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Abstract

In this paper we consider the problem of density estimation for mixtures of high-dimensional

4 2 LY . .
elliptical distributions. We prove that O W) samples are required for learning the
distribution of a mixture of £ many d-dimensional elliptical distributions to total variation

distance € with density functions drawn from a known set of size M.

1 Introduction

Learning mixtures of probability distributions is an important problem in unsupervised machine
learning. While there are known algorithms for learning mixtures of multivariate Gaussians in
polynomial time and sample complexity, less is known about the time and sample complexity for
learning the broader class of multivariate elliptical distributions, defined as follows.

Definition 1.1 (Elliptical distributions). A d-dimensional elliptical distribution with center p,
shape matrix ¥, and radial density function g : R — R has density function f: R? — R such that

@) = graistsialle w2 o - )

Examples of elliptical distributions include multivariate Gaussians, multivariate t distributions,
Cauchy distributions, and the multivariate logistic distribution. In particular, elliptical distributions
include heavy-tailed distributions, whose tails decay at a slower than exponential rate.

Definition 1.2 (Mixtures). A mixture of k distributions Dy, Da, ..., Dy can be expressed as D =
Zle w; D; where the mixing weights wy, ws, ..., wg sum to 1. To sample from D, we randomly
choose distribution D; with probability w;, and then choose a sample x ~ D;.

We will denote by k-mix(F") the set of all possible mixture distributions D = Zf:l w; D; where
D1, Do, ..., Dy, are contained in a class F'.

We will prove a sample complexity upper bound for density estimation for a mixture of high-
dimensional elliptical distributions. Given samples from a mixture D = Zle w; D; where D, are
elliptical distributions contained in a class F', our goal is to output a distribution that is close in
total variation distance to D. Additionally, if we are given samples from a distribution @ that is
close to D, our algorithm should output a distribution that is close in total variation distance to @
relative to k-mixtures of distributions in F'.

Let TV (f,g) denote the total variation distance between two distributions f and g. We formally
define agnostic PAC-learning of a distribution as follows.



Definition 1.3 (Agnostic PAC-learning). A C-agnostic PAC-learner for a class F with sample
complexity m% (g, d) is a function which takes as input m%(e,§) i.i.d. samples from an arbitrary
distribution g, and outputs a distribution g € F' such that

TV (a.q) < C - inf TV
(9,9) < pus (fig)+e

with probability at least 1 — 4.
Note that if ¢ € F', the realizable case, then infscr TV (f,g9) = TV(g,9) = 0 so the above

inequality becomes
TV(g.9) <e.

Note that our goal for this paper is only to prove a sample complexity bound for density
estimation of the entire mixture. This is an easier task than estimating the weights and density of
each component distribution separately. The benefit of this approach is that it does not require any
separation conditions between the centers of the distributions, or conditions on the minimal weight
or maximal variance for each component distribution. No sample complexity bound was previously
known for learning mixtures of elliptical distributions. Our main result is the following theorem.

Theorem 1.4. Let Fi(¢1,da,...0n) be the class of d-dimensional elliptical distributions with

characteristic function contained in the finite set {¢1, o, ... da}. Let fa(b1), fa(d2), ... faldar) be
the corresponding radial density functions. Let Ry and Ry be finite constants (that may depend on

d and the functions ¢;) such that for all 1 <i < M,
P{rNEd(Oyldy(bi)(Hx”g > Rld) < 0025, (1)

and  Pyoup,(0,1,6,) (2] < Rg) <0.05. (2)

If fa(¢;) are monotonic decreasing for all d and all 1 <i < M, then k-mix(Fy(¢1, d2,... o))
can be 12-agnostic PAC learned with sample complezity

5 <k(d2 log(R1/R2) +10gM)> .
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The sample complexity is, up to a polylogarithmic factor, the same as the sample complexity
for learning a mixture of Gaussians. Unfortunately, the time complexity for our algorithm is
exponential.

To prove our main theorem, we rely on the sample compression method developed by Ashtiani
et. al. in [2]. In particular, the authors showed that if any distribution in a class F' can be encoded
using a small number of samples and a short sequence of bits, then k-mix(F') can be learned in time
linear in k& and the number of samples and bits.

1.1 Related Work

There is a large body of work on learning mixtures of Gaussians. There has been some work in
clustering mixtures of heavy-tailed distributions, though no time or sample complexity bounds have
been proven for learning mixtures of elliptical distributions in general.

Learning mixtures of Gaussians. Spectral approaches for clustering mixtures of Gaussians [12, 1]
relied on principal components analysis, projecting samples onto a lower-dimensional subspace and
then clustering the samples using distance concentration. These methods require that the means



of the Gaussians are sufficiently well-separated. Parameter estimation methods seek to find the
mean, covariance and weight of each individual component in the mixture. For example, [3] proves
an algorithm for learning the mixture of two Gaussians using random projections to one dimension
and applying the method of moments to learn the mixture parameters, using polynomial time and
polynomial samples. Other algorithms for learning the component Gaussians include the k-means
algorithm [11, 3] and expectation maximization [13], but they are not guaranteed to converge at
a global optimum. Most relevant to our approach, [2] used robust sample compression to show
a sample complexity upper bound of O(k;d2 /€?) for learning mixtures of k distinct d-dimensional
Gaussians, as well as a matching lower bound (up to a polylogarithmic factor).

Learning mixtures of heavy-tailed distributions. [5] showed a sample complexity upper bound
of O(dk) for clustering mixtures of heavy-tailed symmetric distributions with independent coor-
dinates under separation conditions between the distribution centers. [1] gave a polynomial-time,
polynomial sample complexity algorithm for clustering mixtures of heavy-tailed product distribu-
tions. However, elliptical distributions do not have independent coordinates in general. In fact, the
only elliptical distributions that are also product distributions are Gaussians.

Another clustering approach uses list decodable mean estimation [7], which views samples from
a mixture as samples from a single distribution with a large fraction of the points contaminated. A
polynomial time algorithm outputs a list of the possible means for the contaminated distribution
and clusters the samples using the means. This approach requires bounded mean and covariance
for each mixture component.

There are also iterative reweighting algorithms (related to expectation maximization) that opti-
mize a non-convex potential to find mixture parameters [10]. Recently, [9] proposed using gradient
descent on Riemannian manifolds to optimize the parameter estimates. There have been empirical
demonstrations for these algorithms, but no sample complexity or convergence guarantees.

1.2 Organization

The rest of the paper is structured as follows. In section 2, we review the basics of elliptical
distributions and total variation distance. In section 3, we outline the method in [2] for using
sample compression schemes to prove sample complexity upper bounds for learning mixtures of
distributions. In section 4, we apply the sample compression method to prove our upper bound for
learning mixtures of elliptical distributions.

2 Preliminaries

In this section, we review the basics of elliptical distributions and total variation distance.

2.1 Elliptical distributions

Elliptical distributions are symmetric about their center . The mean of an elliptical distribution,
if it exists, is equal to . The covariance of an elliptical distribution, if it exists, is a scalar multiple
of the shape matrix ¥. However, some important classes of elliptical distributions (such as Cauchy
distributions) do not have a mean or covariance.

We denote by E4(p, 3, ¢) an elliptical distribution with center p, shape ¥, and characteristic
function ¢. By definition, ¢ is the Fourier transform of the probability density function of the
distribution. Thus, if the radial density function of Eq4(u, %, ¢) is f, then ¢(z) = e”T"w‘f (xTXx)



where 9 is the Fourier transform of f. We will use the following well-known properties of elliptical
distributions.

Lemma 2.1 (Affine transformations of elliptical distributions are elliptical). Let A be a k x d
matriz and let b be a k x 1 vector. If x ~ E4(u,%, ¢), then Az +b ~ Ep(Ap +b, ALAT, ¢).

Lemma 2.2 (Sums of elliptical vectors with the same shape matrix are elliptical). Suppose x1 ~
Eq(p1,%,¢1) and z2 ~ (p2,X,¢2). If £1 and xo are independent, then 1 + o2 ~ Eg(p +
B2, 3, ¢162).

2.2 Total variation distance

Definition 2.3. The total variation distance between two distributions with density functions
functions f: R? = R and g : R? = R is

Vi) = [ 1@ - s@lde = 517 gl

where ||f — glli = [ga |f(x) — g()|dx is the Ly distance between functions f and g.

Given samples from a mixture of elliptical distributions with density f, we wish to construct
a mixture of elliptical distributions with density f such that f and f are close in total variation
distance. Density estimation for a mixture of distributions under total variation distance does
not require structural assumptions on the minimal mixture weight, minimal separation between
distribution centers, or maximal variance of a distribution in any direction. By contrast, under
other models such as parameter estimation, density estimation under KL divergence, or density
estimation under L, distances (for p > 1), even learning a mixture of Gaussian distributions would
require additional assumptions on the mixture weights and separation between the Gaussian means
2.

There are known upper and lower bounds for the total variation distance between two multi-
variate Gaussians in terms of their covariance matrices and the difference between their means [6].
However, we are not aware of such bounds for elliptical distributions in general.

3 Sample compression schemes for learning mixtures of dis-
tributions

In this section we describe the sample compression schemes developed by Ashtiani et. al. in [2]. A
sample compression scheme for a class of distributions F' on domain Z consists of an encoder and
a decoder.

e The encoder wishes to encode a distribution f € F. Given a set of m samples from f, the
encoder chooses a representative subset of 7 samples (in Z7) and a sequence of ¢ bits (in
{0,1}") to send to the decoder.

e The decoder receives the 7 samples and ¢ bits and outputs a distribution f € F such that
TV (f, f) is small. Thus, the decoder is formally defined as a family of deterministic functions
of the form Jp : U, _,Z™ x UL _;{0,1}" — F where 7 and ¢ can range from 0 to oc.



The goal of the encoder is to represent the distribution in as few samples and bits as possible while
still ensuring that the decoder can output a good approximation for the distribution with high
probability.

Under non-robust compression, the encoder receives samples from f € F' and sends a sequence
of bits and a “representative” subset of the samples. The decoder outputs a distribution that is
close to f with high probability.

Definition 3.1 (Non-robust compression schemes). We say that a class F admits (7(¢), t(g), m(g))

non-robust compression if there exists a decoder Jg such that the following holds for any f € F:
If a sample S is drawn from f™) then with probability at least 2/3, there exists a subset

L C S of at most 7(¢) samples and a sequence B of at most ¢(¢) bits such that ||Jz(L, B)— f[1 <e.

Under r-robust compression, the encoder receives samples not from f € F but from another
distribution ¢ that is within r total variation distance of f. Now, the encoder must represent f
using a subset of the samples from ¢ and a sequence of bits, such that the decoder can output a
distribution that is close to f with high probability.

Definition 3.2 (Robust compression schemes). We say that a class F admits (7(¢),t(g), m(e))
r-robust compression if there exists a decoder Jp such that the following holds for any f € F:

Suppose ||g — f|l1 < r. If a sample S is drawn from ¢™(®), then with probability at least 2/3,
there exists a subset L C S of at most 7(¢) samples and a sequence B of at most ¢(¢) bits such that
IJr(L, B) = flls <e.

[2] showed that if there exists a non-robust sample compression scheme for F, then F is learnable
in the realizable setting. If there exists a robust sample compression scheme for F', then F' is
learnable in the agnostic setting.

Lemma 3.3 (Theorem 4.5 in [2]). If class F' admits (7(€),t(), m(e)) r-robust compression, then
F can be max{3,2/r}-learned in the agnostic setting with sample complexity

(e + /0 logm(e/0))

2

0] (m(fs/6) +
If F admits (7(€),t(e), m(g)) non-robust compression, then F can be learned in the realizable setting
with the same sample complexity.

Suppose there exists a non-robust sample compression scheme (7,t,m) for F. Then there exists
a non-robust sample compression scheme for k-mix(F).

Lemma 3.4 (Lemma 4.8 in [2]). If class F admits (7(¢),t(g), m(e)) non-robust compression, then
k-mix(F) admits (k- 7(e/3),k - t(e/3) + klog(3k/e), %g(%) -m(e/3)) non-robust compression.

Combining Lemmas 3.3 and 3.4, we conclude that there exists an algorithm for learning any
finite mixture of distributions from F' in the realizable setting, with sample complexity log-linear in
T, t, and m.

Lemma 3.5. If class F' admits (7(€),t(e), m(€)) non-robust compression, then k-mix(F) admits
learning in the realizable setting with sample complexity

o (km(e/lS) n k(T(e/18) +t(e/18)) log m(e/lS)) .

€ g2



Similarly, finding a robust sample compression scheme (7,t,m) for a class F' of distributions
guarantees an algorithm for learning any finite mixture of distributions from F' in the agnostic set-
ting, with sample complexity log-linear in 7, ¢, and m. We will use the following sample complexity
bound in our proofs for agnostic learning of mixtures of elliptical distributions.

Lemma 3.6 (Lemma 4.9 in [2]). If class F' admits (7(€),t(c), m(g)) r-robust compression, then
k-mix(F) admits (1 + 2/r)-agnostic learning with sample complezity

5 <km(e/10) n k(7(e/10) + t(e/10)) log m(e/10)> .

€ g2

However, the time complexity of the algorithm in [2] for learning mixtures using sample com-
pression schemes is exponential. The algorithm exhaustively tries every possible way of splitting the
set m of samples into k£ subsets. The algorithm also exhaustively guesses the weights wy, ws, ..., wg
by constructing a fine mesh over [0,1]*. Then, since there are finitely many sets of samples L
and sequences of bits B in UL_,Z™ x UL _,{0,1}", the algorithm can calculate all of the possible
candidate distributions Jr(L;, B;) for each subset . It is then shown that one may use this list of
candidate distributions to output a mixture of k& candidate distributions Jg(L;, B;) with weights
w; that is close in total variation distance to the actual mixture distribution, with high probability.

4 Upper bound for learning mixture of elliptical distribu-
tions

In this section, we prove a sample complexity upper bound of O(kd?/€?) for learning mixtures of k
elliptical distributions of dimension d. An outline of the proof is as follows.

First, we give an algorithm for encoding a single elliptical distribution f 2 Eq(p, X2, 0). We
initially assume that ¢ is known and fixed. We show that we can encode approximations for g and

by using O(d) samples and O <d2 log (g—;g)) bits. Next, we show that if g and i are close and X

and ¥ are close, then Eq(p, X, ¢) and E4(fa, 3, @) are close in total variation distance.

The above results allow us to prove that if ¢ is drawn from a known finite set of candidate
characteristic functions, then our sample compression scheme correctly encodes a single elliptical
distribution. Finally, we apply Lemma 3.6 to prove our sample complexity bound for learning
mixtures of elliptical distributions.

Throughout the proof, we will use the following notation for balls in RY.

Definition 4.1 (Balls in RY). Let By(r) denote the ball of radius r centered at the origin in RY.
Let By(r, 1) denote the ball of radius r centered at p.

4.1 Encoding a single elliptical distribution

Our goal in this section is to encode g and ¥ for an elliptical distribution with known characteristic
function ¢. Suppose we are given m samples. An overview of the encoding algorithm is as follows.

Let ¥ = Zle w;w;”, which is always possible because it is a positive-semidefinite matrix. First,
we encode w;. In Lemma 4.2, we show that with high probability, the 1/20 radius ball centered at
the origin is contained in the convex hull of samples. In Lemma 4.3, we show that this allows us



to express each vector w; as a linear combination of samples where each coefficient is in [—20, 20].
We construct a net for [—20,20]™ and encode the point in the net closest to the coefficient vector.

Next, we encode . With high probability, some sample is close to the actual center . We
create a discrete net around the sample using the estimated w; vectors and encode the element of
the net closest to the mean. The next two lemmas are based on Lemmas 5.6 and 5.7 from [2]. Let
conv(T") denote the convex hull of the set T'.

Lemma 4.2. Suppose q1,...,qm are i.i.d. samples from a d-dimensional distribution Q) such that
TV(Q, E4(0,14,¢%)) < 2/3 where ¢ is as in Theorem 1.4. Let T = {+¢q; : ||gi|l2 < V/R1d}. There
exists an absolute constant C' such that if m > Cd, then
P[B4(2R3) C conv(T)] > 5/6.
Proof. For each y € S9!, let
Hy = {z €R": [|z[l2 < V/Rud, |[(z.y)| > 2R>}
Let U = {q1,92,...,@m }- It is necessary and sufficient to show that with probability at least 5/6,

UNHy, #0 vye S+t

Let H={Hy:y € Sd_l}. By the Vapnik-Chervonenkis inequality, for some constant c,

(3)

m

b [ o -

U N H| H _ . [VC-dim(#)
HeH m o .

Note that VC-dim(#) is at most the VC dimension of {x € R? : |(z,y)| > 2Ry}. The family of
pairwise unions of half-spaces has VC dimension at most 4(d + 1) log, 6. So VC-dim(H) = O(d).

Let g ~ E4(0,1,, ). By Lemma 2.2, we have g ~ &1 + T3 where &1, 22 are i.i.d. samples from
E4(0, 14, ¢). By triangle inequality, ||£1 + z2||2 < ||z1]|2 + ||#2]|2. By union bound, we have

P(llgll2 > 2/ Rid) < P([|z1]|2 + ||[z2]l2 > 2+/ R1d)

< P(|l21]l2 > v/ Rid) + P(||z2ll2 > v/ R1d)
< 0.05

where the last inequality follows from Equation 1. By Lemma 2.1, for any y € S, (g,y) ~
E1(0,1,¢2), so that (g,y) ~ x1 + x5 where z1 and x5 are i.i.d. samples from Fy(0,1,¢). By the
triangle inequality and union bound,

P[[(g,9)| < 2Rq] = P[|z1 + 22| < 2Ry
P HLU1| + ‘%2‘ < 2R2]
P

[|lz1] < Ra] + P [|lz2| < Ra]

INIA

IN

S
10°

where the last inequality follows from Equation 2 in Theorem 1.4.



By union bound, for any y € S4~! we have

Plge Hy) > 1-Plglh > VEid| - Pllig.y)| < 2R,]

1
>1-0.05—-—
- 10

= 0.85.

Because TV (Q, E4(0, 14, ¢%)) < 2/3 we have Q(H) > 0.85 —2/3 > 0.18 = Q(1) for any H € H.
Let p = infyey Q(H). Let sample size m = 144¢? - VC-dim(H)/p?. Note that m = O(d), since we
have shown above that p = Q(1) and VC-dim(H) = O(d). Then Equation 3 becomes

b [ o -

|UmHH
HeH

m

<p/12.
By Markov’s inequality, this implies that with probability at least 5/6,

Q(H)

—E%¥ﬂ§pﬂ VH € H.

Then, since Q(H) > p for all H € H,

UNH
% > Q(H) —p/2=>p/2>0.
This proves |[U N H| # 0 for all H € H as desired. O

Suppose X is full-rank and X = 2?21 w;w; 7. As in [2], the case where ¥ has rank p < d can be
reduced to the full-rank case since a significant fraction of the samples will lie in an affine subspace
S of dimension p with high probability. We can encode S using the samples that lie in it.

Lemma 4.3. Let x1,%2,...,Zom, be i.i.d. samples from a fized d-dimensional distribution @ satisfy-
ing TV(Q, Eq(p, X, ¢)) < 1/3. There exists an absolute constant C such that if m > Cd, then with
probability at least 2/3, one can encode vectors wy, ..., W, o € R satisfying

— ~ € .
5712 (a5 —wj) 2 < Gd™* Vi and

—1/2n €
15720 - w2 < 5
using O(d?log(Rd/¢€)) bits and the 2m samples.

Proof. Let z; = X~ Y2(x; — p) for 1 < i < 2m. By Lemma 2.1, the distribution of z; has TV
distance at most 1/3 from E4(0, 14, ¢). Let ¢; = z9; — 2z2;—1 for 1 < i < m. Then the distribution
of g; has TV distance at most 2/3 from E4(0, I, ¢?).

Let T = {+q; : ||gil|]2 < VR1d} and & denote the event By (2R3) C conv(T). By Lemma 4.2,
P(&) > 5/6. We assume & occurs for the rest of the proof. The rest of the proof is similar to the
proof of Lemma 5.7 in [2], up to a constant factor (since we use v/Rd instead of 4v/d). We outline
the proof below for completeness.



Encoding ,, s, ..., wg: Let C > ﬁ. For each 1 < j < d, note that 2_1/2wj/0 has norm
1/C and is thus contained in By (2R2) C conv(T'). Then

Z ‘9] i

for some vector 8; € [—1,1]™. We discretize 8; using a

1/2

s-net for [—1,1]™. Since m = O(d),

611 émd
any element of the net can be encoded in O (d log (@)) = (d log ( )) bits. The encoder

chooses the element éj in the net that is closest to the true 6;.
Let I = {i:¢q; € T}. The decoder can calculate the estimated vectors as

'1ij = CZéj(ftgi — 22,;_1).

el
Then

=712 (@ —wj)ll2 = CIIY (B0 — 6;.0)aill2

iel
€
< ——(v/Rid
< Omgrama V)
€
< d—5/2
~ 6V R
S Ed_5/2

6

where the last inequality is due to Ry > 1.
Encoding ji: Recall from the beginning of the proof that z; has TV distance at most 1/3 from
E4(0,14,¢). By Equation 1,

P(|lzill2 > v/ Rid) <0.05+1/3 < +/1/6.

. 2 :
Then P (min{||21 2, [|22]2} < VRid) = 1—P (||zil|2 = vVRid)~ > 5/6. Assume the event min{||z1 ||z, [|z2]]2} <
v Ri1d occurs for the rest of the proof.
Assume without loss of generality that ||21]2 < v/R1d. Then z; = Zd LA T Twoy; for some vector

A= (A1,...;Aq) € Ba(v/R1d). We have

d
p=x — 21/221 =z — Z)\jwj.
j=1

We discretize A using a 5;-net for B4(v/R1d). An element of this net can be encoded in O(dlog(d/e)).
Choose the element, A closest to A. The decoder calculates

S



Then

d
=720 — w2 < D14 (57 Pws = S 2g) + (4 = A5 g

j=1
€ €

< d(v/Ryd - a2+ — 1

S AV - s t3g D

< £

=2

4.2 Bounding total variation distance under parameter estimates

Next we show that our estimates of p and ¥ are accurate enough to guarantee that the encoded
distribution is close in total variation distance to the original distribution. Our main result for this
section is the following.

Lemma 4.4. Let ¥ =Y, wyw;" and = > wiw; L Suppose that

€

—1/2/. A
15720085 —w5)ll2 < o5 < 5

Vi<j<d and (4)

2
—1/2¢5 < €
== 8 = pllz < 7675 (5)

Then R
TV(Ed(ﬂa X, ¢)7 Ed(/"» %, ¢)) Se

We express the Ly distance between two probability density functions as the integral over s of
the volume of the symmetric difference between the shadows of the “caps” of the the two density
function above height s. The next lemma is easily proved using Fubini’s theorem.

Lemma 4.5. Let h,g be two nonnegative functions. Then

Ilh—gll1 = /000 vol (}fl([s, oo)) A g7([s,00)))ds,

where AAB denotes the symmetric difference between two sets A, B.

To find the total variation distance between Eg(f, 3, ¢) and Eq(p, X, ¢), we split into two cases.
First, we find the total variation distance between two elliptical distributions with the same shape
matrix but different centers. Then, we find the total variation distance between two elliptical
distributions with the same center but different shape matrices. We can then use the triangle
inequality to bound the total variation distance between two elliptical distributions with different
centers and different shape matrices.

We first find the total variation distance between two spherical distributions with the same
shape matrix I; but different centers. We use the following inequality.

Equation 4.6. Suppose § < 55. Then (1 + Hi-1<e

10



Lemma 4.7 (Same shape matrix case). Let f : R>g — R>o be a monotone decreasing function,
and let g denote the corresponding radial function on RY. Let h(z) = g(x — §) for § € RY. Ifd =1,
let e < %0). Ifd > 1, let € be small enough that e4=1 < m. Finally assume ||d]|2 < % Then
we have

1h—glly <e.

Proof. First consider the case d = 1. We have
Ih— glly = / vol (11 ([5,00)) A g~ ([5, 00)))ds
0
- / vol ([=£71(s), £ ()] A [=11(s) + 6, f~1(s) + 0]) ds

1(0)
< / 2dds
0

2
- f(0)

IN

2.

IA
?—“rh
D

€.

Now suppose d > 1. We break the integral over [0, c0) into the intervals [0, f(g)] and (f(g), 00).
We have

1h—gllx = /ODO vol (b~ ([s,00)) A g7 ([s,00)))ds

- /O°° vol (Bg (f7'(s)) ABa(f~'(s),8)) ds

fe) f(0)
= A vol (Bq (f7'(s)) ABq (f7'(s),8)) ds + /f( : vol (Bq (f7'(s)) ABy4 (f7"(s),6)) ds
fe)
- /0 [vol (Bu (f(5)) ABq (f71(5),8)) + vol (Ba (f~"(s)) ABq (f~*(s), —8))] ds

f(0)
+/ vol (Ba (£1(s)) ABq (f(s).6)) ds
f

£(0)

f(e)
g/ vol (Ba (£~ (s)) ABq (f*1(5)+||6||2))ds+/ vol (Ba(f~"(s))ABu (f~(s),6)) ds.
0 f(e)

To see that the last inequality holds, note that By (f~*(s)), Ba (f~'(s),8), and By (f~*(s), —0) are
all contained in By (f_l(s) + H5||2) This implies that half of By (f_l(s)) ABy (f_l(s),J) is con-
tained in By (f_l(s) + H5||2) but not in By (f_l(s)). Similarly, half of By (f_l(s)) ABy (f_l(s), —6)
is contained in Bq (f7'(s) + ||6|2) but not in By (f~'(s)).

If s € [0, f(¢)], then s < f(e) < f(55)- Since f is monotone decreasing, this implies f~'(s) > 5.
Then f"(s) +[[8]l2 < /74(5) + 16w < (14 5) 7 (5):

If s € (f(e), f(0)), then f~!(s) < e. Then the volume of the symmetric difference of two
d-dimensional balls with radius f~1(s) is less than twice the volume of By(e).

11



Thus

5@ B e 5(0)

=gl < [ ol (Ba (£7) B+ 1)1 w»)ds+l£@)zvm<346»ds
<1+ fd)d - 1]/O vol (Bq (f1(s))) ds + 2 £(0) - vol (Ba(1))
<s+s
<e

O

Next we find the total variation distance between two elliptical distributions with the same
center but different shape matrices. We use the following inequality in our proof.

Equation 4.8. Suppose A < 5. Let 1 +0 = ﬁ Then (14 §)%? — (1 —0)¥? <e.

Lemma 4.9 (Same center case). Let f : RT — [0,1] be a monotone decreasing function, and let

g denote the corresponding radial function on R?. Let h(zTz) = ‘El%/zg(xTZ_lx). Suppose the
eigenvalues of X7 are in [1 — X\, 1+ ). If A < 5, then |[h—g|1 < e

Proof. Let go(z) = g(aTS7z) = [S|V/2h(zTz). Let 146 = 5.
Using Inequality 4.8,

Ih=gals = [ |ple"a) - 15" h(o"0)| do
::‘1—7|EP/2L/1leTm)¢z
R
- ‘1— |2|1/2‘
1 \%2
()
(140)%% -1
(140)Y% — (1 —5)Y/?

IN

IN

€
2

12



where we used [o, h(zTz)dr = 1. We also have

oo
g2 — gll1 =/ vo
0

<

92 ' ([s,00)) A g7*([s,00)))ds

Y

(B (202 @) aBa (2 0)) ) ds
1(B

1

voO
VO

IN

— 5—

0
s d ((]. +5)1/2f—1(8)) ABd((l _ 5)1/2f_1(8))) ds

0

vol (Ba(1)) £~ ()4[(1 + 8)%/2 — (1 — 6)%/2)ds

o0

IN

I
| M N ™ C\

vol (B4(1)) f~1(s)%ds

S~

where the last line is true because [z, g(z72)de = [~ vol (By(1)) f~'(s)%ds = 1. By triangle
inequality, [|h — gll1 < [ — galls + o2 — glls < 5 + 5 = . O

Finally, we can prove Lemma 4.4. We use the following lemma from [2] in our proof.

Lemma 4.10 (Lemmas 5.8 and 5.9 in [2]). Suppose |2~ (w; —w;)|2 < p. Then |£~1/288-1/2 -
IdHOP < 3dp.

Proof ofLemma 44. Let o/ = 27Y2(jp — p) and ¥/ = /25812, By Equation 5, we have
|u']|2 < 1552- Thus, Lemma 4.7 implies that
TV (Eq(0,1a,0), Ea(W', 1a, $)) < €/2.

By Equation 4 and Lemma 4.10, we have ||[%' — Iy, < 3d- 55 = 55 < 3. Then the eigenvalues

AL, A2, ., Ag of ¥ fallin [1 — 5,14 5]. By Lemma 4.9, we have
TV(Ed<p‘/7 Id7 ¢)7 Ed(ll'/v ZI? ¢)) = TV(Ed<07 Ida ¢)7 Ed(07 El7 ¢)) < 6/2
By triangle inequality,

TV(Eq(@5, %, 8), Ea(p, S, 8)) = TV (Ea(0, 14, ¢), Ea(p', ¥, 9))
<TV(Eq0,14,9), Ea(p', 14, ¢)) + TV (Eq(W', 1, ¢), Ea(p', X', ¢))
<e€/2+¢€/2

=E.

4.3 Robust compression of a single elliptical distribution

Lemma 4.11. Suppose the characteristic functions ¢1, @2, ...opn satisfy the conditions of 1.4.
Then Fy(é1, ¢z, ... dar) admits a (O(d) 0 (d2 log (glig) + log M) 7O(d)) 2/3-robust compression

scheme.
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Proof. Let f € F. We can write f = Eq(u, >, ¢;) where 1 < i < M. Let g be a distribution such
that [|g — f|l1 <2/3. Then TV (g, f) = 3llg — fll1 <1/3 so we can apply Lemma 4.3.

Let 6 = %. By Lemma 4.3, if the characteristic function ¢; is fixed, one can use O (d2 log (%‘;)) =

0] (d2 log (P”ds)) bits and O(d) samples from g to encode vectors 4y, ..., W4, ft € R? satisfying

R262
1) €2
—1/2/ A o .
15712 (1 — wj)|2 < 62~ 1R Vj and
) €2
~1/205 <9 _
=50 =l < 5 = 15m

with probability at least 2/3. Thus by Lemma 4.4, we have
TV(Ed(ﬂ’v i)a ¢1)7 f) = TV(Ed(I:l’v i:a ¢Z)7 Ed(ll‘a 27 ¢Z)) <e

The desired result follows from the fact that we can use an additional log M bits to encode the
identity of the characteristic function ¢;. O

4.4 Agnostically learning a mixture of elliptical distributions
We prove our main theorem.

Proof of Theorem 1.4. Lemma 4.11 gives us 7(¢) = O(d), t(¢) = O(d? log(Rd?/€%)+log M), m(e) =
O(d), and r = 2/3 for r-robust sample compression of the class Fy(¢1, P2, ... o). Plugging these
values into Lemma 3.6, we have that k-mix(Fy(¢1,d2,...,¢n)) admits 3(1 + 2/r) = 6-agnostic

learning with sample complexity O (k(dg log(f E/ Rp)+log M) ) O

5 Conclusion

We have shown a sample complexity upper bound of O(k(d? +log M) /€?) for density estimation of
k-mixtures of d-dimensional elliptical distributions with radial density functions contained in a finite
set of size M. Unlike previously known algorithms for clustering heavy-tailed distributions, we do
not require independent coordinates, bounded covariance, conditions on the minimal distribution
weight, or separation conditions between distribution centers.

Possible future research directions include the following.

Learning mixture components and weights. We know how to output a mixture of elliptical dis-
tributions that is close in total variation distance to the actual mixture we hope to learn. However,
it would be a more challenging task to learn the mixture weights and the centers and shape matri-
ces of the k component distributions in the mixture. One approach could be to use list-decodable
mean estimation to cluster the sample points with o(1) error, and then use robust estimators to
approximate the center and shape matrix for each cluster.

Sample complexity lower bounds for density estimation. [2] proves a matching sample complex-
ity lower bound (up to a poly-logarithmic factor) of Q(kd?/e?) for learning mixtures of Gaussians.
Their proof constructs 29(d*) g dimensional Gaussians that are pairwise close in KL divergence
but pairwise far in total variation distance, and then applies Fano’s inequality. We would like to
know whether there is a matching sample complexity lower bound for learning mixtures of elliptical

14



distributions. However, it is more challenging to bound the KL divergence and total variation for
pairs of elliptical distributions, since there are no closed-form formulas for these distance metrics
in general.

Polynomial time algorithms. Our polynomial sample complexity upper bound corresponds to

an exponential-time algorithm for density estimation of mixtures. Polynomial-time algorithms are
known for learning mixtures of Gaussians, but none are currently known for learning mixtures of
elliptical distributions.
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