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Abstract. Motivated by Dvir et al. and Wigderson and Yehudayoff
[3I10], we examine the question of discovering the set of heavy hitters
of a distribution on strings (i.e., the set of strings with a certain mini-
mum probability) from lossy or noisy samples. While the previous work
concentrated on finding both the set of most probable elements and their
probabilities, we consider enumeration, the problem of just finding a list
that includes all the most probable elements without associated prob-
abilities. Unlike Wigderson and Yehudayoff [10], we do not assume the
underlying distribution has small support size, and our time bounds are
independent of the support size. For the enumeration problem, we give
a polynomial time algorithm for the lossy sample model for any con-
stant erasure probability © < 1, and a quasi-polynomial algorithm for
the noisy sample model for any noise probability v < 1/2 of flipping
bits. We extend the lower bound for the number of samples required for
the reconstruction problem from [3] to the enumeration problem to show
that when u =1 — o(1), no polynomial time algorithm exists.

Keywords: Population Recovery, Enumeration of Heavy Hitters, Learn-
ing Discrete Distributions.

1 Introduction

Say that you are an investigator investigating DNA evidence at a crime scene.
You can collect and analyze random DNA strands available at the scene, and you
want to find DNA from each person involved in the crime, whether perpetrator or
victim. There are several complications that make your task more difficult. First,
it is not possible to exhaustively search through the huge number of microscopic
strands of DNA at the scene; the best you can do is randomly pick strands
and sequence them. Secondly, much of the DNA might have nothing to do with
the crime. There might be small amounts of trace DNA from a huge number
of people who passed by the scene at some time before the crime took place,
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and there might be contamination later. Thirdly, even the DNA from the people
involved will be only partially recoverable, with either missing pieces or random
noise.

Ideally, a complete crime scene analysis would give not just which DNA se-
quences were found, but their relative proportions. However, it would also be
extremely useful to know the set of sequences present. You couldn’t hope to get
a complete list of trace sequences without sequencing every single strand. But
you would want to filter out trace elements anyway, to concentrate on those from
likely suspects.

This example illustrates the general issue of trying to analyze a distribution
from lossy or noisy samples. Such problems are central to statistics, and arise in a
variety of scientific circumstances. In theoretical computer science, Kearns et al.
[6] introduced the general question of when a distribution can be identified from
samples, and gave the first algorithms for formulations of the problem above.
After that, attention was mainly focused on the continuous version of learning
mixtures of Gaussians, which had been introduced by the statistician Pearson
in the nineteenth century and was already a subject of great interest in Al and
statistics. This problem spurred some highly interesting and deep algorithmic
work (for example, 298] ).

The equally fascinating case of lossy or noisy discrete distributions, e.g., lossy
or noisy distributions on strings, only started getting attention again relatively
recently. In particular, Dvir et al. [3] used an algorithm to infer a distribution on
strings from lossy samples as a sub procedure in a learning algorithm for DNF's
in the restriction model. Their goal was to learn the underlying distribution by
giving an explicit description of a distribution which is close to the distribu-
tion that the samples were drawn from. For this reason, the problem as they
formalized it assumed that the distribution had small support, with at most k
non-zero probability elements, for a known parameter k which could affect the
running time of the algorithm. However, none of the techniques they used relied
on this assumption. On the other hand, the quasi-polynomial recovery algorithm
of Wigderson and Yehudayoff [I0] from noisy samples does rely on the fact that
the support size is small.

In this work, we introduce a goal that is less ambitious but potentially more
robust. There are many situations, like the crime scene investigation mentioned
above, when it is desirable to identify a set containing all the probable elements,
but it is not necessary to provide a complete description of the distribution. For
example, perhaps one wants to identify gene patterns that are relatively common
among the DNA of drug-resistant bacteria, texts that are most duplicated on
web pages, or snippets of code that appear in many computer viruses. This
problem of identifying the “heavy hitters” of a distribution, has been extensively
studied in the context of streaming algorithms, see, for example, [5]. While just
identifying the heavy hitters requires less information than exactly characterizing
the distribution, for the same reason, it makes sense even when the distribution
has no nice description, e.g., when the distribution has a constant fraction of mass
divided among a very large, arbitrary set of strings. In this sense, algorithms for
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heavy hitters can be agnostic in the sense of agnostic learning. We wish to find the
best fit to a distribution with small support without relying on the assumption
that the distribution actually has small support.

We consider two basic error models. In the lossy sample model, each bit of
the sample drawn from the distribution is independently erased with probability
. For the lossy model, we provide a polynomial time algorithm that identifies
heavy hitters for any constant erasure probability @ < 1. The error models for
which our algorithm works are very general, and we do not require independence
of noise in a bit from either the noise in other bits or the input, as long as the
chance of erasure is never too large. For the case of independent erasures, the
estimation algorithms of [3I7] can also solve the enumeration problem. As a
converse, we also show that, if the erasure probability is 1 — o(1), no polynomial
time algorithm exists for enumerating the heavy hitters.

In the noisy sample model, each bit of the sample drawn from the distribution
is independently flipped with probability v. For the noisy sample model, we
give a quasi-polynomial time algorithm for identifying heavy hitters, for any
constant ¥ < 1/2. This algorithm is related but incomparable to the quasi-
polynomial distribution recovery algorithm of Dvir et al. [I0]. On the one hand,
our algorithm is considerably faster (our exponent is doubly logarithmic rather
than logarithmic), and does not require the distribution to have small support.
On the other hand, they solve the harder problem of estimating the probabilities
for each heavy hitter.

1.1 Problem Definitions and Formal Statements of Our Results

The general issue of learning about distributions from noisy samples has many
variations and interesting formulations. Below, we will consider the ingredients
of such formulations and how they relate to each other.

Underlying distribution. In all versions, the samples come from some un-
derlying distribution D on {0,1}". D is unknown to the algorithm. The
algorithm can only access samples drawn from the D after errors are intro-
duced. As mentioned earlier, [3JI0] make the assumption that D has support
size at most k, where k is given to the algorithm. Run times are given in
terms of k and n. We call this the small support size case. We mainly con-
sider the case when D is arbitrary. One could also consider other families of
distributions, e.g., easily sampled distributions, high-entropy distributions
or distributions that consist of independent pairs of strings z, y.

Error models. Like [3I10], we examine two basic types of error. The basic lossy
error model is as follows. After a string © = x1 ...z, is drawn from D, the
observed sample has the form y; . ..y, where for each ¢ independently, we set
y; = * with probability u, and y; = x; otherwise, where * is a new symbol.
The difficulty of the problem in the lossy model depends on the constant p,
the larger the p the more difficult the problem is. Some of our algorithms
and one of the algorithms in Dvir et al. [3] only work for p smaller than a
specified constant.
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In the noisy model, the observed sample has the form y; ...y, where for
each 7 independently, we set y; = 1 — x; with probability v, and y; = x;
otherwise.

We can also consider the problem for other error models. For example,
our lossy enumeration algorithm works equally well in a semi-random erasure
model, where, after erasures occur, an adversary is allowed to “un-erase” an
arbitrary set of positions. It is easy to see that estimation is not possible in
such a model.

Goal. We distinguish three goals for an algorithm. We are primarily concerned
with the enumeration problem. Here, the algorithm has as input a parameter
€ > 0, and needs to output a list L that contains all e-heavy hitters of D,
i.e., all the strings z so that P[z = z] > €. L may contain some non-heavy
hitters, but we expect the algorithm to explicitly list the elements of L, so
an efficient algorithm cannot output a large list. There may in general be
1/e heavy hitters, so an ideal algorithm runs in polynomial time in n and
1/e.

In the estimation problem, the algorithm is given z and €, and is required
to output an estimate of Plx = z] that is correct within additive error e.
Even without errors, getting such an estimate would require 1/€? samples,
so again polynomial time in n and 1/e is the best we could hope for.
Finally, in the recovery problem, we wish to find a list of elements that con-
tains all 2e-heavy hitters and only contains e-heavy hitters, and for each
element on our list we wish to have an estimate of its probability that is
within an additive error of at most €. Note that, for distributions with sup-
port k, a recovery algorithm with e = §/k will provide an explicit description
of a distribution that is within 0 of the actual one. This is the sense that a
recovery algorithm actually “recovers” the original distribution.

The recovery problem combines the enumeration and estimation problems, but
Dvir et al. [3] observe that any estimation algorithm can be used to solve the
recovery problem with only a factor n overhead, via a “branch-and-prune” ap-
proach. Thus, we only need to actually look at enumeration and estimation, and
estimation is the more difficult problem.

We devise or analyze algorithms for several of these problems. The results we
present in this extended abstract are:

1. For any constant pu < 1, we give a polynomial time (in n and 1/¢) algorithm
for enumeration of the e-heavy hitters from lossy samples where p is the bit
erasure probability. Here, the distribution is arbitrary and the time does not
depend on the support size of the distribution. The list size is a polynomial
in 1/e that does not depend on n.

In fact, we need only the following property of the erasure model: There is
a parameter T so that, for any subset of T" bit positions, the probability that
all bits are erased is o(€?), whereas the probability that no bit is erased is at
least poly(e). For independent erasures, both are true when T' = C'log1/e,
where C'is a constant depending on p. But this property will also be inherited
by any samples with fewer erasures, such as the semi-random distribution
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mentioned above. It will also hold for e.g., T-wise independent distributions
on erasures.

2. For samples with independent noise v for any constant v < 1/2, we give an
enumeration algorithm that takes polynomial time in n, and quasi-polynomial
time in 1/e (more precisely, time poly(n)e?(°81°8€)) time . Here, the distri-
bution is arbitrary and the time does not depend on the support size of the
distribution. The list size does not depend on n.

3. [3] give asuper-polynomial lower bound for estimation from lossy samples even
for small support distributions when 1 = 1 — o(1). We give a similar lower
bound for enumeration from lossy samples for small support distributions.

4. Dvir et al. [3] also observe that LP-duality can be used to characterize
the sample complexity of algorithms for estimation for arbitrary distribu-
tions, for any error model. We give a relaxation of this LP program that
shows a “Yao principle” for such estimation problems. We show that either
there is an algorithm for estimation using a certain number of samples or
a polynomially-related lower bound via two distributions whose noisy ver-
sions are indistinguishable. [3] also introduce the notion of “local inverse”
to a matrix. We show that the existence of any algorithm for estimation for
arbitrary distributions in an error model implies one via a local inverse to
the corresponding matrix.

In the full paper, we will include some additional results, not directly related to
enumeration:

1. We give a new algorithm for estimation from lossy samples that works in
time polynomial in n and exponential in 1/¢ whenever pu < 2/3.

2. Dvir et al. [3] have shown that their estimation algorithm for lossy samples
will work for arbitrary distributions for p < 0.614.... We give a tighter anal-
ysis of their algorithm, showing that it works when pu < 1 —1/y/2 = 0.69....
We present numerical computations that suggest that the real threshold for
this algorithm is p = .75.

1.2 State-of-the-Art

For lossy samples with independent erasures, the current best algorithms for all
versions of the problem are due to Moitra and Saks [7], who, subsequently to
our work, solve the hardest version of this problem. They give a polynomial time
algorithm for estimation for arbitrary distributions, which implies similar algo-
rithms for enumeration and recovery. This result improves on the estimation and
recovery algorithms of [3], and is better than the algorithms from the first two
of our additional results to appear in the full paper. Our enumeration algorithm
is still useful if the erasures are not actually independent.

For noisy samples, for distributions of small support size, the current best al-
gorithm for estimation and recovery problems is the quasi-polynomial algorithm
of [10]. For any constant level of noise, this algorithm runs in time polynomial
in n and k'°¢* when the support size is k. Our second result above is the only
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non-trivial algorithm known algorithm for enumeration when the distribution is
arbitrary, and is the fastest algorithm for enumeration even when the support
is small. For the estimation and recovery problems when the distributions are
arbitrary, no algorithms better than exponential time in n are known.

Combining the lower bound of [3] and the lower bound in result three above, all
versions of these problems require more than polynomially many samples when
the bit erasure probability 4 = 1 — o(1) or when the bit flipping probability is
v=1/2-0(1).

2 Branch-and-Prune Algorithms

Our algorithms for enumeration follow the same “branch-and-prune” paradigm
as those of [3I10]. This paradigm can be viewed as a form of classical dynamic
programming [IT], but in the context of probabilistic algorithms for enumeration,
the first example we know of is the Goldreich-Levin algorithm for list decoding
the Hadamard code. [4]. Dvir et al. [3] used a branch-and-prune method to
reduce the recovery problem to the estimation problem. In this section, we revisit
this connection and present a self-contained explanation. We also emphasize the
minimal set of conditions that a pruning algorithm needs to have to be useful
for enumeration.

Let D be the underlying distribution on n bit strings. For 1 <m < n, let D,,
be the distribution on the first m bits of a string drawn from D. In the context
of enumerating heavy hitters, we observe that the distribution on the first m bits
of the observed sample is equal to the distribution on lossy/noisy samples from
D,,, with the same error parameter u or v. Also note that the m-bit prefix of any
heavy hitter for D is a heavy hitter for D,,. Our goal is, for m from 1 to n, to find
a set S, of candidates that contains all the heavy hitters of D,,,. Then the heavy
hitters for D,y are contained in the set Tp,41 = {20z € S, } U{zl|x € S, }.
This is the “branch” stage. However, to prevent this set of candidates from
growing exponentially, it is necessary to “prune” this set back to a smaller subset
Sm+1 .

To be more precise, a pruning algorithm takes a set of m-bit strings T and
can request lossy or noisy samples from D,,, and produces a subset S C T. We
say the strings in T'— S are pruned by the algorithm. Our pruning algorithms
have a parameter s and we need two properties to ensure their efficiency:

Correctness. With high probability (1 —o(1/(ns))), no heavy hitter for D,, is
pruned.
Efficiency. If |T| > s, then with high probability S is a strict subset of T'.

Note that an estimation algorithm can be used as a pruning algorithm: Estimate
the probability of each element of T' to within an additive term of €/3. Prune the
ones whose estimates are less than 2/3e. Assuming the estimates are correct, all
€ heavy hitters are maintained. Furthermore, all but at most s = 3/¢ elements
with probability at least €/3 are pruned.

If both of these conditions hold, we can use the pruning algorithm for enumer-
ation. We maintain a set S,,, that with high probability contains all heavy hitters
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for D,,. We construct T;,,+1 as above, and prune it until the size remaining is
at most s. Since Ty, +1 has at most 2s elements at the start, and each time we
prune we get a strict subset, pruning can happen at most s times for any m. The
probability of pruning a heavy hitter in any one run of the pruning algorithm is
o(1/(sn)) so with high probability, we never prune a heavy hitter. We will need
to use the pruning algorithm O(ns) times on a set of strings of size O(s).

If we have an estimation algorithm and an enumeration algorithm, we can
enumerate a list S, of heavy hitters and estimate the probability of each of the
candidate heavy hitters in S,, to get a recovery algorithm.

Thus, it suffices to describe an algorithm for estimation or pruning in order
to specify an algorithm for recovery or enumeration, respectively.

3 Enumeration Algorithms

In this section, we give a polynomial time enumeration algorithm for lossy sam-
ples for any x4 < 1, and a quasi-polynomial time algorithm for noisy samples for
any v < 1/2. As described before, we only need to give a pruning algorithm in
each case.

3.1 Lossy Samples

We describe here the pruning algorithm for lossy samples. Let € > 0. For some
polynomial s = n®Me=9() we are given a set T of at most 2s strings that
includes all e-heavy hitters, and want to find a subset S that contains all e-
heavy hitters, but has at most s strings. When the parameter € is clear from the
context, we will simply refer to an e-heavy hitter as a heavy hitter.

The pruning algorithm works in two phases. In the Phase I, we will collect
a maximal set B C T of centers of small size such that the centers are at a
distance of at least d = C logil from each other, where C' is a constant which
only depends on p and will be determined later. Since B is maximal, each heavy
hitter is either in B or at most at a distance of d from an element in B. In the
second phase, for each center, we consider the elements of T close to it and prune
them.

Phase I: In Phase I, we start with a set B of centers (initially an empty set)
of size no more than 2/e and greedily place non-pruned strings from 7" into B
as long as |B| < 4/e so that all centers in B are at least a distance d from each
other. If the size of B never equals [4/€], we proceed to Phase II. If not, we
execute the following sub procedure to prune the non-heavy hitters from B so
that the size to B reduces to no more than 2/e. We then repeat the greedy of
process of growing B.

Pruning B: At this point, we have |B| = 4/e. Our goal is to cut the size of B
by half by pruning away sufficiently many non-heavy centers of B.

For v,w € T define A, ., = {i|v; # w;}. In other words, A, ,, is the set of
positions where the strings v and w differ. For u,u’ € B and for a lossy sample



354 L. Batman et al.

y, we say that y is (u, u')-discriminatory if for at least one position in A, ./, the
value is not erased in y. We say y is discriminatory if it is (u, u')-discriminatory
for all u,u’ € B. y is consistent with a string u € T if it never disagrees with u
in a revealed bit. Note that y is always consistent with the original sample.

To prune non-heavy strings in B, we draw ¢ = poly(1/¢) lossy samples. For
each center u, we compute the fraction p, of samples that are discriminatory
and consistent with u. Each sample can contribute to at most one center since
a discriminatory sample can be consistent with at most one center. If a discrim-
inatory sample y were to be consistent with centers v and u’, then there is a
position in A, ,s which is not erased in y where u and u’ agree, a contradiction.
Finally, if p,, < €/2, we prune u.

We will argue that at least 2/e strings of B are pruned by the procedure
so we will end up with a B of size at most 2/¢. Let y be a lossy sample. y is
discriminatory with probability at least 7¢/8 since

P[y is not discriminatory] < Z P[y is not (u,u’)-discriminatory]
u,u’ €B

< 8/ < (8 s
= (8/€?)(¢*/64) for C = 3/logi
<¢€/8

Let u be a e-heavy hitter. The probability that y is discriminatory and is consis-
tent with u is at least 7¢/8. Let p, be the fraction of discriminatory samples con-
sistent with u. P[p, < €/2] < e~2(3¢/8)*t 1y Chernoff-Hoeffding bound since the
expected fraction is at least 7¢/8. P[3 an e-heavy center u such that p, <e¢/2] <
16_2(36/8)% by union bound since there are at most 1/e such centers. Since
t = poly(1/e), and since there are at most 2/¢ centers that pass the threshold
of €/2, with high probability, we will have pruned at least 2/e centers while
retaining all heavy hitters in B.

Phase II: At this point, we have a set B of centers of size at most 4/¢ such
that every non-pruned element of T' is within a distance of d from some center.
Assign each non-pruned element of T' to its closest center. For u € B, let B,
denote the set of elements of T' assigned to wu.

For each u, we prune B, so that its size is bounded by a polynomial in 1/e.
Since there are at most 4/e centers, we will end up with the desired bound after
pruning. Fix u € B,,. In the following, we outline how to prune B,.

For v € B,, let A, denote the set of positions where u and v differ. We say
that a sample y is revelatory for v if for no position i in A, y; = *.

We draw t lossy samples. For each v, we compute the fraction of samples that
are revelatory for and consistent with v. Each sample can contribute to at most
one element of B, since a sample y can be revelatory for and consistent with
at most one v € By,. For every v,v’ € B, and v # v', there exists a position in
A, U Ay where one of v and v’ agrees with u and the other disagrees with wu.
If y were to be revelatory for and consistent with both v and v/, then v and v’
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agree on every position in A, U A,,, which is a contradiction. If the fraction for
v does not exceed the target GCIH/Q, we prune it, where C’ is a constant that
depends only on p.

Let v € B, and y be a sample. We will show that the probability a sample y
is revelatory for v is not small.

Ply is revelatory for v] > (1 — p)l4l > (1 — p)4 = (1 — p)3'°8 /log

= (¢/4)¢" for some constant C’ which only depends on 1

Let v € B, be an e-heavy hitter. The probability that y is revelatory for and
consistent with v is at least (¢/4) *1. Let p, be the fraction of samples that are
revelatory for and consistent with v. Plp, < (¢/4)C'+1/2] < e~ 2((/9 "1/2)%
by Chernoff-Hoeffding bound since the expected fraction is at least (e/4)¢ +1.
P[3 an e-heavy v such that p, < (¢/4)¢'t1/2] < 16_2((5/4)0 /2% by union
bound since there are at most 1/e such elements. Since ¢ = poly(1/e€), with

high probability, at most 2/(e/ 4)6”+1 elements remain after pruning since there
are at most 2/(¢/4)¢ *! elements v € B, such that p, > (¢/4)¢ T1/2.

A General Lossy Error Model: Our algorithm for enumerating e-heavy hit-
ters in the lossy error model and its analysis does not require that each bit
position is erased independently with probability p. Our algorithm and its anal-
ysis can be easily extended to lossy error models that satisfy weaker conditions.

Let  be an arbitrary sample drawn according to the original distribution D.
Let y be a lossy model obtained from x according to a lossy error model. In the
following we provide a sufficient condition for lossy error models that guarantees
the correctness and performance of the above algorithm.

For all € > 0, there exists a t such that for all sets .S of ¢ positions,

1. Plvalues in all positions of S are erased|z] < €3/64, and
2. P[none of the values in positions of S are erased|z] > ¢9(1).

3.2 Noisy Samples

Here we give a quasi-polynomial enumeration algorithm for the noisy case for any
constant 0 < v < 1/2. As before, we present just the pruning algorithm. As in
the lossy case, it works in two phases. First, we locate a small number of centers
so that every heavy hitter is C'log1/e distance from one of the centers, where
C is a constant that only depends on p. This already gives a s = n@log1/€)
algorithm, which works under a very general noise condition. However, we can
improve it to s = (1/¢€)@egog(1/€)) in the second stage that requires noise to be
exact and independent. In the second stage, for each center, we enumerate the
heavy hitters within d = O(log 1/¢) Hamming distance to the center. For each
fixed center, this is equivalent to enumerating all of the low Hamming weight
heavy hitters, which we can identify with the set of positions with value 1. To do
this, we give a potential function for a set of positions A, which upper bounds
the total probability of small Hamming weight strings that could contain A.
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In addition to A, we’ll maintain a set of positions R so that we only need to look
at heavy hitters whose 1’s are in R. We show that we can divide the extensions
AU {i} into two categories, one that significantly lowers the potential function,
and another that significantly reduces the set R of positions we need to consider
in the future. If the potential function drops below €, we can prune the search.
If R becomes very small, we can use a brute force search on small subsets of R.

The first phase works very similarly to the erasure case. We start with a set
B of centers (initially an empty set) of size no more than 2/¢ and greedily place
non-pruned strings from 7" into B as long as |B| < 4/¢ so that all centers in B
are at least a distance d from each other. If the size of B never equals [4/€], we
proceed to phase two. If not, we execute the following sub procedure to prune
the non-heavy hitters from B so that the size to B reduces to no more than 2/e.
We then repeat the greedy of process of growing B.

For u,v € B, let A;; be the set of positions where v and v differ. We say
that a noisy sample y favors u € B if for every v € B, y agrees with w in strictly
more than half the positions in A, ,. Note that, if u is itself is the original
sample, each bit of the noisy sample y agrees with that of w with probability
1 —v > 1/2. So the probability that at least half the positions of y in A, ,
disagree with u, by Chernoff-Hoeffding bound, is at most e~ 2d(1/2-1)%) < €/16
for some C' = O(1/(1/2 — v)?). So by a union bound over the 4/¢ centers, if
the original sample is u, the conditional probability that y does not favor u is at
most 1/4. (This is the only place where we use the bound on the noise in the first
phase.) Thus, for any e-heavy hitter u, y will favor w with probability at least
3e/4. Also note that y can favor at most one center u, because otherwise y would
have to agree with both u and v in more than half the places where they differ.
So we estimate, using O(1/e?log s/€) samples, the fraction of y’s that favor each
center, and prune all but the 2/¢ centers where this estimate is greater than e/2.

At this point, B, the set of centers, has size less than 4/¢, where every un-
pruned string of T is within Hamming distance d of one of the centers. Note that
there can be at most O(n?/¢) = n®1°81/€) candidates left at this point, so if
noise is not independent, we can simply use this phase as our pruning algorithm
to get a quasi-polynomial time enumeration algorithm.

In phase two, for each center, we enumerate those heavy hitters that are
within d to that center. The union of these lists will include all heavy hitters. By
taking the bit-wise parity of the noisy samples with the center in question, we
can without loss of generality assume that the center in question is the all-zero
string. Thus, the problem is now equivalent to enumerating all heavy hitters
of small Hamming weight, i.e., d or less. For a string xz, let A, be the set of
positions where x is 1.

Our procedure is recursive. At each point, we have two sets of positions
A,|A| < d and R, and we are trying to enumerate all low Hamming weight
heavy hitters z with A C A, C A U R. Initially, A is empty, and R will
be all n positions (but we show that very quickly, R will decrease to just
poly(1/e) positions.) We use a potential function 0 < Q4 r < 1 that allows us to
prune some branches that cannot lead to actual heavy hitters. A large value of
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potential function is necessary but not sufficient for there to be such a heavy
hitter x with A € A, € RU A. Qa,g has the following properties:

1. If |A] < d, Qa,r can be approximated to within any poly(e) additive error
in time poly(1/e).

2. If there is an e-heavy hitter z of Hamming weight < d with A C A, C AUR,
then QA,R > 6/2.

3. If |R| > O(log2 1/e) and Qa,r > €/2, then the average value of Q 4u(;},r for
i€ R— Ais at most |R|74Q 4 g.

Property 1 allows us to compute the potential function. Property 2 allows us to
prune any branch where the potential function is too small. Property 3 says that
the potential function decreases dramatically for most cases where we extend A.
We first define Q4,r and prove it has the above properties, then describe the
enumeration algorithm in terms of the properties. In the following, we use = to
refer to the original sample and y to the corresponding noisy sample.

Let a and b be constants (depending on v) so that av + b(1 —v) = 0, and
a(l —v)+bv =1 (equivalently a = (1 —v)/(1 — 2v) and b = —v/(1 — 2v)). For
bit position 4, let v; be a if y; = 1 and b if y; = 0. Then the equations above say
that the conditional expectation of v; is x;. (This method is borrowed from the
unbiased sampler for the estimation problem from [3]. Unfortunately, using that
estimator takes exponential time. We get around this by only using it within A,
which has size at most d = O(log1/¢).) Let wr_4 be the number of 1’s in y
within R— A. Let E 4 g be an indicator variable for the event that wp_4 < v|R—
A|+d—|A|. Let V4, r be the random variable (IT;c 4v;) Ea, g - Note that, for a fixed
x, all of the factors in V4 g are independent, so E[V4 r|z] = P[Ea g|z/Ilicax;.
(This equation uses the fact that the noise in each bit is independent.) Let
Qa,r be the expectation of V4 r. The above shows that although V4 r may
be a polynomially large positive or negative number, Q4 r is always between 0
and 1.

The absolute values of the v;’s are bounded by a constant, and we multiply
at most d of them, so the maximum value of V' is polynomial in 1/e. Thus, we
can estimate (Q4,r up to any polynomial in € additive error by averaging V4 g
for poly(1/e) samples. This establishes the first property.

If  has Hamming weight at most d, and A C A, C R U A, then if the
expected number or fewer of bit flips occur in R — A, E4 g will be true. Thus,
for such an z the conditional probability of E4 g is at least 1/2. For such an
z, E[Va gl|z] > 1/2Il;caz; = 1/2. Since the conditional expectation is never
negative, if there is any e-heavy hitter as above, Qa r > €/2. This establishes
the second property.

To establish the third property, let ho = (d — |A])/(1 — 2v) + 4+/|R|log1/e.
Fix any z, and let h be the Hamming weight of x in R — A. We claim that
> jer—aEVaugy rlz] < ho(E[Va rlz] + €2). Note that for any j € R — A,
Esuqjy,r implies Ey g. Then

ElVaugyrle] = @j(liear:)P[Eavgyrle] < x;(Ilicazi)P[Earlz] =
2;E[V4 g|z]. Summing all j € |R— A, we get an upper bound of hE[Vy4 g|z] for
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the conditional expectation of the sum. So the inequality holds conditioned on
any x with h < hyg.

For the other case, fix x with h = fhg, f > 1. Then the expected Hamming
weight of y within R is v|R|4+h(1—2v), and our cut-off for E4 g to occur is v|R|+
(d—|A|). Applying Chernoff bounds, we can upper bound the probability of E4 r
given such an z as at most ¢2/°. Then the overall expectation of hE[V4 rlz] <
Ah062f2, which is decreasing with f. So setting f = 1 gives us an upper bound
which holds in general, of hge? which is the second error term.

By linearity of expectation, then Zj Qaugjr,r < ho(Qa,r + €%) < 2hoQa,r
since Qa,r < €/2. So this is at most O(\/|R— Allog1/€)Qa,r. Dividing by
|R — A| and using the assumptions |R| > C”(log 1/¢)? for some sufficiently large
constant C’ gives us that the average value of Q 4u(;},r is at most QAVRRfl/‘L.
This establishes the last property.

We use this potential function ) 4, r in our algorithm as follows: At any point,
we will be enumerating those heavy hitters x with Hamming weight at most d
so that A C A, C R for some sets A, |A| < d and R.

If R < C’log?1/e, we just enumerate all d-tuples by brute force. If Q4 r <
€/2, we can just terminate and return the empty set.

Otherwise, we compute QAU{ij for each j € R — A. Divide those j into the
“exceptional” ones with Qauqiy,r > |R|=Y8Q 4. r and the remaining “typical”
ones. By the third property and Markov’s inequality, at most O(|R|"/®) can be
exceptional. Let R’ be the set of exceptional positions.

For any heavy hitter  with A C A, C R, either A, —AC R or j € A,
for some j € R — R’. So we output A to the list of heavy hitters, then recurse
on (A, R') and recurse on (AU j, R) for each j € R — R’. This covers all of the
above cases recursively.

We now have to give a time analysis for the above algorithm. Let K =
[2Q 4,r/€] be a measure of how far we are from being able to prune our current
set. Let r represent the size of R. We give our bound in terms of the number
of recursive calls T(K,r) needed for these values. First, if K = 0, we prune
and terminate. So T(0,7) = 1. If » < O(log®1/e), we use brute force search
and take time (1/e)@Uoglos1/€) If » > O(1/e®), we make only one recursive
call that isn’t immediately pruned, to a subset R’ of size at most O(|R|"/®). So
we shrink R without branching until » = O(1/€%). Otherwise, we make up to
r “typical j” recursive calls where K decreases by a r—1/8 factor, and one “ex-
traordinary” recursive call where r becomes O(r7/8). Thus, we have the recursion
T(K,r) < rT(Kr=Y8 r) + T(2/e,r7/%). Unwinding the first part of the recur-
sion, each time we lose a factor of 7'/8 from K, it costs us a factor of . So we
get T(K,r) < K®T(2/e,r7/®). This recursion has O(loglogr) = O(loglog1/¢)
depth, each giving a factor of (2/¢)® for a total of (1/¢)?(°81081/€) recursive calls.
The leaves of the recursion cost us a similar factor as mentioned earlier. During
each recursion, we have to compute @) r times, which gives another polynomial
factor to the total running time. Thus the total time is (1/¢)CUo81081/¢) ag is
the list length.
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4 Lower Bounds on Enumeration

We first review the result from [3] on the lower bound for the number of samples
required for estimation. Let n = log 1/a. Consider two distributions Dy and Dj.
D; is the uniform distribution over n-bit strings, Dy the uniform distribution
on those n-bit strings with even parity. In Dg the all-zero string has probability
2a, and in D4, «, so any «/3 estimation algorithm has to distinguish between
the two.

However, both distributions are uniform when we restrict strings to any proper
subset of the bit positions. Let Q = (Q1, @2, -+, Q+) be any sequence where for
1 <1<t Q; C[l.n]is aset of bit positions. Assume that for each 1 < i <¢, ¢’th
sample reveals exactly the bits in positions given by ;. Based on this condition
and assuming that none of the @Q; is the entire set of positions, the induced
distributions on lossy samples are identical. Any distinguishing algorithm has to
wait until it sees at least one sample with all bits revealed. The probability of
this occurring with any one sample is (1 — p)", so the time required is at least
(1—p)" = (1 —p)°e® = ols(1=#) Hence if = 1 — o(1), this is (1/a)*™) and
is super-polynomial.

Note that these two distributions give no lower bound on the number of
samples required for enumeration, since an enumeration algorithm could just
list all 1/« strings of length n without seeing any samples at all. However, we
will present a very similar argument that shows a lower bound for enumeration.
For this, we need to increase the value of n without increasing the support size.
To achieve this condition, we look at sparse distributions. We will use the fact
that we are unlikely to reveal even a small constant fraction of the bit positions
when = 1—o0(1). The following lemma and its corollary establish the existence
of the desired distribution, which are stated without proof.

Lemma 1. Let 1/2 > ~ > 0. There is a yn-wise independent distribution on
strings of length n that has support size 90(vlog(5)n)

Corollary 1. For any string x of length n, there is a distribution on strings

of length n that is yn-wise independent, and where x has probability at least
9—O(vlog(})n)

Now, let p =1—-1/L. If p=1—0(1),L = w(1). We will show that the sam-
ple complexity or the list size of any algorithm the enumerates e-heavy hitters
from lossy samples with erasure probability p is super-polynomial in 1/e. Let
G be such that L = eG'"1sa and let v = 1/G. G will be O(log L) (since
the right side is QQ(G)). For any n, select a random n-bit string x and run the
enumeration algorithm with ¢ = 27 2(nlog 5) = 2-0(logG/G) using the yn-wise
independent distribution with x in its support as obtained from the corollary.
Say that the algorithm gets ¢ lossy samples and enumerates a list of size t'.
Let S = (S1,---,S:) be the sequence of sets of revealed bit positions in the
samples. If every set in the sequence S has size at most yn, the observed sam-
ples are independent of x. Hence the conditional probability that x is on the
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list is at most ¢//2". So either ¢/ = 2(2") = (1)?(G/les &) = (1)2(cg L/loglog L)
or there is a constant probability that some \S | > yn. Slnce each position is
revealed with probability 1/L and there are (,;:L) < (e/y)"" = (eG)™E sub-
sets of yn positions, the probability that any one S; is of size > ~n is at
most (eG)"E(1/L)VE = (eG/L)". Hence, for any one of the S; to have
size more than yn, we must have t > (L/eG)"/¢ = (GE/1°8G)"/CG by our
choice of G. Now, € = 2-%((nlogG)/G) — G=2(n/G) g6 in this case we have
t=e G/ losG = (1 )Q(logL/log log L) Thus, if L is w(1), then either the list size
or the number of samples must be super-polynomial in 1/e, with exponents of
the form 2(log L/loglog L).

The quantitative bound we get here for enumeration is almost as good as the
one above for estimation. As far as we know, these are the best known lower
bounds for these problems. However, they are pretty far from the upper bounds.

5 Canonical Upper and Lower Bounds for Estimation

Here, we use LP duality to show that either there is a lower bound for estimation
of a certain canonical form, or an algorithm of a canonical form.

The lower bound for estimation shown in [3] has the following form: there are
two distributions that differed by at least « in their probability of 0™, the all-
zero string. However, the induced distributions on lossy samples were statistically
close. The distributions in [3] were completely indistinguishable unless all bits
were revealed, which can only happen with small probability. Consider for now
the noisy case with bit-flipping probability of v. Any distributions Dy, D1 that
differ by « in the all-zero string must be distinguishable by an a/3 estimation
algorithm. Let Ny, N1 be the corresponding noisy distributions, and let A be
the statistical distance of Ny and N;. Then any algorithm that distinguishes the
two requires t = £2(1/A) samples. Now, without loss of generality, we can assume
that both distributions are symmetric, so that the probabilities of outputting a
Hamming weight ¢ string for 0 <4 < n determine them. Let A; be the difference
of these two probabilities for weight i. Then Ay > a, Y A; =0 and Y |4, < 2.
Conversely, any values of A; satisfying these inequalities give rise to two such
distributions whose differences are A; for 0 < i < n.

Let m;; be the probability that a noisy version of a sample of Hamming
weight ¢ ends up with Hamming weight j. An explicit formula for m; ; is m; ; =
ok (;)(1 T LT k( )/ﬂ k(1 — p)"==9+* but we will not be using partic-
ular noisy error model right now. Our treatment works more generally for any
Hamming weight to Hamming weight transformation matrix. Then the differ-
ence between Ny and N7’s probabilities of producing a Hamming weight j string
is >2; m;;A;. Thus, if we include the inequality > ;|32 m;;A;[ < A in addi-
tion to the ones above, we get that the statistical distance of the noisy versions
is at most A. Thus, these linear inequalities characterize the existence of such
distributions.

In fact, these inequalities make sense in a very general setting. Let M be a
stochastic n1 X ny metric with entries m; ; representing the probability: if the



Finding Heavy Hitters from Lossy or Noisy Data 361

original sample is of type i, that the observed sample is of type j. The above
inequalities say that there are two distributions on types so that 1/ observed
samples are required to distinguish them, but differ by « in the probability of
type 0 in the original distributions. So, in particular, any «/3 estimator of the
probability of type 0 requires 1/\ samples. Call such a pair of distributions
(a, A)-fooling pair of distributions for M.

We now consider a somewhat simplified relation of the inequalities above, but
which preserve the parameters to within polynomial factors. Fix a value for A.
The primal relaxation has objective to maximize Ag subject to the following
inequalities in variables Ag,..., Ap: 1. 32— A; = 0, 2. For each 0 < i < ny,
—1<A; <1, and 3. For each 0 < j < mng,—A <> m; ; 4, <A

If there is a solution with Ag > «, we can give two distributions Ny and Ny
as follows. Let R be the sum of the positive A;. Note that n; +1 > 3", |A;| >
R > Ay > «a. Ny is supported on those ¢ with A; > 0, and the probability of
strings with Hamming weight ¢ solutions is A;/R for such i. N7 is supported on
those 7 with A; < 0, and the probability of Hamming weight i is —A;/R.

For any i, the difference between the probabilities is A;/R. Thus, the differ-
ence between their probabilities of the all-zero string is Ag/R > a/(n1 + 1),
and the statistical distance between the noisy versions is: 3, [ >, mi jAi/R| =
RS, |3 miy Al < Alng + 1)/R < Alny + 1) /o

So if the optimum objective is greater than «, there are two distributions such
that their noisy versions are indistinguishable to within A(ng 4+ 1)/«. Thus, any
a/(3(n1 + 1)) estimation algorithm will require «/((n2 + 1)) samples.

If the optimum objective is less than «, consider the dual system of inequal-
ities. Say we multiply the first equation by w > 0, the lower bound in the i’th
example of the second set of inequalities by u; > 0, the upper bound by v; > 0,
the lower bound in the j’th example in the third set of inequalities by y; > 0
and the upper bound by z; > 0. Then we get the induced inequality

Doi(w v —wi +305(25 — y)ma ) A < 30 (wi + i) + A3 (5 + 25)-

So the dual is to minimize -, (u; +v;) + A>_;(y; + 2;) subject to w + v —
Up +2j(zj —yj)mo,; =1 and w+v; —u; +Zj(zj —yj)m;; =0forn; >¢>1.
Note that if the objective is less than «, then so is each u; and v;, each y; and
zj are at most a/A, and w < |v1 — wi1| + max;|z; —y;| = O(a/N).

Let 8; = (z; — y;) + w, and consider the algorithm : Let J be the random
variable given by the observed type of the noisy sample. Estimate the expected
value of 8; to within O(«). The constraints say that, on a type 0 input, the
expectation of 8 is 1+ O(«) and on any other Hamming weight, the expectation
is O(«) in absolute value.

Thus, the expectation of 8; will be within O(«) of the probability of the orig-
inal sample being type 0. Since each |§;] is at most O(a/\), we can estimate the
expectation to within a using O(1/A?) samples. In the language of [3]. the vector
B is a local inverse of M at 0. We summarize the discussion in the following:

Theorem 1. Let M be any ni X ng stochastic matriz, and let 0 < a, A < 1.
Then either there is an pair of (o, \)-fooling distributions for M (and hence,
any «/3-estimator for the probability of 0 requires £2(1/\) samples ) or there is
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a local inverse for M with mazimum coefficients of size O(ninaa/A) (and hence
there is a time polynomial in n1,n2 and 1/ algorithm to estimate the probability
of 0 within O(a)).

Acknowledgments. We are grateful to Avi Wigderson for introducing us to the
problem and for useful discussions and suggestions, and to Amir Yehudayoff for
helpful comments on an earlier version. We thank Chris Beck, Shachar Lovett,
Mike Saks, and Ankur Moitra for helpful conversations.

References

1. Belkin, M., Sinha, K.: Polynomial learning of distribution families. In: FOCS 2010,
pp. 103-112 (2010)

2. Dasgupta, S.: Learning mixtures of gaussians. In: FOCS 1999, p. 634. Computer
Society (1999)

3. Dvir, Z., Rao, A., Wigderson, A., Yehudayoff, A.: Restriction access. In: Innovations
in Computer Science 2012, pp. 19-33 (2012)

4. Goldreich, O., Levin, L.A.: A hard-core predicate for all one-way functions. In:
STOC 1989, pp. 25-32 (1989)

5. Karp, R.M., Shenker, S., Papadimitriou, C.H.: A simple algorithm for finding fre-
quent elements in streams and bags. ACM Trans. Database Syst. 28(1), 51-55
(2003)

6. Kearns, M., Mansour, Y., Ron, D., Rubinfeld, R., Schapire, R.E., Sellie, L..: On the
learnability of discrete distributions. In: STOC 1994, pp. 273282 (1994)

7. Moitra, A., Saks, M.: A polynomial time algorithm for lossy population recovery.
Manuscript (2013)

8. Moitra, A., Valiant, G.: Settling the polynomial learnability of mixtures of gaus-
sians. In: FOCS 2010, pp. 93-102 (2010)

9. Arora, S., Kannan, R.: Learning mixtures of arbitrary gaussians. In: STOC 2001,
pp. 247-257 (2001)

10. Wigderson, A., Yehudayoff, A.: Population recovery and partial identification. In:
FOCS 2012, pp. 390-399 (2012)

11. Woeginger, G.J.: When does a dynamic programming formulation guarantee the
existence of an fptas? In: SODA 1999, pp. 820-829 (1999)



LNCS 8096

Prasad Raghavendra Sofya Raskhodnikova
Klaus Jansen José D.P. Rolim (Eds.)

Approximation,
Randomization,
and Combinatorial
Optimization

Algorithms and Techniques

16th International Workshop, APPROX 2013
and 17th International Workshop, RANDOM 2013
Berkeley, CA, USA, August 2013, Proceedings

@ Springer




Lecture Notes in Computer Science

Commenced Publication in 1973
Founding and Former Series Editors:
Gerhard Goos, Juris Hartmanis, and Jan van Leeuwen

Editorial Board

David Hutchison

Lancaster University, UK
Takeo Kanade

Carnegie Mellon University, Pittsburgh, PA, USA
Josef Kittler

University of Surrey, Guildford, UK
Jon M. Kleinberg

Cornell University, Ithaca, NY, USA
Alfred Kobsa

University of California, Irvine, CA, USA
Friedemann Mattern

ETH Zurich, Switzerland
John C. Mitchell

Stanford University, CA, USA
Moni Naor

Weizmann Institute of Science, Rehovot, Israel
Oscar Nierstrasz

University of Bern, Switzerland
C. Pandu Rangan

Indian Institute of Technology, Madras, India
Bernhard Steffen

TU Dortmund University, Germany
Madhu Sudan

Microsoft Research, Cambridge, MA, USA
Demetri Terzopoulos

University of California, Los Angeles, CA, USA
Doug Tygar

University of California, Berkeley, CA, USA
Gerhard Weikum

Max Planck Institute for Informatics, Saarbruecken, Germany

8096



Prasad Raghavendra Sofya Raskhodnikova
Klaus Jansen José D.P. Rolim (Eds.)

Approximation,
Randomization,
and Combinatorial
Optimization

Algorithms and Techniques

16th International Workshop, APPROX 2013

and 17th International Workshop, RANDOM 2013
Berkeley, CA, USA, August 21-23, 2013
Proceedings

@ Springer



Volume Editors

Prasad Raghavendra

University of California
Berkeley, CA, USA

E-mail: prasad@cs.berkeley.edu

Sofya Raskhodnikova
Pennsylvania State University
University Park, PA, USA
E-mail: sofya@cse.psu.edu

Klaus Jansen

University of Kiel

Kiel, Germany

E-mail: kj@informatik.uni-kiel.de

José D.P. Rolim

University of Geneva
Carouge, Switzerland
E-mail: jose.rolim@unige.ch

ISSN 0302-9743 e-ISSN 1611-3349

ISBN 978-3-642-40327-9 e-ISBN 978-3-642-40328-6
DOI 10.1007/978-3-642-40328-6

Springer Heidelberg New York Dordrecht London

Library of Congress Control Number: 2013944978

CR Subject Classification (1998): F.2.2,G.2.2,G.2.1,F.1.2,G.1.0,G.1.2,G.1.6,G.3,
E.1

LNCS Sublibrary: SL 1 — Theoretical Computer Science and General Issues

© Springer-Verlag Berlin Heidelberg 2013

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations, recitation,
broadcasting, reproduction on microfilms or in any other physical way, and transmission or information
storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar methodology
now known or hereafter developed. Exempted from this legal reservation are brief excerpts in connection
with reviews or scholarly analysis or material supplied specifically for the purpose of being entered and
executed on a computer system, for exclusive use by the purchaser of the work. Duplication of this publication
or parts thereof is permitted only under the provisions of the Copyright Law of the Publisher’s location,
in ist current version, and permission for use must always be obtained from Springer. Permissions for use
may be obtained through RightsLink at the Copyright Clearance Center. Violations are liable to prosecution
under the respective Copyright Law.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this publication
does not imply, even in the absence of a specific statement, that such names are exempt from the relevant
protective laws and regulations and therefore free for general use.

While the advice and information in this book are believed to be true and accurate at the date of publication,
neither the authors nor the editors nor the publisher can accept any legal responsibility for any errors or
omissions that may be made. The publisher makes no warranty, express or implied, with respect to the
material contained herein.

Typesetting: Camera-ready by author, data conversion by Scientific Publishing Services, Chennai, India
Printed on acid-free paper

Springer is part of Springer Science+Business Media (www.springer.com)



Preface

This volume contains the papers presented at the 16th International Workshop
on Approximation Algorithms for Combinatorial Optimization Problems (AP-
PROX 2013) and the 17th International Workshop on Randomization and Com-
putation (RANDOM 2013), which took place concurrently in UC Berkeley, dur-
ing August 21-23, 2013. APPROX focuses on algorithmic and complexity issues
surrounding the development of efficient approximate solutions to computation-
ally difficult problems, and was the 16th in the series after Aalborg (1998),
Berkeley (1999), Saarbriicken (2000), Berkeley (2001), Rome (2002), Princeton
(2003), Cambridge (2004), Berkeley (2005), Barcelona (2006), Princeton (2007),
Boston (2008), Berkeley (2009), Barcelona (2010), Princeton (2011), and Boston
(2012). RANDOM is concerned with applications of randomness to computa-
tional and combinatorial problems, and was the 17th workshop in the series
following Bologna (1997), Barcelona (1998), Berkeley (1999), Geneva (2000),
Berkeley (2001), Harvard (2002), Princeton (2003), Cambridge (2004), Berke-
ley (2005), Barcelona (2006), Princeton (2007), Boston (2008), Berkeley (2009),
Barcelona (2010), Princeton (2011), and Boston (2012).

Topics of interest for APPROX and RANDOM are: design and analysis of
approximation algorithms, hardness of approximation, small space algorithms,
sub-linear time algorithms, streaming algorithms, embeddings and metric space
methods, mathematical programming methods, combinatorial problems in graphs
and networks, game theory, markets and economic applications, geometric prob-
lems, packing, covering, scheduling, approximate learning, design and analysis
of online algorithms, design and analysis of randomized algorithms, randomized
complexity theory, pseudorandomness and derandomization, random combinato-
rial structures, random walks/Markov chains, expander graphs and randomness
extractors, probabilistic proof systems, random projections and embeddings,
error-correcting codes, average-case analysis, property testing, computational
learning theory, and other applications of approximation and randomness.

The volume contains 23 papers, selected by the APPROX Program Commit-
tee out of 46 submissions, and 25 papers, selected by the RANDOM Program
Committee out of 52 submissions. In addition to presentations on these papers,
the program included invited talks by Persi Diaconis (Stanford University, USA),
Luca Trevisan (Stanford University, USA), and Santosh Vempala (Georgia Tech,
USA).

We would like to thank all of the authors who submitted papers, the invited
speakers, the members of the Program Committees, and the external reviewers.
We gratefully acknowledge the support from the Computer Science Division,
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