the formal proof.

Proof. Assume towards a contradiction that there is an algorithm A for inverse approximate uni-
form generation A;,, which runs in time ¢, such that with probability 1— ks, the output distribution
is k1-close to the target distribution. If we can show that for any (9, n)-special key pair (pk, sk) the
resulting signature scheme is not (¢, €) secure, then this will result in a contradiction. We will now
use algorithm A to construct an adversary which breaks the signature scheme for (6, n)-special key
pairs (pk, sk).

Towards this, fix a (d,n)-special key pair (pk, sk) and consider the function Vp; : M X
{0,1}* — {0,1} defined as Vi (m,0) = V(m, pk, o). Clearly, V,; is an instance of CIRCUIT-
SAT (i.e. V) is computed by a satisfiable polynomial-size Boolean circuit). Since there is an
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invertible Levin reduction from CIRCUIT-SAT to C, given pk, the adversary in time ¢'(n) can
compute ¢, € C with the following properties (let 3 and  be the corresponding algorithms in the
definition of the Levin reduction):

e For every (m, o) such that V,,.(m, o) = 1, ®pr(8(Vpk, (m,0))) = 1.

e For every x such that ®,(z) = 1, Ve (7(Ppr, z)) = 1.

Recall that the adversary receives signatures (mq, 01), . . ., (My(n), Ov(n)). Letz; = B(Vyr, (M4, 0y)).
Let D, be the distribution of (1, ..., Zy(,)). We next make the following claim.
Claim 119. Let vy, ..., yy be drawn uniformly at random from @;kl(l) and let D, be the cor-

responding distribution of (yi,...,y:). Then, D, and D, are t'(n)-(2n + 0)-close in statistical
distance.

Proof. Note that D, and D, are t'(n)-way product distributions. If DY and D?(Jl) are the corre-

sponding marginals on the first coordinate, then t'(n) - dTV(Dg(Cl), Dl(,l)) < dpy(D,, Dy). Thus, it

suffices to upper bound dTV(Dg), Dz(,l)), which we now do.

dry (DY, DV < > IDM(z) = DM (z)|+ Y |DP(2) = DMV (2)].

zesupp(Dy")\supp(DS") zesupp(DSY)

By definition of (pk, sk) being (§, )-special, we get that
> DLV (2) — DY ()] < .

zesupp(Dy))\supp(DL)

To bound the next sum, let 7 = Pr[Dg(,l) € supp(Dg(cl))]. Note that 7 > 1 — 7. We have

> pOE DR < Y DPE -DPE| (- Y D)

zesupp(DSV) zesupp(DSV) zesupp(DSV)

IN

pWw
< n47- Z Dg(cl)() Y (2)
T
zesupp(DSY)
(1)
We observe that D”T(Z) restricted to supp(Dg(El)) is simply the uniform distribution over the image

of the set Ry s and hence is the same as applying the map /3 on the distribution D’. Likewise DY

is the same as applying the map S on D (mentioned in Definition 114). Hence, we have that

dryv (DY), DY) < 2 + dry (D, D') < 21+ 6.



CHAPTER 4. INVERSE APPROXIMATE UNIFORM GENERATION 104

Now, observe that the instances x; are each of length at most #'(n). Since the distributions D,
and D, are t'(n)-(2n + 0) close, hence our adversary can run Aj,, in time ¢(n) on the examples
T1,...,Ty(n) and succeed with probability 1 — kg — t'(n)-(2n + 0) > (1 — k2)/2 in producing

a sampler whose output distribution is #;-close to Uy -1(,). Call this output distribution Z. Let
P

B(D) denote the distribution obtained by applying the map 3 on D. The proof of Claim 119 shows
that 5(D) is (2n + J)-close to the distribution Uy-1(1)- Thus, with probability (1 —ka)/2, Z is

(k1 + (2n 4+ 0))-close to the distribution §(D). By definition of D, we have

tl
Pr [Vie[t',m#m]>1-— .
(WJ)GD[ [t'], m; # m] M

1—ko
2 9

Thus, with probability

/

1—
zfég[z =g(m,o)andVi € [t'],m; #m] >1— k1 — (2n+0) — M > 2H1

Thus, with overall probability (1 — x1)(1 — kg)/4 > ¢, the adversary succeeds in producing

z = g(m, o) such that Vi € [t'|, m; # m. Applying the map v on (D, 2), the adversary gets

the pair (m, o). Also, note that the total running time of the adversary is ¢;(t'(n)) + t'(n) <

2t1(t'(n)) < t(n) which contradicts the (¢, €)-RMA security of the signature scheme. O

A specific hardness assumption.

At this point, at the cost of sacrificing some generality, we consider a particular instantiation of
a signature scheme from the literature which meets our requirements. While similar signature
schemes can be constructed under many different cryptographic assumptions in the literature, we
forsake such generality to keep the discussion from getting too cumbersome.

To state our cryptographic assumption, we need the following notation:

e PRIMES;, is the set of k-bit prime numbers.

e RSA; is the set of all products of two primes of length | (k — 1)/2].

The following cryptographic assumption (a slight variant of the standard RSA assumption)
appears in [111].

Assumption 1. The RSA’ s(k) assumption: Fix any m € RSAy and let x €y Z), and p €y
PRIMES 1. Let A be any probabilistic algorithm running in time s(k). Then,

1
Pr{A(m,z,p) = yand y* = x (mod m)| < —.
PriAl ) =yandy ( )] wpy
As mentioned in [111], given the present state of computational number theory, it is plausible
to conjecture the RSA’ s(k) assumption for s(k) = 25 for some absolute constant § > 0. For the
sake of conciseness, for the rest of this section we write “Assumption 1 holds true” to mean that
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Assumption 1 holds true with s(k) = 27" for some fixed constant § > 0. (We note, though, that all
our hardness results go through giving superpolynomial hardness using only s(k) = k~(1).)
Micali et al. [111] give a construction of a “unique signature scheme” using Assumption 1:

Theorem 120. If Assumption I holds true, then there is a (t = 2", ¢ = 1/t)-RMA secure signature
scheme (G, S, V') with the following property : For any message m € M, there do not exist o, #
o9 such that V(m,oq) = V(m,09) = 1. In this scheme the signing algorithm S is deterministic
and the message space M is of size o’

The above theorem says that under the RSA’ s(k) assumption, there is a deterministic signature
scheme such that there is only one signature o,,, for every message m, and for every message m the
only accepting input for V' is (m, 0,,). As a consequence, the signature scheme in Theorem 120
has the property that every (pk, sk) pair that can be generated by G is (0, 0)-special.

Remark 121. It is important to note here that constructions of (0,0) special signature schemes
are abundant in the literature. A partial list follows : Lysyanskaya [107] constructed a deter-
ministic (0, 0) special signature scheme using a strong version of the Diffie-Hellman assumption.
Hohenberger and Waters [67] constructed a scheme with a similar guarantee using a variant of
the Diffie—-Hellman assumption on bilinear groups. In fact, going back much further, Cramer and
Shoup [25, 54] show that using the Strong RSA assumption, one can get a (0, 0) special signature
scheme (which however is not deterministic). We remark that the scheme as stated in [25] is not
(0,0) special in any obvious sense, but the more efficient version in [54] can be easily verified to
be (0, 0) special. Throughout this section, for the sake of simplicity, we use the signature scheme
in Theorem 120.

Instantiating Theorem 118 with the signature scheme from Theorem 120, we obtain the fol-
lowing corollary:

Corollary 122. Suppose that Assumption I holds true. Then the following holds : Let C be a func-
tion class such that there is a polynomial time (n*-time) invertible Levin reduction from CIRCUIT-
SATto C. Then Cis (27,1 — 27", 1 — 27™)-hard for inverse approximate uniform generation for
some constant ¢ > 0 (depending only on the “6” in Assumption 1 and on k).

Inverse approximate uniform generation hardness results for specific function classes whose
satisfiability problem is NP-complete.

In this subsection we use Corollary 122 to prove hardness results for inverse approximate uniform
generation for specific function classes C for which there are invertible Levin reductions from
CIRCUIT-SAT to C.

Recall that a 3-CNF formula is a conjunction of clauses (disjunctions) of length 3. The fol-

lowing fact can be easily verified by inspecting the standard reduction from CIRCUIT-SAT to
3-CNF-SAT.

Fact 123. There is a polynomial time invertible Levin reduction from CIRCUIT-SAT to 3-CNF-
SAT.
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As a corollary, we have the following result.

Corollary 124. If Assumption I holds true, then there exists an absolute constant ¢ > 0 such that
the class 3-CNFis (2"°,1 — 27 |1 — 27"°)-hard for inverse approximate uniform generation.

Corollary 124 is interesting in light of the well known fact that the class of all 3-CNF formulas
is efficiently PAC learnable from uniform random examples (in fact under any distribution).

We next observe that the problem of inverse approximate uniform generation remains hard
even for 3-CNF formulas in which each variable occurs a bounded number of times. To prove this
we will use the fact that polynomial time invertible Levin reductions compose:

Fact 125. [f there is a polynomial time invertible Levin reduction from CIRCUIT-SAT to C and
a polynomial time Levin reduction from C to Cy, then there is a polynomial time invertible Levin

reduction from CIRCUIT-SAT to C;.

The following theorem says that the inverse approximate uniform generation problem remains
hard for the class of all 3-CNF formulas in which each variable occurs at most 4 times (hereafter

denoted 3,4-CNF).

Theorem 126. If Assumption 1 holds true, then there exists an absolute constant ¢ > 0 such that
3,4-CNF-SAT is (2,1 — 27"°, 1 — 27"")-hard for inverse approximate uniform generation.

Proof. Tovey [137] shows that there is a polynomial time invertible Levin reduction from 3-
CNF-SAT to 3,4-CNF-SAT. Using Fact 125, we have a polynomial time Levin reduction from
CIRCUIT-SAT to 3,4-CNF-SAT. Now the result follows from Corollary 122 O

The next theorem shows that the class of all intersections of two halfspaces over n Boolean
variables is hard for inverse approximate uniform generation.

Theorem 127. If Assumption 1 holds true, then there exists an absolute constant ¢ > 0 such that
C = {all intersections of two halfspaces over n Boolean variables} is (2", 1—27"" 1—2""")-hard
for inverse approximate uniform generation.

Proof. We recall that the SUBSET-SUM problem is defined as follows : An instance  is defined
by positive integers wq, ..., w,,s > 0. A satisfying assignment for this instance is given by
z € {0,1}" such that " | w;z; = s. It is well known that the SUBSET-SUM problem is NP-
complete and it is folklore that there is a invertible Levin reduction from 3-SAT to SUBSET-SUM.
However, since it is somewhat difficult to find this reduction explicitly in the literature, we outline
such a reduction.

To describe the reduction, we first define 1-in-3-SAT. An instance ¥ of 1-in-3-SAT is defined
over Boolean variables 1, . . ., z,, with the following constraints : The i'* constraint is defined by
a subset of at most three literals over x4, ..., x,. An assignment to x4, ..., z, satisfies ¥ if and
only if for every constraint there is exactly one literal which is set to true. Schaefer [127] showed
that 3-SAT reduces to 1-in-3-SAT in polynomial time, and the reduction can be easily verified to
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be an invertible Levin reduction. Now the standard textbook reduction from 3-SAT to SUBSET-
SUM (which can be found e.g. in [122]) applied to instances of 1-in-3-SAT, can be easily seen
to be a polynomial time invertible Levin reduction. By Fact 125, we thus have a polynomial time
invertible Levin reduction from 3-CNF-SAT to SUBSET-SUM.

With this reduction in hand, it remains only to observe that that any instance of SUBSET-
SUM is also an instance of “intersection of two halfspaces,” simply because ) ., w;z; = s if and
only if s < >  w; - x; < s. Thus, there is a polynomial time invertible Levin reduction from
3-CNF-SAT to the class of all intersections of two halfspaces. This finishes the proof. O

A hardness result where the satisfiability problem is in P.

So far all of our hardness results have been for classes C of NP-complete languages. As Theo-
rem 118 requires a reduction from CIRCUIT-SAT to C, this theorem cannot be directly used to
prove hardness for classes C which are not NP-hard. We next give an extension of Theorem 118
which can apply to classes C for which the satisfiability problem is in P. Using this result we will
show hardness of inverse approximate uniform generation for MONOTONE-2-CNF-SAT. (Recall
that a monotone 2-CNF formula is a conjunction of clauses of the form z; V x;, with no negations;
such a formula is trivially satisfiable by the all-true assignment.)
We begin by defining by a notion of invertible one-many reductions that we will need.

Definition 128. CIRCUIT-SAT is said to have an n-almost invertible one-many reduction to a
function class C if the following conditions hold:

e There is a polynomial time computable function f such that given an instance ¢ of CIRCUIT-
SAT (i.e. ® is a satisfiable circuit), ¥ = f(®) is an instance of C (i.e. V € C and V¥ is
satisfiable).

e Fix any instance ® of CIRCUIT-SAT and let A = U~1(1) denote the set of satisfying as-
signments of V. Then A can be partitioned into sets Ay and Ay such that |As|/|A| < nand
there is an efficiently computable function g : Ay — ®71(1) such that g(x) is a satisfying
assignment of ® for every x € A;.

e For every y which is a satisfying assignment of ®, the number of pre-images of y under g is
exactly the same, and the uniform distribution over g~ (y) is polynomial time samplable.

We next state the following simple claim which will be helpful later.

Claim 129. Suppose there is an n-almost invertible one-many reduction from CIRCUIT-SAT to C.
Let f and g be the functions from Definition 128. Let ® be an instance of CIRCUIT-SAT and let
U = f(®) be the corresponding instance of C. Define distributions Dy and Dy as follows :

e A draw from D, is obtained by choosing y uniformly at random from ®~1(1) and then out-
putting z uniformly at random from g~ (y).
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e A draw from D, is obtained by choosing ' uniformly at random from ¥—1(1).

Then we have drv (D1, Dy) <.

Proof. This is an immediate consequence of the fact that D; is uniform over the set .A; while D,
is uniform over the set A (from Definition 128). L]

We next have the following extension of Corollary 122.

Theorem 130. Suppose that Assumption 1 holds true. Then if C is a function class such that there
is an n-almost invertible one-many reduction (for n = 2-) from CIRCUIT-SAT to C, then C
is (2,1 — 27 1 — 27™)-hard for inverse approximate uniform generation for some absolute
constant ¢ > 0.

Proof. The proof is similar to the proof of Corollary 122. Assume towards a contradiction that
there is an algorithm for inverse approximation uniform generation A;,, for C which runs in time
t1 such that with probability 1 — ks, the output distribution is x;-close to the target distribution.
(We will set ¢, k1 and ks later to 27°, 1 — 27" and 1 — 2~™ respectively.)

Let (G, S, V) be the RMA-secure signature scheme constructed in Theorem 120. Note that
(G, S, V) is a (T,€e)-RMA secure signature scheme where 7' = 2"°, ¢ = 1/T and |[M| = 2™
for constant §, u > 0. Let (pk, sk) be a choice of key pair. We will us Aj,, to contradict the
security of (G, S, V). Towards this, consider the function V,; : M x {0,1}* — {0, 1} defined as
Vor(m, o) = V(m,pk, o). Clearly, V, is an instance of CIRCUIT-SAT. Consider the n-invertible
one-many reduction from CIRCUIT-SAT to C. Let a and 5 have the same meaning as in Defi-
nition 128. Let ¥ = «(V,) and let A, A; and A, have the same meaning as in Definition 128.
The adversary receives message-signature pairs (my, o) ... (my,, 0y, ) where my, ..., my, are cho-
sen independently at random from M. For any i, (m;, 0;) is a satisfying assignment of V. By
definition, in time ¢y = t; - poly(n), the adversary can sample (z1,. .., z;,) such that 21, ..., 2,
are independent and z; ~ Ug-1(;y, +,). Note that this means that each z; is an independent sample
from A, and |z;| = poly(n). Note that (21, ..., 2, ) is a t;-fold product distribution such that if
D’ denotes the distribution of z;, then by Claim 129, dry (D',Uy-1(1)) < 7. Hence, if D is the
distribution of (21, ..., 2, ), then dTV(D,Z/{fI,_l(l)) < tn.

Hence, the adversary can now run A,.. on the samples z1, ..., 2;, and as long as 1 — kg — 11 >
(1 — K2)/2, succeeds in producing a sampler with probability (1 — k5)/2 whose output distribution
(call it Z) is k; close to the distribution Uy -1(1). Note that as n = 2= for any ¢ > 0,t; = 2"
and ko = 1 — 27" satisfies this condition. Hence, we get that dyy (7, D') < k1 + 1. Now, observe
that ;

1
p]gg,[ﬁ(p) - (m,a) andm#ml] =1 |M|
The above uses the fact that every element in the range of 5 has the same number of pre-images.
This of course implies that

Prif(p) = (m,o) andm 7 m;] > 1 —

t
—— — (K1 +1N).
peEZ |./\/l| ( ! 7])
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Again as long as k1 < 1 — 2(n + t;/|M)|), the adversary succeeds in getting a valid message
signature pair (m, o) with m # m; for any 1 < ¢ < ¢; with probability (1 — x1)/2. Again,
we can ensure k1 < 1 — 2(n + t;/|M]) by choosing ¢ sufficiently small compared to ;. The
total probability of success is (1 — k1)(1 — k2)/4 and the total running time is ¢ (poly(n)) +
poly(n). Again if ¢ is sufficiently small compared to x and ¢, then the total running time is at most
t1(poly(n))+poly(n) < T and the success probability is at least (1 — x1)(1 — k2)/4 > €, resulting
in a contradiction. U

We now demonstrate a polynomial time n-invertible one-many reduction from CIRCUIT-SAT
to MONOTONE-2-CNF-SAT for n = 2-%(_ The reduction uses the “blow-up” idea used to
prove hardness of approximate counting for MONOTONE-2-CNF-SAT in [72]. We will closely
follow the instantiation of this technique in [148].

Lemma 131. There is a polynomial time n-almost invertible one-many reduction from CIRCUIT-
SAT to MONOTONE-2-CNF-SAT where n = 2,

Proof. We begin by noting the following simple fact.

Fact 132. If there is a polynomial time invertible Levin reduction from CIRCUIT-SAT to a class
C1 and an n-almost invertible one-many reduction from Cy to Cy, then there is a polynomial time
n-almost invertible one-many reduction from CIRCUIT-SAT to Cs.

Since there is an invertible Levin reduction from CIRCUIT-SAT to 3-CNF-SAT, by virtue
of Fact 132, it suffices to demonstrate a polynomial time n-almost invertible one-many reduction
from 3-CNF-SAT to MONOTONE-2-CNF-SAT. To do this, we first construct an instance of
VERTEX-COVER from the 3-CNF-SAT instance. Let ® = A", ®; be the instance of 3-CNF-
SAT. Construct an instance of VERTEX-COVER by introducing seven vertices for each clause
®; (one corresponding to every satisfying assignment of ®;). Now, put an edge between any two
vertices of this graph if the corresponding assignments to the variables of ¢ conflict on some
variable. We call this graph G. We observe the following properties of this graph :

e (5 has exactly 7m vertices.
e Every vertex cover of GG has size at least 6m.

e There is an efficiently computable and invertible injection ¢ between the satisfying assign-
ments of ¢ and the vertex covers of G of size 6m. To get the vertex cover corresponding to a
satisfying assignment, for every clause ®;, include the six vertices in the vertex cover which
conflict with the satisfying assignment.

We next do the blow-up construction. We create a new graph GG’ by replacing every vertex of G
with a cloud of 10m vertices, and for every edge in G we create a complete bipartite graph between
the corresponding clouds in G’. Clearly, the size of the graph G’ is polynomial in the size of the
3-CNF-SAT formula. We define a map g, between vertex covers of G’ and vertex covers of G as
follows : Let S’ be a vertex cover of G'. We define the set S = ¢;(.5”) in the following way. For
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every vertex v in the graph G, if all the vertices in the corresponding cloud in G’ are in S’, then
include v € S, else do not include v in S. It is easy to observe that g; maps vertex covers of G’ to
vertex covers of G. It is also easy to observe that a vertex cover of G of size s has (219" — 1)7m—s
pre-images under g;.

Now, observe that we can construct a MONOTONE-2-CNF-SAT formula ¥ which has a vari-
able corresponding to every vertex in G’ and every subset S’ of G’ corresponds to a truth assignment
ys to ¥ such that W(yg ) = 1 if and only if S’ is a vertex cover of G’. Because of this correspon-
dence, we can construct a map ¢g; which maps satisfying assignments of ¥ to vertex covers of G.
Further, a vertex cover of size s in graph G has (2'9 — 1)~ pre-images under g}. Since the total
number of vertex covers of GG of size s is at most (7;”), the total number of satisfying assignments
of ¥ which map to vertex covers of G of size more than 6m can be bounded by :

27m

™m
™m ™m
. 210m_17m—s< . . 210m_1m—1< 210m_1m‘
I L R B e

s=6m+1

On the other hand, since ® has at least one satisfying assignment, hence GG has at least one
vertex cover of size 6m and hence the total number of satisfying assignments of ¥ which map to
vertex covers of G of size 6m is at least (2! — 1)™. Thus, if we let A denote the set of satisfying
assignments of W and .A4; be the set of satisfying assignment of ¥ which map to vertex covers of G
of size exactly 6m (under ¢;), then |A;]/|.A| > 1— 279" Next, notice that we can define the map
g mapping A; to the satisfying assignments of ® in the following manner : g(x) = ¢~1(g,(2)). It
is easy to see that this map satisfies all the requirements of the map ¢g from Definition 128 which
concludes the proof. O

Combining Lemma 131 with Theorem 130, we have the following corollary.

Corollary 133. If Assumption 1 holds true, then MONOTONE-2-CNF-SAT is (27,1 —27"" 1 —

27" hard for inverse approximate uniform generation for some absolute constant ¢ > 0.

As a consequence of the above result, we also get hardness for inverse approximate uniform
generation of degree-2 polynomial threshold functions (PTFs); these are functions of the form
sign(q(z)) where ¢(x) is a degree-2 multilinear polynomial over {0, 1}".

Corollary 134. If Assumption 1 holds true, then the class of all n-variable degree-2 polynomial
threshold functions is (2"°,1 — 27"° 1 — 27™) hard for inverse approximate uniform generation
for some absolute constant ¢ > 0.

Proof. This follows immediately from the fact that every monotone 2-CNF formula can be ex-
pressed as a degree-2 PTFE. To see this, note that if & = A", (2,1 V 2;,2) where each x;; is a 0/1
variable, then ®(z) is true if and only if Z;il Ti1 + T2 — 241 - 2 > m. This finishes the proof. [
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Hardness results based on Message Authentication Codes.

All of the previous hardness results intuitively correspond to the case when the second step of our
“standard approach” is algorithmically hard. Indeed, consider a class C of functions that has an
efficient approximate uniform generation algorithm. Unless P # N P there cannot be any Karp
reduction from CIRCUIT-SAT to C (this would contradict the NP-completeness of CIRCUIT-SAT)
and hence Theorem 118 is not applicable in this setting. In fact, even for 7 = 1 — 1/poly(n) there
cannot be any 7-almost invertible one-many reduction from CIRCUIT-SAT to C unless P # N P.
This makes Theorem 130 inapplicable in this setting. Thus, to prove hardness results for classes
that have efficient approximate uniform generation algorithms, we need some other approach.

In this section we show that Message Authentication Codes (MAC) can be used to establish
hardness of inverse approximate uniform generation for such classes. We begin by defining MACs.
(We remark that we use a restricted definition which is sufficient for us; for the most general
definition, see [59].)

Definition 135. A Message Authentication Code (MAC) is a triple (G, T, V') of polynomial-time
algorithms with the following properties :

¢ (Key generation algorithm) G(-) is a randomized algorithm which on input 1™ produces a
secret key sk;

o (Tagging algorithm) 7' is a randomized algorithm which takes as input message m, secret
key sk and randomness r and outputs o < T (m, sk,r);

e (Verification algorithm) V' is a deterministic algorithm which takes as input message m,
secret key sk and 0. If 0 = T'(m, sk, ) for some r then V (m, sk,0) = 1.

For the purposes of our hardness results we require MACs with some special properties. While
our hardness results can be derived from slightly more general MACs than those we specify below,
we forsake some generality for the sake of clarity. For a MAC (G, T, V') and a choice of secret key
sk, we say o is a valid tag for message m if there exists r such that 0 = T'(m, sk, r). Likewise,
we say that o is a potential tag for message m if V' (m, sk, o) = 1.

Definition 136. A Message Authentication Code (G, T, V') over a message space M is said to be
special if the following conditions hold : For any secret key sk,

e For every message m € M, the set of valid tags is identical to the set of potential tags..

e For every two messages my, # msy and every o1, 05 such that o; is a valid tag for m;, we
have Pr.[T(mq, sk,r) = o1] = Pr,.[T(mg, sk,r) = 03].. In particular, the cardinality of
the set of valid tags for m is the same for all m.

We next define the standard notion of security under Random Message attacks for MACs. As
before, from now onwards, we will assume implicitly that M is the message space.
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Definition 137. A special MAC (G, T, V) is said to be (t,¢)-RMA secure if the following holds
: Let sk < G(1™). Let (my,...,m;) be chosen uniformly at random from M. Let o; <+
T (m;, sk, r). Then for any probabilistic algorithm A running in time t,

Pr [A(my,...,my,01,...,00) = (m',0")] < e
sk,(mi,....,m¢),(01,...,0¢)

where V. (m/, sk,0’) = 1 and m' # m; foralli=1,... 1.

It is known how to construct MACs meeting the requirements in Definition 137 under standard
cryptographic assumptions (see [59]).

A general hardness result based on Message Authentication Codes.

The next theorem shows that special MACs yield hardness results for inverse approximate uniform
generation.

Theorem 138. Let ¢ > 0 and (G, T,V) be a (t,€)-RMA secure special MAC for some t = 2™
and ¢ = 1/t with a message space M of size 2. Let V. denote the function Vg, : (m, o)
V(m, sk,o). If Vg, € C for every sy, then there exists § > 0 such that C is (11, k,n)-hard for
inverse approximate uniform generation for t; = 2 and Kk = n=1-2"".

Proof. Towards a contradiction, let us assume that there is an algorithm A;,, for inverse approxi-
mate uniform generation of C which runs in time ¢; and with probability 1 — 7 outputs a sampler
whose statistical distance is at most x from the target distribution. (We will set ¢, x and 7 later in
the proof.) We will use A;,, to contradict the security of the MAC. Let sk be a secret key chosen
according to G(1™). Now, the adversary receives message-tag pairs (mi, 1), ..., (my,, 0y, ) where
my, ..., my, are chosen independently at random from M. Because the MAC is special, for each
i we have that o; is a uniformly random valid tag for the message m;. Hence each (m;, 0;) is an
independent and uniformly random satisfying assignment of V.

We can thus run Aj,, on the samples (my,01), ..., (my,, 0y, ) With its accuracy parameter set
to « and its confidence parameter setto 1 — 7. Taking xk = =1 — 2" we can choose § small
enough compared to ¢, and with ¢; = 27" we get that the total running time of Aj,, is at most 2™ /2.
By the definition of inverse approximate uniform generation, with probability at least 1 —»n = 9-n’
the algorithm A;,,, outputs a sampler for a distribution Z thatis x = (1— 9—n’ )-close to the uniform
distribution over the satisfying assignments of V;;. Now, observe that

: 131
Pr [m;#mforallie [t]] >1— —-.
(m’”)"’uvs;l ) |M |
Thus,
: 3]
Pr(z = (m, dm; forall: € [t1]] > (1 — K) — —.
ZNZ[Z (m,o) and m; # mforalli € [t;]] > (1 — k) ™M
This means that with probability (1—7)-((1—kx)— ﬁ) the adversary can output a forgery. It

is clear that for a suitable choice of ¢ relative to ¢, recalling that k = = 1 — 27" the probability
of outputting a forgery is greater than 2™, which contradicts the security of the MAC. [



CHAPTER 4. INVERSE APPROXIMATE UNIFORM GENERATION 113

Unlike signature schemes, which permitted intricate reductions (cf. Theorem 118), in the case
of MACs we get a hardness result for complexity class C only if Vyy itself belongs to C. While spe-
cial MACs are known to exist assuming the existence of one-way functions [59], the constructions
are rather involved and rely on constructions of pseudorandom functions (PRFs) as an intermediate
step. As aresult, the verification algorithm V" also involves computing PRFs; this means that using
these standard constructions, one can only get hardness results for a class C if PRFs can be com-
puted in C. As a result, the class C tends to be fairly complex, making the corresponding hardness
result for inverse approximate uniform generation for C somewhat uninteresting.

One way to bypass this is to use construction of MACs which do not involve use of PRFs as an
intermediate step. In recent years there has been significant progress in this area [93, 41]. While
both these papers describe several MACs which do not require PRFs, the one most relevant for us
is the MAC construction of [93] based on the hardness of the “Learning Parity with Noise” (LPN)
problem.

Some specific hardness assumptions, and a corresponding specific hardness result.

We first state a “decision” version of LPN. To do this, we need the following notation:

e Let Ber, denote the following distribution over GF'(2) : If x <— Ber,, then Pr{z = 1] = 7.

e For z € GF(2)", we use A(z, T, ) to denote the distribution (r,x - r @ e) over GF(2)" x
GF(2) where r ~ GF(2)" and e ~ Ber, and z - r = ®;x;7; ( mod 2).

Assumption 2. Let 7 € (0,1/2) and let O, ; be an oracle which, each time it is invoked, returns
an independent uniformly random sample from A(z,7,-). The LPN assumption states that for any
poly(n)-time algorithm A,

[ Pr )n[.AO““ = 11 — [ Pr [A%/2 = 1] ’ <e

2€GF(2 2eGF(2)n

for some € which is negligible in n.

LPN is a well-studied problem; despite intensive research effort, the fastest known algorithm
for this problem takes time 2°("/1°¢™) [16]. For our applications, we will need a variant of the
above LPN assumption. To define the assumption, let A(x, ¢, 7,-) denote the distribution over
(A, A -z @ e) where A is uniformly random in GF(2)*" and e is uniformly random over the set
{2 € GF(2)" : wt(z) < [7£]}. The vector e is usually referred to as the noise vector.

Assumption 3. Let 7 € (0,1/2), { = c¢-n for some 0 < ¢ < 1/2 and let O, be an oracle which
returns a uniformly random sample from N(x,(, 7, -). Then the (t,€) exact LPN assumption states
that for any algorithm A running in time t,

Pr  [A%tr=1] - Pr [A%wir=1]|<e
zEGF(2)" zeGF(2)"
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For the sake of brevity, we henceforth refer to this assumption by saying “the exact (n,l,T)
LPN problem is (t,¢€)-hard.”

The above conjecture seems to be very closely related to Assumption 2, but it is not known
whether Assumption 2 formally reduces to Assumption 3. Assumption 3 has previously been
suggested in the cryptographic literature [84] in the context of getting perfect completeness in LPN-
based protocols. We note that Arora and Ge [4] have investigated the complexity of this problem
and gave an algorithm which runs in time n°). We believe that the proximity of Assumption 3 to
the well-studied Assumption 2, as well as the failure to find algorithms for Assumption 3, make it
a plausible conjecture. For the rest of this section we use Assumption 3 with t = 2" and e = 2"
for some fixed g > 0.

We next define a seemingly stronger variant of Assumption 3 which we call subset exact LPN.
This requires the following definitions: For z,v € GF(2)", {,d < nand 7 € (0, 1/2), we define
the distribution A*(z, v, ¢, 7, -) as follows :

)  Azv,0,1)2,0) ifwt(v) < d
A (x707€77—7 ) — { A(l' . U7€7 7‘7.) 1fwt<”U) Z d

where z - v € GF(2)" is defined by (z - v); = x; - v;. In other words, if wt(v) > d, then the
distribution A%(z, v, ¢, T) projects x into the non-zero coordinates of v and then outputs samples
corresponding to exact LPN for the projected vector. We define the oracle O , ;. (-) which takes
an input v € GF(2)" and outputs a random sample from A%(x,v,?, 7,-). The subset exact LPN
assumption states the following:

Assumption 4. Let 7 € (0,1/2), { = c-nandd = ¢ -n for some 0 < ¢,/ < 1/2. The (t, €)-subset
exact LPN assumption says that for any algorithm A running in time t,

Pr [A%tir =1]— Pr [Aoix»dw = 1]' <e

TzEGF(2)" 2EGF(2)"

For the sake of brevity, we henceforth refer to this assumption by saying “the subset exact (n, (, d, T)
LPN problem is (t, €)-hard.”

Assumption 4 is very similar to the subset LPN assumption used in [93] and previously con-
sidered in [124]. The subset LPN assumption is the same as Assumption 4 but with / = 1 and the
coordinates of the noise vector e being drawn independently from Ber,. Pietrzak [124] showed
that the subset LPN assumption is implied by the standard LPN assumption (Assumption 2) with
a minor change in the security parameters. Along the same lines, the next lemma shows that As-
sumption 3 implies Assumption 4 with a minor change in parameters. The proof is identical to the
proof of Theorem 1 in [124] and hence we do not repeat it here.

Lemma 139. If the exact (n,(, ) LPN problem is (t,€) hard, then for any g € N, the subset exact
(n',€,n+ g,7) LPN problem is (t',€') hard forn' > n+ g, t' = t/2 and ¢ = € + 3%
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Proof. The proof of this lemma follows verbatim from the proof of Theorem 1 in [124]. The key
observation is that the reduction from subset LPN to LPN in Theorem 1 in [124] is independent of
the noise distribution. [

From Lemma 139, we get that Assumption 3 implies Assumption 4. In particular, we can set
¢ =n/5and g = n/10,n’ > 11n/10. Then we get that if the exact (n, £, 7) problem is (2", 2-"")
hard for some § > 0, then the subset exact (n/, ¢, 11n/10, ) is also (2”/3/, 2_"ﬁ/) hard for some
other 5’ > 0. For the rest of this section, we set the value of ¢ and g as above and we assume that
the subset exact (n/, ¢, 11n/10, 7) is (2”ﬁ/, 2_”ﬁ/) hard for some 3 > 0.

Now we are ready to define the following Message Authentication Code (MAC) (G, S, V),
which we refer to as LPN-MAC:

AXn

e The key generation algorithm G chooses a random matrix X € GF(2)
1’ € GF(2)", where A = 2n.

and a string

e The tagging algorithm samples R € GF(2)”* and e € GF(2)" where e is a randomly
chosen vector in GF(2)¢ with at most [7¢] ones. The algorithm outputs (R, RT - (X - m +
') +e).

e The verification algorithm, given tag (R, Z) for message m, computes y = Z + RT - (X -
m + z’) and accepts if and only if the total number of ones in y is at most [7/].

Note that all arithmetic operations in the description of the above MAC are done over GF'(2).
The following theorem shows that under suitable assumptions the above MAC is special and secure
as desired:

Theorem 140. Assuming that the exact (n,(,7) problem is (t,€) hard for t = 2" and ¢ = 2
for B > 0, LPN-MAC described above is a (t, € )-RMA-secure special MAC for t' = 2" and
¢ =27 for some B > 0.

Proof. First, it is trivial to observe that the MAC described above is a special MAC. Thus, we are
only left with the task of proving the security of this construction. In [93] (Theorem 5), the authors
show that the above MAC is secure with the above parameters under Assumption 2 provided the
vector e in the description of LPN-MAC is drawn from a distribution where every coordinate of e
is an independent draw from Ber,. (We note that the MAC of Theorem 5 in [93] is described in a
slightly different way, but Dodis et al. [41] show that the above MAC and the MAC of Theorem 5
in [93] are exactly the same). Follow the same proof verbatim except whenever [93] use the subset
LPN assumption, we use the subset exact LPN assumption (i.e. Assumption 4), we obtain a proof
of Theorem 140. 0
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A problem for which inverse approximate uniform generation is hard but approximate
uniform generation is easy.

Given Theorem 138, in order to come up with a problem where inverse approximate uniform gen-
eration is hard but approximate uniform generation is easy, it remains only to show that the verifi-
cation algorithm for LPN-MAC can be implemented in a class of functions for which approximate
uniform generation is easy. Towards this, we have the following definition.

Definition 141. BILINEAR-MAJORITY - is a class of Boolean functions such that every
f €BILINEAR-MAJORITY 5., [ : GF(2)* x GF(2)" x GF(2)" — {0,1} is parame-
terized by subsets S,...,Sy C [n] and 2° € GF(2)* and is defined as follows : On input
(R, Z,m) € GF(2)* x GF(2)" x GF(2)", define

A
7=1 EES]'
where all the additions and multiplications are in GF(2). Then f(R,Z,m) = 1 if and only if
at most [Tl| coordinates yi, . . .,y are 1.

Claim 142. For the LPN-MAC with parameters {, n, \ and T described earlier, the verification
algorithm V' can be implemented in the class BILINEAR-MAJORITY , x -.

Proof. Consider the LPN-MAC with parameters ¢, n, A and 7 and secret key X and 2’. Now define
a function f in BILINEAR-MAJORITY/,, » » where 2° = 2’ and the subset S; = {i : X;; = 1}.
It is easy to check that the corresponding f(R, Z,m) = 1 if and only if (R, Z) is a valid tag for
message m. 0

The next and final claim says that there is an efficient approximate uniform generation algo-
rithm for BILINEAR-MAJORITY, » -

Claim 143. There is an algorithm which given any f €BILINEAR-MAJORITY,,, » - (with pa-
rameters Sy, ..., S\ C [n] and 2° € GF(2)*) and an input parameter 6 > 0, runs in time
poly(n, £, \,log(1/8)) and outputs a distribution which is §-close to being uniform on f~'(1).

Proof. The crucial observation is that for any (R, m), the set Ag,, = {z : f(R,Z,m) = 1}
has cardinality independent of R and m. This is because after we fix R and m, if we define
b; = E?:l R;; - (Zeesj me + x?), then y; = Z; + b;. Thus, for every fixing of R and m, since b; is
fixed, the set of those Z such that the number of 7;’s which are 1 is bounded by 7/ is independent of
R and m. This implies that the following sampling algorithm returns a uniformly random element

of f~1(1):
e Randomly sample R and m. Compute b; as defined earlier.

e Let a = [7/] and consider the halfspace g(y) = sign(a — >+, y;). Now, we use Theo-
rem 99 to sample uniformly at random from ¢~!(1) and hence draw a uniformly random
from the set {y € {0,1}: 32'_, v < a}.
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e We set Z; = y; + b;. Output (R, Z, m).

The guarantee on the running time of the procedure follows simply by using the running time
of Theorem 99. Similarly, the statistical distance of the output from the uniform distribution on
f71(1) is at most 4. O

4.6 Efficient inverse approximate uniform generation when
approximate uniform generation is infeasible

In Section 4.3 we gave an efficient algorithm for the inverse approximate uniform generation prob-
lem for halfspaces, and in Section 4.4 we gave a quasi-polynomial time algorithm for the inverse
approximate uniform generation problem for DNFs. Since both these algorithms follow the stan-
dard approach, both crucially use efficient algorithms for the corresponding uniform generation
problems [81, 112]. In this context, it is natural to ask the following question: Is inverse approxi-
mate uniform generation easy only if the corresponding approximate uniform generation problem
is easy?

In this section we show that the answer to this question is “no” (for at least two reasons). First,
we point out that a negative answer follows easily from the well-known fact that it is computation-
ally hard to “detect unique solutions.” In more detail, we recall the definition of the UNIQUE-SAT
problem. UNIQUE-SAT is a promise problem where given a CNF @, the task is to distinguish
between the following two cases:

e ® has no satisfying assignment; versus

e ® has exactly one satisfying assignment.

In a famous result, Valiant and Vazirani [145] showed the following.

Theorem 144. [145] There is a randomized polynomial time reduction from CNF-SAT to UNIQUE-
SAT.

Let C denote the class of all n-variable CNF formulas that have exactly one satisfying assign-
ment. As an immediate corollary of Theorem [145] we have the following:

Corollary 145. There is a constant ¢ > 0 such that unless SAT € BPTIME(t(n)), there is no
approximate uniform generation algorithm for C which runs in time BPTIME(t(n°)) even for
variation distance e = 1/2.

On the other hand, it is clear that there is a linear time algorithm for the inverse approximate
uniform generation problem for the class C: simply draw a single example x and output the trivial
distribution supported on that one example.

The above simple argument shows that there indeed exist classes C where inverse uniform
generation is “easy” but approximate uniform generation is “hard”, but this example is somewhat
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unsatisfying, as the algorithm for inverse approximate uniform generation is trivial. It is natural to
ask the following meta-question: is there a class of functions C such that approximation uniform
generation is hard, but inverse approximate generation is easy because of a polynomial-time algo-
rithm that “uses its samples in a non-trivial way?” In the rest of this section we give an example of
such a problem.

Efficient inverse approximate uniform generation for graph automorphism. The following
problem is more naturally defined in terms of a relation over combinatorial objects rather than in
terms of a function and its satisfying assignments. Let us define G, to be the set of all (simple
undirected) graphs over vertex set [n] and S,, to be the symmetric group over [n]. We define the
relation R, (G, o) over G, X S, as follows: R,,:(G, o) holds if and only if ¢ is an automorphism
for the graph GG. (Recall that “o is an automorphism for graph G” means that (x, y) is an edge in
G if and only if (o(x),o(y)) is also an edge in G.) The inverse approximate uniform generation
problem for the relation R, is then as follows: There is an unknown n-vertex graph G. The algo-
rithm receives uniformly random samples from the set Aut(G) := {0 € S,, : Rauw(G, o) holds }.
On input €, §, with probability 1 — § the algorithm must output a sampler whose output distribution
is e-close to the uniform distribution over Aut(G).

It is easy to see that Aut((G) is a subgroup of S,,, and hence the identity permutation e,, must
belong to Aut(G). To understand the complexity of this problem we recall the graph isomorphism
problem:

Definition 146. GRAPH-ISOMORPHISM is defined as follows : The input is a pair of graphs
G, Gy € G, and the goal is to determine whether they are isomorphic.

While it is known that GRAPH-ISOMORPHISM is unlikely to be NP-complete [128, 18],
even after several decades of effort the fastest known algorithm for GRAPH-ISOMORPHISM has
a running time of 2°(v™ [7]. This gives strong empirical evidence that GRAPH-ISOMORPHISM
is a computationally hard problem. The following claim establishes that approximate uniform

generation for R, is as hard as GRAPH-ISOMORPHISM:

Claim 147. If there is a t(n)-time algorithm for approximate uniform generation for the rela-
tion R, (with error 1/3), then there is a O(t(2n))-time randomized algorithm for GRAPH-
ISOMORPHISM.

Proof. Let A be the hypothesized t(n)-time algorithm, so A, run on input (G, 1/2) where G is an
n-node graph, returns an element o € Aut(G) drawn from a distribution D that has drv (D, Uauy(c)) <
1/3. We now describe an algorithm for GRAPH-ISOMORPHISM (using A).

Let the two input graphs be H; and Hs of size n. Define G = H; U H, (of size 2n). Next,
define Aut(G)s = {0 : 0 € Aut(G) and o moves a vertex of H; to a vertex of Hy}. We ob-
serve that given Hy, H, and a permutation o on the set [2n], it is easy to check membership in
Aut(G),. Further, using Lagrange’s theorem, it can also be shown that if |Aut(G)| > 1, then
[Aut(G)s|/|Aut(G)| > 1/2.

To decide if given graphs H; and H, are isomorphic, we run Aon G = Hy U Hs. If H; and H,
are not isomorphic, then Aut(G), is empty and hence the output of A does not belong to Aut(G)
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(which can be easily checked). On the other hand, if /{; and H, are isomorphic, with probability
at least 1/6, the output belongs to Aut(G), (and this can again be efficiently checked). We repeat
this algorithm several times to boost its completeness. ]

While approximate uniform generation for R, is hard, the next theorem shows that the inverse
approximate uniform generation problem for R, is in fact easy:

Theorem 148. There is a randomized algorithm A" with the following property: The algorithm

mv

takes as input €,0 > 0. Given access to uniform random samples from Aut(G) (where G is an
aut

unknown n-node graph), A2 runs in time poly(n,log(1/¢€),log(1/§)) and with probability 1 — ¢

outputs a sampler Cy with the following property : The running time of Cyy is O(nlogn +
log(1/€)) and the output distribution of Cyy is e-close to the uniform distribution over Aut(G).

Proof. The central tool in the proof is the following theorem of Alon and Roichman [2]:

Theorem 149. [2] Let H be any group and let hy, . . . , hy, be chosen uniformly at random from H.
Consider the set S = UY_ {h;, h;'}. Then, for k = O(log |H| + log(1/4)), with probability at
least 1 — & the Cayley graph (H, S) has its second largest eigenvalue at most 1/2.

aut

We now describe our algorithm A2%. On input ¢, 0 it draws &k = O(nlogn + log(1/0)) per-
mutations gi, . . ., g, from Aut(G). It computes g; ', ..., g, " and sets S = UF_ {g;,g;'}. The
sampler C,,; is defined as follows: It uses its input random bits to perform a random walk on
the Cayley graph (Aut(G), S), starting at e, for T' = O(nlogn + log(1/¢€)) steps; it outputs the
element of H which it reaches at the end of the walk. (Note that in order to perform this random
walk it is not necessary to have Aut(G) explicitly — it suffices to explicitly have the set S.)

The analysis is simple: we first observe that every graph GG has an automorphism group of size
|Aut(G)| < n!. Theorem 149 then guarantees that with probability at least 1 — § the Cayley graph
(Aut(G), S) has its second eigenvalue bounded by 1/2. Assuming that the second eigenvalue
is indeed at most 1/2, standard results in the theory of random walks on graphs imply that the
distribution of the location reached at the end of the walk has variation distance at most € from the
uniform distribution over Aut(G). This concludes the proof. [

Another interesting direction to pursue is to study inverse approximate uniform generation for
combinatorial problems like matching and coloring as opposed to the “Boolean function satisfying
assignment”—type problems that have been the main focus of this chapter. We note that prelimi-
nary arguments suggest that there is a simple efficient algorithm for inverse approximate uniform
generation of perfect matchings in bipartite graphs. Similarly, preliminary arguments suggest that
for the range of parameters for which the “forward” approximate uniform generation problem for
colorings is known to be easy (namely, the number ¢ of allowable colors satisfies ¢ > 11A/6
where A is the degree [147]), the inverse approximate uniform generation problem also admits
an efficient algorithm. These preliminary results give rise to the question of whether there are
similar combinatorial problems for which the complexity of the “forward” approximate uniform
generation problem is not known and yet we can determine the complexity of inverse approximate
uniform generation (like the group theoretic setting of Section 4.6).
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Finally, for many combinatorial problems, the approximate uniform generation algorithm is to
run a Markov chain on the state space. In the regimes where the uniform generation problem is
hard, the Markov chain does not mix rapidly which is in turn equivalent to the existence of sparse
cuts in the state space. However, an intriguing possibility arises here: If one can show that the
state space can be partitioned into a small number of components such that each component has no
sparse cuts, then given access to a small number of random samples from the state space (with at
least one such example belonging to each component), one may be able to easily perform approx-
imate uniform generation. Since the inverse approximate uniform generation algorithms that we
consider have access to random samples, this opens the possibility of efficient approximate uniform
generation algorithms in such cases. To conclude, we give an example of a natural combinatorial
problem (from statistical physics) where it seems that this is essentially the situation (although we
do not have a formal proof). This is the 2-D Ising model, for which the natural Glauber dynamics is
known to have exponential mixing time beyond the critical temperature [109]. On the other hand,
it was recently shown that even beyond the critical temperature, if one fixes the boundary to have
the same spin (all positive or all negative) then the mixing time comes down from exponential
to quasipolynomial [106]. While we do not know of a formal reduction, the fact that fixing the
boundary to the same spin brings down the mixing time of the Glauber dynamics from exponential
to quasipolynomial is “morally equivalent” to the existence of only a single sparse cut in the state
space of the graph [131]. Finding other such natural examples is an intriguing goal.
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Chapter 5

Future work

In this chapter, we provide some future research directions related to material presented in this
thesis.

5.1 Research directions for the Chow parameters problem

In Chapter 2, we achieved a running time of O(n2 - Py 108(1/9)) for the Chow parameters problem.
An obvious open problem is to improve the dependence on the error parameter € in the running
time and to get it down to say O(n? - ePo l0812(1/9)) or even poly (n/e).

It would also be interesting to characterize the complexity of the exact problem (i.e., that of
finding the linear threshold given the exact value of Chow parameters, or deciding that no such
game exists). We conjecture that the exact problem is intractable, namely §/°-hard.

Furthermore, in Chapter 2, we saw that the Chow parameters algorithm gives an agnostic-type
learning algorithm for halfspaces. Is it possible to use the ideas here to push this bound further and
get a better agnostic learning algorithm for halfspaces?

5.2 Research directions for the Inverse Shapley value problem

In Chapter 3, we achieved a running time of O(n2 -2Poly(1/9)) for the Inverse Shapley value problem.
An obvious open problem is to improve the dependence on the error parameter € in the running
time. Our algorithm is an Efficient Polynomial Time Approximation Scheme (EPTAS). Is there
a Fully Polynomial Time Approximation Scheme (FPTAS), i.e., an algorithm with running time
poly(n,1/¢€)?

It would also be interesting to characterize the complexity of the exact problem (i.e., that of
designing a weighted voting game that exactly achieves a given set of Shapley values, or deciding
that no such game exists). We conjecture that the exact problem is intractable, namely fP-hard.

Besides this, one can consider getting similar efficient algorithms for the inverse problems
corresponding to other power indices like the Deegan-Packel index, Holler index amongst others.
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5.3 Research directions for Inverse approximate uniform
generation

In Chapter 4, we considered inverse problems in approximate uniform generation for a range of in-
teresting and well-studied classes of functions including LTFs, DNFs, CNFs, polynomial threshold
functions, and more. While our findings have determined the computational complexity of inverse
approximate uniform generation for these classes, several interesting questions and directions re-
main to be pursued. We outline some of these directions below.

One natural goal is to extend our results (both positive and negative) to a wider range of func-
tion classes; we list several specific classes that seem particularly worthy of investigation. The
first of these is the class of intersections of two monotone LTFs. We note that Morris and Sin-
clair [112] gave efficient approximate uniform generation / counting algorithms for intersections
of two monotone LTFs, but on the other hand, no distribution independent PAC or SQQ learning
algorithm is known for this class (although quasipoly(n)-time algorithms are known if both LTFs
have integer weights that are at most poly(n) [94]). The second class is that of poly(n)-size de-
cision trees. Our DNF result gives a quasipoly(n/¢)-time inverse approximate uniform generation
algorithm for this class; can this be improved to poly(n, 1/¢)? We note that in order to obtain such
a result one would presumably have to bypass the “standard approach,” since decision trees are
not known to be PAC learnable faster than quasipoly(n/e€)-time under the uniform distribution on
{—1,1}". (We further note that while [48] gives a reduction from learning the uniform distribution
over satisfying assignments of a decision tree to the problem of PAC learning decision trees under
the uniform distribution, this reduction relies crucially on the assumption — implicit in the [48]
framework — that the probability mass function of the hypothesis distribution can be efficiently
evaluated on any input z € {—1,1}". In our framework this assumption need not hold so the [48]
reduction does not apply.) Still other natural classes to investigate are context free languages (for
which quasi-polynomial time uniform generation algorithms are known [60]) and various classes
of branching programs. It may also be of interest to consider similar problems when the underlying
measure is (say) Gaussian or log-concave.
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Appendix A

Missing proofs from Chapter 2

A.1 Near-Optimality of Lemma 22

The following lemma shows that in any statement like Lemma 22 in which the hyperplane H’
passes through all the points in S, the distance bound on 3 can be no larger than n~'/2 as a
function of n. This implies that the result obtained by taking x = 1/2"*! in Lemma 22, which
gives a distance bound of n~(1/2+°(1) a5 a function of n, is optimal up to the o(1) in the exponent.

Lemma 150. Fix ¢ > 8n~'/2. There is a hyperplane H € R" and a set S C {—1,1}" such that
|S| > £2" and the following properties both hold:

e Forevery x € S we have d(z, H) < 2en™'/?; and

e There is no hyperplane H' which passes through all the points in S.

Proof. Without loss of generality, let us assume K = 4/¢? is an even integer; note that by assump-
tion K < n/2. Now let us define the hyperplane H by

9 4,
H:{$€Rn:([£1+...+$[{)+ <xK+l+ +$):0}

(n—K)

Let us define S = {z € {—1,1}" : d(z,H) < 4//K(n — K)}. Itis easy to verify that every
r € S indeed satisfies d(z, H) < 2en~'/? as claimed. Next, let us define A as follows:

A={ze{-1,1}":x1+...+2x =0

and

|1+ .o+ xp] <2vn— K}

It is easy to observe that A C S. Also, we have

Pr [z, +...4zx=0]>2VK)™"
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and

Pr [legsai+.. 4o <2vVn— K] >1/2.
Hence we have that |S| > €2™/8. We also observe that the point z € {—1,1}" defined as

2= (1,1,1,-1,...,1,-1,—1,...,—1) (A.D)

K-2

(whose first two coordinates are 1, next &' — 2 coordinates alternate between 1 and —1, and final
n — K coordinates are —1) lies on H and hence z € S.

We next claim that the dimension of the affine span of the points in A U z is n. This obviously
implies that there is no hyperplane which passes through all points in A U z, and hence no hyper-
plane which passes through all points in S. Thus to prove the lemma it remains only to prove the
following claim:

Claim 151. The dimension of the affine span of the elements of AU z is n.

To prove the claim, we observe that if we let Y denote the affine span of elements in A U z
and Y’ denote the linear space underlying Y/, then it suffices to show that the dimension of Y is n.
Each element of Y is obtained as the difference of two elements in Y.

First, let y € {—1,1}" be such that

Zyi: Z yi = 0.

i<K K+1<i<n

Let y® € {—1,1}" be obtained from y by flipping the i-th bit. Foreachi € {K +1,...,n} we
have that 3 and y®* are both in A, so subtracting the two elements, we get that the basis vector e;
belongs to Y’ foreachi € {K + 1,...,n}.

Next, let i # j < K be positions such that y; = 1 and y; = —1. Let y* denote the vector
which is the same as y except that the signs are flipped at coordinates 7 and j. Since y* belongs to
A, by subtracting y from y* we get that for every vector e;; (i # j < K) which has 1 in coordinate
i, —1 in coordinate j, and O elsewhere, the vector ¢;; belongs to Y.

The previous two paragraphs are easily seen to imply that the linear space Y’ contains all
vectors © € R” that satisfy the condition x; + - - - + xx = 0. Thus to show that the dimension of
Y is n, it suffices to exhibit any vector in Y’ that does not satisfy this condition. But it is easy to
see that the vector y — z (where z is defined in (A.1)) is such a vector. This concludes the proof of
the claim and of Lemma 150. 0

A.2 Useful extensions of Goldberg’s theorems

To allow an application of Lemma 22 in affine subspaces of R"” we require an extension of Theo-
rem 21 (Theorem 3 of [57]) which roughly speaking is as follows: the hypothesis is that not only
does the set S C {—1,1}" lie close to hyperplane H but so also does a (small) set R of points in
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{0, 1}™; and the conclusion is that not only does “almost all” of .S (the subset S*) lie on H' but so
also does all of R. To obtain this extension we need a corresponding extension of an earlier result
of Goldberg (Theorem 2 of [57]), which he uses to prove his Theorem 3; similar to our extension of
Theorem 21 our extension of Theorem 2 of [57] deals with points from both {—1, 1}™ and {0, 1}".
The simplest approach we have found to obtain our desired extension of Theorem 2 of [57] uses
the “Zeroth Inverse Theorem” of Tao and Vu [140]. We begin with a useful definition from their

paper:

Definition 152. Given a vector w = (wy, ..., wy) of real values, the cube S(w) is the subset of R
defined as !
k
S(w) = {Z ew; : (€1,...,6,) € {—1,0, 1}”} )
i=1

The “Zeroth Inverse Theorem™ of [140] is as follows:

Theorem 153. Suppose w € R™, d € N and 0 € R satisfy Proc(_1 1y [w - & = 6] > 27971, Then
there exists a d-element subset A = {iy,...,i4} C [n] such that forv = (w;,,...,w;,) we have

{wh SR )wn} g S(U)
For convenience of the reader, we include the proof here.

Proof of Theorem 153. Towards a contradiction, assume that there is no v = (wj,, ..., w;,) such
that {wy, ..., w,} € S(v). Then an obvious greedy argument shows that there are distinct integers
i1,...,0q41 € [n] such that w; ..., w;,,, is dissociated, i.e. there does not exist j € [n] and
¢ € {—1,0,1} such that w; = 3, €;w;.

Letv = (wj,,...,w;,,,). By an averaging argument, it is easy to see that if Pr,cy_1 1yn[w-2 =
0) > 27971, then Jv € R such that Pr,c(_; 1ya1[v- @ = v] > 27971, By the pigeon hole principle,
this means that there exist z,y € {—1, 1} such that x # y and v - ((x —y)/2) = 0. Since entries
of (z —y)/2 arein {—1,0, 1}, and not all the entries in (x — y)/2 are zero, this means that v is not
dissociated resulting in a contradiction. 0

Armed with this result, we now prove the extension of Goldberg’s Theorem 2 that we will need
later:

Theorem 154. Let w € R™ have ||w||; = 1 and let € R be such that Pryc_1 1y [w-x = 0] = .
Let H denote the hyperplane H = {x € R" | w - = 0}. Suppose that span(H N ({—1,1}" U
{0,1}™)) = H, i.e. the affine span of the points in {—1,1}" U {0, 1}" that lie on H is H. Then all
entries of w are integer multiples of f(n,a)™!, where

fn,a) < (2n)E0/@H2 - ((log(1/a) ])!

'In [140] the cube is defined only allowing ¢; € {—1,1} but this is a typographical error; their proof uses the
€; € {—1,0,1} version that we state.
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Proof. We first observe that w - (x — y) = 0 for any two points z, y that both lie on H. Consider
the system of homogeneous linear equations in variables wi, . . ., w/,, defined by

w-(x—y)=0 forallz,y e HN ({-1,1}"U{0,1}"). (A.2)

Since span(H N ({—1,1}"U{0,1}")) is by assumption the entire hyperplane H, the system (A.2)
must have rank n — 1; in other words, every solution w’ that satisfies (A.2) must be some rescaling
w’ = cw of the vector w defining H.

Let A denote a subset of n — 1 of the equations comprising (A.2) which has rank n — 1 (so
any solution to A must be a vector w’ = cw as described above). We note that each coefficient in
each equation of A lies in {—2, —1,0, 1,2}. Let us define d = [log(1/«)| + 1. By Theorem 153,

. . def
there is some wj,, ..., w;, with d’ < d such that for v = (wy, . .. ,w;, ), we have {wy, ..., w,} C

S(v); in other words, for all j € [n] we have w; = Z?lzl €r,jw;, where each ¢, ; belongs to
{—1,0, 1}. Substituting these relations into the system A, we get a new system of homogenous

linear equations, of rank d’ — 1, in the variables w; , ..., w; , where all coefficients of all variables

in all equations of the system are integers of magnitude at rdnost 2n.

Let M denote a subset of d — 1 equations from this new system which has rank d’ — 1. In
other words, viewing M as a d’ x (d' — 1) matrix, we have the equation M - vT = 0 where all
entries in the matrix M are integers in [—2n, 2n|. Note that at least one of the values w;, , ..., w; o
is non-zero (for if all of them were 0, then since {w, ..., w,} C S(v) it would have to be the case
that wy = --- = w,, = 0.). Without loss of generality we may suppose that w;, has the largest
magnitude among wj,, . .., w; . We now fix the scaling constant ¢, where w’ = cw, to be such that
wj; = 1. Rearranging the system M (cv)” = M(1,w,, ... ,wgd,)T = 0, we get a new system of
d' — 1 linear equations M'(wj_,...,w; )* = bwhere M’ is a (d' — 1) x (d' — 1) matrix whose
entries are integers in [—2n, 2n] and b is a vector whose entries are integers in [—2n, 2n).

We now use Cramer’s rule to solve the system

M'(wj,, ... ,wgd/)T =b.
This gives us that w; = det(M;)/ det(M’) where M; is the matrix obtained by replacing the g
column of M’ by b. So each w;, is an integer multiple of 1/ det()’) and is bounded by 1 (by our
earlier assumption about w;, having the largest magnitude). Since {w},...,w,} C S(v), we get
that each value w) is an integer multiple of 1/ det(M’), and each |w}| < n. Finally, since M’ is
a(d —1) x (d — 1) matrix where every entry is an integer of magnitude at most 2n, we have
that | det(M')| < (2n)¥~1 - (d' — 1)! < (2n)?'. (d — 1)!. Moreover, the ¢, norm of the vector
w' is bounded by n%/2. So renormalizing (dividing by ¢) to obtain the unit vector w back from
w' = cw, we see that every entry of w is an integer multiple of 1//N, where N is a quantity at most

(2n)4+1/2 . d!. Recalling that d = |log(1/a)]| + 1, the theorem is proved. O

We next prove the extension of Theorem 3 from [57] that we require. The proof is almost
identical to the proof in [57] except for the use of Theorem 154 instead of Theorem 2 from [57]
and a few other syntactic changes. For the sake of clarity and completeness, we give the complete
proof here.
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Theorem 155. Given any hyperplane H in R™ whose [-neighborhood contains a subset S of
vertices of {—1,1}" where S = « - 2", there exists a hyperplane which passes through all the
points of ({—1,1}" U {0, 1}") that are contained in the (-neighborhood of H provided that
0< B < ((2/a) n®losm/a) (24 Llog(n/a)J)!)_l.
Before giving the proof, we note that the hypothesis of our theorem is the same as the hypoth-
esis of Theorem 3 of [57]. The only difference in the conclusion is that while Goldberg proves that

all points of {—1, 1}" in the $-neighborhood of H lie on the new hyperplane, we prove this for all
the points of ({—1,1}" U {0,1}") in the S-neighborhood of H.

Proof. LetH = {z | w-x —t = 0} with ||w|| = 1. Also, let S = {z € {—1,1}" | d(z,H) < 5}
and 8" = {z € ({—1,1}"U{0,1}") | d(z,H) < B}. For any x € S’ we have that w - x €
[t — B,t+ []. Following [57] we create a new weight vector w’ € R™ by rounding each coordinate
w; of w to the nearest integer multiple of 3 (rounding up in case of a tie). Since every z € S’ has
entries from {—1,0, 1}, we can deduce that for any = € S’, we have

t—B—nB/2<w-z—nf/2<w -z<w-z+nb/2<t+5+np/2

Thus for every x € ', the value w’ - x lies in a semi-open interval of length 3(n + 2); moreover,
since it only takes values which are integer multiples of (3, there are at most n + 2 possible values
that w' - = can take for x € S’. Since S C S and |S| > a2", there must be at least one value
t' € (t—np/2—B,t+np/2+ (] such that at least a2" /(n + 2) points in S lie on the hyperplane
H, defined as H; = {z : v’ -z = t'}. We also let A; = span{z € S’ : w’' -z = t'}. It is clear that
A; C H;. Also, since at least «2"/(n + 2) points of {—1,1}" lie on A;, by Fact 16 we get that
dim(A;) > n —log(n + 2) — log(1/a).

It is easy to see that |[w’ — w|| < /nf/2, which implies that ||w’|| > 1 — y/n3/2. Note that
for any x € S’ we have |w' - x — /| < (n + 2)5. Recalling Fact 20, we get that for any = € S’
we have d(z, H;) < (B(n+2))/(1 — /nf/2). Since /nf < 1, we get that d(z, H;) < 2nf for
every z € 5.

At this point our plan for the rest of the proof of Theorem 155 is as follows: First we will con-
struct a hyperplane Hy, (by an inductive construction) such that span(H, N ({—1,1}"U{0,1}")) =
H,, A; C Hy, and all points in .S’ are very close to H,, (say within Euclidean distance ~y). Then
we will apply Theorem 154 to conclude that any point {—1,1}"U{0, 1}" which is not on H;, must
have Euclidean distance at least some 7' from Hy. If 4/ > ~ then we can infer that every point in
S’ lies on Hy, which proves the theorem. We now describe the construction that gives Hy.

If dim(A;) = n — 1, then we let £ = 1 and stop the process, since as desired we have
span(H, N ({—1,1}" U {0,1}")) = Hy, A = Hg, and d(z,Hy) < 2np for every x € 5.
Otherwise, by an inductive hypothesis, we may assume that for some j > 1 we have an affine
space A; and a hyperplane H; such that

o dim(A;) = dim(A4;)+j — 1, and
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e forall z € S" we have d(z, H;) < 2/np.

Using this inductive hypothesis, we will construct an affine space A, and a hyperplane H;,
such that A; C A; 11 C Hj4q, dim(A;441) = dim(A;) + j, and for all x € S’ we have

d(CC, Hj+1) S 2j+1nﬁ.

If A;11 = H;,,, we stop the process, else we continue.

We now describe the inductive construction. Since A; C Hj, there must exist an affine sub-
space A’ such that A; C A’ C H; and dim(A}) = n—2. Let z; denote arg max,es d(z, A}). (We
assume that max,cg d(z, A}) > 0; if not, then choose x; to be an arbitrary point in {—1,1}" not
lying on A’. In this case, the properties of the inductive construction will trivially hold.) Define
H;, = span(A} U z;). Itis clear that H;,, is a hyperplane. We claim that for » € 5" we have

d(:E,Hj-H) < d(x,Hj) —+ d($j,Hj) < an/B + 2jnﬁ _ 2j+1n6.

To see this, observe that without loss of generality we may assume that H; passes through the origin
and thus A’ is a linear subspace. Thus we have that ||z, 4/ || < [|(z;) 1 .4/|| for all z € S, where for
apoint z € R™ we write 2z A denote the component of x orthogonal to A’. Let r = || Y || and
o= ||z arlls where r; > r. Let 6 denote the angle that x| A makes with H; and let ¢ denote
the angle that Tia makes with (a:j)LAg_. Then it is easy to see that d(x, H,+1) = |r - sin(f — ¢)],
d(z,H;) = |r-sin(#)| and d(z;, H;) = |ry - sin(¢)|. Thus, we only need to check that if r; > r,
then |r - sin(6 — ¢)| < |r - sin(@)| + |r1 - sin(¢)| which is straightforward to check.

Let A;1; = span(A; U z;) and note that A; C A1 € Hj4; and dim(A,4,) = dim(A4;) + 1.
As shown above, for all z € S’ we have d(z,H;;1) < 2"'nf3. This completes the inductive
construction.

Since dim(A4;) > n — log(n + 2) — log(1/a), the process must terminate for some k <
log(n + 2) + log(1/«). When the process terminates, we have a hyperplane H,, satisfying the
following properties:

e span(H, N ({—1,1}"U{0,1}")) = Hy; and
e [H,NS|>a2"/(n+2);and

e forall x € S’ we have d(z, H,) < 2*n8 < (1/a)n(n + 2)B.

We can now apply Theorem 154 to the hyperplane Hy, to get that if H;, = {z | vz — v = 0} with
|v]| = 1, then all the entries of v are integral multiples of a quantity £~ where

E < (2n) s/ @32 ((log((n +2) /o) L.

Consequently v - z is an integral multiple of £~ for every x € ({—1,1}" U {0,1}"). Since there
are points of {—1, 1}" on Hy, it must be the case that v is also an integral multiple of E. So if any
x e ({—1,1}uU{0,1}") is such that d(xz, H;) < F, then d(z, H;) = 0 and hence x actually lies
on Hy. Now recall that for any = € S" we have d(x, Hy) < (n/a)(n + 2)3. Our upper bound on
{3 from the theorem statement ensures that (n/a)(n + 2)3 < E~!, and consequently every = € S’
must lie on Hy, proving the theorem. O
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A.3 Proof of Claim 31

We will need the following technical tool for the proof:

Lemma 156. Let S C {—1,1}" and W : S — |0,2] such that W(S) = 0'2". Also, let v € R"

have ||v|| = 1. Then
SSW(z) - Jv-x| =8 (\/2In(1/8) +4) - 2"

€S

Proof. Forany x € S,let D(z) = o W(x)/W(S). Clearly, D defines a probability distribution over
S. By definition, E,.p[jv-z|] = (3_,cs W(2) - [v-2|)/W(S). Since W(S) = ¢’ - 2", to prove the
lemma it suffices to show that E,p[|v - z|] = y/2In(1/¢’") + 4. Recall that for any non-negative
random variable Y, we have the identity E[Y] = ft>0 Pr[Y > t] dt. Thus, we have

E%D[\u-xu:/t Pr(lo-2| > 1] dt.

>0 Z~D

To bound this quantity, we exploit the fact that the integrand is concentrated. Indeed, by the
Hoeffding bound we have that

o z| > 1] <2/
mw{ 1 13
This implies that the set A = {z € {—1,1}" : |v - z| > t} is of size at most 2¢~*"/22". Since
W(z) < 2forallz € S, we have that ) _, < W(z) < 4e~**/22" This implies that Pr,p[[v -
z| > t] < (4/8") - e**/2. The following chain of inequalities completes the proof:

21In(1/5")
E,..pllv-z|] = / Pr|lw- x| >t dt+/ Prllv-z| > t] dt
t=0 z~D >./2In(1/6") *~D
< V/2In(1/¢") +/ Prllv-z| > t] dt
>./21In(1/5") *~D
de~ t2/2
< 21n(1/5’)+/ — dt
t>\/2m(1)5) O
4te‘t2/2
< 2ln(1/5’)+/ =+/2In(1/0") + 4.
t>y/2me) 0

Recall the statement of Claim 31:

Claim 31. For j < log(8/¢), suppose that W(S;) > v, - 2" where ~; = f410801/9=20+1) . ¢ Then
devow(f.g) > 0, where § = 410801/,
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Proof. We start by observing that
Jj=1 . .
(=4 2em0) 2 WD) < e 0z
=0

The upper bound is obvious because VJZ C V? and V7 C V° and the range of W is non-negative.
To see the lower bound, note that W(V° \ V7) < 2(377_0 v,)2". As V2\ V/ and V°\ V7 are both

contained in V° \ V7, we get the stated lower bound. We also note that

-1 i
2 (Z ’Ye) 2" = 2 (Z ﬁ4log(1/s)—2é—2> on
=0

=0
S 4ﬁ4log(1/5)—2j2n.

This implies that the sets Vj and V7 are (€, 454 log'(l/ €)=2J 1-§) balanced. In particular, using that § <
44106(1/9)=2] ' we can say that the sets V{ and V” are (e, 83*1°5(1/)=2/)-balanced. We also observe
that for j < log(8/¢), we have that 834105(1/9=21 < ¢/8. Let us define /. = Y evy W(z) -,

po= > wevi W() - o, Al = VO\ V] and A’ = V°\ V7. An application of Proposition 29
yields that | (i, — 1) - £;] > (B; — 88"&(1/9-21, /2In(16/€))2".
We now note that

(e =p) -G = =) G+ [ S W)= > wiw) | -4

xEAi CBEAJ;

Defining yu = EzeAi W(z) -z and p” = > weni W(2) -z, the triangle inequality implies that

pl ) = |2 4

‘(m—uf)-@ > ‘(ui—/ﬂ'_)-@

Using Lemma 156 and that W(A? ), W(A?) < W(V0\ V7) < 8341s(l/9=2 . 27 we get that

Wil = X W) a-l
xGAi
= 0 (Il is/ial))
B (6410g(1/€)—2j . 10g3/2(1/€) ) 2n>
and similarly
5] o (3005 g1 ).
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This implies that

~

(g — p) - 4] > (By; — 8618/ )72\/21In(8/€))2"

o (s s o)

Plugging in the value of ~y;, we see that for e smaller than a sufficiently small constant, we have
that

> Bry2"

An application of Proposition 27 finally gives us that

[

dovow(f9) > 27" |y — p|| > 27 (uy — p) - 6 = B;/2 > 6

which establishes Claim 31. O]
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Appendix B

Missing proofs from Chapter 3

B.1 LTF representations with ‘“nice’” weights

This chapter contains the missing proofs from Chapter 3. The reason for having these proofs in the
appendix as opposed to the main chapter is that the proofs In this section, we prove Theorem 40.
This theorem essentially says that given any 7)-reasonable LTF, there is an equivalent representation
of the LTF which is also n-reasonable and is such that the weights of the linear form (when arranged
in decreasing order of magnitude) decrease somewhat “smoothly.” For convenience we recall the
exact statement of the theorem:

Theorem 40. Let f : {—1,1}" — {—1,1} be an n-reasonable LTF and k € [2,n]. There exists
a representation of f as f(x) = sign(vo + Y., vix;) such that (after reordering coordinates so
that condition (i) below holds) we have: (i) |v;| > |vi1|, @ € [n— 1], (i) Jvo] < (1 —n) > 0, |vi

and (iii) for all i € |0,k — 1] we have |v;| < (2/n) - n~k§~ak, whereakd:ef V2.
j>k 7J

>

Proof of Theorem 40. The proof proceeds along similar lines as the proof of Lemma 5.1 from
[120] (itself an adaptation of the argument of Muroga et. al. from [116]) with some crucial modi-
fications.

Since f is n-reasonable, there exists a representation as f(z) = sign(wo + >_;_, w;x;) (where
we assume w.l.o.g. that |w;| > |w;41] for all ¢ € [n — 1]) such that |wy| < (1 —n) > "1, |w;|. Of
course, this representation may not satisfy condition (iii) of the theorem statement. We proceed to
construct the desired alternate representation as follows: First, we set v; = w; for all ¢ > k. We
then set up a feasible linear program L£P with variables wy, . .., ux_; and argue that there exists a
feasible solution to £P with the desired properties.

Let h : {£1}¥71 — R denote the affine form h(x) = wy + Zf;ll wjx;. We consider the
following linear system S of 2"~! equations in k& unknowns uy, . .., u;_1: For each z € {4-1}F1

we include the equation
k—1

i=1
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It is clear that the system S is satisfiable, since (ug, ..., ux—1) = (wo, ..., wi_1) is a solution.
We now relax the above linear system into the linear program L£P (over the same variables) as

follows: Let C' & \/noy. Our linear program has the following constraints:

e For each r € {£1}*"! we include the (in)equality:

. >C  ifh(z)>C,
uo + > wiw; § = h(z) if |h(z)| < C, (B.1)
= <-C ifh(z) < —C.

e For each i € [0,k — 1], we add the constraints sign(u;) = sign(w;). Since the w;’s are
known, these are linear constraints, i.e., constraints like u; < 0, ug > 0, etc.

e We also add the constraints of the form |u;| > |u;41| for 1 < i < k — 2 and also |uy_1]
|wg|. Note that these constraints are equivalent to the linear constraints: u; - sign(w;)
Uip1 - sign(w;y1) and sign(wg—_1) - up—1 > [wg.

2
>

e Welet ¢ = [1/n] and ' = 1/q. Clearly, ¥ < 1. We now add the constraint |u|

IN

(1—7)- (E;:ll sl + >0 [w; ]) . Note that this is also a linear constraint over the variables

Ug, U1, ..., Uk—1. Indeed, it can be equivalently written as:
) , k—1 ] , n
sign(wo) - up — (1 —n') > sign(w;) - u; < (1 —1n") X |w;l.
j=1 j=k

Note that the RHS is strictly bounded from above by C', since
Solwjl < Vn—k+ 10 < v/noy,
j=k

where the first inequality is Cauchy-Schwarz and the second uses the fact that & > 2.

We observe that the above linear program is feasible. Indeed, it is straightforward to verify
that all the constraints are satisfied by the vector (wo, ..., wy_1). In particular, the last constraint

is satisfied because |wg| < (1 — n) - (Zf;ll wi| + >0k |wj|> and hence a fortiori, |wy| <
k—1 n

(=) (S22 sl + gl

Claim 157. Let (vo, ..., v,_1) be any feasible solution to LP and consider the LTF

k—1 n

f'(x) = sign(vy + 21 VT + kajxj).
= =

Then f'(x) = f(x) forall v € {—1,1}™
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Proof. Given z € {—1,1}", we have

k-1

h(z) = h(z1,...,25-1) = wo + D> w;xj;
j=1

Let us also define i
—1

W(x) =h(21,...,¢6-1) = vo + 3 vz

7j=1
t(x) = 2 wz;
izk
Then, we have f(z) = sign (h(x) + t(x)) and f'(z) = sign ('(z) + t(z)). Now, if x € {—1,1}"
is an input such that |h(z)| < C, then we have h/(z) = h(x) by construction, and hence f(z) =
f'(z). o € {—1,1}"is such that |h(x)| > C, then by construction we also have that |h'(x)| > C.
Also, note that h(z) and h'(x) always have the same sign. Hence, in order for f and f’ to disagree
on z, it must be the case that [¢(z)| > C. But this is not possible, since [t(z)] < > 7, |w;| <

vn — 1.04 < C. This completes the proof of the claim. [
We are almost done, except that we need to choose a solution (v, . .., vg_1) to LP satisfying

property (iii) in the statement of the theorem. The next claim ensures that this can always be
achieved.

Claim 158. There is a feasible solution v = (v, . .., v_1) to the LP which satisfies property (iii)
in the statement of the theorem.

Proof. We select a feasible solution v = (vg,...,v;_1) to the LP that maximizes the number
of tight inequalities (i.e., satisfied with equality). If more than one feasible solutions satisfy this
property, we choose one arbitrarily. We require the following fact from [116] (a proof can be found
in [64, 39]).

Fact 159. There exists a linear system A - v = b that uniquely specifies the vector v. The rows of
(A, b) correspond to rows of the constraint matrix of LP and the corresponding RHS respectively.

At this point, we use Cramer’s rule to complete the argument. In particular, note that v; =
det(A;)/ det(A) where A; is the matrix obtained by replacing the i-th column of A by b. In
particular, we want to give an upper bound on the magnitude of v;; we do this by showing a lower
bound on | det(A)| and an upper bound on | det(A;)|.

We start by showing that | det(A)| > #'. First, since A is invertible, det(A) # 0. Now, note
that all rows of A have entries in {—1,0, 1} except potentially one “special” row which has entries
from the set {£1, £(1 —7')}. If the special row does not appear, it is clear that | det(A)| > 1, since
it is not zero and the entries of A are all integers. If, on the other hand, the special row appears,
simply expanding det(A) along that row gives that det(A) = a - (1 — 1) + b where a,b € Z. As
1" =1/q for some q € Z and det(A) # 0, we deduce that | det(A)| > 7/, as desired.

We bound | det(A;)| from above by recalling the following fact.
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Fact 160. (Hadamard’s inequality) If A € R™" and v, ... ,v, € R" are the columns of A, then
| det(A)] < TT5—y [lvslla-

Now, observe that for all 4, the i-th column of A; (i.e., vector b) has all its entries bounded by
C, hence ||v;||, < Cvk. All other columns have entries bounded from above by 1 and thus for
j # 14, ||vill2 < V. Therefore, det(A;) < C - k*/2. Thus, we conclude that |v;| < (C - k/2) /ry.
Further, as (1/7') = [(1/7)] < (2/n), we get |v;] < 2C - k*/2 /n, completing the proof of the
claim. U

The proof of Theorem 40 is now complete. U

B.2 Estimating correlations and Shapley values

Our algorithms need to estimate expectations of the form f*(i) = E,.,[f(z)x;] and to estimate
Shapley values f(i), where f : {—1,1}" — [—1,1] is an explicitly given function (an LBF). This
is quite straightforward using standard techniques (see e.g. [8]) but for completeness we briefly
state and prove the estimation guarantees that we will need.

Estimating correlations with variables. We will use the following:

Proposition 161. There is a procedure Estimate-Correlation with the following properties: The
procedure is given oracle access to a function f : {—1,1}" — [—1,1], a desired accuracy pa-
rameter vy, and a desired failure probability 6. The procedure makes O(nlog(n/d)/v?) oracle
calls to f and runs in time O(n*log(n/d)/v*) (counting each oracle call to f as taking one
time step). With probability 1 — ¢ it outputs a list of numbers a*(0),a*(1),...,a*(n) such that
la*(j) — f*(7)] <v/vVn+1forall j =0,... ,n. (Recall that f*(j) equals E,.,[f(z)x;], where
To = 1)

Proof. The procedure works simply by empirically estimating all the values f*(j) = E,,[f(z)z,],
7 = 0,...,n, using a single sample of m independent draws from p. Since the random variable
(f(z)x;))z~, is bounded by 1 in absolute value, a straightforward Chernoff bound gives that for
m = O(nlog(n/d)/v?), each estimate a*(j) of f*(j) is accurate to within an additive +v/y/n + 1
with failure probability at most 6/(n + 1). A union bound over j = 0,...,n finishes the argu-
ment. ]

Estimating Shapley values. This is equally straightforward:

Proposition 162. There is a procedure Estimate-Shapley with the following properties: The pro-
cedure is given oracle access to a function f : {—1,1}" — [—1, 1], a desired accuracy parameter
v, and a desired failure probability 6. The procedure makes O(nlog(n/d8)/~?*) oracle calls to f
and runs in time O(n?log(n/8)/~?*) (counting each oracle call to f as taking one time step). With
probability 1 — ¢ it outputs a list of numbers a(1), ..., a(n) such that dgpapiey(a, f) < 7.
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Proof. The procedure empirically estimates each f (7), 7 = 1,...,n, to additive accuracy v//n
using Equation (3.1). This is done by generating a uniform random m ~ S, and then, for each
i = 1,...,n, constructing the two inputs 2" (7, 7) and z(m,4) and calling the oracle for f twice
to compute f(xt (7w, 1)) — f(x(m,4)). Since |f(xt (7, 1)) — f(x(m, i))| < 2 always, a sample of
m = O(nlog(n/8)/~?) permutations suffices to estimate all the f(i) values to additive accuracy
+v/+/n with total failure probability at most 6. If each estimate a(7) is additively accurate to
within £v/4/n, then dspapley (@, f) < v as desired. O
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Appendix C
Missing proofs from Chapter 4

This appendix collects some of the missing proofs from Chapter 4. The reason the

C.1 Proofs from Section 4.1

Proof of Proposition 77. At a high level, the algorithm 7 performs a tournament by running a
“competition” Choose-Hypothesis? for every pair of distinct distributions in the collection
D.. It outputs a distribution D* € D, that was never a loser (i.e., won or achieved a draw in all
its competitions). If no such distribution exists in D, then the algorithm outputs “failure.” We
start by describing and analyzing the competition subroutine between a pair of distributions in the
collection.

Lemma 163. In the context of Proposition 77, there is an algorithm Choose-Hypothesis®?(D;, D;, €, d')
which is given access to

(i) independent samples from D and Dy, for k € {i,j},
(ii) an evaluation oracle EVALp, (B), for k € {i, j},

an accuracy parameter € and a confidence parameter ', and has the following behavior: It uses
m' =0 ((1/6’2) log(1/8")) samples from each of D, D; and D, it makes O(m') calls to the oracles
EVALp, (8), k € {i,7}, performs O(m') arithmetic operations, and if some Dy, k € {i,j},
has drv(Dy, D) < € then with probability 1 — §' it outputs an index k* € {i,j} that satisfies
dTv(D, Dk*) S 66/.

Proof. To set up the competition between D; and D, we consider the following subset of WV:

def

H;; = H;;(D;,D;) ={w e W | D;(w) > D;(w)}

and the corresponding probabilities p; def D;(H;;) and g; ; & D;(H,;). Clearly, it holds p; ; > ¢;
and by definition of the total variation distance we can write

drv(D;, Dj) =DPij — qij-
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For the purposes of our algorithm, we would ideally want oracle access to the set [;;. Un-
fortunately though, this is not possible since the evaluation oracles are only approximate. Hence,
we will need to define a more robust version of the set /;; which will turn out to have similar
properties. In particular, we consider the set

B def B s
Hij ={weW|Dj(w) > Dj (w)}

and the corresponding probabilities pf ; o Dz(Hg) and qf ; o Dj(Hg). We claim that the differ-
ence A & pf i qf ; is an accurate approximation to dpv (D;, D;). In particular, we show:

Claim 164. We have

Before we proceed with the proof, we stress that (C.1) crucially uses our assumption that the
evaluation oracles provide a multiplicative approximation to the exact probabilities.

Proof. To show (C.1) we proceed as follows: Let A = HijﬂH»ﬁ B = HijﬂH_g and C' = H_UﬂHg

Then we can write .
drv (D, Dj) = (D; — Dj)(A) + (D; — D;)(B)
and
A = (Di = D;)(A) + (Di — D;)(C).

We will show that

0<(Di—D;)(B) <¢/8 (C.2)
and similarly

—e/8 < (D= D;)(C) <0 (€3)
from which the claim follows. We proceed to prove (C.2), the proof of (C.3) being very similar.
Let w € B. Then D;(w) > D;(w) (since w € H;;) which gives (D; — D,)(B) > 0, establishing
the LHS of (C.2). We now establish the RHS. For w € B we also have that 15? (w) < 155 (w)
(since w € H_Z) Now by the definition of the evaluation oracles, it follows that ﬁf (w) > ﬁfg;
and ﬁf (w) < (1+ B)D;(w). Combining these inequalities yields

Di(w) < (14 8)*Dj(w) < (1 +¢/8)D;(w)
where the second inequality follows by our choice of 3. Therefore,

(Di = D;)(B) = > (Di(w) — Dj(w)) < (¢/8) - D;j(B) < ¢/8

weB

as desired. ]
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Note that the probabilities pf ; and qf ; are not available to us explicitly. Hence, the algorithm
Choose-Hypothesis requires a way to empirically estimate each of these probability values
(up to a small additive accuracy). This task can be done efficiently because we have sample access
to the distributions D;, D; and oracle access to the set H, fj thanks to the EVALp, () oracles. The
following claim provides the details:

Claim 165. There exists a subroutine Est imate(D;, Hg, 7, 0) which is given access to
(i) independent samples from D,
(ii) an evaluation oracle EVALp, (B), for k € {i, j},

an accuracy parameter y and a confidence parameter 0, and has the following behavior: It makes
m = O ((1/4%)log(1/8)) draws from D; and O(m) calls to the oracles EVALp, (B), k = 1, J,
performs O(m) arithmetic operations, and with probability 1 — § outputs a number ]3? ; such that

75— Pl <.

Proof. The desired subroutine amounts to a straightforward random sampling procedure, which
we include here for the sake of completeness. We will use the following elementary fact, a simple
consequence of the additive Chernoff bound.

Fact 166. Let X be a random variable taking values in the range [—1, 1]. Then E[X]| can be esti-
mated to within an additive +7, with confidence probability 1 — 8, using m = Q((1/72)log(1/9))
independent samples from X. In particular, the empirical average X,, = (1/m)> """ X, where

the X;’s are independent samples of X, satisfies Pr [|)A(m —E[X]| < 7'} >1-0.

We shall refer to this as “empirically estimating” the value of E[X].
Consider the indicator function /s of the set Hg, ie., Is - W — {0,1} with ;5 (x) = 1if
(¥ 7

and only if x € Hfj Itis clear that E,p, [I e (x)] = D,(Hg) = pf ;- The subroutine is described
in the following pseudocode:

Subroutine Est imate(D;, Hg, v,0):

Input: Sample access to D; and oracle access to EVALp, (8), k =1, j.
Output: A number ]3@ such that with probability 1 — § it holds | f)f] — D,(H£)| <.

1. Draw m = O ((1/+*)1log(1/4)) samples s = {s,}7*, from D;.
2. For each sample sy, ¢ € [m]:

(a) Use the oracles EVALp,(8), EVALp,(8), to approximately evaluate D;(s),
Dj(S().
(b) If 55(85) > lN)f(Sg) set ]Hfj(Sg) = 1, otherwise IHg(SZ) = 0.
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3. Set iy = o 2oty Ly (s0).

4. Output ]3?]

The computational efficiency of this simple random sampling procedure follows from the fact
that we can efficiently decide membership in H 5 To do this, for a given z € WV, we make a query
to each of the oracles EVALp, (3), EVALp, (/) to obtain the probabilities D?(x), ﬁf (x). We have
that x € Hg- (or equivalently / H? (z) = 1) if and only if D?(z) > 13]5 (x). By Fact 166, applied
for the random variable 1,5 (), where « ~ D, after m = Q((1/~%)log(1/6)) samples from D;

we obtain a ++y-additive estimate to pf ; with probability 1 — 0. For each sample, we make one
query to each of the oracles, hence the total number of oracle queries is O(m) as desired. The only
non-trivial arithmetic operations are the O(m) comparisons done in Step 2(b), and Claim 165 is
proved. [

Now we are ready to prove Lemma 163. Choose-Hypothesis®?(D;, D;, €, ¢') performs a
competition between D; and D; in the following way:

Algorithm Choose-Hypothesis?(D;, D;, €, d'):
Input: Sample access to D and Dy, k = i, j, oracle access to EVALp, (8), k =i, j.

1. Set ﬁf] —Estimate(D;, H

~6 _ : B
i:€/8,0'/4) and g ; =Estimate(Dy, H,

5

€/8,0'/4).
2. If 13? ;= ijj < 9€¢' /2, declare a draw and return either ¢ or j. Otherwise:

3. Drawm’ = © ((1/(—:’2) log(1/4")) samples s’ = {s,}7, from D.

4. For each sample s, ¢ € [m/]:

(a) Use the oracles EVALp, (), EVALp, (3) to evaluate ﬁf(sz), ﬁf(sz)
(b) If DP(s;) > 5?(30 set IHZ_BJ_(S@) = 1, otherwise [HZ(SE) = 0.

5. Sett =2 ZZI IHf]- (s¢), i.e., T is the fraction of samples that fall inside Hg

6. If 7 > ﬁf i %e’ , declare D; as winner and return ¢; otherwise,

7. if 7 < @fj + %e’ , declare D; as winner and return j; otherwise,

8. declare a draw and return either ¢ or j.
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It is not hard to check that the outcome of the competition does not depend on the ordering
of the pair of distributions provided in the input; that is, on inputs (D;, D;) and (D;, D;) the
competition outputs the same result for a fixed set of samples {s, ..., s, } drawn from D.

The upper bounds on sample complexity, query complexity and number of arithmetic opera-
tions can be straightforwardly verified. Hence, it remains to show correctness. By Claim 165
and a union bound, with probability at least 1 — ¢'/2, we will have that |]5? i pf i< €/8
and |Z[f3] — qf ;| < €/8. In the following, we condition on this good event. The correctness of
Choose-Hypothesis is then an immediate consequence of the following claim.

Claim 167. Suppose that drv (D, D;) < €. Then:

(i) If dvv(D, D;) > 6€, then the probability that the competition between D; and D; does not
declare D; as the winner is at most e=™ /8, (Intuitively, if D; is very far from D then it is
very likely that D; will be declared winner.)

(ii) The probability that the competition between D; and D; declares D; as the winner is at most
g™ /8, (Intuitively, since D is close to D, a draw with some other D; is possible, but it
is very unlikely that D; will be declared winner.)

Proof. Let 1 = D(Hg) The definition of the variation distance implies that |[r? — p’f i<
drv(D, D;) < €. Therefore, we have that |r° —]?)fj[ < |rf —p§j| + |f)lﬁj —pgj] < 9¢'/8. Consider
the indicator (0/1) random variables {Z,}7", defined as Z, = 1 if and only if s, € Hg Clearly,
T=% ZZI Zyand Eg[7] = E,,p|Z] = rP. Since the Z,’s are mutually independent, it follows
from the Chernoff bound that Pr[r < r® — ¢ /2] < e=™'¢"/8. Using |r® — Pri| < 9€'/8. we get
that Pr{r < j; — 13¢//8] < e ™" /%,

e For part (i): If dry(D, D;) > 6€, from the triangle inequality we get that p; ; — ¢;; =
drv(D;, D;) > 5€ Claim 164 implies that p;; — ¢/, > 19¢’/4 and our conditioning finally
gives ]3? i []fj > 9¢’/2. Hence, the algorithm will go beyond Step 2, and with probability
at least 1 — ¢~™'<”/8

between D; and D;.

, it will stop at Step 6, declaring D; as the winner of the competition

e For part (i1): If ]3? i &f] < 9¢’/2 then the competition declares a draw, hence D; is not

the winner. Otherwise we have ﬁf i~ &fj > 9¢//2 and the argument of the previous para-
graph implies that the competition between D; and D; will declare D; as the winner with
probability at most e~™'¢"*/8,

This concludes the proof of Claim 167. [
This completes the proof of Lemma 163. [

We now proceed to describe the algorithm 72 and establish Proposition 77. The algorithm
performs a tournament by running the competition Choose—-Hypothesis®?(D;, Dj,¢,6/(2N))
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for every pair of distinct distributions D;, D; in the collection D,. It outputs a distribution D* € D,
that was never a loser (i.e., won or achieved a draw in all its competitions). If no such distribution
exists in D, then the algorithm outputs “failure.” A detailed pseudocode follows:

Algorithm TP ({D;}IL, €, d):
Input: Sample access to D and Dy, k € [N], and oracle access to EVALp, , k € [N].

1. Draw m = O ((1/€*)(log N + log(1/4))) samples from D and each Dy, k € [N].

2. Forall i,j € [N], i # j, run Choose-Hypothesis®?(D;, D;,e,6/(2N)) using this
sample.

3. Output an index ¢* such that D;« was never declared a loser, if one exists.

4. Otherwise, output “failure”.

We now proceed to analyze the algorithm. The bounds on the sample complexity, running
time and query complexity to the evaluation oracles follow from the corresponding bounds for
Choose-Hypothesis. Hence, it suffices to show correctness. We do this below.

By definition, there exists some D; € D, such that drv(D, D;) < e. By Claim 167, the
distribution D; never loses a competition against any other D; € D, (so the algorithm does not
output “failure”). A union bound over all NV distributions in D, shows that with probability 1 —0/2,
the distribution D’ never loses a competition.

We next argue that with probability at least 1 — /2, every distribution D; € D, that never
loses has small variation distance from D. Fix a distribution D; such that dpv(D;, D) > 6e;
Claim 167(i) implies that D; loses to D; with probability 1 — 2e=™<'/% > 1 — §/(2N). A union
bound yields that with probability 1 — 6/2, every distribution D; that has drvy(D;, D) > 6e loses
some competition.

Thus, with overall probability at least 1 — J, the tournament does not output “failure” and
outputs some distribution D* such that drv (D, D*) is at most 6e. The proof of Proposition 77 is
now complete. O

C.2 Proofs from Section 4.2

Proofs from Section 4.2

Proof of Lemma 84. To prove the lemma, we start by rewriting the expectation in (4.1) as follows:

By [X(2. /(2))] = Baun, , (2, D] Pr[f(@) = 1] + By, [x(z,—~1)] - Pr[f(z) = —1].
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‘We also observe that

Bop [\(2,~1)] = Buun,, (o, 1] Pr[f(@) = 1] + Beun, [x(z,~1)] Pr[f(z) = ~1].

Combining the above equalities we get

Eowp [x(, f(2)] = Baowp (@, =1)] + Banp, . [X(2,1) = x(2, =1)] - Pr[f(z) =1]. (C4)
Given the above identity, the algorithm Simulate—STAch7 is very simple: We use random sam-
pling from D to empirically estimate the expectations E,.p [x(z, —1)] (recall that D is assumed
to be a samplable distribution), and we use the independent samples from D, to empirically
estimate E,p, , [x(7,1) — x(z,—1)]. Both estimates are obtained to within an additive accuracy
of £7/2 (with confidence probability 1 — /2 each). We combine these estimates with our estimate
Z;;c for Pr,.p[f(z) = 1] in the obvious way (see Step 2 of pseudocode below).

Subroutine Simulate-STATR(D, Dy ,x,7, by, 0):

Input: Independent samples from D and Dy, query access to x : {—1,1}" — {—1,1},
accuracy 7, l;;c € [0, 1] and confidence 6.

Output: If |Igc — Prop|f(x) = 1]] < 7/, a number v that with probability 1 — ¢ satisfies
| Exnnlx(z, f(2))] v <747,

1. Empirically estimate the values E,.p[x(z, —1)] and E.p,, [x(z,1) — x(z,—1)] to

within an additive £+7 /2 with confidence probability 1 — §/2. Let El, E be the corre-
sponding estimates.

2. Outputv = El + EQ . I;c

By Fact 166, we can estimate each expectation using m = © ((1/7%)log(1/4)) samples (from
D, Dy . respectively). For each such sample the estimation algorithm needs to evaluate the func-
tion x (once for the first expectation and twice for the second). Hence, the total number of queries
to x is O(m), i.e., the subroutine Simulate~STAT} runs in time O(m - t(n)) as desired.

By a union bound, with probability 1— 0 both estimates will be 7 /2 accurate. The bound (4.1)
follows from this latter fact and (C.4) by a straightforward application of the triangle inequality.
This completes the proof of Lemma 84. [

Proof of Proposition 85. The simulation procedure is very simple. We run the algorithm Agq by
simulating its queries using algorithm Simulate—STAT? . The algorithm is described in the
following pseudocode:
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Algorithm Asq_si(D, Dy 4, €, by, 6):

Input: Independent samples from D and Dy ,, l;;c € [0,1], ¢ 0 > 0.

Output: If |I;;c — Pro.p[f(z) = 1]| < 7/2, a hypothesis h that with probability 1 — 0 satisfies
Proplh(r) £ [(x)] <.

1. Let 7 = 7(n, 1/€) be the minimum accuracy ever used in a query to STAT(f, D) during
the execution of Agq(€,6/2).

2. Run the algorithm Agq (€, §/2), by simulating each query to STAT(f, D) as follows:
whenever Agq makes a query (x,7) to STAT(f, D), the simulation algorithm runs
Simulate—STAT?(D,Df’+,X,T/2,T/2,5/(2T1)).

3. Output the hypothesis h obtained by the simulation.

Note that we run the algorithm Agq with confidence probability 1 — 0 /2. Moreover, each query
to the STAT(f, D) oracle is simulated with confidence 1 — §/(27}). Since Agq runs for at most
T) time steps, it certainly performs at most 7} queries in total. Hence, by a union bound over these
events, with probability 1 — §/2 all answers to its queries will be accurate to within an additive
+7/2. By the guarantee of algorithm .Agq and a union bound, with probability 1 — ¢, the algorithm
Asq—smv will output a hypothesis i : {—1,1}" — {—1,1} such that Pr,.p[h(z) # f(z)] < e
The sample complexity and running time follow from the bounds for Simulate—STAT? . This
completes the proof of Proposition 85. [

Proof of Fact 86. By definition we have that

|Eznplé(@)] — Evp[o(2)]] = e{gm (D(z) — D'(x)) ¢(x)
< egljl}n [(D(z) — D'(z))||¢(x)]
< maxge(-1,13n [$(2)] - EEI}” |D(x) — D'(z)]
< 1-[[D-D'h
= QdTv(D, D/)
< 27
as desired. ]

Proof of Claim 88. To simulate a sample from Dy, we simply draw samples from U;-1(;) until
we obtain a sample x with g(x) = 1. The following pseudocode makes this precise:
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Subroutine Simulate-sample®’+(Us-1(1),g,€,0):

Input: Independent samples from Uf;-1(;), a circuit computing g, a value ¢ > 0 such that
¢ <Proy, ., [g(x) = 1] and confidence parameter 0.

Output: A point z € {—1, 1}" that with probability 1 — ¢ satisfies z ~ Dy ..

1. Repeat the following at most m = © ((1/€’) log(1/6)) times:

a) Draw a sample = ~ Ujy-1(y).

b) If the circuit for g evaluates to 1 on input = then output .

2. If no point = with g(x) = 1 has been obtained, halt and output “failure.”

Since Proy [g(x) = 1]> €, after repeating this process m = Q ((1/€')log(1/4)) times,
we will obtain a satisfying assignment to g with probability at least 1 — ¢§. It is clear that such a
sample x is distributed according to Dy ;. For each sample we need to evaluate g once, hence the
running time follows. O

Proof of Claim 89. The procedure Estimate-Bias is very simple. It runs Af;unt on inputs
e =1'/2,¢, using the representation for g € C'. Let p, be the value returned by the approximate
counter; Est imate—-Bias returns ﬁ/pg.

The claimed running time bound is obvious. To see that the procedure is correct, first observe

that by Definition 73, with probability 1 — ¢’ we have that

1 —1
g 1 <p, < lg~ (1)]
m 14 on

(14 €M)

For the rest of the argument we assume that the above inequality indeed holds. Let A denote
lg71(1)], let B denote |f~1(1) N g=%(1)|, and let C denote |f~1(1) \ g 1(1)|, so the true value
Pr,.p[f(z) = 1] equals £ and the above inequality can be rephrased as

< 2T AL(T ).
1+€*_pg - (1+€)

By our assumption on p we have that
B+C<p-2"<(1+€)(B+0);

since Pr,.y [g(z) = 1] > 1 — € we have

=@
C /

€
<¢ e, O < "B);
B—I—C’_E (i.e C_l—e’ );
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and since Proy , [f(z) = 1] >+ we have

B>
A=

Combining these inequalities we get

1 B 1 B+C p _B ¢ B
— < . < =< —-(1+HA+e) (1 =— - (1+¢€
e AST1o 2 _pg_A(+e)( +e)(+1_€, 5 1+
Hence B B . o
2ol (14— <= <o
A pg A 1+e* 14 ¢
where we have used B < A. Recalling that ¢ = 7/ /2, the lemma is proved. 0

Details from Section 4.2

In this section, we complete the proof of Theorem 81. Recall that as described in Proposition 77,
the hypothesis testing algorithm requires the following:

1. independent samples from the target distribution {/y-1(;) (this is not a problem since such
samples are available in our framework);

2. independent samples from D, for each ¢ (also not a problem since the i-th run of algorithm
AL outputs a sampler for distribution D;; and

mv

3. a (14 O(e))-approximate evaluation oracle EVALp_for each distribution D;.

In this subsection we show how to construct item (3) above, the approximate evaluation oracle.
In more detail, we first describe a randomized procedure Check which is applied to the output
of each execution of A€ (across all k different settings of the input parameter p;). We show
that with high probability the “right” value p;« (the one which satisfies p < p;« < (1 + €)p) will
pass the procedure Check. Then we show that for each value p;+ that passed the check a simple
deterministic algorithm gives the desired approximate evaluation oracle for D;.

We proceed to describe the Check procedure and characterize its performance.

Algorithm Check(g, h, ', ¢€) :

Input: functions g and h as described in Lemma 168, a confidence parameter ¢’, and an
accuracy parameter €

Output: If |h71(1) N g~*(1)|/lg~*(1)| > ~/2, with probability 1 — ¢’ outputs a pair («, k)
such that o — [~ (1) N g~ (1)]/lg (DI < - [h (1) Ng~ (D)]/lg~ (1)) and LD < 1 <
(1+7)]g'(1)|, where u = 7 = €/40000.
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1. Sample m = O(log(2/¢")/(y4?)) points z',..., 2™ from AC (9,7/4,8'/(2m)). If any
27 = | halt and output “failure.”

2. Let abe (1/m) times the number of points z/ that have h(z) = 1.

3. Call A

count

(7,0'/2) on g and set k to 2™ times the value it returns.

Lemma 168. Fix i € [k]. Consider a sequence of k runs of AC,
Di & (1+¢€)*=1/2" as its input parameter. Let g; be the function in C' constructed by AC. in Step 1

of its i-th run and h; be the hypothesis function constructed by A€ in Step 2(e) of its i-th run.

mv

Suppose Check is given as input g;, h;, a confidence parameter o', and an accuracy parameter
€. Then it either outputs “no” or a pair («;, ;) € [0,1] x [0,2"], and satisfies the following
performance guarantee: If |h; ' (1) N g; 1 (1)|/|g; 1 (1)] > 7/2 then with probability at least 1 — &'

Check outputs a pair (o, K;) such that

R Wng O @) ng (D)

where in the i-th run it is given

Z ) < ) (C.5)
7 (D) T e )]
and -1
9 Ol o < (14 1)), (C.6)
1+7

where . = 7 = €/40000.

Proof. Suppose that i is such that |h; (1) N g; *(1)|/]g; *(1)| > 7/2. Recall from Definition 74
that each point 27 drawn from A%, (g;,7/4,8'/(2m)) in Step 1 is with probability 1 — &'/(2m)
distributed according to D, ,/4; by a union bound we have that with probability at least 1 — ¢'/2
all m points are distributed this way (and thus none of them are ). We condition on this going
forward. Definition 74 implies that dpv (D, /4, U 9;1(1)) < ~/4; together with the assumption that
|71 (1) N gt (1)]/]g; H(1)] > ~/2, this implies that each 27 independently has proability at least
~/4 of having h(z) = 1. Consequently, by the choice of m in Step 1, a standard multiplicative
Chernoff bound implies that

11 11 11 11
o WA W07 0)
lg~1(1)] g1 (1)]
with failure probability at most ¢’ /4, giving (C.5).

Finally, Definition 73 gives that (C.6) holds with failure probability at most ¢’/4. This con-
cludes the proof. 0

Next we show how a high-accuracy estimate «; of |h; Y1) ng t(1)|/|g; 1 (1)] yields a deter-
ministic approximate evaluation oracle for D).
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Lemma 169. Algorithm Simulate—-Approx—Eval (which is deterministic) takes as input a
value o € [0,1], a string x € {—1,1}", a parameter &, (a circuit for) h : {—1,1}" — {—1,1},
and (a representation for) g : {—1,1}" — {—1,1}, g € C’, where h, g are obtained from a run of

AE . Suppose that
_ O ng Ol o ) N )
PaCO I S T Ch]
and
gt (1)]

< k< (1 11
<k < (17l )

where i = T = €/40000. Then Simulate-Approx-Eval outputs a value p such that

'(z)
1+8

>

<p<(1+8)D' (), (C.7)

where 3 = € / 192, D is the output distribution constructed in Step 3 of the run of AS., that produced
h,g, and D' is D conditioned on {—1,1}" (excluding ).

Proof. The Simulate-Approx—Eval procedure is very simple. Given an input x € {—1, 1}"
it evaluates both ¢g and h on x, and if either evaluates to —1 it returns the value 0. If both evaluate
to 1 then it returns the value 1/(ka).

For the correctness proof, note first that it is easy to see from the definition of the sampler
C/ (Step 3 of A€,) and Definition 74 (recall that the approximate uniform generator Ag;n( g) only

outputs strings that satisfy g) thatif z € {—1,1}", z ¢ h~'(1)Ng~"(1) then D has zero probability
of outputting z, so Simulate-Approx—Eval behaves appropriately in this case.

Now suppose that h(z) = g(x) = 1. We first show that the value 1/(k«) is multiplicatively
close to 1/|h~1(1) N g=*(1)|. Let us write A to denote |¢g~'(1)| and B to denote |~ (1) Ng~*(1)|.
With this notation we have

A
1+7

<K< (1+71)A

b < B and
a—— o —
Al=H g

Consequently, we have

l—p B A B
B(l—yu—7)<RB- = (1 -0 < < —(1 - (1 A< B(1+2 2
(=p=m) SB[ = 20— ) o <wa < S (14 T)A < B+ 20+ 27),
and hence ] 1 1 1 1
< - < - (C.8)

B 1+2u+2r “wka B l—p—71
Now consider any € h=1(1) N g~1(1). By Definition 74 we have that

! ! < Dyey(r) < (14€3) -

Ite [t~ 77 g~ (DI
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Since a draw from D’ is obtained by taking a draw from D, ., and conditioning on it lying in
h~1(1), it follows that we have

1 1 N
<D'(x) <(1+e)

1+€3.E_ E

Combining this with (C.8) and recalling that 1 = 7 = €/40000 and €3 = €7/48000, we get (C.7)

as desired. O]

The final algorithm: Proof of Theorem 81.

Finally we are ready to give the inverse approximate uniform generation algorithm A¢ _ for C.

mv

Algorithm Aﬁl\,(u]c—l(l), €, 5)

Input: Independent samples from U/y-1(;), accuracy and confidence parameters ¢, 9.
Output: With probability 1 — ¢ outputs an e-sampler Cy for Us-1(y) .

1. Fori=1tok = O(n/e):

a) Setp; & (1 + €)i~1/2n.
b) Run AS (Us-1(1y,€/12,0/3,p;). Let g; € C’ be the function constructed in Step 1,
h; be the hypothesis function constructed in Step 2(e), and (C); be the sampler for

distribution D; constructed in Step 3.

¢) Run Check(g;, h;, /3, €). If it returns a pair («ay, ;) then add i to the set S (initially
empty).

2. Run the hypothesis testing procedure 7%/~ over the set {D!};cs of hypothesis distri-
butions, using accuracy parameter €/12 and confidence parameter §/3. Here T s
given access to Uy-1(1, uses the samplers (Cy); to generate draws from distributions 15;
(see Remark 78), and uses the procedure Simulate—-Approx—Eval(ay, k;, hs, g;) for
the (1 4 €/192)-approximate evaluation oracle EVAL s, for D!. Let i* € S be the index
of the distribution that it returns. '

3. Output the sampler (C'f);x.

Proof of Theorem 81: Let p = Pr,qy [f(x) = 1] denote the true fraction of satisfying as-
signments for f in {—1,1}". Let i* be the element of [k] such that p < p» < (1 + €/6)p. By
Theorem 90, with probability at least 1 — 0/3 we have that both
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(i) (Cy);- is a sampler for a distribution D;« such that dTV(ﬁi* JUp11y) < €/6; and
(i) |2zt (1) Ngt (DI/g" (D] = /2.

We condition on these two events holding. By Lemma 168, with probability at least 1 — §/3
the procedure Check outputs a value «;~ such that

) gt ) <y |ht (1) Vgt (1)]
g (1) - g~ (1)

for 1 = €/40000. We condition on this event holding. Now Lemma 169 implies that the algorithm
Simulate-Approx-Eval((Cy);«) meets the requirements of a (14 3)-approximate evaluation

oracle for EVALp, from Proposition 77, for 5 = 5. Hence by Proposition 77 (or more precisely

by Remark 78) with probability at least 1 — §/3 the index * that 7%/~ returns is such that D,
is an €/2-sampler for U;-1(1) as desired.

As in the proof of Theorem 90, the claimed running time bound is a straightforward conse-
quence of the various running time bounds established for all the procedures called by AS, . This
concludes the proof of our general positive result, Theorem 81. [l

i*




