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1 INTRODUCTION

Estimating distributions from observed data is a fundamental task in statistics, which has been
studied for over a century. This task frequently arises in applied machine learning, commonly as-
suming that the distribution can be modeled approximately by a mixture of Gaussians. Popular
software packages have implemented heuristics, such as the expectation maximization (EM) al-
gorithm, for learning a mixture of Gaussians. The theoretical machine learning community has a
rich literature on distribution learning as well; for example, the recent survey of Reference [20]
considers learning structured distributions, and the survey of Reference [27] focuses on mixtures
of Gaussians.

This article develops a general technique for distribution learning, then employs this technique
in the canonical setting of Gaussian mixtures. The learning model we adopt is density estimation:
Given i.i.d. samples from an unknown target distribution, find a distribution that is close to the
target in total variation (TV) distance. Our analysis focuses on sample complexity rather than com-
putational complexity. That is, we seek a learning algorithm that obtains a good estimate of the
target distribution using as few samples as possible, but we do not worry about its running time.
For background on this model, see, e.g., References [17, 20].

Our new technique for proving upper bounds on the sample complexity involves a novel form
of sample compression: If it is possible to “encode” each member of a class of distributions using
a carefully chosen subset of its samples, then we obtain an upper bound on the sample complex-
ity of distribution learning for that class. In particular, by constructing compression schemes for
mixtures of axis-aligned Gaussians and general Gaussians, we obtain new upper bounds on sam-
ple complexities of learning with respect to these classes. Furthermore, we prove that these new
bounds are optimal up to polylogarithmic factors.

1.1 The Distribution Learning Framework

A distribution learning method or density estimation method is an algorithm that takes as input a
sequence of i.i.d. samples generated from a distribution g and outputs (a description of) a distri-
bution g as an estimate for g. We work with absolutely continuous distributions in this article (i.e.,
distributions that have a density with respect to the Lebesgue measure), so we identify a proba-
bility distribution with its probability density function. The total variation (TV) distance between
two probability distributions f; and f; over R? is defined as

() = s [ (60~ i) dx = S~ flh 1)
BCR4 VB

where || f|l; = f]Rd |f(x)| dx is the L! norm of f, and || fi — f2||; is the L! distance between f; and

fa2. (Strictly speaking, the supremum in Equation (1) should be over the Borel sigma algebra on

R4 however, we do not worry about such measure-theoretic issues in this article.) Sometimes we

write TV (X, Y), where X and Y are random variables rather than distributions. In the following

definitions, ¥ is a class of probability distributions, and g is a distribution not necessarily in 7.

Definition 1.1 (e-approximation, e-close, (¢, C)-approximation). We say a distribution g is an -
approximation for g, or g'is e-close to g, if [|g — gll; < e. A distribution g'is an (¢, C)-approximation
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for g with respect to 7 if
G-gll < C-inf |If - .
lg—gllh < ]gg¢||f gl +¢

Definition 1.2 (PAC-learning Distributions, Realizable Setting). A distribution learning method
is called a (realizable) PAC-learner for ¥ with sample complexity mg (e, d) if, for all distribu-
tions g € ¥ and all €,6 € (0,1), given ¢, §, and an i.i.d. sample of size m (¢, ) from g, outputs
an e-approximation of g, with probability at least 1 — § (over the samples and the algorithm’s
randomness).

Definition 1.3 (PAC-learning Distributions, Agnostic Setting). A distribution learning method is
called a C-agnostic PAC-learner for ¥ with sample complexity mf)’; (&,0) if, for all distributions g
and all €, € (0, 1), given ¢, §, and a sample of size m;(e, d) generated i.i.d. from g, outputs an
(e, C)-approximation of g with respect to , with probability at least 1 — §.

The statement that a class can be “C-learned in the agnostic setting” means there exists a C-
agnostic PAC-learner for the class. The case C > 1 is sometimes called semi-agnostic learning in
the learning theory literature. Note that minimizing the L! distance is equivalent to minimizing the
TV distance, as the former is twice the latter. Let A, == { (wy,...,wy) € R" : w; >0, > w; =1}
denote the n-dimensional simplex.

Definition 1.4 (k-mix(F)). Let F be a class of probability distributions. Then the class of k-
mixtures of ¥, written k-mix(¥), is defined as

k-mix(F) = { lew,-fl- (Wi wWi) €A fla L fREF )

1.2 Sample Compression Schemes

In this article, we introduce a method for learning distributions via a novel form of compression.
Given a class F of distributions, suppose there is a method for “compressing” information about
any distribution f € ¥ using a subset of samples from f and some additional bits. Further, suppose
there exists a fixed, deterministic decoder for ¥, which, given the subset of samples and the addi-
tional bits, approximately recovers f.If the size of the subset and the number of bits is guaranteed
to be small, we show that the sample complexity of learning ¥ is small as well.

More precisely, we say class 7 admits (r, t, m) compression if there exists a decoder function such
that, upon generating m i.i.d. samples from any f € ¥, we are guaranteed, with probability at least
2/3, to have r data points from the sample and a sequence of at most ¢ bits on which the decoder
outputs a distribution that is within total variation distance of ¢ from f. Note that 7, t, and m may
be functions of ¢, the accuracy parameter. The decoder function is specific to the class # but does
not depend on the particular f.

This definition is further generalized to a stronger notion of robust compression, formally defined
in Definition 4.2, where the target distribution is to be encoded using samples that are not nec-
essarily generated from the target itself but are generated from a distribution close to the target.
More precisely, class ¥ admits (z,t, m) robust compression if there exists a decoder function, such
that for any f € ¥, upon generating m i.i.d. samples from any distribution that is “close” to f, we
are guaranteed, with probability at least 2/3, to have 7 data points from the sample and a sequence
of at most ¢ bits on which the decoder outputs a distribution that is within total variation distance
of ¢ from f. We prove that robust compression implies agnostic learning. In particular, if ¥ admits
(z,t,m) robust compression, then the sample complexity of agnostic learning with respect to
is bounded by 5(m + (7 + t)/€?) (Theorem 4.5). (5 allows for polylogarithmic factors.)

To illustrate the compression technique, it is instructive to compare it with another density es-
timation technique, called the cover method in Reference [20, Section 1.5]. Let (D, d) be a metric
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space and let 7 C D. Given ¢ > 0, a subset C C D is called an e-net for ¥ if for any f € ¥ there
exists some ¢ € C such that d(f,c) < e. The size of the smallest e-net is called the covering num-
ber of ¥ and its logarithm is called the metric entropy of ¥ . (In this informal discussion, we are
ignoring the dependence on ¢ for brevity.) The metric entropy is a measure of “dimension” for the
set 7.

The cover method for learning a class ¥ of distributions over domain Z works as follows: View
F as a subset of the class of all distributions over Z equipped with the L! metric. Consider a small
e-net of ¥ and then choose the distribution in the net that is closest to the target distribution in the
L! distance. If the net is finite, then this last step is equivalent to learning the closest distribution
among finitely many candidates to a target distribution, which has an algorithm whose sample
complexity scales logarithmically with the net size (see Theorem 4.4).

The issue with using the cover method for learning the class of Gaussians is that the covering
number and the metric entropy of the class are infinite with respect to the L' metric. In fact, even for
the class of mean-zero Gaussians with entry-wise bounded covariance matrices, the metric entropy
is infinite unless we assume a bound on the condition number of the covariance matrices (consider
two-dimensional singular Gaussians each supported on a different one-dimensional subspace with
unit variance on that subspace).

The power of compression schemes is that they take a data-dependent approach: A first round
of sampling is used to shrink the space of feasible distributions significantly, making the metric
entropy of the resulting feasible set finite. This allows us to achieve bounds for Gaussians that do
not depend on the condition number or the size of the parameters (Lemma 5.3).

An additional attractive property of compression is that it enjoys two closure properties. Specif-
ically, if a base class admits compression, then the class of products of the base class, as well as the
class of mixtures of that base class, are compressible (Lemmata 4.6 and 4.8).

As an application of this technique, we prove tight (up to logarithmic factors) sample complex-
ity upper bounds of O(kd?/¢%) for learning mixtures of k Gaussians over R¢ (Theorem 1.5) and
5(kd /€?) for learning mixtures of k axis-aligned Gaussians (Theorem 1.7).

In light of the closure properties of compression schemes, we need only provide a compres-
sion scheme for the class of Gaussian distributions to obtain a compression scheme (and a sample
complexity bound) for mixtures of Gaussians. We prove that the class of d-dimensional Gaussian
distributions admits (5(d), 0(d?), 5(d)) robust compression (Lemma 5.3). The high-level idea is
that by generating 0(d) samples from a Gaussian, one can get a rough sketch of the geometry of
the Gaussian. In particular, the points drawn from a Gaussian concentrate around an ellipsoid cen-
tered at the mean and whose principal axes are the eigenvectors of the covariance matrix. Using
ideas from convex geometry and random matrix theory, we show one can encode the center of the
ellipsoid and the principal axes using linear combinations of these samples. Then, we discretize
the coefficients and obtain an approximate encoding.

Our compression framework is quite flexible and can be used to prove sample complexity upper
bounds for other distribution classes as well. This is left for future work.

1.3 Main Results

Our first main result is an upper bound for learning mixtures of multivariate Gaussians. This bound
is tight up to logarithmic factors. Let k denote the number of mixture components and d denote
the dimension. Henceforth, the notations O(-) and Q(-) suppress polylog(kd/e8) factors; there are
no hidden dependencies on any other parameters (such as the condition number) when we use the
0, Q, 5, and Q notation.
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THEOREM 1.5. The class of k-mixtures of d-dimensional Gaussians can be learned in the realizable
setting, and can be 12-learned in the agnostic setting, using O(kd?/e?) samples.

We emphasize that the O(-) notation has no dependence whatsoever on the scaling, condition
number, separation, or any other structural property of the distribution. Previously, the best known
upper bounds on the sample complexity of this problem were O(kd?/¢*), due to Reference [6], and
O(k*d*/&?), based on a VC dimension bound that we discuss below. For the case of a single Gaussian
(i.e., k = 1), a bound of O(d?/e?) is known, again using a VC dimension bound discussed below.

Our second main result is a lower bound matching Theorem 1.5 up to logarithmic factors.

THEOREM 1.6. Any method for learning the class of k-mixtures of d-dimensional Gaussians in the
realizable setting has sample complexity Q(kd?/¢?).

Note that this is a worst-case (i.e., minimax) lower bound: For any estimation method, there
exists at least one distribution that requires that many samples. Previously, the best known lower
bound on the sample complexity was Q(kd/e?) [44]. Even for a single Gaussian (i.e., k = 1), an
§~2(al2 /&%) lower bound was not known prior to this work.

Our third main result is an upper bound for learning mixtures of axis-aligned Gaussians, i.e.,
Gaussians with diagonal covariance matrices. This bound is also tight up to logarithmic factors.

THEOREM 1.7. The class of k-mixtures of axis-aligned d-dimensional Gaussians can be learned in
the realizable setting, and can be 12-learned in the agnostic setting, using O(kd/e?) samples.

A matching lower bound of Q(kd/e?) was proved in Reference [44]. Previously, the best known
upper bounds were O(kd/c*), due to Reference [6], and O((k*d* + k*d?)/¢?), based on a VC di-
mension bound that we discuss below.

In the agnostic results of Theorem 1.5 and Theorem 1.7, the constant 12 can be decreased to any
constant larger than 9. One may verify this statement through a detailed inspection of our proofs.
We omit a full derivation of this improved constant to avoid tedious details in the proofs.

Our techniques. The upper bounds are proved using the compression technique discussed in
Section 1.2. Next, we discuss the main ideas used in the proof of our lower bound, Theorem 1.6.
To prove our lower bound for mixtures of Gaussians, we first prove a lower bound of Q(d?/e?) for
learning a single Gaussian. The main step is to construct a large family, of size 29d°) | of covariance
matrices such that the associated Gaussian distributions are well-separated in terms of their total
variation distance, while simultaneously ensuring that their mutual Kullback-Leibler divergences
are small. Once this is established, we can then apply a generalized form of Fano’s inequality to
complete the proof.

To construct this family of covariance matrices, we sample 22(*) matrices from the following
probabilistic process: Start with an identity covariance matrix; then choose a uniformly random
subspace of dimension d/9 and slightly increase the eigenvalues corresponding to this eigenspace.
It is easy to bound the KL divergences between the constructed Gaussians. Quantifying this gap
will then give the desired lower bound on the total variation distance.

Minimax estimation rates. Our results are stated in terms of sample complexity, which is the
terminology mostly used in the machine learning literature. It is also possible to state our results
in terms of minimax estimation rates, which are often used in the statistics literature. There is a
direct connection between sample complexity bounds and estimation rates, although translating
between them sometimes incurs logarithmic factors.

We recall some definitions from the minimax estimation framework (see, e.g., Reference [45,
Chapter 2]). Let ¥ be a class of probability distributions defined on domain X. The risk of a density
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estimation method f: X" — F for this class is defined as

Ru(f,F) = supETV(f(Xy,...,Xn), f),
feF
where the expectation is over the i.i.d. samples X, ..., X, from f, and possible randomization of
the estimator. The minimax estimation rate for ¥ is the smallest risk over all possible estimators

f:X" = Fie,

Ro(F) = inf Ry (F,F) = inf sup ETV(F (X, ..., Xn), f)-
! f feF

Let Gg i denote the class of k-mixtures of d-dimensional Gaussian distributions, and let Ay
denote the class of k-mixtures of d-dimensional axis-aligned Gaussian distributions. Then Theo-
rem 1.5 implies the minimax estimation rate of Gy & is o (v/kd?/n); indeed, the theorem states that
to get error < ¢, we need some n < polylog(kd/e)kd?/e* many samples, hence, solving for ¢, we
find that given n samples, we obtain an estimator with error ¢ < polylog(kdn)+/kd?/n. Similarly,
Theorem 1.7 implies the minimax estimation rate of Ay k is 5(\/ kd/n). Note that these theorems
indeed imply stronger statements than these risk bounds, since they give guarantees for the case
where the target distribution does not necessarily belong to the known class ¥, a setting not
captured by the minimax framework.

Finally, the proof of Theorem 1.6 (see Theorem 6.8 below) implies that the minimax rate of G4
is Q(y/kd?/n), improving the Q(Vkd?/+/nlog n) lower bound proved in the preliminary version of
this article [4].

Computational efficiency. Although our approach for proving sample complexity upper bounds
is algorithmic, our focus is not on computational efficiency. The resulting algorithms have nearly
optimal sample complexities, but their running times are exponential in the dimension d and the
number of mixture components k. More precisely, the running time is 2K polylog(d-k.1/e.1/8) for
mixtures of general Gaussians, and 2k9Polylog(d-k.1/£1/9) for mixtures of axis-aligned Gaussians.
The existence of an algorithm for density estimation that runs in time poly(k, d) is unknown even
for the class of mixtures of axis-aligned Gaussians (see Reference [23, Question 1.1]).

Even for the case of a single Gaussian, the published proofs of the O(d?/?) bound, of which we
are aware, are not algorithmically efficient, e.g., Reference [6, Theorem 13]. Adopting ideas from
our proof of Theorem 1.5, an algorithmically efficient learner for a single Gaussian can be obtained
simply by computing the empirical mean and (an appropriate estimate of the) covariance matrix
using O(d?/¢?) samples. The details appear in our technical report [5].

Article outline. Next, we review some related work. Then, we introduce our notation and recall
some standard facts in Section 2. In Section 3, we provide justification for our learning model. In
Section 4, we formally define compression schemes for distributions, prove their closure properties,
and show their connection with density estimation. Theorems 1.5 and 1.7 are proved in Section 5.
Theorem 1.6 is proven in Section 6. All omitted proofs appear in the appendices.

1.4 Related Work

Distribution learning is a vast topic, and many approaches have been considered in the literature.
This section reviews the approaches that are particularly relevant to our work.

For parametric families of distributions, a common approach is to estimate the parameters of
the distribution, in a maximum likelihood sense, or aiming to approximate the true parameters.
For mixtures of Gaussians, there is a rich theoretical literature on algorithms that approximate
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the mixing weights, means and covariances (e.g., References [3, 8, 13, 38]); see Reference [27] for
a survey. The strictness of this objective cuts both ways. On the one hand, a successful learner
uncovers substantial structure of the target distribution. On the other hand, this objective is im-
possible when the means and covariances are extremely close. Thus, algorithms for parameter
estimation of Gaussian mixtures necessarily require some separation assumptions on the target
parameters.

Density estimation has a long history in statistics, where the focus is on the sample complexity
question; see References [16, 17, 42] for general background. Density estimation was first studied
in the computational learning theory community under the name PAC learning of distributions in
Reference [28], whose focus is on the computational complexity of the learning problem.

Various measures of dissimilarity between distributions have been considered in existing density
estimation schemes. One natural measure is the TV distance, which has been adopted by several
papers on learning mixtures of Gaussians [6, 11, 14]. Another natural measure, which has also
been considered for mixtures of Gaussians, is the Kullback-Leibler (KL) divergence [24]. Some
prior work has also used the L? distance for density estimation [1, 21]. This article focuses on the
TV distance (i.e., the L! distance), and we provide justification for this choice in Section 3.

A popular method for distribution learning in practice is kernel density estimation (see, e.g., Ref-
erence [17, Chapter 9]). The rigorously proven sample complexity/estimation rate upper bounds
for this method require either smoothness assumptions (e.g., Reference [17, Theorem 9.5]) or
boundedness assumptions (e.g., Reference [26, Theorem 2.2]) on the class of densities. The class of
Gaussians is not universally Lipschitz or universally bounded, so those results do not apply to the
problems we consider. Moreover, numerical calculations demonstrate that the number of samples
required to estimate a standard Gaussian (within L? distance 0.1 using Gaussian kernels) grow
exponentially with the dimension (see Reference [42, Table 4.2 on page 94]), which hints that this
method suffers from the curse of dimensionality.

Another approach for deriving sample complexity upper bounds for distribution learning, called
the minimum distance estimate in Reference [17, Chapter 6], is based on the uniform convergence
theory and the notion of Vapnik-Chervonenkis dimension (Definition 2.5). It is proved in Reference
[17] that an upper bound for a class of distributions can be obtained by bounding the VC dimension
of an associated set system, called the Yatracos family (Definition 2.6). For example, Reference [22]
used this method to bound the sample complexity of learning high-dimensional log-concave dis-
tributions. For learning d-dimensional Gaussians, this approach leads to the optimal sample com-
plexity upper bound of O(d?/e?). However, for mixtures of Gaussians and axis-aligned Gaussians,
the best known VC dimension bounds (see Reference [2, Theorem 8.14] and Reference [17, Sec-
tion 8.5]) result in loose upper bounds of O(k*d*/e?) and O((k*d? + k3d>)/¢?), respectively.

Another approach is to first approximate the Gaussian mixture class using a more manage-
able class such as piecewise polynomials and then study the associated Yatracos family; see, e.g.,
Reference [11]. However, piecewise polynomials do a poor job in approximating d-dimensional
Gaussians, resulting in an exponential dependence on d.

For density estimation of mixtures of Gaussians using the TV distance, the best known sample
complexity upper bounds (in terms of k and d) are O(kd?/&*) for general Gaussians and O(kd/e*)
for axis-aligned Gaussians, both due to Reference [6]. For the general Gaussian case, their method
takes an iid. sample of size O(kd?/e?) and partitions this sample in every possible way into k
subsets. Based on those partitions, kOkd*/€*) “candidate distributions” are generated. The problem
is then reduced to learning with respect to this finite class of candidates. Their sample complex-
ity has a suboptimal factor of 1/&*, of which 1/¢? arises in their approach for choosing the best
candidate, and another factor 1/¢% is due to the exponent in the number of candidates.
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Table 1. Bounds on the Sample Complexities of Learning Gaussian Mixtures and Their Subclasses

Number of Gaussians Dimension Axis-aligned Sample complexity = Reference

g 1 d no O(d?/€%) standard

2 1 d yes o(d/ £2) standard

g k 1 n/a ~O(k/€2) [11]

B k d no O~(kd2 /€?) this article
k d yes O(kd/e?) this article

—é’ 1 d no S?v(d2 /%) this article

2 1 d yes Q(d/e?) [44]

7 k 1 n/a Q(k/e?) [44]

% k d no Q(kd? /&%) this article

— k d yes Q(kd/e?) [44]

The lower bounds are minimax (i.e., worst-case). The bounds in the first two rows are well known; proofs can be
found in Reference [6].

Our approach via compression schemes also ultimately reduces the problem to learning with
respect to finite classes, although yielding a more refined bound than Reference [6]. In our sample
complexity upper bounds, one factor of 1/¢? is again incurred due to learning with respect to finite
classes. The key is that the number of compressed samples does not depend on ¢, so the overall
sample complexity bound has only an O(1/¢2) dependence on ¢.

As for lower bounds on the sample complexity for learning mixtures of Gaussians under the
TV distance, much fewer results are known. The only lower bound prior to this work is due to
Reference [44], which shows a bound of Q(kd/e?) for learning mixtures of axis-aligned Gaussians
(and hence for general Gaussians as well). This bound is tight for the axis-aligned case, as we show
in Theorem 1.7, but loose in the general case, as we show in Theorem 1.6. After the preliminary
version of this article was completed [4], an alternative construction was provided in Reference
[19] giving the same lower bound as ours using a deterministic construction.

A summary of known bounds on sample complexities for learning Gaussian mixtures and their
subclasses is presented in Table 1.

2 PRELIMINARIES

Basic notation. The notation log(-) denotes logarithm in the natural base, [M] denotes
{1,2,..., M}, and A€ denotes the complement of a set A. Throughout the article, a/bc always
means a/(bc). For any p > 1, the L? distance between functions f and g over R? is defined as
If —gll, = (f]Rd |f(x) = g(x)|? dx)"/P, and the {, distance between two vectors (x, ..., x,) and

(y1,...,yyn) isdefined as (337, |x; — y;|P)/?, and their £, distance is defined as max; |x; — y;|.

. . d
Probability terminology. For random variables X and Y, the notation X = Y means that X and Y
have the same distribution. For a distribution g, we write X ~ g to mean X is a random variable
with distribution g, and S ~ g™ means that S is an i.i.d. sample of size m generated from g.

ProproSITION 2.1. Let X andY be random variables taking values in the same set. For any function
f, we have TV(f(X), f(Y)) < TV(X,Y).

Proor. For any set A, we have
Pr(f(X) € A]-Pr[f(Y) e A] =Pr[X € f‘l(A)] —Pr[Y € f‘l(A)] < TV(X,Y).

Taking the supremum of the left-hand side proves the proposition. O
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Matrix terminology. We use ||v]|; to denote the Euclidean norm of a vector v, ||Al|s to denote the
spectral norm, or the operator norm, of a matrix A, that is, [|Alls := sup,,=; [lAv|lz, and [|Al|F =

Tr(ATA) to denote the Frobenius norm of a matrix A.

Gaussian and yq distributions. Let d denote the dimension. A Gaussian distribution with mean
i € R? and covariance matrix 3 € R%*? is denoted by N (u,3). If  is a diagonal matrix, then
N (p, 2) is called an axis-aligned Gaussian. If ¥ is full-rank, then N (y, X) is called a full-rank Gauss-
ian. The N (0, I) distribution is called the standard Gaussian distribution, and an N (0, 1) random
variable is called standard normal. It is easy to check that if g ~ N (0, 1) then y + =29 ~ N (11, %).
Let g1,...,9n be iid. standard normal; then Y7, g7 is said to have the chi-squared distribution
with parameter n and is denoted by y,. Observe that Ey, = n.

LEMMA 2.2 ([30, LEMMA 1]). For any positive integer d, Pr[y; —d > 2Vdr + 2t] < exp(—t).

COROLLARY 2.3. For any positive integer d, Pr[ yg > 16d] < exp(-3).

THEOREM 2.4 (CHERNOFF BOUND, SEE THEOREM 4.5 IN REFERENCE [37]). Let X = )" X;,
where Xi,...,X, are independent {0,1} random wvariables. For any 0<§8 <1, we have
Pr[X < (1-6)EX] < exp(-62EX/2).

Definition 2.5 (Vapnik-Chervonenkis (VC) dimension [46]). Let A C 2% be a family of subsets of
a set X. The VC dimension of A, denoted by VC-dim(A), is the size of the largest set X € X such
that for each Y C X there exists Be A withXNB =Y.

For examples and applications of the VC dimension, see, e.g., Reference [17, Chapter 4].

Definition 2.6 (Yatracos family [48]). For a class of densities ¥ over R, the associated Yatracos
family is the following family of subsets of R¢:

{{x eR?: f(x) > g(x)}: f.g e F).
2.1 KL Divergence, Log-det Divergence, and Total Variation Distance

Definition 2.7 (Kullback-Leibler (KL) divergence [29]). The Kullback-Leibler (KL) divergence between
densities f; and f> is defined by
fi(x)

KL(fill f2) = fRdfl(x)logfz(x)

where we define KL (f; || f2) = +oo if the set {x : fo(x) =0 < fi(x) } has positive Lebesgue
measure.

dx,

The KL divergence is a measure of distance between distributions, which is asymmetric and
does not satisfy the triangle inequality. However, it is always nonnegative (see, e.g., Reference [12,
Theorem 2.6.3]) and can take value +co.

Definition 2.8 (Log-det Divergence). Let A and B be symmetric positive definite matrices of the
same size. The log-det divergence of Aand Bis defined as LD (A, B) := Tr(B™'A — I) — log det(B'A).

From the definition, it is apparent that LD (A, B) only depends on the spectrum of B~!A. The
log-det divergence is an asymmetric measure of distance between matrices and is closely related
to the KL divergence between their corresponding Gaussian distributions, as can be seen from
Lemma 2.10 below, which illustrates that the log-det divergence is always nonnegative.

LEMMA 2.9. Let A and B be positive definite d x d matrices satisfying ||B~/?AB™1/2 — || < « for
some a € [0,1/2]. Then LD (A, B) < do?.
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Proor. Since B™'/2AB~1/? is symmetric, its eigenvalues Ay, ..., A4 are real, and, since we have
|B~Y/2AB~Y2 —I||s < @, each A; € [1 - a, 1 + a]. So,
d d
LD (A, B) = Tr(B™'A—1I) — log det(B Z i —1) logl_[/li

Z(A —1-log(A;)) Z(/l ~1)? < da?.

i=1 i=1

The first inequality follows from x — 1 —log x < (x — 1), valid for any x > 1/2. ]

LEmMMA 2.10. For any two full-rank Gaussians N (1o, %) and N (p1,21), we have
2TV (N (10, Z0), N (11, 1)) < KL (N (o, o | N (1, %1))

(LD(ZO, 1)+ (o = 1) 'S (o = ).

Proor. The inequality is Pinsker’s inequality (see, e.g., Reference [45, Lemma 2.5]) applied to the
distributions N (po, o) and N (1, 21), and the equality is a known formula for the KL divergence
between Gaussians (see, e.g., Reference [40, Equation A.23]). O

LEmMMA 2.11. Forany pi, o, 11,0 € R with |l — pu| < ¢0 and |0 — 0| < €0 and ¢ € [0,2/3], we have
IN (g, %) = N (7,5l < 2.

Proor. By Lemma 2.10,
=2

— o ~ ~
4TV(N (1,0%), N (1, 0%))? < 6—2 —1—log(0—2) + I A < (i) —l—log((z) )+€2.
o o o

o? I

Since z := 6/0 € [1—¢,1+¢] and ¢ < 2/3, using the inequality x* — 1 — log(x?) < 3(x — 1)? valid
for all x € [1/3,5/3], we find

P 1 1
TV(N (1, 3%), N (1, 02))? < 1(3(2 —1)%+6%) < 1(452) = ¢
The lemma follows, since the L! distance is symmetric and is equal to twice the TV distance. O
2.2 Bounds on Net Sizes

Definition 2.12 (e-net). Lete > 0. We say N C X is an e-net for X in metric d if for each x € X there
exists some y € N such that d(x,y) < e.

The following lemma is Corollary 4.2.13 in Reference [47]; we include a proof for completeness.
The notation Bg denotes the d-dimensional Euclidean ball, Bg ={xeR?: |x|, < 1}.

LEMMA 2.13. For any ¢ € (0,1], there exists an ¢-net for Bzd in £y metric of size (3/¢)“.

Proor. Take a maximal set of points in the unit ball Bg that are e-separated, i.e., the distance
between every pair of points is greater than ¢. Such a set must be an e-net by maximality. Moreover,
by the triangle inequality, the balls of radius £/2 centered at the points in the ¢-net are disjoint and
hence the sum of their volumes is not more than the volume of a ball of radius 1 + £/2. The volume
of a d-dimensional ball of radius r is ¢;r? for some constant ¢y, thus the size of this e-net is at most

1+£/2)4 )
Cid(—(:fé)a)z < (3/¢)4, as required. -

LEMMA 2.14. For any ¢ € (0, 1] there exists an e-net for Aq in Lo, metric of size e™¢,
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ProOF. We give an algorithm to construct the net: Partition [0, 1]¢ into £~ cubes of side-length
&; for each cube that intersects Ay, put one arbitrary point of the intersection in the net. O

3 JUSTIFICATION FOR OUR MODEL

Some of the existing models for learning mixtures of Gaussians need structural assumptions on the
target distribution. For example, learning under the parameter estimation model requires that the
means are sufficiently separated and that the mixing weights are not too small; see the discussion
after Reference [27, Definition 1].

A key motivation for our work is to study a model for learning mixtures of Gaussians that
requires no structural assumptions at all. Specifically, we would like to identify a model in which
Gaussian mixtures can be learned up to error ¢ with sample complexity depending only on k, d,
and ¢, and then derive optimal sample complexity bounds in that model. Density estimation under
the TV distance is one such model: Reference [6, Theorem 14] and Theorem 1.5 in this article
show that mixtures of Gaussians can be learned up to error ¢ with sample complexity depending
on k,d, and ¢ only. In this section, we provide further justification for using this particular model.
In Section 3.1, we argue that the TV distance is not an arbitrary choice. If, instead, we had used
the KL divergence or any L? distance, with p > 1, then the sample complexity must necessarily
depend on the structural properties of the distribution. Thus, TV distance is a natural choice.

It is also natural to wonder whether some of our results could be derived from existing results
on parameter estimation. In Section 3.2, we show that this is not the case: Entry-wise estimation
of the covariance matrices is quite unrelated to density estimation under the TV distance. Thus,
our model is natural and our results are not subsumed by previous work.

3.1 Comparison to KL Divergence and L? Distances

In this section, we consider the problem of density estimation, for mixtures of Gaussians, using
a distance measure that is either the KL divergence or an L? distance with p > 1. Under these
distance measures, we show that the sample complexity of this problem must necessarily depend
on the structural properties of the distribution—that is, it cannot be bounded purely as a function
of k,d and ¢.

First, we consider using the KL divergence. Recall that KL divergence is not symmetric. We
consider using KL divergence only in one direction and show that no algorithm can guarantee,
after receiving a uniformly bounded number of samples from the true distribution, that the KL
divergence between the true distribution and the output distribution is smaller than any finite
number. In fact, this holds even for mixtures of two one-dimensional Gaussians with unit variances.

THEOREM 3.1. Let F be the class of mixtures of two Gaussians in R, both of which have unit
variance. Let A be any algorithm whose input is a finite sequence of real numbers and whose output
is a (Lebesgue) measurable density function. Then, for every m € N and every T > 0, there exists a
density f € ¥ such that if X/,...,X], ~ f then KL(f || A(X],...,X},)) = © with probability at
least 0.98.

We present the proof idea here, leaving the formal argument to Appendix A. Let a € N and
consider the set of distributions (1 — §) - N(0,1) + § - N'(a, 1), where § < 1/m. Any algorithm that
draws m samples from such a distribution will likely have all of its samples come from N (0, 1).
However, the only way for the KL divergence to be small is if the distribution returned by A has
non-negligible mass near the N (a, 1) distribution, which is impossible, since the samples provide
no information about a.
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Next, we consider L? distances and prove a result analogous to Theorem 3.1. The main difference
is that the argument uses Gaussians with different variances, which can strongly influence the L?
distance.

THEOREM 3.2. Let F be the class of mixtures of two Gaussians in R. Let ‘A be any algorithm
whose input is a finite sequence of real numbers and whose output is a (Lebesgue) measurable density
function. Then, for everyp > 1, everym € N, and every t > 0, there exists a density f € ¥ such that
ifX],....Xp, ~ f,then||f = AX],...,X;,)|l, = 7 with probability at least 0.98.

The proofs of Theorems 3.1 and 3.2 appear in Appendix A. Note that the theorems hold even
for randomized algorithms.

3.2 Comparison to Parameter Estimation

In this section, we observe that neither our upper bound (Theorem 1.5) nor our lower bound (The-
orem 1.6) can directly follow from results about parameter estimation for Gaussian mixtures. First,
recall that our sample complexity upper bound in Theorem 1.5 has no dependence on the struc-
tural properties of the Gaussians in the mixture. Next, consider an algorithm that learns a single
d-dimensional Gaussian and provides a proximity guarantee on the entries of the covariance ma-
trix. If we use this entrywise guarantee to infer closeness in either KL divergence or TV distance,
then we argue that the error must depend on the condition number of the covariance matrix.

The condition number of a matrix 3, i.e., the ratio of its maximum and minimum eigenvalues, is
denoted by k().

PROPOSITION 3.3. Set ¢ = x(z)+1 There exist two covariance matrices S and > that are good en-

trywise approximations (both additively and multiplicatively):
|2i,j_§i,j| <e and Ei,j € [1,1+2€] 'Zi,j Vi,j,
but the corresponding Gaussian distributions are as far as they can get, i.e.,

KL(N(0.2) | N(0.5)) =00 and TV (N(0,%).N(0.%)) =

[ ~(1-¢) < [t -1
Z‘[—(l—e) 1] e Z‘[—l 1}’

where ¢ € (0,1/2). The eigenvalues of ¥ are 2 —¢ and ¢, so k(2) = 2 — 1, satisfying the stated

Proor. Define

condition for ¢. Observe that S and 5 satisfy the entrywise appr0x1mat10n guarantees in the state-
ment of the theorem. However, ¥ is non-singular and Sis smgular Thus, TV(N (0, %), N (0, Z)) =1
(consider the event that a random variable lies in the range of Z), and KL(N(0,%) || N (0, Z)) =

(recall the definition of KL divergence). ]

Thus, given a black-box algorithm that provides an entrywise e-approximation to the true co-
variance matrix 3, if «(2) > 2/e, it might output 3, which does not approximate ¥ in KL divergence
or total variation distance. Thus, Theorem 1.5 is not a direct consequence of any parameter esti-
mation algorithm with entrywise covariance guarantees.

Remark 3.4. The matrix 3. in the above construction is singular, so N (0, Y)isa singular Gaussian.
The point of this proposition is that an algorithm that provides a good entrywise approximation
for the covariance matrix does not necessarily provide a good statistical approximation, as it may
output a singular Gaussian for example. Note that our algorithm handles singular Gaussians as is.
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One might wonder instead if our lower bound is a direct consequence of existing lower bounds
on parameter estimation. We show that this is also not the case: The next proposition shows that
there exist Gaussians that are close in TV distance but whose covariance matrices do not satisfy
any (multiplicative) entrywise guarantee. Thus, even if a lower bound concludes that a class of
algorithms cannot provide entrywise covariance guarantees, it is still possible that an algorithm
in that class can provide guarantees on the TV distance.

PROPOSITION 3.5. For any ¢ € (0,1/2), there exist two covariance matrices 3 and S such that
TV(N(0,%), N(0,%)) < &, but there exist i, j such that, foranyc > 1,%;; ¢ [1/c,c] - 2 ;.

Proor. Define

where ¢ € [0, 1/2]. By Lemma 2.10,

LD (29,2 —1 1—¢?
2TV (N (.30 N0, 3y < D02 ZIB0ZE) 2

so TV(N(0, i),N (0,%)) < e. However, S is not an entrywise multiplicative approximation
of 2. O

4 COMPRESSION SCHEMES

The main technique introduced in this article is using compression for density estimation. An
overview of this technique was given in Section 1.2. In this section, we provide formal definitions
of compression schemes and their usage.

4.1 Definition of a Compression Scheme

Let ¥ be a class of distributions over a domain Z. Intuitively, a compression scheme for # involves
two agents: an encoder and a decoder.

e The encoder knows a distribution g € ¥ and receives m samples from this distribution. She
uses her knowledge of g to construct and send a small message to the decoder, which will
suffice for him to construct a distribution that is close to g. From the m samples, the encoder
selects a subset of size 7, which are somehow representative of g. This subset, together with
t additional bits, constitutes the message sent to the decoder.

e The decoder receives the message (the r data points and the t bits) and constructs a distri-
bution that is close to g.

Of course, there is some probability that the samples are not representative of the distribution g,
in which case the compression scheme will fail. Thus, we only require that the decoding succeed
with constant probability.

We emphasize that including samples in the message is critical and they cannot be omitted. Us-
ing samples in addition to bits is the main conceptual novelty of our approach and allows learning
distribution classes with infinite metric entropy.

The formal definition of a decoder follows:

Definition 4.1 (Decoder). A decoder for F is a deterministic function J :J,_,Z" X
Unot0,1}" — F, which takes a finite sequence of elements of Z and a finite sequence of bits,
and outputs a member of F.
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The formal definition of a compression scheme follows:

Definition 4.2 (Robust Compression Schemes). Let 7,t,m : (0,1) — Z >, be functions, and let r >
0. We say ¥ admits (7, t, m) r-robust compression if there exists a decoder J for ¥ such that for
any distribution g € ¥ and any distribution g on Z with ||g — g||; < r, the following holds:

For any ¢ € (0, 1), if a sample S is drawn from g™, then, with probability at least
2/3, there exists a sequence L of at most 7(¢) elements of S, and a sequence B of at
most t(¢) bits, such that || 9 (L, B) — gl|; < e.

Note that S and L are sequences rather than sets; in particular, they can contain repetitions.
Last, note that m(e) is a lower bound on the number of samples needed, whereas 7(¢), t(¢) are
upper bounds on the size of compression and the number of bits.

To summarize, the definition asserts that with probability 2/3, there is a (short) sequence L of
elements from S and a (short) sequence B of additional bits, from which g can be approximately
reconstructed. We emphasize that L and B depend on g. Intuitively, the samples in L together
with the bits B nearly represent the distribution g. This is a notion similar to that of a sufficient
statistic, but it is not equivalent, since here the representation is only approximate. We say that
the distribution g is encoded by the message (L, B). This compression scheme is called “robust,”
since it requires g to be approximately reconstructed from a sample generated from g rather than
g itself. A 0-robust compression scheme is called a (non-robust) compression scheme.

Remark 4.3. In the preceding definition, we required that L and B exist with probability only 2/3.
Naturally, one can boost this probability to 1 — § by generating a sample of size m(e)[log,(1/6)]:
We partition this sample into [log,(1/6)] parts of size m(e). Each part has a desirable subsequence
L with probability at least 2/3, so the probability that none of the parts has a desirable subsequence
L is not more than (1/3)M0&(1/9)1 < §.

4.2 Connection between Compression and Learning

We now show that if a class of distributions has a (robust) compression scheme, then it can be
learned in the (agnostic) density estimation model.

The main idea is as follows: An encoder cannot be implemented in the density estimation model,
because she requires knowledge of the target distribution g. However, since her interaction with
the decoder only amounts to sending a short message, we can explore all possible behaviors of the
encoder by a brute-force search over all possible messages that she could have sent. When any
such message is provided as input to the decoder, he will output some distribution f. Moreover,
for at least one such message, namely, the one that would have been produced by the encoder,
the decoder will output an f that is guaranteed to be close to g. Thus, if we collect all possible
distributions produced by the decoder on all possible input messages, then the only remaining
task is to select the distribution from that collection that is closest to g. Fortunately, this task has
a known solution: The following result states that a finite class of size M can be 3-learned in the
agnostic setting using O(log(M/5)/e?) samples.

THEOREM 4.4. There exists a deterministic algorithm that, given candidate distributions fi, . . ., fu,
a parameter ¢ > 0, and [log(3M?/5)/2¢%] i.i.d. samples from an unknown distribution g, outputs an
index j € [M] such that

P = < 3 mi P — + 4e,
Ifi =gl < min, Ifi — gl + 4¢
with probability at least 1 — §/3.

This result is essentially proven in Reference [48, Theorem 1]. It immediately follows from Ref-
erence [17, Theorem 6.3] and Hoeffding’s inequality [17, Theorem 2.1].
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Our approach for relating compression schemes and density estimation, described informally
above, is made formal by the following theorem. It uses Theorem 4.4 to select the best distribution
that the decoder could output. Note that we assume the learner knows all the problem parameters,
such as k,d, ¢,9,7,t,m, and r, but is oblivious to the target distribution.

THEOREM 4.5 (COMPRESSION IMPLIES LEARNING). Suppose ¥ admits (t,t, m) r-robust compres-
sion. Let t'(¢) := 1(¢) + t(¢). Then F can be max{3, 2/r}-learned in the agnostic setting using

o m(f) log (l) N 7’ (e/6) log(m(e/6) log,(1/6)) + log(1/5) -5 m(f) . 7/ (¢/6) log m(g/6)

6 ) &2 6 &
samples. If ¥ admits (z, t, m) non-robust compression, then ¥ can be learned in the realizable setting
using the same number of samples.

Proor. We give the proof for the agnostic case; the proof for the realizable case is similar. Let
q be the target distribution from which the samples are being generated. Let a = infrcs || f — qlls
be the approximation error of ¢ with respect to 7. The goal of the learner is to find a distribution
h such that IIE— qlli < max({3,2/r}-a +e¢.

First, consider the case @ < r. In this case, we develop a learner that finds a distribution h such
that IIE— qlli < 3a + €. Let g € F be a distribution such that

) £
[lg—qlli < min {a + E,r}. (2)

Such a g exists by the definition of a. By assumption, # admits (z, t, m) r-robust compression.
Let J denote the corresponding decoder. Given ¢, the learner first asks for an ii.d. sample S ~
q™(e/0)1083(2/9) Recall the definition of robust compression and Remark 4.3, which allows us to
amplify the success probability of the decoder. Then, with probability at least 1 — §/2, there exist
L e 57/ and B € {0, 1}*(¢/% satisfying the following guarantee: letting h* := J (L, B), we have

1" =gl < ®3)

£

<
The learner is of course unaware of L and B. However, given the sample S, it can try all of the

possibilities for L and B and create a candidate set of distributions. More concretely, let

H={J.B): L es™/% B el

Note that

HI < (m(e/6) logy(2/8))" 2119 < (m(e/6) logy(2/8))" "

Since H is finite, we will use the algorithm of Theorem 4.4 to find a good candidate h from H. In
particular, we set the accuracy parameter in Theorem 4.4 to be £/16 and the confidence parameter
to be §/2. In this case, Theorem 4.4 requires

log(61H[*/8) _ (f’(6/6)log(m(§)log3(%))+Iog(§)) _ 5(7’(8/6)10gm(£/6))

2(e/16)? £2 £2
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additional samples, and its output h satisfies the following guarantee:

17 = qlly < 318" = gl + 436 (by Theorem 4.4)
3(I1" = gll + llg — qllh) + = (by the triangle inequality)
<ol f(ar )+ 5 (by (2) and (3)
=\ a 12 4 yie)a
=3a+¢

Note that the above procedure uses 5(m(£/6) +1/(e/6) log m(e/6)/€?) samples and its failure prob-
ability is at most §: The probability of either H not containing a good h* or the failure of Theo-
rem 4.4, in choosing a good candidate among H, is bounded by 6/2 + §/2 = §

The other case, @ > r,is trivial: The learner outputs some distribution h.Since hand q are density
functions, we have || — gl <2< % a <max(3,2/r} - a+e. ]

4.3 Combining Compression Schemes

In the rest of this section, we prove a few lemmata showing that compression schemes can be
combined in useful ways. These results concern product distributions (which will be useful for
axis-aligned Gaussians) and mixture distributions (which will be useful for mixtures of Gaussians).

First, Lemma 4.6 below states that if a class # of distributions can be robustly compressed,
then the class of distributions that are formed by taking products of members of ¥ can also be
robustly compressed. If py, . . ., pg are distributions over domains Z, . . ., Zy, then H?zl pi denotes
the standard product distribution over ]—[fl:l Z;. For a class ¥ of distributions, define

d
= {l_[pl :Pl»---aneT}.
i=1

LEMMA 4.6 (COMPRESSING PRODUCT DISTRIBUTIONS). For anyt,t,m,r,d,

if ¥ admits ( 7(¢€), t(e), m(e) ) r-robust compression,
then ¢ admits ( d-t(e/d), d - t(e/d), logs(3d) - m(e/d) ) r-robust compression.

For the proof, we need the following standard proposition, which can be proved, e.g., using the
coupling characterization of the total variation distance.

PROPOSITION 4.7 (LEMMA 3.3.7 IN REFERENCE [41]) Fori € [d], let p; and q; be probability dis-
tributions over the same domain Z. Then IIHd Pi — 1q,-IIl < Z?:1 llp; — qilli-

Proor oF LEMMA 4.6. Let Z be the domain of ¥ and G = H?:Igi be an arbitrary element of ¢,
with all g; € . Let Q be an arbitrary distribution over Z4 subject to ||G — Ql|; < r. Let q1s---+9d
be the marginal distributions of Q on the d components. Observe that ||g; — g;ll; < r for each
J € [d], since Proposition 2.1 implies that projection onto a coordinate cannot increase the total
variation distance.

The lemma’s hypothesis is that # admits (z, ¢, m) r-robust compression. Let J denote the cor-
responding decoder, let m, := m(e/d) log,(3d) and S ~ Q™. To prove the lemma, we must encode
an e-approximation of G using d - 7(¢e/d) elements of S and d - t(¢/d) bits.

Since S contains my samples, each of which is a d-dimensional vector, we may think of S as a
d X my matrix over Z. Let S; denote the ith row of this matrix. That is, for i € [d], let S; € Z™ be
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the vector of the ith components of all elements of S. By definition of g;, we have S; ~ ¢; for each
i. As observed above, we have ||q; — g;|l; < r.

Apply Remark 4.3 with parameters ¢/d and § = 1/3d for each i € [d]. Then, for each i, the fol-
lowing statement holds with probability at least 1 — 1/3d: There exists a sequence L; of at most
7(e/d) elements of S; and a sequence B; of at most ¢(¢/d) bits such that || J (L;, B;) — gill1 < ¢/d.
By the union bound, this statement holds simultaneously for all i € [d] with probability at least
2/3. We encode these L1, ...,Lg,By,...,Bg usingd - 7(e/d) samples from S and d - t(¢/d) bits. Our
decoder for ¥ then extracts Ly, . . . ,Lg,Bi1,...,By from these samples and bits, and then outputs
[—[fl:1 J (L;, B;) € F . Finally, Proposition 4.7 gives

d
ML, (Li,Be) = G|, < DU NT (L Br) - gill, < d-e/d =,
i=1

completing the proof. O

Our next lemma states that if a class F of distributions can be compressed, then the class of
distributions that are formed by taking mixtures of members of # can also be compressed.

LEMMA 4.8 (COMPRESSING MIXTURES, NON-ROBUSTLY). For any t,t,m,r,d, if class F admits
(z(¢), t(e), m(e)) non-robust compression, then the class of its k-mixtures, i.e., k-mix(7), admits
(k-7(35), k-t(5) + klogz(%), w - m(5)) non-robust compression.

Proor. Consider any g € k-mix(¥ ), so g = };e[x) wifi for some distributions fi,..., fx € F
and mixing weights wy, ..., wy. Define my := 48m(e/3)k log(6k)/e, and draw S ~ g°. Then S has
the same distribution as the process that performs m, independent trials as follows: Select a com-
ponent i proportional to the weights wy, ..., wi, then draw a sample from f;. In the latter pro-
cess, we define S; to be the sequence of samples that were generated using f;. Our encoder for
g will discretize the mixing weights and use the compression scheme for # to separately encode

each f;.

Encoding the mixing weights. We encode wy, . .., wy using bits as follows: Consider an (&/3k)-
net in o, for Ay of size (3k/e)* (see Lemma 2.14). Let (Wi, . .., wi) be an element in the net that
has

NG, .. Wi) = (Wi, oo, W) o < €/3K. (4)

Encoding the element (w1, . .., Wx) from the net requires only k log,(3k/¢) bits.

Encoding fi, ..., fi. For any i € [k], we say that index i is negligible if w; < ¢/(6k). For any
negligible index, we will approximate f; by an arbitrary distribution ﬁ For any non-negligible
index, we will likely have enough samples from f; to use the compression scheme for # to encode
a distribution ]?1 that approximates f;.

Define m; = m(e/3) log(6k). For each non-negligible index i, by the Chernoff bound (Theo-
rem 2.4), with probability at least 1 — 1/6k, we have |S;| > m;. By a union bound, this statement
holds simultaneously for all non-negligible i € [k] with probability at least 5/6.

Apply Remark 4.3 with parameters ¢/3 and § = 1/6k for each non-negligible index i. Then, for
each such i, the following statement holds with probability at least 1 — 1/6k: There exist 7(¢/3)
samples from S; and t(e/3) bits from which the decoder for # constructs a distribution ﬁ with

If; = fills < e/3. (5)
By the union bound, this statement holds simultaneously for all non-negligible indices with prob-
ability at least 5/6. The encoding consists of these samples and bits for each non-negligible i,
whereas for negligible i, we use the same number of samples and bits, chosen arbitrarily.
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By a union bound, the failure probability of the encoding is at most 2 - (1 —5/6) = 1/3.

Complexity of the encoding. The discretized weights require k log,(3k/¢) bits. For each index i €
[k], we use 7(¢/3) samples and t(¢/3) bits. Thus, the total number of bitsis k - t(¢/3) + k log,(3k/¢),
and the total number of samples is k - 7(¢/3).

Decoding. The decoder for k-mix(F) is given the discretized weights wy, . . ., Wi. It is also given,
for each index i, T(E/ 3) samples and t(¢/3) bits, which it provides to the decoder for F, yielding
the distribution f, (Recall that, for a negligible index i, the distribution f, is arbitrary.) The decoder
outputs the distribution Y; w; f,

To complete the proof of the lemma, we will show that || >}; w; f; — >; W,-ﬁlll < & with proba-
bility at least 2/3. Let N C [k] denote the set of negligible components. Recall that the encoder
succeeds with probability at least 2/3, in which case the decoded distributions ﬁ will satisfy In-
equality (5) for each i ¢ N. So, we have

D@ifi-wif)| <D wilfi- B +| D) @ -wif
ie[k] L lietk) IED 1
Zwl fi—f) sz fi=f) Z wi — wil ”ﬁ”l
ieN 1 lligN 1 i€[k]
€ €
szwi.uzwi-ggzﬁn (by (4) and (5))
ieN igN ie[k]
<k- 6k 2 g + g = ¢ (by definition of N).
This completes the analysis of the compression scheme for k-mix(%). |

The preceding lemma shows that non-robust compression of # implies non-robust compression
of k-mix (). We do not know whether an analogous statement holds for robust compression. That
is, does robust compression of ¥ imply robust compression of k-mix (¥ ), for a general class ¥ ?
Nevertheless, in the next lemma, we show that if ¥ can be robustly compressed, then k-mix(F)
can be learned in the agnostic setting.

LEMMA 4.9 (LEARNING MIXTURES, ROBUSTLY). Suppose & admits (t(¢), t(¢), m(¢)) r-robust com-
pression, and let t’(¢) := 7(¢) + t(¢). Then k-mix(F) admits 3(1 + 2/r)-agnostic learning with sam-
ple complexity

5(km(e/10) . kz’(e/10) log m(e/10)

£ £2

We first give a sketch of the proof. Let g be the target distribution and suppose there exists p >
0 and f € k-mix(#) such that ||g - f|; < p. Since f € k-mix(F ), we can write f = };c(x) Wi fi,
where f; € F, w; 2 0, and };cqx) wi = 1. A first attempt would be to try to write g = 3;c[x] Widi
such that each ||g; — fi||; < r; if this were true, then given a sufficient number of samples from g,
we would have sufficient samples from each g;, and then we could use an r-robust compression
scheme for ¥ to encode, for each i, some ﬁ close to f;. Alas, it is not clear whether we can ensure
that ||g; — fill, < r for all i. However, Lemma 4.10 below asserts that we can write g = };c[x] Wi9i
in such a way that, for each i, either ||g; — fi||; < r or w; is small (in fact, the sum of all such welghts
is small) and, hence, their contribution to the TV distance is small. Thus, we need only deal with
the case where ||g; — fi||; < r, a task for which r-robust compression is well-suited.
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LEMMA 4.10. Let f = ¥ ;ex) Wifi be a density with (wy, ..., wi) € Ay and each f; € F. Let g be
a density such that ||g — f|l, < p. Then, we can write g = };c[x] Wigi such that each g; is a density
and for anyr > 0,

w; < p/r.
i:llgi—filh>r

The proof of this lemma is cuambersome and appears in Appendix B. We now prove Lemma 4.9.

Proor oF LEMMA 4.9. Let g be the target distribution, and let f € k-mix(¥ ) be such that
Ilf = gll; < p. To prove the lemma, we need to describe a learning algorithm that outputs a distri-
bution whose L! distance to g is bounded by 3p(1 + 2/r) + e.

Let g = X.;e[x] Wig: be the representation given by Lemma 4.10. The learner first takes M =
160m(e/10) log,(3k/5)k /e samples from g. Let S be the set of these samples. We view g as a mixture
of the g;, so S can be partitioned into k subsets such that the ith subset has distribution g;. We learn
each of the components individually. The learner does not know which sample point comes from
which component, but it can try all possible ways of partitioning S into k subsets, hence generating
several candidate distributions, such that at least one of them is close to g. Moreover, the learner
“guesses” the weights w;: Let W be an (£/10k)-net in £, for Ay of size (10k/¢)¥ (see Lemma 2.14).
So, there exists some point (wy, . .., wx) € W such that

max |w; — w;| < ¢/10k. (6)
1

Foreachi € [k], component iis called tinyif w; < ¢/20k, farif||g; — fill; > r, and nice otherwise.
The sum of weights of tiny components is at most €/20, and the sum of weights of far components
is at most p/r by Lemma 4.10.

The number of samples from component i is binomial with mean Mw;. By the Chernoff bound
(Theorem 2.4) and a union bound over nice components, with probability at least 1 — §/3, there are
at least m(e/10) log,(3k/6) points from each nice component. If this is the case, then the definition
of robust compression implies that, for each nice component g;, with probability at least 1 — §/3k,
there exists a sequence L; € S7¢/19 and a sequence B; € {0, 1}*(¢/19 such that || (L;, B;) — fill; <
€/10, where 7 is the decoder for ¥ . By a union bound over nice components, this is simultaneously
true for all nice components, with probability at least 1 — §/3.

Thus far, we have proved that, with probability at least 1 —25/3, there exist sequences
Li,...,Lp € S7¢/19 and By, ..., By € {0, 1}1(¢/10) gych that

Il (Li, Bi) — filli < €/10 for each nice component i. (7)

The learner builds the following set of candidate distributions:
k
C = {Zw;j(L;,B;) Ly, L, e STENO B By € {0, 110w, wp) € W}.
i=1
We claim that, with probability at least 1 — 25/3, at least one of the distributions in C is (3¢/10 +
2p/r + p)-close to g. This corresponds to the “correct” sequences L, B, and w; that is, when L} =

L;,B; = B;, and w] = w; for all i € [k]. To prove the claim, let T, F, and N denote the set of tiny,
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far, and nice components, respectively. Then, we have

Z Wi T (Li, B;i) — wigi| < Z wi(J (Li, B;) = fi)|| + Z (Wi —wi)J (L. B)|| +IIf —4ll,
i€[k] 1 ie[k] 1 ie[k] 1
< > will T Wi B = filly + D willT (L, Bi) = fill
i€TUF ieN
+ > 1= wil - 1T (L, Byl + p
i€(k]
< Z wj ~2+Zw,~-(£/10)+ Z(e/lok)+p
ieTUF ieN ie[k]
< (/10 + 2p/r) + €/10 + €/10 + p

3e/10+ 2p/r + p,

where the first two inequalities follow from the triangle inequality and, since || f —gll; < p, the
third inequality follows from inequalities (7) and (6), and the fourth inequality follows from the
definition of tiny and Lemma 4.10. This proves the claim.

Next, the learner applies the algorithm of Theorem 4.4, with error parameter ¢/40, to obtain a
member of C whose distance from g is bounded by 3 - (3¢/10 + 2p/r + p) + 4(¢/40) < ¢ + 3p(1 +
2/r), as required. The overall failure probability is bounded by 2§/3 (failure probability of the
claim) plus §/3 (failure probability of the algorithm of Theorem 4.4).

The sample complexity of the algorithm is bounded as follows: The number of candidate distri-
butions can be bounded by

| < (Mr(s/lo)zt(e/lo))k - (10k/e)* < MFT'E0) L (10K /)k

whence the total sample complexity can be bounded by

2
A 4 08BICI/9)

2¢2
. k\k log(1/8) + klog(k/e) + kt'(¢/10) log (m(e/10) log(k/8)k/e)
- ol 5]+ a
_ 5(km(€/10) N kt’(g/10) 1(2)g m(s/lO)) . o
& &

5 UPPER BOUNDS: LEARNING GAUSSIAN MIXTURES VIA COMPRESSION
SCHEMES

The main positive results of this article are sample complexity bounds for learning mixtures of
Gaussians (Theorems 1.5 and 1.7). In this section, we prove these results by describing a compres-
sion scheme for a single Gaussian and then applying the tools developed in the previous section.
To begin, we illustrate the technique by analyzing the simpler problem of learning mixtures of
axis-aligned Gaussians in the realizable setting. To avoid the technical issue of log(1/¢) getting
extremely small, henceforth, we will assume that ¢ is bounded away from 1, say, ¢ < 0.99.

5.1 Warm-up: Mixtures of Axis-aligned Gaussians, Non-robustly

In this short section, we give an illustrative use of our compression framework to prove an upper
bound of O(kd/e?) for the sample complexity of learning mixtures of k axis-aligned Gaussians in
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the realizable setting. The next section gives a general argument for arbitrary Gaussians in the
agnostic setting.

LEMMA 5.1. The class of one-dimensional Gaussians admits a (3, O(log(1/¢)), 3) non-robust com-
pression scheme.

PROOF. Let 0 < ¢ < 1 < C be such that Pry_x,1)[c < |X| < C] > 0.99. Let N (4, 0%) be the tar-
get distribution. We first show how to encode o. Let g1, 9> ~ N (i, 62). Then g := \/lé(gl —go) ~
N (0,5?). So, with probability at least 0.99, we have oc¢ < |g| < oC. Conditioned on this event, we
have A := o/g € [-1/c, 1/c]. We now choose A€ {0, +e/2C2, +2¢/2C?, 35/2C2 ., *1/c} satisfy-
ing |A = A| < /4C2, and we encode the standard deviation by (gl,gz,/l) The decoder then esti-
mates o = A(gl gz)/\/_ Note that |o — o] < |/1 Allgl < o€/4C and that the encoding requires
two sample points and O(log(C?/ce)) = O(log(1/¢)) bits for encoding A

Now, we turn to encoding p. Let g3 ~ N (i, 0%). Then |g; — u| < Co with probability at least
0.99. We will condition on this event, which implies the existence of some 5 € [-C, C] satisfy-
ing gs + on = p. We choose i € {0, £¢/2, £2¢/2, +3¢/2 ..., +C} such that |7 — 5| < ¢/4, and encode
the mean by (g3, 7). The decoder estimates i := g3 + o7. Again, note that |z — | = |on — o7 <
lon — ol + lo — o] < oe/2. Moreover, encoding the mean requires one sample point and

O(log(1/¢)) bits.
To summarize, the decoder has |l — | < o¢/2 and |0 — 0| < o¢/2. Plugging these bounds into
Lemma 2.11 gives ||N (i, 02) = N (1, 72)|l1 < &, as required. O

Remark 5.2. In the above argument, the samples are not “compressed” in the usual sense of this
verb. Nevertheless, our formal definition of compression, Definition 4.2, allows m = .

To complete the proof of Theorem 1.7 in the realizable setting, we note that Lemma 5.1 combined
with Lemma 4.6 implies that the class of axis-aligned Gaussians in R? admits an

(0(d). O(dlog(d/e)), O(log(3d)) )

non-robust compression scheme. (By noting that any axis-aligned Gaussian is a product of one-
dimensional Gaussians.) Then, by Lemma 4.8, the class of mixtures of k axis-aligned Gaussians
admits an

(O(kd), O(kdlog(d/e) + klog(k/e)), O(klog(k)log(d)/e) )
non-robust compression scheme. Theorem 4.5 now implies that the class of k-mixtures of axis-
aligned Gaussians in R? can be learned using O(kd/¢®) samples in the realizable setting,

5.2 Learning Axis-aligned and General Gaussian Mixtures in the Agnostic Setting

We now turn to the general case and prove an upper bound of O(kd?/€?) for the sample complexity
of learning mixtures of k Gaussians in d dimensions, and an upper bound of O(kd/e?) for the
sample complexity of learning mixtures of k axis-aligned Gaussians, both in the agnostic sense. The
heart of the proof is to show that Gaussians have robust compression schemes in any dimension.

LEmMA 5.3. For any positive integer d, the class G4,1 of d-dimensional Gaussians admits an
(0. 0(d” log(d/e)). 0(d))
2/3-robust compression scheme.

Remark 5.4. In the special case d = 1, there also exists a (4, 1, O(1/¢)) 0.773-robust compression
scheme using completely different ideas. The proof appears in our technical report [5]. Surpris-
ingly, this compression scheme has constant size, as the value of 7 + t is independent of ¢ (unlike
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Lemma 5.3). This scheme could be used instead of Lemma 5.3 for proving Theorem 1.7, although
it would not improve the sample complexity bound asymptotically.

Remark 5.5. The proof of Lemma 5.3 can be amended to give an r-robust compression scheme
for any r < 1, which will change the constant 12 in the agnostic results of Theorem 1.5 and The-
orem 1.7 to any constant larger than 9, at the expense of worse constants for 7, t and m. This is
straightforward but entails additional cumbersome notation, hence, we omit the details.

Before proving Lemma 5.3, we show how to combine it with previous lemmata to prove our
main upper bounds.

Proor or THEOREM 1.5. Combining Lemma 5.3 and Lemma 4.9 gives that the class of k-mixtures
of d-dimensional Gaussians is 12-agnostically learnable with sample complexity O(kd?/?). ]

Proor or THEOREM 1.7. Recall that Ay denotes the class of k-mixtures of d-dimensional
axis-aligned Gaussian distributions. Observe that any distribution in A4 ; is a product of d one-
dimensional Gaussians, hence applying Lemma 5.3 for the case d = 1 and then Lemma 4.6 shows
that Ay ; admits (O(d), o(d log(d/g)),O(Iog(3d)))2/3—robust compression. Lemma 4.9 then im-

plies that Ay is 12-agnostically learnable with sample complexity O(kd/&*), completing the
proof. ]

5.3 Proof of Lemma 5.3

We first provide an overview of the proof. For simplicity, first assume that we are in the non-robust,
zero-mean, full-rank scenario, i.e., we want to encode the distribution N (0, ), where X € Rdxd
has rank d. Let vy, ..., vy be an orthogonal set of vectors that satisfy 3 = Zle v;v!. (Such a rep-
resentation can be obtained from the eigendecomposition of ¥ and noting that all its eigenvalues
are positive. Note that the vectors v; are not normalized.) Let g1, ..., g4 be ii.d. samples from
N(0,%). As span{gy, . . .,gq4} = RY with probability 1, a natural idea is to find, for each i, coeffi-
cients A;1,...,4; 4 such that v; = Z]“.l:l Ai,jgj- The encoder sends gi, ..., gq and a discretization
of the values {A; j}; je[a] as her message and the decoder will recover ¥ approximately. If the dis-
cretization of each A; ; is accomplished with b bits, then we would obtain a (d, d*b, d) compression
scheme.

The main difficulty is to control the bit complexity of a suitable discretization of A; j—to achieve
the optimal sample complexity bound, the bit complexity must be polylog(d/e¢) per coefficient. The
key to achieve a suitable discretization is the following fact from geometric functional analysis
(Lemma 5.6, cf. Reference [34, Corollary 4.1]): Denote the convex hull of a set T is by conv(T).
Given a sequence gy, . ..,gm of m = O(d) ii.d. samples from N (0, ), with high probability, we
have % - & C conv{tygy,...,+gn}, where & is the ellipsoid centered at zero with principal axes
U1, - . .,0q. This enables us to express each v; as Zj"i1 Ai jgj, where each A; ; € [-20, 20]; we then
discretize by building an poly(e/d)-net of size poly(d/e) on this interval, achieving the desired
polylog(d/¢) per coefficient bit complexity.

Next, suppose the mean is not zero, say we want to encode the distribution N (g, X). Note that
if g1, 92 ~ N (i, %), then L\Egz ~ N(0,%), and thus, we can use the same compression scheme as

above to encode vy, . .., vy. To encode p, the idea is that a single sample g ~ N (0, %) is unlikely to
be too far from p. Specifically, if & is the ellipsoid defined by X, centered at zero, then, with high
probability, i € g + O(Vd) - &. Thus, we build a net of the set g + O(Vd) - & and the encoder sends
g as well as the identity of the point in the net closest to .
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We now proceed to the formal proof. We first prove a lemma that is similar to known results
in random matrix theory (cf. Reference [34, Corollary 4.1]) but is tailored for our purposes. Let us
denotea-BY = {yeR? : |lyll; <a}.

LEMMA 5.6. Suppose thatqi, . . .,qm € RY arei.id. samples from some distribution Q that satisfies
TV (Q,N(0,1)) < 2/3. Let
T = {=%q : llgill2 < 4Vd }.

For a large enough absolute constant C, if m > Cd then

1
Pr %Bg C conv(T) | = 5/6.

ProOF. Let S9! := { y € R? : |ly||, = 1}. Consider the following statement:
1 d-1
, > — Yy e S, 8
r;lg;(l(}/ 01z o y (®)

We first show that Inequality (8) implies that %Bg C conv(T), which is the event that we wish to

analyze. To see this, suppose, for the sake of contradiction, that ;—OBg g conv(T), so there exists

some point z € %Bg \ conv(T). By the strict hyperplane separation theorem (e.g., Reference [10,
Example 2.20]), there exists some direction y € S¢ ! such that (y, z) > (y, ¢ ) forall g € T. Since
llzll; < 1/20, we have 1/20 > (y, z ). This means 1/20 > maxger (Y, ¢ ) = maxger [y, q )|, con-
tradicting Inequality (8).

Next, for each y € $971, let

1
H, :={xeRd : ||x||zS4‘/E,|<x,y)|2%},

and let H = {H, :y € S%1}. Let U := {qi,...,qm) and observe that Inequality (8) is equivalent
to the event
UNH=#0 VH e ‘H.

So, to complete the proof, we need only show that this event happens with probability at least 5/6.
Recalling that U is an i.i.d. sample of size m from Q, by the Vapnik-Chervonenkis inequality (see,
e.g., Reference [47, Theorem 8.3.23]), for some absolute constant c,

lUNH < ¢/ VC-dim(H)/m. 9)

U

Define p = infycqy Q(H). We claim that, to complete the proof of the lemma, it suffices to show
that VC-dim(H) = O(d) and p = Q(1).Indeed, if these statements are true, then we can choose m =
144¢? - VC-dim(H)/p? = O(d) and the right-hand-side of Inequality (9) becomes p/12. Markov’s
inequality would then imply that with probability at least 5/6, for all H € H, we have Q(H) —

‘Ulgllﬂ < p/2, which implies

Q(H) -

E sup
HeH

'Ulng' > Q(H) - p/2 > p/2 > 0,

that is, U N H is nonempty for all H € H. Next, we show that VC-dim(H) = O(d) and p = Q(1).

Since restricting the domain cannot increase the VC dimension, the VC dimension of H is not
more than that of {{x € R? : |( x, Yyl = 2—10} ‘Y € §d-1y, Every set in this family is a union of two
half-spaces (corresponding to ( x, y) > 5 and (x, y ) < —5;). The VC dimension of the family
of half-spaces is d + 1 (see, e.g., Reference [17, Corollary 4.2]), so, by Reference [9, Lemma 3.2.3],
the VC dimension of the family of pairwise unions of half-spaces is bounded by 4(d + 1) log,(6) =

0(d).
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Finally, to show that p = Q(1), let g ~ N (0, 1) and note that for any y € $%~!, by the union
bound,

Prlg € H,] > Pr(liglls < 4Vd] - Pr[| (g, y )| < 1/20] > (1 - € %) —1/10 > 0.85,  (10)

where we have used that Pr[||gll; > 4Vd] < exp(=3) (by Corollary 2.3) and that (g, y) is a
standard normal random variable so its probability density function is bounded by 1. Since
TV (Q,N(0,13)) < 2/3,from Inequality (10), we obtain Q(H,) > 0.85 — 2/3 > 0.18, completing the
proof of the lemma. ]

To prove Lemma 5.3, we need to describe a 2/3-robust compression scheme for d-dimensional
Gaussians. Accordingly, we consider a target distribution Q such that there exists a Gauss-
ian N (p, %) satisfying [|Q — N (g, 2)|l; < 2/3. Recall, from Equation (1), that this implies
TV(Q, N (i, %)) < 1/3.

We may assume that ¥ has full rank, since there is a reduction from the case of rank-deficient
3: If the rank of ¥ is p < d, then any X ~ N (p, 2) lies in some affine subspace S of dimension
p. Thus, since TV (Q, N (i, 2)) < 1/3, any X ~ Q lies in S with probability at least 2/3. By the
Chernoff bound (Theorem 2.4), with high probability, after seeing 10d samples from Q, at least
p + 1 points from S will appear in the sample. We encode S using these samples, and for the rest
of the process we work in this affine subspace and discard outside points.

Deﬁnition of vy,...,vq, and V. Since > has full rank, there exist an orthogonal set of vectors
U1, ..., g satisfying Z Z ", viv; . For convenience, let ¥ = %1/2 be the unique positive definite
square root of 3. Observe that

d T d T d T
V;V;
¥ = i Z an Z . (11)
Zi Tl 24 Tor 24 ol

We next show how to encode the mean and the eigenvectors.

LeEmMA 5.7. Let C be a sufficiently large absolute constant, and let S be an ii.d. sample of size
2m = 2Cd from Q, where TV (Q, N (1, X)) < 1/3. Then, with probability at least 2/3, one can encode
vectors 0y, ..., 04, L € R4 satisfying

19~1(D; —v))lls < /24d? Vj € [d], and (12)

I E = mlle < e/2, (13)
using O(d? log(d/¢)) bits and the points in S.
Proor. The samples in S will be denoted X1, . . ., Xop,.

Encoding vy, . . ., vy. Define the “standardized” samples
Y; = %T_l(Xzi - Xzi-1) Vi € [m].
We claim that, for each i € [m], Y; has TV distance at most 2/3 from N (0, I). Indeed, If X,; and X;_{
had distribution N (g, ), then Y; would have distribution N (0, I). Instead, both X5; and X;;_; have
TV distance at most 1/3 from N (p, X), so, by Lemma 4.7 and Proposition 2.1, ¥; has TV distance
at most 2/3 from N (0, I). Define the event

1
& = {EBgl C conv{ £Y; : ieI}}, where 7 = { i € [m] : |Vill, < 4Vd |.

Since C is large, and in particular C > 20, by Lemma 5.6, we have Pr [E] > 5/6. Our encoding will
assume & happens.
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Fix some j € [d]. Referring to Equations (11), we see that ‘If‘lvj = vj/|lvjll2 has unit norm. Since
& occurs, we can write
= 2 Ot

ie[m]

for some vector 8; € [-1,1]™ supported on 7. Applying ¥ to both sides, we obtain

Z 9] l(XZI X21 l)

lef

To discretize 0;, consider the natural (¢/96Cmd®)-net for [-1,1]™ in the ¢ distance formed
by the Cartesian product of one-dimensional nets, namely, {ne/48Cmd> : —|48Cmd®/e| < n <
|48Cmd®/e|}™. This net has size at most (97Cmd>/¢)™. Recalling that m = O(d), it follows that
any element of the net can be described using O(d log(d/¢)) bits. Let 5] be an element in the net
that is closest to ;. Since each 6; is supported on 7 and due to the structure of the net, we may

choose é\] also to be supported on 7. Define

j = Z 9] l(X21 X21 1)
\/_16I

The vectors 1, . . ., Uy are encoded using the points in S and (9\1, e 5d~ Encoding each 5, requires
O(dlog(2d/¢)) bits, so encoding all of them requires O(d? log(2d/¢)) bits.
The error of this encoding is

1™ (@) - v ||2—— D055 = 05,0 (Xai = Xpi1)

iel

2

< Wﬂ(rpéa;cwj,i —@,i|)(rin€a;<«/5||Yi||z).

e c
7@ o)l < (s ) (1V2VA) < o

By the definition of é\j, we have ||§j —0illo < £/96Cmd>. By the definition of 7, we have ||Y;|; <
4Vd, leading to the bound

||‘I’—1(v]—v])||2_\/_ (%C dS)(4\f«/') — (14)

establishing Inequality (12).

Encoding Ji. Let Z; := ¥1(X; — p) and observe that Z; has a distribution with TV distance at
most 1/3 to N (0,I). Define the event

& = {min{IZll, |1 22} < 4V .
Corollary 2.3 implies that
(| Z:]l; > 4Vd] < exp(=3) +1/3 < +/1/6.

Thus, Pr [&’] > 5/6. Our encoding will assume that & happens.
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By symmetry, assume that ||Z;||; < 4Vd, and suppose that Z; = } jerq1 Aj0/11vjll2. Thus, we
have (A1,...,44) € 4\/EB§1. Also, by the definition of ¥, we have

d T d
_ _ ’UiUi
X ‘XI_(,Z_; ||vi||2)(z% ||v]||2) -2

Jj=1 Jjeld]

To discretize (A4, ...,Aq), consider an (¢/3d)-net for 4\/EB‘21 of size O(d'*/¢)? (see Lemma 2.13).
Let A = (A4, ...,A4) be the closest element to (44, ...,A4) in this net. The encoding is

po= XI—Z/TJ‘@*

jeld]
The error of this encoding is
N =Dl = || > ¥ Aoy - 4,9))
jeld]
< Z ||/1_, \P vj = ¥ Uj) + (/1] - /’1})‘1’7101||2
<d- max{l/l | 1 o, — P10l + 14, — ;{j| ;1)

Jjeld]
By the definition of 1, we have max; |/1j| < 4Vd and max; |A; - LI < ¢/3d. From Equations (11),
we have |[¥'v;|, = 1. Last, using Equation (14), we have [[¥ 7' (0; — v})ll, < ¢/24d?, leading to the

bound
€

Y-, < (4 ) < ¢/2,
1 p =l < d- (4Vd 4 1) < ¢/
estabhshmg Inequality (13). The encoding for j consists of X7, the already encoded vy, . . ., 0y, and

7. Since A comes from a net of size 0(d"*/¢)?, the additional number of required bits to encode
1 is O(dlog(d/¢)). Finally, note that all encodings succeed so long as both & and &’ occur, which
happens with probability at least 2/3. ]

Lemma 5.3 now follows immediately from the following lemma:

LEMMA 5.8. Suppose that the vectors Dy, . . ., g, i € R? satisfy
||‘I/_l(z7j -v)ll. £ p<1/6d Vj e [d], and (15)
= =l < ¢ (16)
Then
\od3p? + 2
T ~ =~ =T
TV(N(,u,Zl.E[d]vivi), N(p,zie[d]vivi) ) < 5 .

ProoOF. Recall the definition of log-det divergence: LD (A, B) := Tr(B™'A — I) — log det(B™1A).
Define = := }; ;0, . We will show that

LD, 3) < 9d°p2. (17)
If this is true, then Lemma 2.10 and Inequality (16) yield
V(NEDNGED) < 1(IDED) + (-5 =) < 1089+,

which completes the proof of the lemma.
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Thus, we need only prove Inequality (17). Recall from Equations (11) that ¥ = £!/2 is positive
definite. Define B := X"1/25571/2 = $~15¥. We will show that ||B — I||s < 3dp. Then Lemma 2.9
will imply that LD(Z, %) < 94°p?, which establishes Inequality (17).

To complete the proof, note that by the triangle inequality

IB-1I|ls = 15,0, ¥ 1_\1,7101.01\},

ZH‘I’ Giore! \rlvivj\rlus

d
_ T T
= E Hxixi ~Yili ||,
i=1

with x; := ¥719; and y; := ¥'v;. From Equations (11), we have ||y;|l; = |[¥"'v;]l; = 1. By Inequal-
ity (15), [|x; — yill2 < p. By applying the following simple lemma, we conclude that ||B - I||; < 3dp,
completing the proof of the lemma. O

LEMMA 5.9. Let x and y be vectors satisfying ||lyll, = 1 and ||x — yll < ¢ < 1. Then, we have
lxcxT — nyIIS < 3e.

ProorF. Suppose x = y + z with ||z||; < e. Then,

.
lls

||xxT - ny||s = ||yzT + zyT + zzTIIS < ||sz||s + ||zyT||s + ||zz <e+e+e <36

The first inequality is the triangle inequality for the operator norm. The second inequality uses the
facts that ||AB||s < ||Alls - ||Blls for any two size-compatible matrices A and B (see, e.g., Reference
[25, Fact 7(c) in Section 24.4]) and that, for any vector v, the operator norm of v as a matrix
coincides with its Euclidean norm as a vector. O

6 THE LOWER BOUND FOR GAUSSIANS AND THEIR MIXTURES

In this section, we establish a lower bound of ﬁ(d2 /&%) for learning a single Gaussian, and then
lift it to obtain a lower bound of ﬁ(kdz /€?) for learning mixtures of k Gaussians in d dimensions.
Both of our lower bounds are for the realizable setting and thus also hold in the agnostic setting.

The high-level strategy for our proof is similar to that adopted in earlier work for mixtures of
spherical Gaussians [44]. The idea is to create a large number of distributions that are pairwise
close in KL divergence (roughly ¢?) but pairwise far in TV distance (roughly ¢). An application of
the following lemma will then yield the desired sample complexity lower bound.

LEmMA 6.1. Let k : R — R be a function and let ¥ be a class of distributions such that, for all
small enough ¢ > 0, there exist distributions fi,..., fu € ¥ with

KL(fi ll fj) < x(e) and TV(fi,fj) > 2¢ Vi #je [M].

Then any method that learns ¥ to within total variation distance ¢ with success probability at least

2/3 has sample complexity Q (ﬁg]\(ﬁ/f))

The preceding lemma is a straightforward consequence of the following result, which is a gen-
eralized form of Fano’s inequality in information theory [12, Theorem 2.10.1].

LEMMA 6.2 (GENERALIZED FANO’s INEQUALITY [49, LEMMA 3]). Let the distributions fi, ..., fu
satisfy
KL(fill ;) < B and fi-filh > a  Vi#je[M]
Consider any density estimation method that has an explicit description of fi, ..., fam, receives n
i.i.d. samples from some f; without knowing i, then outputs an estimate ]?forfi. For each i, define
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e; =E|fi - flll for the case in which the method receives samples from f;. Then
log M — np + log 2
2logM

maxe; = « -
L

Proor or LEMMA 6.1. Consider a distribution learning method A that takes m(e) samples and
learns F to within total variation distance ¢ with success probability at least 2/3. Our goal is
to prove m(e) = Q(log M/x(e) log(1/¢)). Consider M distributions fi, ..., far satisfying the hy-
potheses. We will design an estimator f for the finite class {fi, ..., fu} with sample complexity
n = km(e) and then apply Lemma 6.2 to this estimator.

Suppose we are given km(e) samples from the unknown f;. We partition the sample into k equal
parts and run (A on each part. This gives us k outputs gy, . . ., gk. If some fp is within TV distance ¢
of more than half of these outputs, then we output ]? = f¢; otherwise, we output ]? = fi. Note that,
since f1, ..., far are 2¢-separated in the TV distance, there will be no ambiguity. We now analyze
the error of this estimator.

By the guarantee of A, for each i € [k], with probability at least 2/3, we have TV(g;, f;) < e. Let
& be the event that more than half of the g; satisfy TV(g;, fj) < e. When & happens, the estimate

will be f: fiie, lIfi— flll = 0. Moreover, by the Chernoff bound (Theorem 2.4), Pr[E] > 1 —
exp(—Q(k)). Thus, the expected error is

ej = Elfi - flli < Pr[&°]-2 < exp(-Q(k))  Vj e [M].
The total number of samples is n = km(¢), so Lemma 6.2 gives

o . log M — (km(e))x(e) +log2
¢ 2logM

) < exp(—Q(k)).
Choosing k = ©(log(1/¢)) and rearranging gives m(e) = Q(log M/x(¢) log(1/¢)), as required. O

6.1 The Lower Bound for Learning a Single Gaussian

Our lower bound for learning a single Gaussian is the following theorem:

THEOREM 6.3. Any algorithm that learns the class of d-dimensional Gaussians in the realizable

setting within total variation distance ¢ and with success probability 2/3 has sample complexity
2
Q(m).

Proor. To apply Lemma 6.1, we must create a large number M of Gaussian distributions whose
pairwise KL divergences are at most k(¢) and whose pairwise TV distances are at least 2¢. We
will accomplish this with parameters M = 29 and k = O(e?), and Lemma 6.1 yields the desired
lower bound.

The existence of such M distributions is shown using the probabilistic method. Let us fix the
parameters r = 9and A = ©(ed~1/2). Assume, for simplicity, that d/r is an integer. For each a € [M],
we pick U, to be a uniformly random d X d/r matrix with orthonormal columns. That is, U, consists
of the first d/r columns of a uniformly random d X d orthogonal matrix (a random matrix with
Haar measure on the group of d X d orthogonal matrices). From this, we create the distribution

fu = N(0,%4), where 3, =I;+ AU U] Vae [M].

To apply Lemma 6.1, we must analyze the pairwise KL divergences and TV distances between
fi, ..., fm. Observe that, by the construction of U,, for any fixed d X d orthogonal matrix W, the
matrices U, and WU, have the same distribution, that is, U, is rotationally invariant (see, e.g.,
Reference [36, Section 1.2]).
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Bounding the KL divergences. This analysis is straightforward, since there is a closed-form ex-
pression for the KL divergence between Gaussians. First, observe that all £, have the same spec-
trum: There are d/r eigenvalues equal to 1+ A and the remaining eigenvalues equal 1. Conse-
quently,

logdet (,%;") = log (det3, - det3;') = 0. (18)
Next observe that
»l=7- LU ul (19)
@ 1+4 47
which can be verified simply by multiplying by %,. Thus,
2-KL(fall fp) =Tr (Z;le - I) (by Equation (18) and Lemma 2.10)
A .
=Tr ((I - mUaUuT) (I + AUbU,;r) - I) (by Equation (19))
— A A T T T
=Tr UbUb m aUu ﬂUuUa UbUb
d Aod A2 2
=)= = L2 ANuTu
roo1+4A r  1+42 ‘ “ bHF
d A d A%d A%d )
< )= — R _
<4 r 1+A r 1+ N)r r o)

This bound holds with probability 1.

Bounding the TV distances. The remaining step is to show that TV (fg, fp) = Q(e) for all a # b.
Then, by scaling ¢ by a constant factor, Lemma 6.1 completes the proof.

First, we provide some intuition on why such a bound should hold. Let S, be the subspace
spanned by the columns of U,. A vector drawn from N (0, £,) has a slightly larger projection onto
Sq than a vector drawn from N (0,3,). This reveals an event that has slightly higher probability
under the former distribution than under the latter. Recalling the definition of the TV distance as a
supremum over events (see Equation (1)), such an argument gives the desired lower bound on the
TV distances up to logarithmic factors. This approach was used in a preliminary version of this
work [5, version 2], but it is fairly technical.

Here, we use a simpler argument, formulated as Lemma 6.6 below, which shows that if
NUTU N2 < d/2r, then TV (fa, f) = Q(¢). The condition ||UJ U, ||% < d/2r means that the columns
of U, are nearly pairwise orthogonal to the columns of U, which intuitively should hold, since U,
and Uy, are chosen randomly. This is formalized in Lemma 6.4 below, which states that, with posi-
tive probability, | U U, ||12n < d/2r for all a # b. Then Lemma 6.6 implies that, by our choice of pa-

rameters, forall a # b, we have TV (f,, fp) = Q (min{l, A\ld/r}) = Q(é), completing the proof. O
The main technical lemma underlying our lower bound is Lemma 6.4.

LEMMA 6.4. Supposed > r > 9. There exists M = 2%@/™) such that the following holds. Construct
M independentd x d/r matrices {U,}. | such that the columns of each U, are the firstd/r columns of a
uniformly randomd x d orthogonal matrix. Then, with positive probability, we have ||[U] U, 2 <dfar

for all distinct pairs a, b € [M].
For its proof, we will need a basic lemma about Gaussian matrices.

LEMMA 6.5. Let G be a random matrix with i.i.d. Gaussian entries, and let G = UXVT be its singular
value decomposition. (To make the decomposition unique, we assume that0 < %11 < Zgp < ---.) Then
the matricesU, %,V are mutually independent. Moreover, U is a uniformly random orthogonal matrix.
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Proor. For any orthogonal matrix A, by rotational invariance of the Gaussian distribution (see,

e.g., Reference [47, Proposition 3.3.2]), we have AG 4 G. Thus, letting W, X be size-compatible uni-
formly random orthogonal matrices (i.e., having Haar measure on the set of orthogonal matrices

of appropriate sizes), independent of each other and of G, we have G 4 wexT = (WO)Z(XV)T,
where WU, ¥, and XV are mutually independent, and WU is a uniformly random orthogonal ma-
trix, as required. (We have used the fact that, by the definition of Haar measure, e.g., Reference [36,
Section 1.2], if W, X are independent uniformly random orthogonal matrices and U, V are orthog-
onal matrices with compatible dimensions such that the products WU and XV are well-defined,
then WU and XV are also independent uniformly random orthogonal matrices.) ]

Proor oF LEMMA 6.4. We will show that, for any two matrices U, and U, constructed inde-
pendently as described, with probability 1 — O(exp(-Q(d?/r?))), we have U] Uy||% < d/2r. The
lemma then follows from the union bound.

Let s = d/r and fix a,b € [M] with a # b. By the rotational invariance of the distribution of
Uy, we may assume without loss of generality that U, = [(I)]. Thus, IIUaTU;,IIIZT 4 ||U(s)||§, where
U® is an s x s principal submatrix of a uniformly random d x d orthogonal matrix U. (Alter-
natively, the columns of U are the first s coordinates of s orthonormal vectors in R? chosen
uniformly at random.) Hence, it suffices to show that IIU(S)IIIZT < d/2r with probability at least
1 — O(exp(—=Q(d?/r?))). The main difficulty is that U®) does not have independent entries due to
the orthonormality, but intuitively it should behave similarly to a matrix with independent Gauss-
ian entries.

Before proceeding, we review some useful facts about Gaussian matrices. Let G € R%S be a
Gaussian matrix with iid. N'(0,1/d) entries. Let G = U(;ZgVGT be its singular value decomposi-
tion, where Ug € R¥*5, 3¢, Vg € RS, and the diagonal entries of X are sorted ascendingly. By
Lemma 6.5, Ug is a uniformly random orthogonal matrix, so the top s rows of Ug, denoted by
Ués), has the same distribution as U®). Let G) denote the top s rows of G; then, G = U((;)ZgVCT;.
Moreover, by Lemma 6.5 again, Ug is independent of 3, V.

Let 0min(+) and oyax (+) denote the smallest and largest singular values of a matrix, respectively.
Note that 01in(2G) = Omin(G). Theorem 2.13 in Reference [15] states that, for any ¢ > 0,

Pr [0min(S) < 1 - 1/vF —t] < exp(-t*d). (20)
Finally, we will use that for any two size-compatible matrices A, B, we have
max{omin(A)|BllF, omin (B)|AllF} < |AB|lr < min{omax(A)l|BllF, omax (B)IAllF}, (21)

see, e.g., Reference [25, Fact 7(c) in Section 24.4].

We now proceed with the rest of the proof. Recall that our goal is to show that lu® ||12: <dJ/2r
with probability at least 1 — O(exp(—Q(d?/r?))), where U®) is the s X s principal submatrix of a
uniformly random orthogonal d X d matrix U.

The matrix U is naturally related to G. Similarly, the matrix U®) is naturally related to the
Gaussian matrix G®) € R**¢, More precisely, since Ug is independent of 3, Vi, we have

G® = UYsevE £ U9V (22)

Observe that E[|G®)||2 = s2/d = d/r?, so our goal is to show that [|U(®)||2 is unlikely to exceed this
by a multiplicative factor of r/2.

By the definition of the singular value decomposition, Vg is orthogonal, so all its singular val-
ues are 1, hence, using Inequality (21), we get IIU(S)ZngIIF = IIU(S)ZTcllp. The Frobenius norms
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IG®) || and |[U®||F can be related as
d
1691 £ U356V, = IUS361lr 2 omin(Za) IV I,

the first equality is by (22) and the inequality follows from (21).
Since % and U®) are independent, for any real & and 8, we have

Pr [IIGYI} 2 ap] = Pr [omin(Sc)” 2 a and U]} > f]
= Pr [omin(Z6) 2 Va] Pr IV = ] .
In particular, setting « = 1/3 and f§ = d/2r gives
Pr [IGWI2 2 d/e6r|
Pr [omin(Z6) > 1/V3]

Pr[IU9} 2 d/2r] <

For the numerator, since d||G®) ||[2T 4 Xs2, we have
Pr [||G<s)||}27 > d/6r] =Prlyy > d?/6r] < Pryy > 3s%/2] < exp(—s?/25) = exp(—Q(d*/r?)),

where we have used » > 9 for the first inequality and Lemma 2.2 for the second inequality. For the
denominator, setting t = 1 — 1/4/r — 1/V/3 > 0.08 in Inequality (20) gives

Pr [0min(36) 2 1/V3] 2 1 - exp(~*d) > 0.006,
hence Pr[||U®) % > d/2r] = O(exp(—Q(d®/r?))), completing the proof. O

LEMMA 6.6. Suppose that A < 1/4. IfU, and Uy, are d X d/r matrices satisfying ||UaTUb||12, <d/2r,
then TV(N (0,13 + AUUJ), N (0, I + AULUY)) = Q(min{1, AVd/r}).

Proor. We will use the following approximate characterization of the TV distance between two
zero-mean Gaussians: For positive definite matrices %, and X,

TV (N (0,34), N (0,23)) = © (min {1,

2102 1] ).

This result appears in Reference [18, Theorem 1.1]; see also Reference [7, Corollary 2]. Hence, to
complete the proof it suffices to show that IIZ;UZZhZ;I/Z —1I|lg = %A\/d/r. Since Z;l/ZZbZ;I/Z -
I1=3,"%(2 - 2a)2, 2 applying the left inequality in (21) twice gives
_ _ N2
1222263212 = 1||, 2 omin(257%) 156 — Zallr.

a

Since the eigenvalues of 3, are 1 and 1 + A, we have crmin(Z;UZ) =(1+2)7Y2>+4/5as 1 < 1/4.
Moreover, ||[2p — Z4llF = AIIU;,U; - U,U]||F, and since U;,UbT - U,U] is symmetric, we have

sy ~ VUL = Tr (VU — UaU2) (U~ Ual]))
= Tr (UpyU, UpUy ) + Tr (UaUg UaUy ) = Tr (UpUp UaUJ ) = Tt (UaUJ Up Uy )

=Tr (UpUy ) + Tr (UaUy ) = Tr (U UaU, Uy ) = Tr (U3 U U, Ua)

2 2
=djr+d/r = |U;U||, - U2 Us |,
>2d/r—2d/2r =d/r,

hence IIZ;UZZI,Z;I/Z —1I|lf > %A\/d/r, completing the proof of the lemma. O
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6.2 The Lower Bound for Learning Gaussian Mixtures

For proving our lower bound for mixtures, Theorem 1.6, we will need a standard result. This
lemma follows from the Gilbert-Varshamov bound in coding theory (see, e.g., Reference [32, The-
orem 5.2.6]); we include a proof for completeness.

LEMMA 6.7. LetT > 4 andk € N. There exists a set of k-tuples X C [T]* such that|X| > T*/* and
every distinct x,y € X differ in at least k/4 components.

Proo¥. For any x € [T]¥, the number of k-tuples in [T]* that differ with x in at most k/4 com-
ponents is bounded by

k/4 K k/4 K
> (- <ty (§) < eryts <o
1

i=0 ! i=0

where we have used the inequality );2 (?) < (en/m)™, validforall 1 < m < n(see, e.g., Reference
[47, Exercise 0.0.5]). We give an iterative algorithm to build X: Choose an arbitrary k-tuple from
[T]¥, put it in X, remove from [T]* the k-tuples that differ with the chosen k-tuple in at most
k/4 components, and repeat. By the above calculation, the size of the final set X will be at least
Tk/4, O

Theorem 1.6 follows immediately from the following result.

THEOREM 6.8. Any algorithm that learns the class of mixtures of k Gaussians in R? in the real-

izable setting within total variation distance ¢ and with success probability at least 2/3 has sample

kd

. 2
complexity Q(m).

Proor. Recall that G, i denotes the class of k-mixtures of d-dimensional Gaussian distribu-
tions. As we will use Lemma 6.1 again to obtain the sample complexity lower bound, it suffices
to construct 22-4°) distributions in Ga.x with pairwise KL divergences O(e?) and pairwise TV
distances Q(¢). Our family of distributions will use the covariance matrices constructed in Theo-
rem 6.3. Some care is required to ensure that the TV distances are large, and we will adopt some
ideas used in earlier work for mixtures of spherical Gaussians [44, Appendix C.2].

The proof of Theorem 6.3 shows that there exists a family of symmetric positive definite matrices
>1,..., 27 with T = 29d?) satisfying

KL (N(0,%) | N (0,3))) < O(*)  Vi#j (23a)
TV (N(O.2).N(0.5)) 2 Q) Vi#j (23b)
1Zills < 2 Vi. (23¢)

Next, we will create a family of distributions in G4 , where each Gaussian in each mixture uses
one of these X; as its covariance matrix. However, there is a tension. On the one hand, we want any
two of these mixture distributions to use disjoint sets of covariance matrices so the TV distance
between the mixtures is large. On the other hand, this constraint reduces the number of mixture
distributions we can create, while we want many distributions to maximize the lower bound. This
tension is resolved by a compromise obtained via error-correcting codes (Lemma 6.7).

The construction proceeds as follows: First, we pick i, ..., ux € R?, which will serve as the
means for the Gaussians. We choose them to be far apart: For some A, to be chosen later, we pick
them in such a way that ||y; — pjll, > A for all i # j. Each mixture distribution will be a uniform
mixture of k Gaussians, for which the ith Gaussian has mean y;. The choice of covariance matrices
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is determined using the error-correcting code. Specifically, let X C [T]* be a set as in Lemma 6.7
above. The family of mixture distributions is

1
Fo={fr: xeX} where fx = E(N(,ul,le)+--'+N(pk,2xk)).

As desired, we have |F| = T2K) = 2 kd?)
To analyze 7, the first task is to prove the pairwise KL divergence upper bound. This is straight-
forward. Fix distinct x,y € X. For each i, Inequality (23a) shows that

KL (N (15 ) | N (i 2y,)) = KL (N(0.34,) | N(0.2y,)) < O(e?).

The convexity of KL divergence [12, Theorem 2.7.2] then shows that KL(f || f) < O(¢?).

The remaining task is to prove TV(fx, f;) = Q(e) for all distinct fy, f, € . The intuition is as
follows: Say that index i € [k] disagreesif x; # y;. Whenever i disagrees, the ith Gaussian in f; and
ith Gaussian in f;, have TV distance Q(¢) by Inequality (23b). Moreover, the total mixture weight
apportioned to disagreeing indices is at least 1/4, since Lemma 6.7 ensures that the number of
disagreements is at least k/4, and each mixture uses uniform weights on its components. Thus, the
disagreeing coordinates should suffice to imply that the TV distance is Q(¢). Proving this formally
requires some care, because each Gaussian is supported on all of R¢, so there is interaction between
all Gaussians involved in the mixtures. However, choosing a large enough A ensures that the means
are far apart, so the interaction is negligible.

Formally, for each j € [k], let A} C R? be such that

Py (1,59 € AJ] = Py (.5, [9 € AJ] = TV (N (1, Z) N (13, 3y,)) . (24)
and define
A = A}DB]-, where B; = {xeRd : ||x—yj||2<A/2}.

Note that the separation of yy, . . ., i implies that the balls By, . . ., By are disjoint. Consequently,
the sets Ay, ..., Ay are also disjoint.
Several preliminary inequalities are required concerning these events. First, for each i € [k],

ProN (i[9 € Bil = Proon iz [lg = pill} = (8/2)°]

=Prg.n3,,) [I|g||§ > (A/Z)z] (translating to zero-mean)
< Pry_no.1p gl = A/8] (by Inequality (23¢))
< &k, (25)

by applying Lemma 2.2 with t = 2In(k/¢) and choosing A to satisfy A%/8 = d + 2Vdt + 2t. Inequal-
ity (25) also holds replacing x; with y;. Since A} \ A; C B, Inequality (25) shows that

Pro N (i3 [9 € Al = Pryonu, 3.9 € Al | < Prynusp9 € Bil < /K. (26)
This inequality also holds using y; instead of x;. For i # j, we have A; C Bf, so

Pry Nz, [9 € Ajl < Proonu,z,,)[9 € Bi] < /K. (27)

Finally, by Equation (24), Inequality (26), and the triangle inequality,
Prng(ﬂj,zxj)[g €A;] - Prg~N(yj,Zyj)[9 €Aj] = TV (N(,Uj, S )s N (s Zy]—)) — 262 /K% (28)
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The total variation distance is lower bounded as follows: Let A := A; U --- U Ag. Then

TV(fe fy)
2 Pry.g (g9 € A] - Pryy,[g € A]

M=

(Prngx [ge Aj] —Pryplg € Aj]) (by disjointness of the A;)

~.
Il

1
1 k k
=z Z Z (Prg~N(,ui,in)[g € Ajl = Pro-n(u,3,)[9 € Aj]) (expanding f and f)
j=1 i=1
k
1 sl
=7 Z (PrgNN(,‘,j,zxj)[g € Aj] - PrgNN(Fj’zyj)[g € Aj]) (summands with i = j)
j=1
1 k
+ % Z Z (Prg~N(ﬂi’le_)[g € Aj] —Prg~N(#i,zyi)[g € Aj] ) (summands with i # j)
e >0 <e2/k2by (27)
1< )
2 Z (Prg~N<y,-,zx,.>[9 € Aj]l =Pron.z,)[9 € Afl) - e
j=1
1 k
2 E Z (TV (N()u]9 ij), N(ﬂ]’ Zyj)) - 282/k2) - 6.2 (bY (28))
j=1
1
> E(k/4)9(8) - 3¢2 = Q(e),

where the last inequality is because TV(N(j,2x,), N (1), Zy;)) > Q(¢) whenever x; # y;
(see (23b)), which is the case for at least k/4 of the indices j. |

7 DISCUSSION AND OPEN PROBLEMS

We have built a connection between distribution learning and compression. Another concept re-
lated to compression is that of core-sets. The idea of core-sets is to summarize the training data,
using a small subset of them, in a way that any algorithm minimizing the error on the subset will
have small error on the whole set. Core-sets have been used in maximum likelihood estimation
[35] and to solve clustering problems [43]. There is one important distinction between compres-
sion and core-sets: Compression can be more powerful, since it can use complex class-specific
decoders.
Our work opens several avenues for further research.

Eliminating the polylogarithmic factors. Our sample complexity lower and upper bounds (in both
axis-aligned and general cases) differ by multiplicative polylogarithmic factors. Can one remove
these factors? In this direction, we propose the following conjecture. (See page 5 for the relevant
definitions.)

CONJECTURE 7.1. The minimax estimation rate for Gq . and Ay y is ©(\/kd?/n) and ©(Vkd/n),
respectively.

Note that this conjecture is true for the case k = 1 (see Reference [19]). For general k, the lower
bound for G4 follows from the proof of Theorem 1.6 (see Theorem 6.8), and the lower bound
for Ay follows from the lower bound proof in Reference [44]. The upper bounds hold up to
polylogarithmic factors (see Theorem 1.5 and Theorem 1.7).

Journal of the ACM, Vol. 67, No. 6, Article 32. Publication date: October 2020.



Sample Complexity of Learning Mixtures of Gaussians 32:35

Learning mixtures of sparse Gaussians. Our main results imply that the sample complexity for
learning mixtures of axis-aligned Gaussians is smaller than that of mixtures of general Gaussians
by a factor of ©(d). Can one interpolate between these two extremes by exploiting some notion of
sparsity of the target distribution?

Consider the class of d-dimensional Gaussians whose inverse covariance matrices have at most
m off-diagonal nonzero entries. Note that m measures the amount of correlation between the
Gaussian components: If we build a probabilistic graphical model (also known as a Markov random
field) whose nodes are the Gaussian components, then an axis-aligned Gaussian corresponds to
an empty graph with no correlation between the components, in which case m = 0, and a Gauss-
ian with fully correlated components corresponds to the complete graph, in which case m = (g)
In general, m counts the number of edges in this graph (see Reference [31, Proposition 5.2] for a
proof).

The sample complexity of learning with respect to the class of d-dimensional Gaussians whose
inverse covariance matrices have at most m off-diagonal nonzero entries is O((m + d)/€?) (see
Reference [19]). This result on learning a single Gaussian and the fact that in some applications
the underlying Gaussians are sparse motivates the following question: Can one extend the bound
of Reference [19] to mixtures of Gaussians, obtaining sample complexity bounds that depend on
some notion of sparsity of the mixture components?

Polynomial time algorithms for learning mixtures of Gaussians. The running time of our density
estimation algorithm is 2kd’ polylog(d.k.1/.1/8) ' which is not polynomial in the problem parame-
ters. An important open question is whether there exists an algorithm for learning mixtures of
Gaussians that runs in time poly(k, d, 1/¢, 1/5) (see also Reference [20, Open Problem 15.5]). If the
covariance matrices for all the Gaussians are multiples of the identity matrix (known as spherical
Gaussians), Reference [44] gives an algorithm with running time that is polynomial in d and 1/¢
but exponential in k. However, for mixtures of general Gaussians, it is shown in Reference [23]
that no polynomial time (in all the parameters) algorithm exists for the case that the learner has
access to the distribution only via statistical queries. (See Reference [23] for the definition of this
model.)

What if k is not known? Our density estimation algorithms assume that k is given as input, while
in some applications k might be unknown. One approach is to perform a binary search: Run our
algorithm for k = 1,2,4,38, ..., and stop as soon as the output of our algorithm has total variation
distance less than ¢ from the target distribution. Unfortunately, it is not clear how to approximate
this total variation distance. It is also not clear how to apply this approach to the robust learning
scenario.

Is robust compression closed under taking mixtures? Lemma 4.8 states that for any distribution
class 7, non-robust compression of # implies non-robust compression of k-mix(#). Does an
analogous statement hold for robust compression? That is, does robust compression of ¥ imply
robust compression of k-mix(¥) for a general class 7 ?

Sample complexity for learning with respect to the KL divergence. Theorem 3.1 states that there
does not exist a function g(k, d, €) such that there exists an algorithm that upon receiving g(k,d,¢)
iid. samples from an unknown f € G4k, outputs f such that KL(f || f ) < ¢ with probability
more than 0.02. Recalling that the KL divergence is asymmetric, we pose the following question:
What is the smallest function g(k, d, ¢, §) such that there exists an algorithm that, upon receiv-
ing g(k.d, ¢, 6) ii.d. samples from an unknown f € G4 ., outputs f such that KL(f I f) < e with
probability at least 1 — §?
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Characterizing the sample complexity of learning a class of distributions. A central open problem
in distribution learning and density estimation is characterizing the sample complexity of learn-
ing a distribution class (Reference [20, Open Problem 15.1]). An insight from supervised learning
theory is that the sample complexity of learning a class (of concepts, functions, or distributions)
is typically proportional, up to logarithmic factors, to (some notion of) intrinsic dimension of that
class divided by £2, where ¢ is the error tolerance. For the case of binary classification, the intrinsic
dimension is captured by the VC dimension of the concept class (see References [9, 46]). For the
case of distribution learning with respect to “natural” parametric classes, we expect this dimen-
sion to be equal to the number of parameters. This is indeed true for the class of Gaussians (which
have d? parameters) and axis-aligned Gaussians (which have d parameters), and we showed in this
article that it holds for their mixtures as well (which have kd? and kd parameters, respectively).

One may wonder if the VC dimension of the Yatracos family associated with a class of distribu-
tions can characterize its sample complexity, but it is not hard to come up with examples where
this VC dimension is infinite while the class can be learned with finite samples. Covering numbers
do not characterize the sample complexity either: For instance, the class of Gaussians does not
have a finite covering number in the TV metric, nevertheless it is learnable with finitely many
samples. Thus, we leave characterizing the sample complexity of learning a class of distributions
as an important open problem.

Do learnable classes have bounded compression schemes? In binary classification, the combina-
torial notion of Littlestone-Warmuth compression has been shown to be sufficient [33] and nec-
essary [39] for learning. In this work, we showed that the new but related notion of distribution
compression is sufficient for distribution learning (Theorem 4.5). Whether the existence of com-
pression schemes is necessary for learning a class of distributions remains an intriguing open
problem. In this direction, we conjecture the following converse for Theorem 4.5: Let m (¢, §)
denote the sample complexity function associated with learning the class # of distributions (see
Definition 1.2).

CONJECTURE 7.2. There exists a universal constant C such that any class ¥ admits an
(Ce?m(e) log(e?m(e))C, Ce?m(e) log(e?m(e))C, Cm(e) log(m(e))€) (non-robust) compression, where
m(e) = mg (e, %)

The value ¢2m(e) is a candidate for the notion of “intrinsic dimension” of the class. We also
propose the following weaker conjecture:

CONJECTURE 7.3. There exist universal polynomials P,Q, and R such that any class ¥ admits
a (P(e2m(e),log(1/¢)), Q(e2m(e),1log(1/¢)), R(m(e), 1/¢)) (non-robust) compression, where m(e) =
mg (e, % .

APPENDICES
A PROOFS OF THEOREM 3.1 AND THEOREM 3.2
In this section, let v denote the Lebesgue measure on R. We will first prove Theorem 3.1. To that

end, we begin with a simple calculation that will be useful later.

LEMMA A.1. Suppose I C R satisfies v(I) > y. Moreover, let f,h: R — Ry be measurable den-
sity functions such that f(x) > B and h(x) < « for all x € I, and f(x) > 0 for all x € R. Then

KL (f || h) > yflog(B/a) - 1/e.

Proor. Write

R I e A
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For the first integral, we have

ff dx>fﬁlog dx > yBlog(B/a).

Next, we bound the second 1ntegral and show that it has value at least —1/e, which completes the
proof. Let F = [, f(x)dxand H = [, h(x) dx. Note that F > 0 as f(x) > 0forallx € R.IfH =0,
then h(x) = 0 almost everywhere on I° so the second integral is +co. So, assume that H > 0. Then
f/F and h/H are densities on I°. Hence, we have

f(x) f&x),  f(x)/F f(x)
ff()lg Ichogh(X)/ dx+F e F

>0

F
log i dx > Flog(F/H),

where the inequality is because the KL divergence of two densities is always nonnegative. Since
H < 1, we have —log(H) > 0so Flog(F/H) = FlogF — FlogH > FlogF > —1/e,asrequired. O

Proor oF THEOREM 3.1. We allow the algorithm to be randomized. Denote by A(X1, . . ., X, R)
the output of A given the sample X3, ..., X,, and an independent source of randomness R. We
will first analyze the behavior of the algorithm when the true distribution is N (0, 1) and show
that there exists some a” € R for which the algorithm’s output puts almost no probability mass on
around a’. We then show that if the true distribution is a carefully chosen mixture of N (0, 1) and
N (a’, 1), then the algorithm’s output does not change with high probability, so it still puts almost
no mass on around a’; hence, the KL divergence of the output and the true distribution is large.

Define the parameters § = %2 01 B = exp( 1/32),and o = fexp (%4/8). LetXy,...,Xm ~

N(0,1) and set h = A(Xy, ..., Xm, R) Note that h is random. Define the (random) set H =
{xeR : h(x) > a }. Then V(H) < 1/a.Foranya € Z,definel, = [a — 1/4,a + 1/4]. Note that the
I, are disjoint intervals. Hence, Y ,c7 v(I, N H) < 1/a deterministically so E [}, ,c7 v(I, N H)] <
1/a. Note that the left-hand side of the inequality is an infinite sum while the right-hand side is a
finite number. Since expectation is linear, we can find a’ € Z such that E [v(I,; N H)] < 1/400. By
Markov’s Inequality, v(I,; N H) < 1/4 with probability at least 0.99. We condition on this event.

Define f = (1 -6)N(0,1) + § - N'(a’, 1) and note that f is positive everywhere, and, for all x €
Iy, wehave f(x) > % exp(—1/32) = p.Let Jy = Iy \ H.Thenv(Jy) > v(lyy) —v(ly N H) > 1/4,
and for all x € J, we have f(x) > f and h(x) < a. So,

KL (f Il h) = plog(p/a)/4—1/e =,

where the inequality is by Lemma A.1 and the equality is by the definition of . Hence, KL (f || k) >
7 with probability at least 0.99.

Note that TV (f,N(0,1)) < 6. If S = (Xj,...,Xmm) and S’ = (X],...,X},) where X; ~ N(0,1)
and X ~ f, then Proposition 4.7 gives TV (S,S’) < md = 0.01. Hence, if h = A(S,R) and h’ =
A(S’,R), then TV (h,h’) < 0.01 so Pr[KL (f || h’) = ] = Pr[KL(f || h) = 7] — 0.01 > 0.98, com-
pleting the proof. O

Next, we prove Theorem 3.2.

Proor ofF THEOREM 3.2. Define the parameters § = %, oP7l = %\/ln(9/2ﬂ), and M =
40+/In(9/27).

Let X1,...,X;m ~ N(0,1) and set h = A(Xq, . .., Xm, R), where, as in the proof of Theorem 3.1,
R is the algorithm’s independent source of randomness. Note that A is random. Next, let H =
{xeR : h(x) >6/60 }.Thenv(H) < 60/5.Fora € Z, define the intervals I, = [aM — M /4, aM +
M/4] and note that I, are disjoint intervals. Hence, >,z v(I, N H) < 60/ deterministically so
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E[Y4ez v(Io N H)] < 60/6. Note that the left-hand side of the inequality is an infinite sum while
the right-hand side of the inequality is a finite number. Since expectation is linear, there exists
a’ € Z such that E[v(Ipy N H)] < M/400. By Markov’s Inequality, v(I;; N H) < M/4 with proba-
bility at least 0.99. We condition on this event.

Define f = (1-8)N(0,1)+6-N(a’,o?), and note that for all x € I, we have f(x) >
‘/zimr exp(—(M/4)?/26?%) = §/30.

Let Jo =1y \ H. Then v(Jy) > M/2 — M/4 = M/4 = 0+/In(9/2x), and, for all x € J,/, we have
f(x) = 6/30 and h(x) < §/60. So,

é

G\/h’l(9/27‘[ \/ (9/2r)

where the last equality is by the definition of o. Hence, || f — h|| , > 7 with probability at least 0.99.

Note that TV (f,N(0,1)) < 6. If S = (X1,...,Xp) and S’ = (X{,...,X],) where X; ~ N(0,1)
and X ~ f, then Proposition 4.7 gives TV (S,S’) < mé = 0.01. Hence, if h = A(S,R) and h’ =
A(S',R), then TV (h, h’) < 0.01, so Pr[||f — hl, > 7] > Pr[[|f - hl|, > 7] - 0.01 > 0.98. o

T fj 760 = hl x>

B PROOF OF LEMMA 4.10

We restate the lemma for convenience.

LEMMA B.1. Let f = 3 ;e Wi fi be a density with (wy,. .., wi) € Ay and each f; € F. Let g be a
density such that ||g — fl|, < p. Then, we can write g = },;c[x] Wigi such that each g; is a density and

foranyr >0,
Z w; < p/r.
illgi—filli>r

Let X := ) < f(x)}. Our goal is to “transform” each f; into another density g; so that g =
Die[k] Wibi- Note that X c0n51sts of the domain points on which f exceeds g. Hence, to transform
each f; into g;, we will scale it down multiplicatively on points in X, and scale it up additively on
points not in X. These transformations need to be done carefully for each function g; to end up
being nonnegative and integrate to 1.

To that end, we define

() = {ﬁ-(x)g(x)/ flx) forxeX,
I = fil) + Mi(x) forx g X,

where

810 = (o0 - 1) ([ i LU0 g )/ [w-sw)a e

Recall that Z is the domain of g and the densities in . We now check that each g; is a density and
that g = Xcik) widi-

LemMa B.2. Foralli € [k], g; is a density on Z.

Proor. We first check that g;(x) > 0 for all x. If x € X, then g;(x) > 0, because f;, g, f are all
densities and hence nonnegative. If x ¢ X, then A;(x) > 0, because g(x) — f(x) > 0 on X¢ and
f(x) —g(x) = 0 on X. We now check that fZ gi(x) dx = 1. Since both g and f are densities, both
integrate to 1 over Z, and therefore

[ a0 senax = [ (76 -gonar 60
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The following calculation completes the proof:

f gi(x) dx = f (A (x) + fi(x)) dx
X¢ X¢€

_ fXC (9(x) = f(x)) dx f(y) - 9(y) .
W) - 9w) dy ' fx (ﬁ @) () )dy (by Equation (29))

o [ st
f (ﬁ i (y g(y )dy+ f filx (by Equation (30))
o8 [ s
- [pwar- [ - (48)a+ [ sy

—l—ff,() j{((y) (f; is a density)
=1—fX9i(y)dy o

LEmMA B.3. We have g = 3c(x) Widi-
Proor. For x € X, since }};c(x) wifi = f, we have
9(x)
D, wigix) = D wifi) TS = 9.
ie[k] ie[k]

And for x ¢ X, we have

Z wigi(x Z wii(x) + w; fi(x) (definition of g;)

ielk] ielk]

[ (gx) - f(x)) ( fy) —9(@y)
i (fx ) ~9(v) dyfxﬁ() f@)

+ Z wi fi(x)

) dy) (by Equation (29))

i€[k]
(9(x) - f(x)) fy) —9@)
= ifily)  ——————|d
" T @ -9 dy fx(;:]wf Y ) y
+f(x) (Zie[k] wifi = f)
) - () i o
fx G dy | tw-gway+ s (Srcy wif: = f)
9x) ~ £() + () = 9(x). o

Let I :=={ie[k] : llfi —gill > r}. It remains to show that }};c; w; < p/r. Observe from the
definition of the g; that we also have X = { x : g;(x) < fi(x) } for each i € [k]. Thus, using
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Lemma B.3,

If =gl =2 [ (F0 =gt dx =2 3 wi [ (0 =gt dx = 3 willh=gilh.

ielk] ielk]

Thus, from the hypothesis of the lemma,

p2lf=glli = > willfi—gill = > willfi=gili > > wir,

i€k] iel iel

by definition of I. This gives 3 ;c; w; < p/r, as required.
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