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Abstract

Recent results established that EM enjoys global convergence for Gaussian Mixture Models.
For Mixed Linear Regression, however, only local convergence results have been established, and
those only for the high signal-to-noise ratio (SNR) regime. In this work, we completely characterize
the global optimality of EM: we show that starting from any randomly initialized point, the EM
algorithm converges to the true parameter 8* at the minimax statistical rates under all SNR regimes.
Toward this goal, we first show the global convergence of the EM algorithm at the population level.
Then we provide a complete characterization of statistical and computational behaviors of EM
under all SNR regimes with finite samples. In particular: (i) When the SNR is sufficiently large,
the EM updates converge to the true parameter 3" at the standard parametric convergence rate
O((d/n)'?) after O(log(n/d)) iterations. (ii) In the regime where the SNR is above O((d/n)'/*)
and below some constant, the EM iterates converge to a O(SNR™!(d/n)'/?) neighborhood of the
true parameter, when the number of iterations is of the order O(SNR ™2 log(n/d)). (iii) In the low
SNR regime where the SNR is below O((d/n)'/*), we show that EM converges to a O((d/n)'/*)
neighborhood of the true parameters, after O((n/d)'/?) iterations. By providing tight convergence
guarantees of the EM algorithm in middle-to-low SNR regimes, we reveal that in low SNR, EM
changes rate, matching the n~'/* rate of the MLE, a behavior that previous work had been unable
to show.

Key words: The EM Algorithm, Latent Variable Model, Mixture of Linear Regression, Global Convergence,
Sample Complexity, Minimax Rates

1 Introduction

The expectation-maximization (EM) algorithm is a general-purpose technique for estimating the model parame-
ters in problems with unobserved latent variables [12, 34]. In particular, EM computes successively tighter upper
bounds of the negative log-likelihood function in the hope of finding a good minimizer. In general, optimizing
the likelihood in the presence of missing data is an intractable problem due to the non-convexity of the negative
log-likelihood function. Nevertheless, EM is still widely used in practice due to its simplicity and good empirical
performance [16, 25, 7, 23, 3]. Relatively little is understood about the theoretical properties of EM.

Recent work has made progress in deriving theoretical guarantees for EM for several statistical problems. It
has been demonstrated that when the Signal-to-Noise Ratio (SNR) is high and certain regularity assumptions
hold, EM converges locally if initialized near the global optimum; see, e.g., the work in [39, 1, 17, 40, 41]
and the references therein. For the special case of Gaussian Mixture Models (GMM) with two components,
Xu et al. [36] and Daskalakis et al. [10] have shown that a two-phase version of EM converges from random
initialization. As far as we know, no comparable global convergence result is known for the related problem of
Mixed Linear Regression (MLR), despite the empirical success of EM in this setting [11, 15].

*Preliminary results from this work were presented in 2019 Conference on Learning Theory (COLT) [20] and 2021
Internal Conference on Artifical Intelligence and Statistics (AISTATS) [21]



The lack of global convergence guarantees for EM under MLR is not simply an oversight. Rather, as we
show later, the structures of MLR differ significantly from GMM, even on the population (infinite sample)
level; consequently, EM exhibits very different behaviors under these two models. Existing techniques used to
analyze EM under GMM—often based on showing contraction in ¢, distance—are fundamentally insufficient
for establishing global convergence of EM under MLR. Furthermore, most prior work has studied instances
with strong separation (high SNR) and established linear convergence of the EM algorithm with the standard
parametric statistical rate n~ Y2 In contrast, the understanding of the EM algorithm in the weak separation
(low SNR) settings, especially mixed linear regression, remains incomplete.

1.1 Basic Setup and the EM Algorithm

Mixed linear regression (MLR) models the regression setting where different subsets of the response variables
are generated by different regressors. In the case of two components, which we consider here, each data point
(xi,y:) € R x R is generated by a mixture of two linear models with unknown regressors £3* € R%:

Yi :Ci<:8*7mi>+ei7 1= 15"'5”7 (1)

where e; is the noise term, and ¢; € {£1} is the hidden/latent variable denoting whether the i-th data point
(zi,y:) is generated by +8* or —3". Finding the true parameter 3* is known to be NP-hard in general even
without noise [40]. Accordingly, a common assumption in the literature stipulates that the covariates and
noise terms, x; and e;, are sampled independently from Gaussian distributions; that is, x; ~ A(0,I) and
ei ~ N(0,0?), where the noise variance ¢ is known. We assume, moreover, that the hidden variables {c;} take
values +1 with equal probability and are independent of each other and of everything else. We define SNR as
n:=||8%]|/o. We assume that n is bounded from above by some (large enough) constant p = O(1).

EM is an iterative algorithm for optimizing the likelihood function of a latent variable model. At each
iteration, EM performs two steps: the E-step that computes the expectation of the log-likelihood conditioned
on the current estimate of 3*, and the M-step that optimizes this conditional expectation. For MLR, when
we plug in the likelihood of the assumed Gaussian distribution and replace the expectation with an empirical
average over observed data {x;,y;}, the M-step becomes the weighted least squared loss minimization problem.
In this case, the finite-sample-based EM update, given the current estimator 3, has the following closed form

expression:
~ 1< -1/1 < ,
(finite-sample EM) B = (ﬁ Z wzw:) (ﬁ Z tanh ((ﬂ;;m) yi)yiwi) ; (2)
i=1 i=1

for a derivation see Balarishnan et al. [1] or Klusowski et al. [17].
The infinite-sample limit of the finite-sample EM, which we call the population EM, has the following
expression:

. X,
(population EM) B =Ex~no,n |:EY|XNN(<X,ﬁ*>,02) [tanh (< 02ﬂ> Y) Y} X} . (3)

The above expression follows from taking the limit n — oo in the EM update formula (2) and simplifying the
result using the symmetry of the distribution of Y given X.

1.2 Main Contributions

In this work, we show that EM for MLR with two components converges globally from random initialization.
We first establish this result in the infinite sample limit, i.e., for the population version of EM. Along the way,
we provide a complete characterization of the landscape of the population likelihood function, by classifying its
local maxima, local minima and saddle points. This geometric result implies non-contraction in 2 distance of
the EM iterates—in sharp constrast to previous result to GMM—which therefore necessitates a new convergence
analysis based on the angle.

We then provide a finite sample analysis, starting by coupling the finite-sample version of EM with the
population EM. While the ideas remain the same for the middle-to-high SNR regimes, as we see below,
finite-sample EM shows a very different behavior from population EM in the low SNR regime. We reveal this
transition in statistical and computational behaviors from middle to low SNR regimes that previous analysis had
missed. Collecting the results, we provide a complete picture of the EM algorithm under all SNR regimes: we
show that EM converges to the true parameter starting from any randomly initialized point at known minimax
rates [§] in all SNR regimes. We describe our contributions in more details as follows.



1. Population Analysis for Global Convergence: Previous work on analyzing the EM algorithm for
MLR relies on demonstrating that the £2 distance between the current iterate and the true solution 3%,
contracts at every iteration provided that the initial distance is already small. Such a contraction, however,
cannot hold globally, as the EM update initialized randomly may in fact result in a larger distance from
B*. This phenomenon was pointed out in [17]. Nevertheless, we prove the global convergence from careful
observations on the population landscape as described below:

1.1 Population Landscape: We provide a geometric explanation in this paper by showing the existence
of saddle points of the log-likelihood function in the direction orthogonal to 3*. These saddle points
prevent a global convergence in £ distance of EM (which is equivalent to gradient ascent). On the
other hand, we show that +3" are the only local maxima, hence suggesting that global convergence
can be proved by other means.

1.2 Global Convergence via Decreasing Angle: Instead of proving a global convergence via the
£ distance, we show that the angle between the iterate and 3 is always decreasing (unless we start
from an exactly orthogonal vector—a measure zero event). Consequently, EM quickly enters a local
region where the current iterate is well aligned with the direction of 8*. In this local region, we
show that a contraction in distance indeed holds. We use this argument to demonstrate that EM
converges to 3* from any randomly initialized point with high probability.

2. Finite-Sample Analysis and Minimax Rates: Using our population results, we provide the finite-
sample analysis for the EM algorithm. However, unlike in the population case, we show that finite-sample
EM shows very different behaviors in different SNR regimes as described below:

2.1 High-to-middle SNR regimes: when 1 > (d/n)'/* (up to some logarithmic factor), we show
that finite-sample EM converges to 8* within a neighborhood of O(max{1,n~'}(d/n)'/?) after
O(max{1,7"%}log(n/d)) number of iterations.

2.2 Low SNR regime: when 1 < (d/n)/* (up to some logarithmic factor), the EM algorithm
converge to 3* within a neighborhood of O((d/n)'/*) when the number of iterations is of the order

of O((n/d)"/?).

For the finite-sample analysis, we focus primarily on two aspects of the EM algorithm: (i) statistical
rate, and (ii) computational complexity. In the high SNR regime, we have linear convergence to true
parameters within y/d/n rate as noted previously in the literature. In contrast, in the low SNR regime
when 7 < (d/n)'/*, the statistical rate is (d/n)'/*. We explain this transition in statistical rate with a
convergence property of the population EM in the middle-to-low SNR regimes. The upper bound on the
statistical error given by EM matches the known lower bound for this problem in all SNR regimes [8].
For the computational complexity, the number of iterations increases quadratically in the inverse of SNR
until SNR reaches (d/n)*/*. One can also observe that the number of iterations is naturally interpolated
at SNR = (d/n)"/* from n~2log(n/d) to y/n/d. This transition in computational complexity could also
be of independent interest for other mixture models with small separations. We note that our results do
not require sample-splitting (a technique using fresh samples every iteration) which is crucial for getting
the sample optimality results in middle-to-low SNR regimes.

In summary, we obtain the following overall guarantee for the finite-sample EM with n samples:

Theorem 1. Let ﬁo be a random initial vector in R? such that the direction of ,50 is randomly sampled from
the uniform distribution on the unit sphere. The norm of initial vector can be any non-zero constant such
that ||Bo|| > co(dlog?(n/8)/n)"/* and n > Cd? for some universal constants ¢,C > 0. There exist universal
constants C1,...,Cs > 0 such that the following holds.

(a) (Middle-to-high SNR regimes) When 1 > Cy(dlog?(n/8)/n)'/*, with probability at least 1 — &, we have

1B — Bl < Caomax{1,n " }(dlog®(n/8)/n)'/,

after we run the standard EM algorithm (2) for T = C3 max{1,n"%}log(n/d) iterations.
(b) (Low SNR regime) When n < C1(dlog?(n/8)/n)**, with probability at least 1 — 8§, we have

1Br = B"|| < Cao(dlog®(n/8)/n)"/*,

after we run either Easy-EM or standard EM for T = Cslog(log(n/d))\/n/(dlog?(n/d)) iterations.



1.3 Key Challenges and Comparison to Existing Approaches for GMM

As mentioned earlier, several recent works have consider the related problem of 2-component GMM and
established global convergence of the EM algorithm [36, 10, 13]. Here we highlight the key challenges in our
MLR setting as well as the differences between our analysis and those for GMM in prior works, deferring a
more detailed discussion to subsequent sections. Additional discussion on related work is provided at the end of
this subsection.

Population Analysis. A key difference between MLR and GMM is the presence of the covariates X in
the regression setting. Therefore, each observation (X,y) in MLR only provides information along the X
direction for the relative position of the current iterate 3 and the true 8*. This difference has far-reaching
consequences: the geometry of the negative log-likelihood function of MLR and the dynamics of the EM
algorithm are significantly different from those in the GMM setting.

In particular, unlike GMM, in MLR there is a non-trivial region where the EM iterate does not contract in
Euclidean distance to the true parameter. This difference is illustrated in Figure 1: note that for MLR the
distance ||3 — B%||2 first increases than decreases. Consequently, the approaches in [10, 17], which are based on
distance contraction in GMM, do not work in our setting. For MLR, we need consider alternative measures (or
potential functions) under which the EM iteration converges quickly. Specifically, we establish angle contraction
results in Section 3, and our analysis is divided into 3 phases:

e Phase 1: We start with random initialization, and thus, we start with a small cosine value between the
EM iterate 3 and the true 3. We show that the cosine value increases at a (constant) linear rate and
thus EM escapes the small-angle region in O(logd) steps.

e Phase 2: Once the cosine value reaches O(1), the sine value becomes a more appropriate potential
function, which decays at a (constant) linear rate to 0. Note that the increase rate in the cosine value
slows down when it is close to 1.

e Phase 3: Eventually we want to show that iterate 3 linearly converges to 3" in /2-distance, which happens
after sufficient angle alignment.

Xu et al. [36] have used similar angle alignment arguments to show convergence of the EM algorithm for GMM.
However, they only used the sine value as their potential function, restricting the analysis to the asymptotic
regime (in their analysis, the convergence rates have not been explicitly specified). With random initialization,
the sine values converges slowly during the first phase. We circumvent the issue by establishing the linear
increase in the cosine values during phase 1, showing that EM escapes the initial phase after O(logd) iterations.
The work by Daskalakis et al. [10] has provided a non-asymptotic convergence result for 2-GMM; however, they
rely on global />-distance convergence, which does not hold in 2-MLR.

Finite-Sample Analysis. Prior work has established the local convergence of EM for both 2-component
GMM and 2-compnent MLR in the high SNR regime (n = ||8*||/o > 1) [40, 10, 17]. To our best knowledge, no
prior work has shown the minimax optimality of the EM algorithm in the middle or low SNR regimes. Our
analysis for the low SNR regime is inspired by the technique developed in Dwivedi et al. [13]. However, they
can only address the over-specified settings (i.e., the SNR is ||3*||/o = 0), whereas we extend the applicability
of their techniques to show the minimax statistical rates in all SNR regimes. In particular, we explicitly show
the transition of statistical rates from high to low SNR regimes o max(1,77") - y/d/n to (d/n)*/* through the
careful analysis of angle concentration and localization, which has not been done in the context of analyzing
EM algorithms.

1.3.1 Other Related Work

As mentioned, our knowledge of when EM converges to a true solution is still limited. In general, it is known that
the EM algorithm may settle in a bad local optimum [34]. Classical results on convergence were infinitesimally
local, and asymptotic [28, 37, 25]. Recent study on the theoretical understanding of EM has been initiated in
Balakrishnan et al. [1], which proposed a novel framework to analyze the EM algorithm. Motivated by this
work, there has been a line of work that provides local analysis of EM when it starts from a well initialized
point [39, 40, 38, 19, 18].

More recent work has provided global analysis for the GMM problem. For the mixture of two Gaussians,
Xu et al. [36] and Daskalakis et al. [10] establish guarantee convergence of EM for this specific problem from a
random initialization. Extensions to other variants of GMM are considered in the work [27, 26, 2|. For GMM
with more components, however, Jin et al. [14] proves that bad local optima exist and randomly initialized EM
converges to such a local solution with high probability.



For MLR, only the local convergence of EM has been recently established: when there are two components,
the EM algorithm converges to the global optimum if we start from a point sufficiently close to the true
parameter in /5 distance; see, e.g., [40, 39, 41, 1] and the references therein. A better local contraction region
was suggested in Klusowski et al. [17], where the convergence is guaranteed inside a region where the angle
between the initial solution and the true parameter is small. Still, all known results remain inherently local
for MLR, and in particular, are not satisfied by a random initialization, even when a norm bound on the true
parameter is known.

Moreover, previous results on MLR are strictly restricted to high SNR regimes, i.e., when ||3*]| is sufficiently
larger than o. In a closely related problem of learning mixtures of two Gaussians, [13] recently studied the EM
algorithm in an extreme case of the over-specified models, i.e., there is no separation between two components.
However, their analysis is restricted to strictly over-specified settings, and it has not been obvious to extend
their result to low SNR models. In another recent work, [35] has studied the EM algorithm for learning a
mixture of two weakly-separated location Gaussians, establishing a minimax rate of the EM algorithm after
O(y/n/d) iterations in middle-to-low SNR regimes. However, their result requires the initialization to be already
within a small Euclidean ball of (d/n)'/*-radius, which is restrictive. Our result does not suffer from small
initialization issue as in [35]. Furthermore, our proof strategy can be applied to resolve the open issue with
small initialization in [35].

MLR is an interesting problem by itself, for which many algorithms beyond EM have been proposed. The
work in Chen et al. [8, 9] developed a lifted convex formulation approach that achieves tight minimax error
rates. A good initialization strategy for EM based on Stein’s second-order lemma was proposed in Yi et al. [40],
though this seems to rely on the noiseless setting which they study. The above two papers have focused on MLR
of two components case. Recent work has extended the focus to multiple components. The work in [42, 24]
develops gradient descent based algorithms. In parallel, the work in [6, 41, 29] considers algorithms that are
based on tensor decomposition of third order moments. EM is an attractive option among these algorithms due
to its generality, simplicity and computational efficiency; moreover, EM is often applied to the output of other
algorithms to obtain an improved estimate.

1.4 Notations

We establish the notation used throughout the remainder of the paper. We use Z(u,v) to denote the angle
between two vectors u and v. The ¢2 norm for a vector is denoted by || - ||, and the spectral norm (the largest
singular value) of a matrix is denoted by || - ||op . For two vectors u,v € R%, (u,v) = u' v is the usual inner
product between them.

We use (X,Y) as a generic random variable representing the covariate-response pair from the MLR model (1),
and use {(x;,y:)} as independent copies of (X,Y). Due to a symmetry between the regressors £3*, we focus
on the convergence to one of them, say 3*. We use B: to denote the estimate of 3* at the t'" iteration of
the population EM, and use 6; := Z(B:,8") to denote the angle formed by 3: and 8*. When we intend to
understand a single iteration of the EM, we drop the subscript ¢, and use 3 in place of 3; for the current iterate
and @ in place of B;+1 for the next iterate. Similarly, we use 6 for 6; and and ¢’ for 6;11. We assume without
loss of generality that the initial angle g is in [0, 7/2), where /2 is excluded as it has measure zero. An initial
solution falling in the remainder of the circle has precisely the same behavior, but with a convergence to —3*
instead of B*.

For the iterates and angles in the finite-sample EM, we use - to distinguish them from the population case.
For instance, B¢ denotes the t'® iterate of the finite-sample EM and 6, denotes the angle between 3; and 3".
Similarly, for a single iteration of finite-sample EM with the current iterate 3, the notations 3’ and 6’ denote
the next iterate and its angle with 3, respectively.

Recall that o is the known standard deviation of the noise {e;}, and the SNR is defined as 7 := ”i I with
the assumption that n < p = O(1).

1.5 Paper Organization

In Section 2, we demonstrate a few structural properties of the population EM update. The global convergence
result of the population EM is provided in Section 3. The global convergence and minimax results of the
finite-sample EM in the high and low SNR regimes are provided in Section 4. The proofs of our main results
are provided in Sections 6, 7 and 8. The paper is concluded in Section 9 with a discussion of future directions.



2 Population EM and Likelihood Landscape

In this section, we derive several structural properties of the population EM update. By connecting the EM
update with the log likelihood of MLR, we provide a characterization of the landscape of the likehood function.
These results highlight the main challenges in the MLR problem and the reasons why they can be resolved,
which serves as a starting point of our subsequent proof for global convergence.

2.1 Explicit Expression for the Population EM Update

Given the current iterate 3, we consider one iteration of the population EM update (3) which yields the next
iterate 3’. Since the distribution of the covariate X is spherically symmetric, we may choose a convenient an
orthonormal basis {v1, ..., vq} of R? as follows. We let v1 be a unit vector in the direction of B and vz be a
unit vector that is in span{3, 3*} and orthogonal to v;. In this case, X can be written as X := ijl ;v;,
where a = (a1, ..., aq) ~ N (0, I). Introduce the shorthands by := (3, v1) = ||8]|, b] := (8", v1),b5 := (8", v2)
and o3 := o2 4+ b5>. We may write the next iterate 8 as

b1 a1
B =Ea~n(0,0) |Eyjann(abi+asbsio?) [tanh( ) } Zam] : (4)
Without loss of generality, we assume that b1,b7,b5 > 0. The following lemma provides an explicit expression

of B under the above orthonormal basis.

Lemma 1 (Explicit Update for Population EM). Let 3 # 0 be the current iterate and (3’ be the next iterate
defined in equation (4). Then 3’ is in span(B,3*) and can be written as B’ = biv1 + byve with

Y, =biS+R and by =Db5S, (5)

where S and R have the following expressions:

S :=Fq, - [tanh <a;gl (022 + oabf)) + Oz;;n (022 + az1by) tanh’ (a;gl (022 + oqbf))} , (6a)
. ib / b «
R:=(c” +[|B"||*)Ea, .- {%tanh <a;; (02z+a1b1)>] : (6b)

The expectations above are taken over ax ~ N'(0,1) and z ~ N'(0,1). Moreover, we have S > 0 and R > 0,
where S = 0 if and only if b7 = 0.

Lemma 1 is proved in Section 6.1. Qualitatively, the lemma establishes that the next iterate 8’ remains in
the linear subspace spanned by the current iterate 3 and the true parameter 3*. Moreover, if 3 is orthogonal
to B*, then B’ remains in span(3). Consequently, if we run the population update starting from some initial
solution Bo, then it holds that 3; € span(Bo,3*) for all t = 1,2, ...

The quantities b7 and b5 in Lemma 1 represent the projections of 3’ along v; (direction of 3) and w2 (the
orthogonal direction to (3), respectively. From the expressions of b] and b5, we can further deduce the following
quantitative properties of the population EM dynamics:

1. Decreasing angle: When Z(3,8%) € (0,%), then Z(8',8*) < Z(B,8"), that is, each iteration of

population EM strictly decreases the angle between the iterate and the true parameter.

2. Contraction along 3: In the direction of v; (equivalently, 3), 3’ moves towards a unique fixed point

E(v1); ie., |b] — E(v1)] < |b1 — E(v1)| with equality holds if and only if b1 = E(v1).
The first property immediately follows from the expression of b5. In partlcular note that 0 < tan Z(3',3) =

by

B <3 b2 = tan Z(8%, 8). When % > 0, the angle strictly decreases; when by = 0, the angle remains the same.

b’1 -
In partlcular, the latter case Z—? = 0 happens if and only if 5 = 0, which means either b3 = 0 (i.e., 3 € span(3*))
1

or S =0 (ie., B L B*). The second property follows from the expression of b}; the derivation is given in
Lemma 10.

2.2 Structural Properties of Population EM and Likelihood Function
The population negative log-likelihood function £ of the MLR model (1) is given by

L(B) =— IEXIEY|X l:lOg (ﬁ exp (— Y



where X ~ N(0,I) and Y|X ~ N ((X,3*),0?). Interestingly, it can be shown that the population EM update
is equivalent to applying gradient descent to the population negative log-likelihood.

Lemma 2 (Connection Between EM and Gradient Descent). Given the current iterate 3, the next iterates
produced by the population EM update (3) satisfies

B =B —a’VeL(B).

Consequently, the set of fized points of the population EM update is equal to the set of stationary points of the
population negative log-likelihood L.

Proof. Direct computation shows that the gradient of £ given in (7) admits the expression:
1 X, 8)Y
VeL(B) = 52 {,3 —ExEy|x {tanh (%) YX” . (8)

Comparing this equation with the expression of the population EM update (5), we see that Vg£(8) = 5 (8—8).
The lemma follows. O

Using the two properties derived in the last subsection, we obtain the following complete characterization of
the fixed points of the population EM as well as the stationary points of the population log likelihood.

Theorem 2 (Population EM and Log-likelihood). Let v be an arbitrary unit vector orthogonal to B*. In the
subspace span(v, 3%), the population negative log-likelihood function (7) has exactly five stationary points:

5*7 _ﬂ*a 07 E('U)'U, —E(’U)’U,

where E(v) > 0. In particular, 3" are global minima, 0 is a local mazimum, and £E(v)v are saddle points
whose Hessians have a strictly negative eigenvalue. Moreover, these five points are the only fixed points of the
population EM (4) in span(v, 37).

Theorem 2 is proved in Section 6.2. In the left pane of Figure 1, we illustrate the landscape of the negative
log-likelihood of MLR in dimension d = 2. Since £(3* are the only local minima, it can be expected that
population EM (equivalent to gradient descent) converges to them from a random initialization—we establish
this result rigorously in subsequent sections and provide non-asymptotic convergence rates. On the other hand,
due to the existence of saddle points, the ¢ distance of the EM iterates to 3% cannot contract globally. In
particular, if the current iterate 3 is the near a saddle point and the maximum 0, the next iterate 3’ will first
move toward the saddle point before making progress to 8*, hence || — 3*|| > || — 3*||. This issue is only
exacerbated in higher dimensions, where most 3’s are nearly orthogonal to 3* and hence likely to be near a
saddle point. A similar non-contraction phenomenon for EM was pointed out in by Klusowski et al [17]; here
we provide a geometric explanation in terms of the likelihood landscape.

We note that negative likelihood function of GMM does not have such non-zero saddle points, as illustrated
in the right pane of Figure 1. Consequently, the /; distance does decrease globally in this problem, as is
established in previous global analysis of EM under GMM [10, 36]. This ¢>-distance-based analysis, however, is
fundamentally insufficient for proving global convergence under MLR.

3 Convergence Analysis of the Population EM

In this section, we provide our main results on the global convergence of the population EM. As mentioned, a
major challenge in the analysis is the non-contraction of the ¢2 distance of the EM iterates to the true parameter
B*. To address this challenge, we adopt the new strategy of first proving a rapid decrease in angle and then
proving a geometric decrease in {2 distance.

3.1 Convergence in Cosine

Recall that 1 := ||8*|| /o is the SNR, and 6y, 0 and 6’ denote the angles that 3* forms with By (initial iterate),
B (current iterate), and B’ (next iterate), respectively. By symmetry we may assume without loss of generality
that cos 6y is positive. For the early stage of the EM iterations, we focus on the cosine of the angle and show
that it increases geometrically with a constant rate.
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Figure 1: Negative log-likelihood functions of MLR (left) and GMM (right) with true parameter 8* = (1,0). In both
problems, £3* are the only local minima. MLR has a local maximum at 0 and two non-zero saddle points along the x2
axis that are orthogonal to 3*. GMM has a saddle point at 0 and no other stationary points.

Theorem 3 (Cosine Convergence). When 0 < 6 < T, the population EM iteration (4) satisfies
cos(#") > k1(6) cos(h), 9)

where k1(0) = \/1 + #ﬂﬂ‘ In particular, when 0 > %, we have £1(0) > , /1 + %1—12 Consequently,

if cos(6o) = ©(1/Vd), after T = O(max(l,nﬂ) log d) iterations, we get O < 7/3 or equivalently cos(r) > 3.

Theorem 3 is proved in Section 7.2. Note that using a random initialization, we have cosfy = ©(1/V/d)
with high probability (see Lemma 16). Therefore, starting such an initial angle 6y, Theorem 3 ensures that a
logarithmic number of iterations of the population EM is sufficient to achieve cos6; = O(1).

Theorem 3 provides explicit characterization of the linear convergence rate, where the ratio x1(0) between
cos ' and cos 6 is bounded away from 1 when 6 is bounded away from 0. Therefore, this result is most useful in
the early stage of EM. As 6 goes to 0, the ratio x1(f) approaches 1, in which case the cosine of the angle is
no longer informative for establishing a linear convergence rate. In the following subsection, we establish a
complementary result for the sine of the angle.

3.2 Convergence in Sine

Our next theorem shows that the sine of the angle converges geometrically to 0. This result is reminiscent of
Theorem 3 in Xu et al. [36], where they considered GMM and used a similar argument to show asymptotic
convergence. Here we provide an explicit rate of convergence by quantifying the amount of change in sine. This
quantitative, non-asymptotic guarantee is critical when we port the population-level results to the finite sample
setting.

Theorem 4 (Sine Convergence). When 0 < 6 < %, the population EM iteration (4) satisfies
sin @’ < ko(0)sin 6, (10)

—1 -1
2 cos? 9) < 1. In particular, when 6 < %, we have k2(0) < ( 1+ L) .

where k2(0) = ( 1+ 12_,_7] T Th2

Theorem 4 is proved in Section 7.1. Note that the speed of convergence increases as the angle decreases. This
result is most useful when the angle is bounded away from 7/2—complementary to the case covered by Theorem 3.
In particular, starting from an initial solution 6y < 7/3, Theorem 4 ensures that after 7' = O(max(l,n%))
iterations, the population EM outputs a solution satisfying 61 < /8.

We remark that in the high SNR regime (7 > 1), the ratio x2(f) can be much smaller than 1, despite
depending on the initial angle. In the low SNR regime (n < 1), however, the ratio k2(0) cannot be smaller
than 1 — O(n?), regardless of the initial angle.

3.3 Convergence in ¢, Distance

Combining the above results on cosine and sine, we can conclude that eventually the population EM pushes
any random initial solution into a region with a small angle around 3*. At this point, EM safely transits to the
stage that exhibits a contraction in ¢ distance, which is the content of our next result.



Theorem 5 ({2 Contraction). Suppose we have that @ < w/8. Recall the shorthands by := || 3|, b1 := ||B8"| cos(8),
b3 = ||B*|Isin(0) and o3 := o* + b32. The following holds for the population EM iteration (4):

2
e Ifb; <o or :—%b1 < by, then

2

18" = 871l < k3 (0)18 — B[l + 53(6) (16 5in° 0) | 8" | (11a)

1+n2’
—1
o2 2
where k3(0) = (\/1 + min (o%bl,b’l‘) /J%) .

2
e [fb5 >0 and Z—%In > by, we have

18" =87l <0.6]8 -8 (11b)

Theorem 5 is proved in Section 7.3. Note that the bound (11a) has an additional term that depends on the
angle and SNR. When b; is close to b] and o is small, we get a better contraction bound in (11b).

Equipped with the above per-iteration contraction result, we can bound the {5 error after t iterations of
population EM and conclude that it converges to 3*.

Corollary 1 (¢2 Convergence). Suppose that the initial solution satisfies 6y < w/8. There exists a constant
Kk < 1 such that after T iterations of the population EM, we have the error bound

2
187 = 1l < 571180 = 8"l + T 118" | - (12)

In particular, the constant k can be taken to be the maximum among

||:80||2 ' 0‘8772
0. 14+ —— 1- . 1
67 \/< 2 ’ 1 772 ( 3)

Corollary 1 is proved in Section 7.4. We shall see in the proof that the value of x depends on max(x3 (o), £3(6o)),
which is upper bounded by max(k3(7/8), x3(/8)) when 6y < 7/8. Therefore, the convergence rate » depends
on the SNR 7 as well as the norm ||Bo|| of the initial solution. For different values of the SNR 7, the rate is
either a constant or 1 —O(n?), as was in the case of bounding the sine. Therefore, T' = O(max(1,n~?)log(1/e))
iterations is sufficient to achieve a solution e-close to 3.

Combining the above results on the cosine, sine and ¢ distance, we conclude that starting from a random ini-
tial solution, the population EM converges to 3* and achieves an € error in £ distance in O ( max(1,n?) log(d/e))
iterations.

4 Finite Sample Analysis

We now turn to proving the convergence of the finite-sample EM update given in equation (2). Throughout this
section, we assume that the number of samples n satisfies n > Cd for some sufficiently large constant C' > 0.
Our analysis is divided into two cases: the middle-high SNR regime and the low SNR regime. For high and
middle SNR, i.e., n 2 (d/n)1/4, we relate the finite EM update with the angle convergence argument we used
for the population EM. In contrast, for a low SNR, i.e., n < (d/n)1/4, we do not require any angle convergence
argument since we only need to show that the norm of the iterate shrinks until it enters in the ball of radius
(d/n)1/4. Thus, we handle the low-SNR regime in Section 4.3 separately.
For the bulk of this section, we assume the following:

Middle-to-High SNR regime: 7 > C(dlog?(n/8)/n)"*, (14)

for some universal constant C' > 0. In this regime, we show that at each iteration, the finite-sample update is
close to its population counterpart up to a “statistical fluctuation” term ey, defined as:

e = c\/dIn*(n/8) /n, (15)
for some absolute constant ¢ > 0.

In this section, we use 3 to denote our current iterate, 3 for the output from one step of the population
EM, and @' for the output from one step of the finite-sample EM. Accordingly, #" denotes the angle between 3’



and 3. When we consider the sequence of iterates generated by the finite-sample EM, we use ,5,5 for the ¢
iterate and 0; for its angle with 3*.
Our results, summarized below, establish that the finite-sample EM converges in four phases in the

middle-to-high SNR regime:

1. Possible initialization from Spectral Method: Start from a randomly initialized vector Bo. With
high probability, the vector By satisfies cos(6p) = ©(1/v/d). We compare the statistical fluctuation e;
to the threshold min(1,7%?)/+v/d, which amounts to the increase in cosine values. If e; > min(1,7%)/vd
(equivalently, if n < max(1,177*) - d*In?(n/d)), then we first use the standard spectral method to get an
initial vector ,50 such that cos(go) = Q(max(l,n_Q) ~ef). Otherwise, we set ,50 = Bo and directly go to
Phase 2.

2. Decreasing Angle: Starting from (3 obtained from Phase 1, which satsifies cos(fg) > €Q(e;), run
the finite-sample EM for Ty = O(log(1/es) - max(1,n?)) iterations to get an iterate Br, satisfying
sin(frp, ) > sin(w/25).

3. Convergence in f3: Starting from ﬁTl obtained from Phase 2, run the finite-sample EM for To =
O(max(1,n%)log(n/d)) iterations to get an iterate Br, satisfying |8z, — 8% < O(max(1,n~")/d/n).
This matches the known minimax rates in the middle-to-high SNR regime [8].

Remark 1 (Initialization). In this paper we do not resort to the sample-splitting scheme, in which one draws a
new batch of samples at every iteration. In doing so, the challenge is to establish the right uniform bound on the
statistical deviation over the parameter domain of interest. In the conference version of our paper [20], we show
that the deviation in cosine value is max(es/V/d, e?) when a sample-splitting scheme is used. This allows us to
analyze the EM algorithm as it is, instead of using a spectral method for the initialization. It seems that there is
hard trade-off in the analysis between removing the sample-splitting scheme and avoiding the need for spectral
initialization. As our focus is on the minimazx-optimality of last iterates of the EM algorithm, we compromise
some generality in our analysis by assuming spectral initialization when n is small.

4.1 Global Convergence in Angle

We now provide the details for Phase 2 outlined above. As discussed in the introduction, our approach is based
on coupling the finite sample EM iterate with the population EM iterate. The work in Balakrishnan et al. [1]
establishes a concentration bound on the ¢ distance between the population and finite-sample iterates in the

form of _
18" = B'll = O(VIBI? + o> V/d/n).
This type of bound implies local contraction in distance. However, it is not sufficient for us, as we need to
control the angle when the iterate is outside of the local region for ¢» contraction.
We establish a more refined bound, which shows that the statistical error is (at most) proportional to the
norm of the current iterate:

Lemma 3. For any given r > 0, there exists a universal constant ¢ > 0 such that we have

IP< sup ||B' — B < er dlogz(n/a)/n) >1-4. (16)

1B <r

Lemma 3 is proved in Appendix A.2. Note that the bound is holds uniformly over the parameter space,
which is the crucial property that allows us to remove sample-splitting in the analysis. Using equation (16), we
prove the following angle concentration bound.

Lemma 4. With probability at least 1 — §, the following holds for all B satisfying ||B| < C/||B*||? + o2 for
some universal constant C > 0:

cos(0') > k1(0)(1 — 10¢s) cos(0) — €5, 17
sin?(6') < k2(6) sin®(0) + O(ey), (18)
. 2 -1
where k1(0) = \/1 + 9?22(19“;*2) > 1, and k2(8) = (1 + 13’_77]2 cos? 9) <1

Lemma 4, proved in Section 8.1, allows us to show that at each iteration, the finite-sample EM decreases the
angle between the iterate and the true parameter, up to a quantity that depends on the statistical fluctuation
€f x v/d/n (and hence on the sample size). The key idea in the proof of the lemma is that when we bound the
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statistical error of the cosine value, we need to control the error in the fixed direction v = 3" /||3"|| instead of
all directions in R,

A consequence of Lemma 4 is that when the statistical fluctuation ¢; is small relative to the SNR 7, the
finite-sample EM iterates have strictly decreasing angles in Phase 2 (and the angles remain small in Phase 3).
This result is formalized in the following corollary, whose proof is given in Section 8.2.

Corollary 2. Ife; < ¢y min(1,1?) for a sufficiently small constant c1 > 0, then with probability 1 — &, we have

0" < 6 in each iteration of Phases 2, and 0’ < 55 in Phase 3.

We now combine the above arguments to establish multi-step convergence of the angle. This is done in the
theorem below, whose proof is given in Section 8.3.

Theorem 6 (Cosine Convergence, Finite-Sample). Suppose that ,5(0) is an iterate obtained from Phase 1. We
run the finite-sample EM with n = max(1,n?)d/€} samples. As long as 0 > /25 for all t < T, there exists
an universal constant ¢1 > 0 such that with probability 1 — 9,

cos(8") > (1 + ¢1 - min(1,7%)) - cos(@" V). (19)

In particular, if cos(6¥)) = ©(1), then we have cos(6™)) > 0.95 after T = O(max(1,n"%)logd) iterations.

4.2 Local Convergence after Initialization: Minimax Rates

Now that we have reached an angle below 7/25, the following theorem provides a convergence guarantee in {o
distance. One subtle issue is that with only the angle argument above, we have not yet said anything about
the norm of the iterate. If the norm of the iterate is too small, then the EM iteration might get stuck around
0, which is a suboptimal stationary point (Theorem 2). To avoid over-complicating the analysis, we assume
for now that the norm of the iterate is also well-initialized such that ||Bo|| > 0.9||3"||. We later remove this
assumption by supplying a norm initialization lemma after the angle alignment in Section 8.4.

Theorem 7 (¢2 Convergence, Finite-Sample in Middle-to-High SNR Regimes). Suppose that ,50 is an iterate
obtained from Phase 2 whose angle with 3% satisfies 6o < 3z. Furthermore, suppose that ||Bo|| > 0.9(|8”||. Then,
for any § > 0, there exist universal constants C1,C2 > 0 such that with probability at least 1 — 6,

|Br — B[l < Cromax{1,n ™"} (dlog* (nn/3)/m) "/?
after T > Cymax{1,n 2} log(nn/d) iterations.

In the high SNR regime with 17 2 1, our result matches the minimax rate and in particular guarantees exact
recovery when the noise variance o goes to zero. Our proof of this bound uses an approach different from
what is typically used in the literature. In particular, instead of coupling 3’ and 3’ directly, we use the sample
covariance matrix % > x;x; to our advantage, which allows us to decompose the error 8’ — 8* in a way that

correctly captures the behavior of the finite-sample iterate B’ near (3*. In this local region, the finite-sample
EM in fact behaves similarly to the standard least-squares estimator applied to two separate linear regression
problems, in which case the statistical error does not depend on the regressors 3. We conjecture that a more
careful analysis can also resolve even the logarithmic dependency on 7, and leave it as future work.

Another interesting point arises in the middle SNR regime where (d/n)'/* < n < 1. Our statistical rate
scales as ™ */d/n, which matches the known lower bound in the middle SNR regime [8]. Note that this bound
holds only when n > (d/n)1/4; if n becomes smaller, the problem transits to the low SNR regime, which we
investigate in detail in the next subsection. The main challenge in the middle SNR regime is to guarantee the
progress toward 3* despite the slow convergence rate (1 —5?). Since the statistical fluctuation e f per iteration
is uniformly /d/n, a naive approach based on the concentration of the EM operator would require n > 7% so
that not only the EM iteration moves forward but the accumulation of statistical errors is also controlled in
all iterations. To avoid the excessive sample requirement above, we adopt the localization argument used in
the recent works [13], which established the convergence behaviors of the EM algorithm under over-specified
Gaussian mixtures. Specifically, the localized bound in Lemma 3 is the key for obtaining the minimax rate in
the middle SNR regime as well as for the removal of sample-splitting.

With Lemma 3, the core of our analysis consists of two main steps: (i) refinement of the convergence
rate of the population EM operator, namely, the contraction coefficient of population EM is shown to be
1 — O(max{||8||> — n*,n*}), (ii) multi-level application of uniform concentration bound for the EM operators,
which shows that the statistical deviation is proportional to ||3||\/d/n. The EM update is shown to make
progress until *||8 — 8*|| < ||18]|v/d/N, at which point EM achieves the desired minimax statistical error
IB = B*|| ~ on~*+/d/N. For the complete proof, see Section 8.5.
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Figure 2: Convergence behavior of the EM algorithm when d = 5: (a) statistical rates of EM iterates (i.e., |37 — 8% at
the last iteration) for different SNRs; (b) linear convergence in high SNR regime; (c) slow convergence in low SNR regime.

4.3 Finite Sample Analysis: Low SNR Regime

In this subsection, we turn our focus to the low SNR regime, where
Low SNR regime: 7 < C(dlog*(n/d8)/n)"/*, (20)

for some universal constant C' > 0. In this regime, instead of bounding the distance between 3 and 3%, i.e.,
I8 — B*||, we aim to obtain a bound simply for ||3]|. The triangle inequality then gives |3 — 8| < 18]l + ||87||-
Therefore, if we can show that

187l £ o(d/n)"*,

after some T iterations, then with the low SNR condition ||3*| < o(d/n)'/*, we obtain the desired bound
I8 — B*|| < (d/n)*/%. Therefore, we do not need the angle convergence argument in this regime; proving
convergence of the norm suffices. Intuitively, in the low SNR regime, the EM algorithm essentially cannot
distinguish between 8" = 0 and 8" # 0. In fact, this is true for any algorithm in view of the known lower
bound in the low SNR regime [8].

Finite sample analysis in the low SNR regime starts with the following Taylor-like approximation on the
norm of the population EM iterate:

Lemma 5. There exists some universal constants c,, > 0 such that,
1811 = 4(IBlI/0)* = cun®) < 181 < 1BI(1 = (IB]l/0)* + cun®).

Lemma 5 implies that the population EM iterates moves toward 0 until ||3]] < ||37||, afer which the iterate

stays in the ball of radius O(on). To prove this result, we apply the localization argument, which is valid until
B reaches on = o(dlog*(n/d8)/ n)l/ 4. The final product of our analysis is the following finite-sample convergence
theorem for the low SNR regime.

Theorem 8 (¢ Convergence, Finite-Sample in Low SNR Regime). Suppose n < C(dlog?(n/8)/n)** and
|Boll = O(c). Then there exist universal constants C1,C2 > 0 such that with probability at least 1 — 8, we have

I1Br = B*|| < Cro(dlog?(n/8)/n)"/*
after T > Czlog(log(n/d))/n/(dlog?(n/d)) iterations of finite-sample EM.
The initialization condition || 50” = O(o) is mild: even if we start from an iterate with a much larger norm,

one step of EM would bring the norm down to O(o). The proof of Theorem 8 is given in Appendix 8.6.

5 Experiments
In this section, we corroborate our theoretical results via numerical examples. In Figure 2, we present the

statistical rate and convergence behavior of EM algorithm under different SNR regimes. We set d = 5
and initialize the EM iteration in a neighborhood of the true parameters such that 8o = B* + ru, where
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r = max{1, ||3*||}-0.1 and u is a random unit vector. To evaluate the statistical rate, we run the EM algorithm
with different sample size n € {128,180,256,...} (i.e., n increases by a factor of v/2 each time). The final error
|Br — B*|| is averaged over 5,000 independent runs. The stopping criterion is ||Br — Br_1]| < 0.0001. In
Figure 2(a), we observe the standard n~'/? rate in the high SNR regime, and an approximately n~ Y4 rate in
the low SNR regime. Interestingly, with an intermediate SNR = 0.3, the statistical rate transitions from n~!/4
to n1/2 as n increases. This is consistent with the definition of low SNR. ||8*|| < (d/n)'/*, which is relative to
the sample size n rather than being an absolute value.

We next investigate the convergence behavior of EM. We run the EM algorithm with a fixed sample
size n = 32768. The estimation error ||3; — 8% in each iteration ¢ is averaged over 5,000 independent runs.
Figure 2(b) shows the high SNR regime. Note that the y-axis is in log-scale and we can see the linear convergence
(up to the statistical error). In contrast, in the low SNR regime showed in Figure 2(c), we can observe that the
convergence of the EM algorithm is no longer linear and becomes significantly slower.

6 Proofs for Section 2

In this section, we prove the technical results in Section 2. In particular, Lemma 1 is proved in Section 6.1 and
Theorem 2 is proved in Section 6.2.

6.1 Proof of Lemma 1

We restate the lemma below for readers’ convenience.

Lemma 1 (Explicit Update for Population EM). Let 3 # 0 be the current iterate and (3’ be the next iterate
defined in equation (4). Then 3’ is in span(B, ") and can be written as B’ = biv1 + byve with

by =biS+R and by =035, (5)

where S and R have the following expressions:

a1b " a1b N a1b N
S :=Eaq, - [tanh ( ;21 (022 + a1bl)) + 0121 (022 + az1by) tanh’ ( 0121 (022 + albl))} , (6a)
2 )2 afb /(a1 «
R:=(c"+|B"|")Eay,- { p tanh ( 2 (ng+a1b1)>]. (6b)

The expectations above are taken over aq ~ N(0,1) and z ~ N(0,1). Moreover, we have S > 0 and R > 0,
where S = 0 if and only if b7 = 0.

Proof. Recall that we have dereived a representation of the EM update @' in equation (3) after choosing an
appropriate orthonormal basis {vi}le of R% in which v; = 8/||3|| is the unit vector in the direction of the
current estimator, and v2 is the unit vector in span{3, 3"} that is orthogonal to vi. We restate equation (3)
below:

bia
B =Ea,..a4 [Eyal,n.,ad [tanh ( ;;Y) Y} ZM] ,

where the expectation is taken over a; £ N(,1), and Y | cu,...,aq ~ N(a1b} + azb},c?),where by :=
(B,v1) = ||B]] > 0, b} =: (8%, v1), and b5 := (B, v2). Since the inner expectation does not depend on «; for
j > 3, we have

Eo,.. oy []EW1 ,,,,, o {tanh (b;(;“ Y) Y] aj} = Ear,05Ey(a; .o {tanh (b;(jl Y) y] B, [ay] = 0.

This implies that 8’ is in the span of v; and v, and the expression (3) can be rewritten as 3’ = bjv1 + byva,
where b] and b

b1 = Eay 0y |:Ey|a1’a2 |:tanh <b1(;1 Y) Y] a1:| , (21a)
g

by = Eay o {Emlm {tanh (bl‘;“ Y) Y] aQ} . (21b)
ag
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Note that we can write Y = a1b} + azbj + oz (g means equality in distribution) for some 2z ~ N(0, 1) that is
independent of a; and ag. We call it the first representation of Y. In addition, since ae and z are independent
and hence ab} + oz is Gaussian with mean 0 and variance o3, we can also write Y 4 a1b] 4 o2z for some
2z ~ N(0,1) that is independent of a1, . We call it the second representation of Y. We next prove that b}
and b5 have the explicit expressions claimed in Lemma 1. The key tool is the Stein’s lemma for the Gaussian
distribution.

We start with the second coordinate b3. Continuing from equation (21b), we have

b gEal,az,z [tanh (b;(;u (02 4+ a1b] + Oégb;)) (02 4+ a1b] + agb;)a2:|

ii 0 b x . * .
(:)Ealaasz [tanh ( 1 (oz 4+ asb] + agbg)) (0z + anb] + agbz)} ,

o o2

* b * * b * * b * *
=b5 - Fay a0,z [tanh ( (1;;1 (0z 4+ a1b] + O(ng)) + a;; (02 4+ a1b} + a2b3) tanh’ (a;; (o2 + arb] + Oéng)) }

s ) {tanh <a;12)1 (022 + a1bf)> + a;—sl(mz + a1b7) tanh’ (a;gl (022 + 04161))} )

where in step (i), we use the first representation of Y; in step (ii), we apply Stein’s lemma with respect to as;
and in step (iii), we use the second representation of Y. This shows that b5 = b3S as desired.

For the first coordinate b, we use a similar strategy but apply Stein’s lemma in a different way. Using the
second representation for Y, we rewrite equation (21a) as

by =Ea, - {tanh <a;21 (022 + a1bf)) (022 + a1b1‘)0z1} (22)
=b} - Ea, .- {tanh (ozalin (022 + a1bT))aﬂ +02-Eay .z [tanh (a;SI (022 + oqbf)) zm} : (23)

Applying Stein’s lemma to the first term in equation (23) with respect to a1 yields

b - Eay.z {tanh (m;n (022 + oabi))aﬂ
ag

« 0 a1by «
=b; - Eal’z% [tanh ( 2 (022 + albl))oq}
=b] -Eq, - {tanh (al—gl(crgz + alb’{)> + ag <M21a1 + bl? z) tanh’ (0121 (022 + alb’{)>}
o o o o

a1b1

* b * * b *
=b} - Fa, .- {tanh (a;; (022 + a1b1)) + ?(0’22 + a1b}) tanh’ (a;; (022 + Oélbl)):|

2
AL [a;fl tanh’ (O‘;fl (022 + alb’{)ﬂ : (24)

On the other hand, applying Stein’s lemma to the second term in equation (23) with respect to z yields

ozlbl

* 2b b *
02Eaq, 2 {tanh ( p (022 + albl))alz] = 03Fa, .- [0221 tanh’ (a;; (022 + aﬂn))} . (25)

Plugging the above identities (24) and (25) into equation (23), and using the relation that b + o3 = ||8*||* + o2,
we obtain that b} = b} S + R as desired.

Finally, we have R > 0 since it is the expectation of a random variable that is positive almost surely. For
the quantity S, we prove the following bounds in Section 6.1.1.

Lemma 6 (Lower and Upper Bounds for S). Let S,b1,b] and o2 be as in Lemma 1. We have

: gg * * -
min ((szlv bl) b3

2
02

1-—- 1+

IN
95)
IN
—

The lemma implies that S > 0; moreover, S = 0 if and only b1 = 0 or b7 = 0. Since b1 := ||3]| # 0 by
assumption, the proof of Lemma 1 is complete. O
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6.1.1 Proof of Lemma 6
Proof. Recall the expression for S:

1 Oélbl Oélbl

b * * ’ *
[0 5 (022+O[1b1)> +7(ng+a1b1)tanh < 2 (022+061l71)):|

S =E.,E, {tanh < !
g

b . b % b

=2Eq,:0;>0E: [tanh (%(022 + cnbl)) + a;; (022 + a1by) tanh’ (a;21

(022 + albf))} ,

where the second equation holds due to the symmetry of the distribution for z. We make use of two elementary
properties of the Gaussian distribution and the tanh function:

Lemma 7 (Lemma 1 [10]). Letu,0 >0 and X ~ N (u,0?), then Ex[tanh’(0X /%) X] > 0.

Lemma 8 (Lemma 2 [10]). Let u,0 > 0 and X ~ N (u,0?), then Ex[tanh(0X/0?)] > 1 — exp (—w)

202

2
We apply Lemmas 7 and 8 with u = a1b] and 0 = a3 Z—%bl to obtain the following lower bounds on the two
terms inside the inner expectation of S:

2
. o
a2b} min (bT, J—%bl)

a1b *
E. {tanh (%(Ozeralbl))] >1—exp |- 202
E a1by b*) tanh’ a1by b* >0
= |3 (y + a1b]) tan e (022 + anbl) )| >

Combining these two lower bounds, we obtain that
27 % . * o2
aib] min (bl, G—%ln)

2
2035

S >2Eq;:a;>0 |1 —exp |-

2 2 B

o0 min (b7, b1 ) min (361,01 ) b1
=E,, |1 —exp |— 952 =1- 1+f
2 2

This proves the lower bound on S in Lemma 6. For the upper bound, we use the expression in equation (24)
from proof of Lemma 1 to obtain that

Oélbl

. b1b] b .
S =Eaq,,- [a? tanh ( o2 (022 + a1b1)> — ;21 a7 tanh’ (a;; (022 + oah))}

Oclbl

< Eq,,» [a? tanh ( = (022 + adﬁ))} < Eo, 03] =1,

where the two inequalities above hold since tanh’(z) > 0 and tanh(z) < 1 for any x. O

6.2 Proof of Theorem 2

Recall in Lemma 2 we show that the fixed points of population EM are the same as the stationary points of the
negative log-likelihood function. To prove Theorem 2, we first establish several technical lemmas.
We begin with an elementary lemma on smooth concave functions.

Lemma 9. Let f : RT — R be a smooth and concave function, with a strictly decreasing derivative. Suppose
that f satisfies £(0) =0, f'(0) > 0, and limy_oo f(z) = —c0. Then there exists a unique t > 0 such that f(t) =0
and f'(t) < 0. Moreover, f(x) >0 if z € (0,t) and f(x) <0 if z € (¢, 00).

Proof. Since f has a continuous gradient at 0 with f’(0) > 0, there exists t; > 0 such that f’(z) > 0 for all
z < t1. We thus conclude that f(z) > 0 for all z € (0,¢1] by the Fundamental theorem of Calculus. By the
continuity of f and the condition that lim,—,« f(z) = —oc0, there exists t2 > 0 such that f(t2) < 0. Rolle’s
theorem ensures that there exists t € (t1,t2) such that f(¢t) = 0. Since f(0) = 0, the mean value theorem
ensures that there exists t3 € (0,t) such that f’(t3) = 0. Using the assumption that f has a strictly decreasing
derivative, we have f'(z) <0 for all x > ¢3 and f'(z) > 0 for all z € (0,¢3). In particular, f'(t) <0 as t > ts.
Moreover, it follows that f(z) is strictly increasing on (0, t3) and it is strictly decreasing on (s, 00), therefore,
f(z) > 0 when z € (0,t) and f(z) < 0 when z > ¢. O
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Using the above lemma, we can characterize the dynamic of the population EM iteration along the direction
of the current iterate 3.

Lemma 10 (Dynamics Along 3). Suppose that {3,3%) > 0 and B # 0. Let vy be the unit vector of 3, and b}
be the notation used in Lemma 1, which denotes the the projection of the next EM iterate 3’ onto span(v1).
There exists a unique positive number E(v1) satisfying

IBI < b < E(v1) if 8] < E(vy),
E(vi) <ty <8Il i I8l > E(v1),
by = E(v) 18Il = E(vy).

Proof. We use the same notations as in the proof of Lemma 1. When v, is fixed, b} only depends on b1 = ||3||
from the expression (21a). Accordingly, we write

bia
bll = f(bl) = ]Ealya2]EY‘al’a2 [tanh < (1721 Y) YOf1:|

to emphasize b} is a function of b;. Let us check a few properties of f:
1. f is smooth since the tanh funcion is smooth.

2. f is strictly increasing and concave, since its derivative

Yai)? , (1Yo
f'(b1) = Ea1,02Ey|a;,a0 P 021) tanh ( 102 1)}

is positive and is strictly decreasing with respect to b;.

3. f(0) =0 and f'(0) > 1, since

> 1.

(Ya1)2] _3bi2 4 b3+ o0

2

f,(O) :EalvazEY|a17a2 [

o o2
Let us define the shifted function g(b1) := f(b1) — b1. The function g is a strictly concave and smooth function
from Property 2 above. Moreover, we have g(0) = 0 and ¢’(0) > 0 from Property 3, and limp, 00 g(b1) = —00
from Property 4. With these properties of g, we deduce from Lemma 9 that there exists a unique E(v1) > 0
for g such that g(E(v1)) = 0. Moreover, we have g(b1) > 0 when b; < E(v1), g(b1) < 0 when by > E(v1).
Equivalently, we have

1Bl < by < E(v1) if 0 <[B]l < E(v1),

Bl > b1 > E(v1) if 8] > E(v1),

by = E(v1) it 18] = E(v1).

This completes the proof of Lemma 10. (I

With Lemma 10, we can characterize the fixed points of population EM in a two-dimensional subspace
span(v, 3%).

Lemma 11 (Five Fixed Points in span(v,3")). Let v be an arbitrary unit vector satisfying v L B*. In
span(B*,v), the population EM update has ezxactly five fized points: 0, 3%, —3*, E(v)v and —E(v)v, where the
number E(v) > 0 is given in the proof of Lemma 10.

Proof. Recall our notation that 3 is the current iterate of population EM and 3’ is the corresponding be next
iterate. When 3 = 0, we have 3’ = 0 and thus 0 is a fixed point. It remains to consider non-zero fixed points.

We deduce from Lemma 1 that 3 is a fixed point if and only if by = b3S = 0, which means either b5 = 0 or
S = 0. Note that b5 = 0 if and only if 3 is in the same direction as 3*. Also note that S = 0 if and only if
b7 = 0 (as we consider by # 0), or equivalently 3 is in the direction of v. We conclude that any non-zero fixed
point must be either in span(8*) or in span(v).

Finally, recall Lemma 10, which states that there is a unique non-zero contraction point along the positive
direction of 3. Therefore, in span(3*), 8% and —3" are the only two fixed points. In span(v), E(v)v and
—FE(v)v are the only two fixed points. O

We are now ready to prove Theorem 2, which is restated below for readers’ convenience.
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Theorem 2 (Population EM and Log-likelihood). Let v be an arbitrary unit vector orthogonal to B*. In the
subspace span(v, 3%), the population negative log-likelihood function (7) has exactly five stationary points:

5*7 7ﬂ*7 07 E('U)'l), 7E(’U)’U,

where E(v) > 0. In particular, 3% are global minima, 0 is a local mazimum, and +E(v)v are saddle points
whose Hessians have a strictly negative eigenvalue. Moreover, these five points are the only fized points of the
population EM (4) in span(v, 37).

Proof. In the subspace span(v, 8*), Lemma 11 shows that population EM has exactly five fixed points 3", 0
and +F(v)v, which by Lemma 2 are the only stationary points of the negative log-likelihood L. Since L£(3)
equals KL divergence between the MLR model with parameter 3 and the true model with parameter 3%, we
see that £8" minimizes £ (with value 0) and is hence the global maxima.

It remains to classify the other three stationary points. We do so by characterizing their Hessian, making
use the following proposition.

Proposition 1 (Hessian of Negative Log-Likelihood). The population negative log-likelihood L defined in (7)

has the Hessian matriz
)= 1 (1 [ L (V2] )
o o

o
Moreover, if B is a stationary point orthogonal to 3%, then

s
a?(o? 4+ 8*(1?)
The proof of the proposition is postponed to Section 6.2.1. Using the proposition, we find the Hessian of £
at 0 is negative definite:

(8", H(B)B") <

H(0) = = (I — ExEy|x {%YQXXTD S [(5*,X)2XXT] <0,
o o o

thereby proving that 0 is a local maxima.

Finally, we consider the stationary point E(v)v (the proof for —E(v)v is similar). We claim that E(v)v is
a local minimum of £ restricted to the direction v. The claim follows from the following three observations: (i)
the population EM update does not increase the value of £, a general property of the EM algorithm. (ii) in
Section 2.1 we showed that if population EM is initialized in the subspace span(v) with v orthogonal to 3%,
then the iterates remain in span(v) (see the discussion after Lemma 1); (iii) Lemma 11 implies that in span(v),
population EM contracts to the point E(v)v. On the other hand, we find that F(v)v is a local maximum
of L restricted to the direction of 3%, as Proposition 1 ensures that <,8*,7-[(E('v)'u),3*> is strictly negative.
Combining pieces, we conclude that E(v)v is a saddle point, thereby completing the proof of Theorem 2. [

6.2.1 Proof of Proposition 1
Proof. Recall that Lemma 2 relates the gradient of the log-likelihood to the population EM update:
1
Vol(B) = (B~ 8.

Plugging in the expression for next iterate 3’ of the population EM update (3) and differentiating with respect
to 3, we find that the Hessian matrix is

H(B) =— (I — Vs

o
:i2 (I —ExEy|x {%YQXXT tanh’ (M)D :
o o o
Let 3 a stationary point orthogonal to 3*. As before, we use the orthonormal basis {vi,vs,...,vq} satisfying

v = ”%‘ and vy = B*, and write X = >, a;v;, with S N(0,1) fori =1,...,d. Also recall that b1 = (3, v1)
and by = (B',v1) are respectively the projections of 3 and 3’ onto the direction v; (see Lemma 1). The
stationary point 3 is a fixed point of population EM, which means that

bi = b1 = Eay,asEy|a;,a,@1Y tanh <b;‘;‘1 Y) : (26)
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Let B* = 3*/||3*|| be the unit vector of 8*. We compute o>(3*, H(8)B") as follows:

-~ o~ 1 albl
02(,3 JH(B)BY) =1 — FEalvazEY‘alyQQ {Y%é tanh’( 3 Y)}
(i) 1 8 I a1b1
21— EEQI,azﬂ-zy‘ahozz871 Yas tanh( 3 Y)}

1 a1b1
=1- aEal,QQEy‘ah% |:041Ya§ tanh< o2 Y)]

(i) 1 o | oby
=1- E]EO‘I!UQ]EY‘C!LQQ% ar1Y o tanh( o2 Y)} ,

where in steps (i) and (ii), we apply Stein’s Lemma with respect to a1 and ag, respectively. We decompose the
last right hand side into three terms:

~

* Y 1 b
02<,3 JH(B)BY) =1 — —Eai,0:Eviar,a0 [alYtanh (04;21 Y)}

b

A

b* Oélb1
_ iEal,QQEY‘QI,QQ [alocg tanh( = Y>:|

B

b5 arb
_ U%]Em,azlEy,mm [a%aQYtanh’ ( ;;yﬂ : (27)

e}

The term A equals 0 thanks to the fixed point condition (26). It remains to control the terms B and C.
For term B, we apply Stein’s Lemma with respect to az to obtain:

b5 0 a1by
B :aEahazEY‘al’QZ@ |:Oé1 tanh ( 0_2 Y>:|
b*2 0411)1

:%Eal,wa‘al,az |:o¢% tanh/< 2 Y)} .

Note that ¥ admits the representation Y < biay + 02z = 022 with o = VIIB*|I? + 02 and z ~ N(0,1) is
independent of «1; moreover, we have b = 0 since 3 is orthogonal to 3. It follows that

i) b3? b
B Q%Em,z {oﬁ tanh’ (0‘;21 Uzz):|

b3? 0 a1b;

:REo‘l‘za {oa tanh( p 022

(i) b32 a1by

= 61203 Ea, - [agzal tanh( oz 027

(i) b5’ E B oY tanh blaly (iv) 1817 (28)
brog B o Byionan |ar¥ tanh (Y ) 1S

where steps (i) and (iii) follows from the aforementioned representation of Y, step (ii) holds by applying Stein’s
Lemma with respect to z, and step (iv) follows from the fixed point condition (26).

We turn to the term C. Using symmetry of the distribution for z as well as the even property of the function
tanh’, we may take the expectation conditioning on the event that a;q > 0, a2 > 0. Doing so gives

b’k Oé1b1
C ::0—22I[Eal,OQIEYWLQ2 [a?athanh/( p Y)}

a1by

b3 . )
:;zEal’QQ’z |:a%a2(b2a2 +0z) tanh’ ( P (braz + UZ)):|

4b* * b *
:J—;Em,aralzo,a?zooﬁaz [Ez(bzag + 02) tanh’ (OC;QI (b2 + Jz))] >0, (29)

where the last step follows from Lemma 8 in Section 6.1.1.
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Plugging equations (28) and (29) into equation (27), we obtain that

_ s
o + B+

Multiplying both sides by ||3*||>/o? proves Proposition 1. O

B HB)B)=A-B-C<

7 Proofs for Section 3

In this section, we prove the technical results in Section 3. In particular, Theorems 4 and 3 on angle convergence
are proved in Sections 7.1 and 7.2, respectively. Theorem 5 and Corollary 1 on /2 distance contraction are
proved in Sections 7.3 and 7.4, respectively.

7.1 Proof of Theorem 4
We restate the theorem below for readers’ convenience.
Theorem 4 (Sine Convergence). When 0 < 6 < I, the population EM iteration (4) satisfies
sin @’ < ko(#)sin 6, (10)

—1 —1
where k2(0) = ( 14 212 cos? 9) < 1. In particular, when 0 < %, we have r2(0) < ( 1+ s ) .

1+ 2
Proof. Using the explicit expression (5) of the population EM update given in Lemma 1, we compute the sine
of the angle 0’ between 3’ and B*:
Rb5
1811/ R? + S2[8*[|* + 25 Rby
0 1
V1+(S/R)2(B*|? +2(S/R)b;
< sin 0;. (30)
1+2(S/R)b;
Recall that we have defined the quantities b = ||3"|| cos(0) and b3 = ||3"] sin(#). Since R > 0 by Lemma 1, it

suffices to prove the lower bound S >

. !
sinf’ =

WR, which gives us the claimed result by plugging it into (30).
To establish the lower bound on S, we first observe from the expression for S and R in equation (6) that

S :]Eal,z [tanh (0401—21

(022 + ozlbf)) + a;gl o2z tanh’ (a;gl (022 + Oélb{)):|

A

2 *

* albl , [ c1br * bl
biEq,.» | —— tanh b A4+ ————
+ b1Ea,, [ 7 tan ( 3 (022 + a3 1))} + T

We claim that A > 0. Indeed, applying Stein’s lemma with respect to z yields

(022 + oubl)) + 0;21 o2z tanh’ (a;; (022 + a1b1))}

=Eq,,z {tanh (041;)1 (022 + a1b’{)>22} .
ag

We further rewrite the last right hand side as

Ea,,- [tanh (algl (022 + a1bf)) 22]
o
zlEahZ [tanh (a 1b1 ) ] E]E‘11 - {tanh ( 1b1 (—o2z + alb’{)> z2]
2 o2 o2

1 a1by b*b1 1b1 aibTbl 2
:§E|:<tanh< o2 027 )) ( 5022+ ) )) )y | =0,

where the last step follows from the numerical inequality that tanh(c + x) + tanh( c+x)>0forall z >0 and

arb
A=E,, . |:tanh ( 01_21

[\

W R as desired.

Finally, note that r2(6) is increasing with respect to 0. It follows that k2(0) < k2(mw/2) = 1for all § € [0,7/2),
-1
and that k2(f) < k2(%) = ( 1+ ) when § < Z. This proves the last part of Theorem 4. O

any real number c¢. Combining pieces, we obtain that A > 0 and hence S >

1+2
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7.2 Proof of Theorem 3

We restate the theorem below for readers’ convenience.
Theorem 3 (Cosine Convergence). When 0 < 6 < T, the population EM iteration (4) satisfies

cos(0") > k1(0) cos(0), 9)

in2 . T
where k1(0) = \/1 + W&?—&-n‘%' In particular, when 6 > %, we have x1(6) >, /1 + %1727]2 Consequently,
if cos(6o) = ©(1/V/d), after T = O(max(1,n"°)logd) iterations, we get Or < m/3 or equivalently cos(fr) > %.

—1

Proof. Theorem 4 establishes that sin 6" < k2(6) sin(0) for all 6 € [0, T), with r2(0) = ( 1+ 22 0052(9))

1472
It follows that
cos(#") =1/1 — sin?(#")
>4/1 — k2(0)2sin?(9)

=1/cos2(0) + (1 — k2(0)2) sin?(9)

_cos(e)\/ 1+ 1_:72(9)2 sin?(0) (31)

_ sin?(0) _
=cos(®) \/1 I ) teo(d) cos(6)ra (6).

Since #1(f) is increasing with respect to 6, it follows that x1(6) > k1(5) when 0 € [, 5). O

7.3 Proof of Theorem 5

We first state a lemma that is essential for the proof of Theorem 5. Recall the notations defined in Section 2.
Also recall the explicit expression (5) for the population EM update, which involves the quantities S and R:

S :=Eq, .- {tanh (oz;;n (022 + ale)) + a;—gl(azz + a1by) tanh’ (a;in (022 + aﬂﬁ))]

* aib arb N
Riml0® + 18" oy - | 25 tantd (25 a5+t ).

Lemma 12 (Property of b}). b} is increasing in b1. Consequently, b is upper bounded by the limit value

lim b = 2 (bf tan™" (b—1> +02) . (32)
by —o0 us g2
Proof. We first show that b} is increasing in b1 by making use of the expression (21a) for b} previously derived.

Differentiating b} with respect to b1 gives

db}
db:

b
= Eay,aEy jay 00 {tanh' ( ;‘zly) Yzaﬂ >0. (33)

Next, we show the limit value of b]. Recall that b} = b]S + R by equation (5) in Lemma 1. Applying Stein’s
lemma with respect to z, we may rewrite the term R as

2 * 112

b *

R— %Eam {tanh (a121 (022 + a1b1)> zoa} .
o2 g

In the limit b3 — oo, tanh function becomes sign function, hence

2 * |2
tim r=2 "8

by —o0 a2
2 * |2 oo 2 oo
o° + 1 _or _z2
:M 7/ 201 2 / , 2€ T dz dog
o) T Jo 1by
g2

20

a1,z [sign (o (022 + ai1by))zai]



2 *|2 o afb? 2
2 - _
el [/ N SO
o9 T Jo
_CHBP2 a3 20w (34)
o2 b2+ o2 T

Turning to the term S, we observe that lim.—, . cx tanh'(cx) =0 for all . It follows that

lim S =E,, . [sign(ai(o22z + a1b]))]

by — o0
ayb]
1 > 2 _z2 ,‘ﬁ
== e 2dz)e 2da
™ Jo _oaby
a2
ayb]

2
22 oF

:7/ / - e 2dz|e 2do = z'531171({7;/0-2)' (35)
0 0 "

Plugging equations (34) and (35) into limp, 00 b1 = b1 limp, 00 S + limp, 00 R, We obtain the limit value of b,
thereby completing the proof of the lemma. O

We are now ready to prove Theorem 5, which is restated below.

Theorem 5 ({2 Contraction). Suppose we have that @ < /8. Recall the shorthands b1 := ||B||, b1 := |87 cos(0),
b3 = ||B*||sin(0) and o3 := o* + b32. The following holds for the population EM iteration (4):

2
o Ifb3 <o or Zby < b, then

2

18" = 871l < k3 (0)18 — B[] + 3(0) (16 5in° 0) | 8" | (11a)

1472’
—1
o2 2
where k3(0) = <\/l + min (o—gbl,bf) /O’%) .

2
e Ifb5 >0 and Z—%bl > by, we have

18" =87l <0.68-87|. (11b)

Proof. Using the basis system introduced in Section 2.1, we can write |3 — 8*||* = |by — bi|* + |by — b3|>. The
second term |by — b3| can be as

—1

2
0< (b —b))=(1-S)b; < <\/1 + min (%bhbf) b;/a§> b < k3(0)bs, (36)

where we use the lower bound of S from Lemma 6.
It remains to upper bound |b} — bf|. We shall make use of the following consistency property of the
population EM update: When b; = %b*{, the expression (22) for b} gives that
93

b, = Eo, a1 [JEYMNN(QIZ,W%) tanh (aégf Y) Y] = Ea, [a2b]] = b]. (37)
We separate the analysis into three cases.
Case I. by < g—gbi‘ : In this case, we have
.3, o1 (%) a1 (Zb)
by — ;bl =Eqo, |auE Yias tanh "7%)/ Y| —a1E Ylai tanh (;'% Y|Y

o « 2 2
N(e1bi.oz) ~N (@1 73 b1,03)
=

2

@ (., o3 . 0 a1(Zbh

> (61 — J—§b1> Ea, |of min - | E. x(0,1) |tanh %(z +u) | (4w
HE(Z3b1,67) 2
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o2 A\ 2
(idi) ( J% 9 a%min (ﬁbhbl) ( )
> | b] — —b1> E ol |1 —exp| — , 38
o2 ot 202

where in step (i) we use the consistency property in equation (37), in step (ii) we use mean-value theorem along
with the case assumption, and in step (iii) we apply Lemmas 7 and 8. Consequently, after some algebra we
obtain that

©) . 2 .
020 = < wd0) (v - B ) < RO —b1) £ R (007~ 1), (39)

where the inequality (i) holds thanks to Lemma 12, which states that b is increasing in b;. Combining the
bounds (36) and (39), we obtain that

18" = B'll < r3(0)[18" - BIl.

2
Case II. by > Z3b}, 0 > b3: Following a similar procedure as above in equation (38), we have

o2
2
/ * 3 U% * 3 * 3 b§2
0 <b; — b1 <r3(0) abi—bh )= K3(0) (b1 — b1) + /43(0)§b1. (40)
2\ 7t PRWRP)
By the case condition, we k3(0) = (, [1+ %) = %. We further divide the analysis into two
2

subcases:
Case II(a): Suppose that by > 2b] or equivalently, b1 < 2(b; — b7). Then we have

*2
Vi — bt < K2(0) (b1 — b7) (1+2b2 )

o2

. 0_2+b*2 2b*2
= rs(@)(br —b3) (02+Hﬁ2*\|2> (” = )

o2+ 032 0%+ 2632
0 by — b7).
3( )<0'2+b’1‘2—|—b§2 0,2 )( 1 1)

A

Note that the term A is less than 1 since the nominator is no bigger than the denominator. Indeed, we have
02(0% + b2+ b2 — (02 + b32) (02 + 2b3%)
= o2 (b% — 2b5%) — 203" (z) o (b% — 4b5?) @ 0,
where step (i) holds because b3 < o and step (ii) holds because % = tanh(f) = tan § < 1/2. It follows that
0 < by — b < w3(0)(br — 1),

in which case we have |3’ — 8%|| < x3(0)||3 — B*|| as desired.
*2
Case II(b): Suppose that by < 2b7. Note that we can assume that by 22 > (% —1)(b1 — b7). Otherwise,
"3

o2
* 2
we can easily get 0 < b} — b} < k3(b1 — b}) similarly by plugging the condition b; 1762—2 <( —1)(b1 — b7) into

1
= K2(9)

3
the inequality (40). Squaring both sides of the inequality (40), we obtain that

(64— B1)° < W3(O) (0 — 67)7 +55(6) (2 (%) w0+ (l;)b>

< K5(0) (b — b3)? + KS(0) (ba)b <L<9>) . 1)

1—r2(6
. bi\* 202 + 2052 + b2
= RS0 (br — 1) + K3(6) (—) b2 ("—) ~
o b1
B
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We bound the term B as follows:

0\ 4 2 *2 *2
B n&m<@> @(%Liﬁzjﬁg>

o br?

o (£ (2 (2 )
(05 ) b b2 7+ [BTP

2 2 *2 *2 2 *2\2

b/ \ o+ 057 + b7 ot o? + 1872

32052

b*2
o+ B2

(i) . 1
< k3(0)b5" 424 (W) = k3(0)

where the inequality (i) follows from the assumption that by < 2b} and b3 < . Therefore, we get (b} — b})? <
*2

K3(0) (b1 — b})% + m%(@)ﬁ#‘lgbzg Combining this bound with (b, — b3)% < k3(0)(b2 — b3)?, we obtain

32b3>

B B S
a2 + 8|2

18" = B> < w3(0)I8 — B*II” + #3(0)

We further upper bound the last right hand side using the inequality Va2 + b% < a + %. Doing so and recalling
the definition of the SNR 7 := @ gives

R . 16632 b3 .
||:8 - ﬂ H < ’i3(0)||:3 - ﬁ H + ‘%3(9) o2 + H2ﬁ*|l2 HB _213*” b2
2
< K3(O)]18 = 87| + ra(0) 165in” 0) 187 | 5

b3

* * . b; _
where we use the fact that b3 = ||3%(|sin(6) and z=55= = N CEAECE <1

2
Case III. by > Z5b7, o < b3: In this case, we are able to establish a constant rate of contraction in local
2

region with high SNR.

First note that b} > b} and the difference (b} — b}) is increasing in b;. Therefore, invoking Lemma 12 yields

(b
m—mgg(@+wnm*<ﬁ)>—m
™ g2
2
T

<02 +bitan”t (b—l)) — b7
b3

< 22— ot )i,
s

<

where we use the fact that o2 = o2 + b5? < 2b52, tan™* (ﬁ) = 3 — 0, and b = b5 cot §. One can verify that

b3
6 cot 0 is decreasing in [0, 7]. It follows that

2

M—big;(¢§—gaxg)£§03£.

On the other hand, we have

bs

by —by=(1—-9)by < ——
2 2 ( )2 = 1+(bT/02)2

bs

< = b < 0.51b5.
Vi+ s 1y ek
Combining the above two bounds, we obtain that
18" = Bl < 0.6b3 < 0.6[18 — 87,
thereby completing the proof of Theorem 5. ]
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7.4 Proof of Corollary 1
We restate the corollary below for readers’ convenience.

Corollary 1 (¢2 Convergence). Suppose that the initial solution satisfies 6 < w/8. There exists a constant
Kk < 1 such that after T iterations of the population EM, we have the error bound

2

187 = 81l < 71180 = 8"l + T 118" | = (12)

In particular, the constant k can be taken to be the mazximum among

IBoll2) ™ 0812
0.6, \/<1+g2 AT (13)

Proof. Recall that @ is the angle between the current iterate and 8%, and that 6’ is the angle between the
next iterate and 3*. The sine convergence result in Theorem 4 ensures that 0’ < 6. Recall Theorem 5, which
establishes contraction of the ¢> distance in each iteration. We shall first show that the contraction ratio
decreases as angle gets smaller, that is, k3(8") < k3(6) or equivalently

0,2 ’ 2 / 0'2 2
min (;b;,b;‘> /os® > min (U—ibl,b“{> /o3, (41)

Since 0’ < 6, we have by* > b}, by < b3 and o < 02. The analysis is divided into two cases.

2
e If Z2b; > bj, then the right hand side of equation (41) is b7?/03. From equation (40), we have b} > b}.
Thus the left hand side of equation (41) satisfies

/o 2 o 2
. 02 1 4/ 2 . 02 2 2/ 2
min (21)17()1*) /0'2 Z min Tb){,bi /0'2 2 b)I /0'2.
g (o

2 2 2
o If Z3b1 < b7, then the right hand side of equation (41) is Z3by /o?. From equation (38), we have b} > Zbr.
Thus the left hand side of equation (41) satisfies

’ 2 2
2 2 2
. 09" L, 'k o . 02 * 2 _ 02 2
min <0_2b1,b1 /0'2 Z min ;bl,bl /0'2 = ?bl/g .

Combining the above two cases, we have shown that r3(6") < k3(f). This result implies that the f»
contraction ratio k3(6:) for the ¢-th iteration can be uniformly upper bounded by k3(6y). We also recall
that k2(6p) is the corresponding contraction ratio for the sine convergence. We claim that their maximum,
max(k3(6o), 53(600)), is upper bounded by the quantity  defined in the statement of Corollary 1. Indeed, we
have the bound

max (k3 (0o), K3 (60))

—1

-3

2

(@) min(Z3 by, b*)2 2b%2

< max | 0.6, 14— =7 , 1+ —2
o3 o+ |8

-1 -1 -3
180l n? cos? 0o 2n2 cos? 6y
<max (06, (1 00 ) (g oot ) () 2ot b
< max ( + s +1+n2s1n290 + T4
(i9) 7\ ! 0802
< max | 0.6, 1+ 7”'30" a1l == n =K
o2 1—|—772

Here step (i) holds because the first two quantities correspond to the two possible contraction rates in Theorem 5,
and the third quantity corresponds to s2(0o)?; step (ii) holds since 6y < 7/8.

With the above bound on the contraction ratios, we can then apply Theorem 5 to the t-th iteration of
population EM to obtain

772

1+ n?

[Be+1 — B7| < 6B — B7|| + £(16sin® 6,) 8" |
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2

< &7[|Be—1 — B7|| + 267 (16 5in” 6e—1) | 87|

1+7]

2

< k"||Bo — B + Tr" (16sin” 00) (3" | 1 + 2

< w180 = B+ Tx"||B"|

1+n2’

where the recursion step above holds because Theorem 4 ensures that sin3(9t) < n%(@t_l)sin(et_l) <
K3(00)sin(f:—1) < ksin®(f:—1) for all t > 1, and the last inequality above holds because 6o < m/8. This
completes the proof of Corollary 1. O

8 Proofs for Finite-Sample EM in Middle-High SNR Regimes

In this section, we prove the technical results in Section 4 on finite-sample EM. We need the following norm
conditions for the estimator can be naturally met as the EM iteration proceeds:

Lemma 13 (Norm Bounds). If ||3| < [|8*]|/10, then
I8l = 1BII(L + dx - min{1, (| B]l/o)°}).
Otheruwise, if ||B|| > [|87]|/10, then we have

HEE

(1+d2 min{1,7%}).

for some universal constants di,ds > 0. Furthermore, for every 8 € R%, we have |3 < 3+/[|B*[Z + o2.

Lemma 13 states that if we start from [|3*]|/10, then we stably remain above ||3*||/10. On the other hand,
if we start from small initialization, then we can wait for initial O(min(1,||3||/o)~?) iterations for the starting
estimator to become larger than ||3*||/10. We defer the proofs to Appendix A.4.

8.1 Proof of Lemma 4

We restate the lemma below for readers’ convenience.

Lemma 4. With probability at least 1 — &, the following holds for all B satisfying ||B] < C/||B*||> + o2 for
some universal constant C' > 0:

cos(8') > k1(0)(1 — 10ef) cos() — ey, (17)
sin?(0') < k2(0) sin®(0) + O(ey), (18)
-1
where k1 (0 \/ + grn(19+ —y > 1, and ko(0) = (1 + 12_:’52 cos? 0) <1

Proof. Since n > dlog®(n/8)/e} with €5 := cy/dlog*(n/8)/n, with probability at least 1 — &, from Lemma 3 it
follows that

‘(ﬁ’ =B.87) | <1IB”IIBI - O (ey), (42)
18" =Bl < 11B]l - Oles)- (43)

The cosine of the angle between ,5/ and 3" can be bounded as follows,
G- BB _ 8.8 (B-8.8)
regimiveadimmiicdinivend! ~HB’II 8=l
I8l -8.8
Hﬂ’ll [regimiicl
> cos ) (1 18- B’II) 1B —8.8/18°]
181l 81l
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where the last step from the triangle inequality. To proceed, we apply the concentration bounds (42) and (43);
we also make use of Lemma 13 which ensures ||3'|| = O(||3]|). It follows that

cosf' > cos®' (1 — O(er)) — O (ef)
> k(0)(1 — O(ef))cos@ — O (ef), (44)

where the last step follows from Theorem 3 on the cosine convergence of population EM.
Turning to the sine of the angle, we have that

.2 2
sin“ @ =1 — cos” 0

2 nf 2 n/ 2
1—cos”0 +cos” 6 — cos” 0

= A

D sin¢’ + O(ey)

(i)
< K (0)sin® 0 + O(ey), (45)

where in step (i) we use a similar approach as before to obtain the bound | cos? 6’ —cos? 6| < 2| cos(8') —cos(6')| =
O(ey), and in step (ii) we use Theorem 4 on the sine convergence of population EM. O

8.2 Proof of Corollary 2

We restate the corollary below for readers’ convenience.

Corollary 2. If¢; < ¢y min(1,1?) for a sufficiently small constant c1 > 0, then with probability 1 — &, we have

0" < 0 in each iteration of Phases 2, and 0" < 55 in Phase 3.

Proof. We consider three cases for . When 6 > %, by inequality (17) we have
cos(0') >k1(0)(1 — 10€5) cos(8) — O (ef)
Q)
>k1(0)(1 — 10¢ey) cos(0) — cos(8)O(ey)

g) cos(6) (m (g) (1 —10¢y) — O(ﬁf))

where step (i) holds since the output of Phase 1 satisfies cos(f) = Q (max(1,n"?) - €s), and step (ii) holds
since k1(0) is increasing in 0. Since ¢; < ¢; min(1,7?) for a sufficiently small ¢; by assumption, we have
k1(5)(1 —10€es) — O(er) > 1 and hence 6’ < 0 in Phase 2 as desired.

When 3z < 0 < %, againby inequality (18) we have

sin(0') <rka(6)sin?(0) + O(ey)
<ka (%) sin?(0) + O(ey),

where the last step holds because k2(6) is increasing in 6). Under our assumption on €; and the case assumption
on 6, we have k3 (3)sin?(6) + O(es) < sin®*(#) and hence 6’ < 6 in Phase 3 as desired.

Finally, when 6 < 5%, again by inequality (18) we have

sin?(0') < k2(0) sin®(0) + O(ey)

T . T
< (g5 sin* (5) + Oler)
where the last step holds by the increasing property of k2(-) and the case assumption on #. Under our assumption

on €, we have k2 (£)sin® (£) + O(ey) < sin?(Z) and hence o' < 55 in Phase 3 as desired. O

8.3 Proofs of Theorem 6

We first prove Theorem 6, which is restated below for readers’ convenience.

Theorem 6 (Cosine Convergence, Finite-Sample). Suppose that B(O) is an iterate obtained from Phase 1. We

run the finite-sample EM with n = maX(l,an)d/e?: samples. As long as 6 > /25 for allt < T, there exists
an universal constant c1 > 0 such that with probability 1 — 6,

cos(8M) > (1+c- min(l,nQ)) -cos(BY). (19)

In particular, if cos(0¥)) = ©(1), then we have cos(0™)) > 0.95 after T = O(max(1,n"%)logd) iterations.
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Proof. The key idea in the above theorem is that when we bound the statistical error of cosine value, we need
to bound an error in one fixed direction u := 8*/||3*|| instead of all directions in R? to bound £2 norm. More
specifically, we first express the cosine value after one-step iteration:

GO

Iedlivcy
_u(g-p) w88
18] Bl

T/ /
¢ 2\ v uB 18
> —max | —=,€r | - —=— +
<\/& f) 181 BB+ rey

Tref E€f 2 T
> secosen (1= 7 ) = (.9) oy
where the last inequality comes from Theorem 3 for the population EM.

We need to show that we have r/||3'|| = O(1). If this is true, we can set € as some sufficiently small
absolute constant (that does not depend on 7). To show this, we apply Lemma 3 for several values of
r = Co, Co27 ", ...,Co27 " Cp27" where Cy = 3C and | = O(log(n/d)). We can replace § by §/log(n/d) for
union bound, which does not change the order of statistical error. Pick k such that Co27" < ||8]| < Co27* " = 1.

When ||8]| < [|8%]]/10, we can apply the Lemma 13 to see

/|18 < Co27F 11/ (Co27") = 2,

where we used = 271 Therefore, r/||3'|| = O(1). On the other hand, if |3 > ||37||/10, then we divide the
cases when [|3"|| > 1/ max(3, c2) where ¢z > 0 satisfies the lower bound given in Lemma 5:

18°1 = 18111 — 41B11%) — c2118IIIB"|1*.

When ||3*|| > 1/ max(3,c2) and ||B]] > ||3*||/10, by Lemma 13 we have r/||3’|] < Co max(3,cz) = O(1) since
all parameters here are universal constants. On the other hand, if ||3%| < 1/ max(3,c2) and ||B|| > ||8"||/10,
then from Lemma 13 we have

181 = 18111 = 3[181%) = c21I8IIlI87II” = 1181l /2-

Therefore, r/||B'|| < Co27 1 /(Co27 %) =4 = 0(1).
From the above case study, we have that

~ ~ € o
cosOry1 > KecosBi(1 — cref) — c2 max <— € > ,
f \/ﬁ f
for some absolute constants c¢1,c2 > 0. Now observe that as long as sin6; > cg, kKt = 1 + ¢c3 min{1, 7]2} for some
sufficiently small constant cg,c3 > 0. Also, recall that we are considering the middle-to-high SNR regime when
n? > cyy/dlog?(n/d8)/n for some sufficiently large constant ¢, > 0, whereas ¢; < cy/dlog?(n/8)/n for another
fixed constant ¢ > 0. Therefore, there exists a universal constant ¢4 > 0 such that for all cosé > €;, we have

cosgtﬂ >(1+c min(l,nZ))cosgt.

After t = O(n2log(d)) iterations starting from cos 6y = 1/v/d, we have cos8; > 0.95 or sinf; < 0.1. O

8.4 Stability and Convergence after Alignment

In this subsection, we see how the alignment is stabilized and the norm increases in case we start from small
initialization.

Sine stays below some threshold. Once 8 and 3* are well-aligned, using sin®# = 1 — cos? 6, similar
arguments can be applied for sin values:

sin? 0’ < (1 — ¢; min(1,7%))sin? 6, if sin?0 > co
sin? @’ < ca, else sin?@ < co,

for some absolute constants ¢1 > 0 and sufficiently small 0 < c2 < 0.01 given that cos 9 > 0.95.
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Initialization from small estimators after alignment. After the angle is aligned such that sin 6 < cz.
We see how fast ||3]| enters the desired initialization region that Theorem 7 requires, when ||3|| < 0.9]|3%].
Let us first consider the case 0.1||3%|| < ||8|| < 0.9||3%||. We recall Theorem 5 such that

2

18" = B'|| < kl|B — B*|| + 165 - sin? 0|8 — B* || —

1+ n2
< k(14 (16sin” 0)n*)[|8 — B,

where k < 1 — ¢3n? for some absolute constant c3. By appropriately setting ¢z and c3, we have
18" =Bl < (1 = camin(1,7°))[|8 - 87,

for some constant ¢4 > 0. Since we are in the regime 1°> > ¢,\/dlog®(n/d)/n for sufficiently large c,, by
appropriately setting the constants we have |3 — 8*|| < (1 — ¢s min(1,%))||8 — B*|| for some absolute constant
cs > 0, as long as we are in the region 0.1]|8%|| < ||8]| < 0.9]|8*||. Hence after O(max(1,1™?)) iterations, we
reach to the desired initialization region.

Now we consider the case ||| < 0.1||3"||. In this case, by Lemma 13, we can show that

18°1 = 18II(1 + es min{1, [|B]1%, 18°11*}),

for some universal constant cg > 0. After O(max{||3]| 72, ||3*||~2}) iterations, we enter ||3|| > ||8*||/10. Note
that when we start with ||Bo|| = Q(1), ||3¢|| will stay above min{€(1), ||#*||/10} throughout all iterations due
to Lemma 13 and Lemma 5.

8.5 Proof of Theorem 7

We restate the theorem below for readers’ convenience.

Theorem 7 ({2 Convergence, Finite-Sample in Middle-to-High SNR Regimes). Suppose that Bo is an iterate
obtained from Phase 2 whose angle with 3" satisfies o < 5z. Furthermore, suppose that ||Boll > 0.9(|8™||. Then,
for any § > 0, there exist universal constants C1,C2 > 0 such that with probability at least 1 — 4,

1Br =87 < Cromax{1,n ™"} (dlog” (nn/6) /n)
after T > Ce max{1,n 2} log(nn/d) iterations.

To prove the theorem, we consider two cases when n > 1 and < 1.
Case (i) 1 < n = 0O(1): Given the initialization conditions in Theorem 7, we can get the following corollary
of Theorem 5.

Corollary 3. Whenn > 1 and sinf < 0.1, we have
18" =871l <0918 =B

Furthermore, from the uniform concentration Lemma 3 for all 3: ||3 — 8%|| < O(||B||), we have

18" = B'll < CI18" ||/ dlog*(n/3)/n,

with probability 1 — § for some universal constant ¢ > 0. From here, with n = O(1), we can check that

18— Bl <098 - B[ +0 <a d10g2<n/5)/n) .

Case (ii) C(dlog®(n/8)/n)*/* < n < 1: In this case, the result of Theorem 5 shows that:

Corollary 4. When n <1 and sinf < 0.1, we have

i8-8l < (1= ) 18- 7 (16)
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In order to analyze the convergence of finite-sample EM operator, we first divide the iterations into several
epochs. Let Cy = ||Bo — B*||. We consider that in each I*" epoch, B satisfies Co2~' "1 < ||8—8*|| < Co27". Note
that such consideration of dividing into several epochs is only conceptual, and does not affect the implementation
of the EM algorithm.

Consider we are in I'" epoch such that Co27'"1 < ||8 — B%|| < Co27". The key idea is that in each epoch,
EM makes a progress toward the ground truth as long as the improvement in population operator overcomes

the statistical error, i.e.,
1 *
§7]2||ﬂ = Bl = 2cry/dlog®(n/5) /n,

where c is a constant in Lemma 3. Here, since || 3| < ||8*|| + |8 — 87|, we can set 7 = ||8*|| + Co2~'. This in
turn implies that in I** epoch, if the following is true:

érfc_’o?*l*l > 2ery/dlog?(n/d)/n > 4c(||B%| + Co27 ")/ dlog?(n/5)/n,

then we have
2 * 1 *
18" =B < (1— 757" ) I8 =Bl
16
due to the concentration of finite-sample EM operators. Arranging the terms, we require that
Cor™" (i = evydiog? (0/6)/n) = el |y atoe?(n/5) /.

for some universal constants c1,cz > 0. Recall that we are in middle SNR regime where (with appropriately set
constants)
n® > (c1 + 1)y/dlog?(n/d)/n.

Therefore, 3 is guaranteed to move closer to 3* as long as

Co2 ™ < ol B"[In "2 - \/dlog? (n/6)/n < can”* - 0/ dlog? (n/5) /.

Note that each epoch takes O(n™?) iterations to enter the next epoch. We can conclude that after I = O(log(n/d))
epochs, we enter the region where |3 — B*|| < can™'ov/dlog?(n/8)/n for some absolute constant cz > 0.

For § probability bound, we can replace § with 6/log(n/d) and take a union bound of the uniform deviation
of finite-sample EM operators given in Lemma 3 for all epochs. This does not change the complexity in the
final statistical error.

Finally, the required number of iterations in each epoch is O(n™2) to make |3 — B*|| a half. Since the
total number of epoch we require is O(log(n/d)), the total number of iterations is at most O(n~2log(n/d)),
concluding the proof in middle-high SNR regime.

Remark 2. When ||B*| > o so that n = w(1), we have to show that the final statistical error is only
proportional to o. For this case, we are not aware of how to give a good uniform concentration bound on the
finite-sample based EM operator. Furthermore, the analysis have to take a completely different path using a
event-wise concentration (e.g., [19]) to tighten the statistical fluctuation of EM operators. See our conference
version [21] for more details on how we handle this case in the high SNR regime.

8.6 Proof of Theorem 8

We restate the theorem below for readers’ convenience.

Theorem 8 (f» Convergence, Finite-Sample in Low SNR Regime). Suppose n < C(dlog?(n/d)/n)*/* and
|1Bo|l = O(0). Then there exist universal constants C1,Co > 0 such that with probability at least 1 — §, we have

IBr = B7|| < Cro(dlog? (n/6) /n)/*
after T > Czlog(log(n/d))\/n/(dlog?(n/8)) iterations of finite-sample EM.

We divide the phases into two when [|Bo|| is greater than 0.2, and then study when we start from the norm
smaller than 0.20. Note that we start from [|3o|| = O(0o).
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8.6.1 Proof for the Case |3o| > 0.20
First, suppose ||3|| > 2/30. Then,
T T
18 < sup E[(X7F7)(X u) tank (Y{; B)} +E {Z(XTU) tanh (%)}

u€esSd—

< sup VE[(XTB*)2E[(X Tw)?] + E[J2(X "u)]],

< 18" +Ell=(X ")) < 187 +20/7.

where z ~ N(0,0?) such that Y = X " 3* + 2. Since the uniform deviation of finite-sample EM is given by

Lemma 3 as 2||3||/dlog®(n/d)/n, we can conclude that
1871 < 181+ O /d1og? /)
<|IB°||+2/7+ O (U\/dlogQ(n/é)/n) < 2/30.

Next, suppose 0.20 < ||8]| < 2/30. Let vi = 8/||8||, and v is orthogonal to v such that span(vi,v2) =
span(3, 3*). We can start from

ﬂl = E |:Y011 tanh <Ya;7W)] V1 —|—E |:YO(2 tanh (Ya;ig‘ﬁ)} v2,

where a1 = X "1 and a2 = X vy, We will see in Appendix A.1 that (3',v2) < 1(|8||n* < coor/dlog?(n/s)/n
for some absolute constant ¢y > 0. Therefore, we focus on bounding the first term.
Let a = 4, and define event & := {a} + (z/0)? < a}. We expand 3’ as follows:

5o < ”ﬁ“ Ely*a?le] + E[[Y an|lec]
|f“ [Z alls} + E[|zaz|lge] + O(|IB7 ).

By converting the above expression to Rayleigh distribution with a1 = r cosw, (2/0) = rsinw, we can more
explicitly find the values of the expectations in the above equation. That is,

1 27 4
E[(z/0)’ai1e] = %/0 cos® wsin® wdw/o r° exp(—r?/2)dr ~ 1 — 0.013,

and

e}

27
E[|(z/0)ai|lee] = %/ |coswsinw|dw/ 7 exp(—r?/2)dr < 0.002,
T Jo 4
Therefore, using ||3]| > 0.20,

(8',v1) < 1BII(1 = 0.013) + O(o + 1B°[)) <+,

where v = 0.997 < 1. Since the deviation of finite-sample EM operator is in order o+/dlog®(n/d)/n, we can

conclude that
18] < 18] + 0 (a\/dlog%n/a)/n) .

Hence we can conclude that after T = O(1) iterations, ||Br|| < 0.20.

8.6.2 Convergence after ||Gy] < 0.2¢

As mentioned in the main text, the core idea of the low SNR regime is that EM essentially cannot distinguish
the cases between 8 = 0 and 3% # 0. Therefore, instead of studying the contraction of population EM operator
to 3%, we study its contraction to 0.

From Lemma 3, we immediately have that

sup [|B' = B < ery/dlog®(n/5)/n,
IBli<r
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for some universal constant ¢ > 0. Given the contraction of population EM operator and the deviation bound
between the sample and population EM operators, we are ready to study the convergence behaviors of EM
algorithm under the low SNR regime. Our proof argument follows the localization argument used in Case (ii) of
middle SNR regime. In particular, let the target error be ¢, := c\/dlog®(n/8)/n with some absolute constant
¢ > 0. We assume that we start from the initialization region where ||3]|/o < €;° for some ag € [0,1/2).

The localization argument proceeds as the following: suppose that e, ¥ < ||8||/o < ent at the I*" epoch for
[ > 0. We let ¢ > 0 sufficiently large such that

€n > 4Cu772 +4 sup ngl - ﬁl”/rh
BEB(B*,r1)

with r; = €,,'. During this period, from Lemma 5 on contraction of population EM, and Lemma 3 concentration
of finite sample EM, we can check that

18l < 18I - 0.518II(IBII/0)* + cullBln® +  sup (18"~ Bl
BEB(B*,r)

s

0 3a O a+1
<8l - Zert 4 e,

Note that this inequality is valid as long as e,'*! < ||B|| < en'. Now we define a sequence a; using the following

recursion:

1
a1 = g(al + 1). (47)

The limit point of this recursion is 1/2, which will give e~ = (d/n)l/4 as argued in the main text. Hence

during the I** epoch, we have

- S
181 < 18Il = Jert™.

lth

Furthermore, the number of iterations required in epoch is

by o= (2l —en ™) Jerith < et

After getting out of I** epoch, it gets into 1+ l)th epoch which can be analyzed in the same way. From this,
we can conclude that after going through I epochs in total, we have ||3| < e,'**. Note that the number of EM
iterations taken up to this point is le;; *.

It is easy to check a; = (1/3) (g — 1/2) + 1/2 from (47). We can set | = C'log(1/f) for some universal
constant C such that a; is 1/2 — 3 for arbitrarily small 8 > 0. In conclusion,

1Bl /o < e/*™F < e (dn*(n/8) /n)"/* 7712,

with high probability as long as t > €, 'l > y/d/nlog(1/8) where c is some universal constant. Hence we can
set B = C/log(d/n) to get a desired result ||B| < co - (dIn?(n/8)/n)"/*. Since ||B*| < Coo(dIn?(n/8)/n)"/*,
it implies [|3; — 8*|| < c1o(dIn?(n/8)/n)"/* where ¢; is some universal constant.

Note that we need the union bound of the concentration of sample EM operators for all { =1, ..., C'log(1/8),
such that the argument holds for all epochs. For this purpose, we can replace § by ¢/log(1/8). This does not
change the order of €,, hence the proof is complete.

9 Conclusion

In this paper, we studied the EM algorithm for a mixture of two linear regression models. In the large sample
limit, we showed that EM converges to true parameters globally without any specialized initialization. In finite
sample case, we showed that EM enjoys the same convergences behavior, with the optimal statistical rates in
all SNR regimes of interest, matching the lower bounds provided in [8].

We believe that this work builds a ground for the analysis of the EM algorithm, as well as the landscape
of MLE problems for a mixture of two Gaussian-style distributions. One potential direction is to analyze the
EM algorithm in more general mixture models. This includes models with unequal mixing weights; in the
case of mixture of two Gaussians, this has been done in [33], a follow-up of this paper. Considering mixture
models with more general noise covariance and more than two mixture components, is also of interest and
would require additional techniques due to the existence of sub-optimal local minima [14]. Another interesting
regime is the high-dimensional case with sparse parameters [32, 39, 5], aiming to achieve the minimax rates in
all SNR regimes, which may exhibit additional challenges due to statistical-computational trade-off [4]. We
leave them as interesting future work.
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Appendices

A Technical Lemmas for Finite-Sample EM

In this Appendix, we give several deferred proofs for the main theorem. For the simplicity of the presentation,
we assume here that o = 1, but original results hold with proper scaling.

A.1 Proof of Lemma 5
Let o = X "w; and a2 = X "2, where v; = 3/||8| and span(vi, vs) = span(3, 3%).

Upper Bound: We first bound the first coordinate of the population operator from equation (3):
(8',v1) = Eay ap.v [tanh(Yau | B])aa Y],

We will expand the above equation using Taylor series bound of x tanh(x):

4 4 6
B % < ztanh(z) < z* — :% + 21% (48)
Now we unfold the equation above, we have

(B v1) = H%”Em,%y [tanh(Y a4 ]|B]))Y s |1B]]

4 6
< HTi”qu,az,Y [(Ya1||5||)2 ~ (Yau|Bl) n 2(You||8])) }

3 15
(a1 [Bll(z + a1bi + azb3))"
3

1 * *
WE%Z {(al IBIl(z + axbi + a2b3))* —

+

2(ca[|B]|(z + arbi + a2b§))6]
15 ’

where z ~ N (0,1) and we used Y = a1b] + a2bs + 2z with b] = (8%, v1) and b3 = (8", v2). Note here that, any
(constantly) higher order terms of Gaussian distribution is constant. Hence instead of computing all coefficients
explicitly for all monomials, we can simplify the argument as

(a1]B]l2)*
3

2(0aBl12)°
e

(8 m) < ﬁE (on[1Bl]2)? — + e lIBI1B" 2,
— 18111 - 31BI12 + 3018*) + ex 18118711, (49)

for some universal constant ¢; > 0. Since we assumed ||3]| < 0.2, we have 38| —30||3||* > ||8/|*>. We conclude
that

(8", v1) < 18I = 18I + eal BN
Then we bound the value in the second coordinate of the population operator:
(B',v2) = Eay a0,y [tanh(Yaur||B])Y az],

where Y|(a1,as) ~ N(a1b] + a2b3,1). In order to derive an upper bound for the above equation, we rely on
the following equation which we defer the proof to the end of this section:

E [tanh(Ya1||B])Yaz2] = b5 E [oﬁ tanh(a1||B||(z + a1b])) — H,@Hb?a% tanh’(cn |8 (2 + alb“{))} , (50)
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where z ~ N'(0,1 4 b3?) with subsuming s from the equation. From (50), we can check that
E [tanh(Yau [|8]))Y a2] < b5 E [of tanh(aa || 8]/ (2 + a1b}))]
= %]E [a? tanh(a1||8|(z + a1b})) + of tanh(a1||B]|(—z + a1b7))]
< b3E [of tanh(ad|B]b7)] ,
< |1BIbIbBE [a1] < %Hﬂlll\ﬂ*HQ,

where we used tanh(a + z) + tanh(a — z) < 2tanh(a) for any a > 0 and z € R.
From the above results, we have shown that

181 < KB, )| + 148", v2)| < 18I (1 = IBI* +¢llB"11%) , (51)

for some universal constant ¢ > 0.

Lower Bound: To prove the lower bound of the population EM operator, we again expand the equation
using Taylor series (48):

181 = 148", v1)| > 1BII(1 = 311BI1%) — c2lIBINIB 1. (52)

The result follows immediately with some absolute constant cz2 > 0.

Proof of equation (50): For the left hand side, we apply the Stein’s lemma with respect to as. It gives
that

Eftanh(||8]la1Y)Y as] = E {% tanh([|8)la1 Y)Y
2

d * * _ * *
=E {E tanh(||B|laa (Z + a1b] + a2bs))(Z + a1b] + aabs)
2

= E[b5 tanh(||B]|c1(Z + a1 b] + a2b3))
+ (1Blle1b3) (Z + a1d] + a2b3) tanh'([|B]lar (2 + a1d] + a203)]
= b3 Eftanh(||8]la1(z + a1bi)) + [|Bllai(z + a1b]) tanh'(||B]la: (2 + a1d})))]

where Z ~ A(0,1) and z ~ N(0,1 4 b3?). For the right hand side, we apply the Stein’s lemma with respect to
ay. First, we check the first term in the right hand side that

Ela? tanh(||8lar (= + c1b}))]

_E {d%l(al tanh(||Bllas (= + e1b})))

* d *
=E {tanh(||ﬁ||a1(z + auby)) + Qg tanh(||B|le(z + a1b7)
— E [ranh(|8llen (2 + a161)) + 1Bllas (= + 204b7) tanh’(|8llas (= + asb)]

Plugging this into (50) and subtracting the remaining term gives the result that matches to the left hand side.

A.2 Proof of Lemma 3

For this result, we need the following lemmas:

Lemma 14. Suppose ||B*|| < p for some universal constant p > 0. Then for any given r > 0, with probability
at least 1 — &, we have

n

% ; yizi tanh (ym:ﬂ) -E [YX tanh(YXTg)]

<ecr M, (53)

sup
BBl <r

for some universal constant ¢ > 0.
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Proof of Lemma 3. Let us assume that n > Cd for sufficiently large constant C' > 0. To simplify the notation,
we use Zn =1 Z x; :1:1 Observe that

~ . 1 & “
18" =Bl < IHEnllHopHg Zyw tanh(yiz; B) — B'| + 157" — Ilen 18]I
=1

The first term can be bounded by ci1ry/dlog?(n/d)/n with some absolute constant c; > 0 using the results of
Lemma 14.

For the second term, since X ~ A/(0,I), from a standard concentration of measure we directly get
IS5 = Tlop = 155 lop 10 = Illop < e2y/dIn(1/8)/n,

for some universal constant co > 0. If we can show that ||3’|] < O(r), then we are done. To see this, first we
check that

18’ = IE[Y X tanh(Y X " 8)]|| < IBIIEY X X "llop-
It is easy to check that E[Y2X X "] = I 4+ 288" ", hence |[E[Y2XX "], = 14 2[8%||> < 1 +2C? = 0(1).
Therefore, ||3'|| < cs||B|| < car with a constant ¢ = (1 + 2C?). This completes the proof of Lemma 3. O

A.3 Proof of Lemma 14

Proof. We start with the standard discretization argument for bounding the concentration of measures in o
norm. Let Z(8) := £ 37"  yix; tanh (y;z/ B) — B'. The standard symmetrization argument gives that [31].

1 — T
- Zl €;yix; tanh (yiwi ,6)

where ¢; are independent Rademacher random variables. We define a good event & := {Vi € [n], |y;| <

7,|® B%| < Ct} as before, where 7 = © ( log(n/§)>. Then the probability defined in (54) can be decomposed
as

[Bll<r [BlI<r

P(‘sup 12@) > t) <op (sup

> t/2> ; (54)

1 n
- Zsiyimi tanh (ylm:ﬂ)

=1

P ( sup > t/2’€> + P(&°).
Bl<r

We are interested in bounding the following quantity for Chernoff bound:

E[exp( sup — Zslylmztanh ylml H) :|
IBlI<r ™

=1
where we used Chernoff-Bound with some A > 0 for the last inequality. We first go some steps before we
can apply the Ledoux-Talagrand contraction arguments [22]|, with f;(8) := tanh (|yl|ac;r,@) First, we use
discretization argument for removing l2 norm inside the expectation.

E |exp| sup — Zelylwztanh Yi; ﬁ
IBlI<r ™
<E |exp | sup sup fZayz x; u)tanh (yzaz ,3) ’
uesd |8l <r T 5

2)\ T
<E|exp| sup sup — Zyl(ccl uj;) tanh (y;x; B ‘8
[ (je[M] IBll<r ™ 2 ’ ( )

=1

M
< ZIE [exp ( sup — Z{‘:zyz a; u;) tanh (y’bmz ﬁ)) '5:| )
j=1

Isll<r ™ =

where M is 1/2-covering number of the unit sphere S and {u1,...,un} is the corresponding covering set. Now
for each u;, we can apply the Ledoux-Talagrand contraction lemma since |f;(81) — fi(82)| < |||z B1 — =] B

for B € B(0,r):
22\ T T
E |exp| sup — eiyix; ujtanh (y,x; B '5
[ (ﬁll<r n 2 ’ ( )

=1
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=E |exp ( sup 22 Zsl|yl\m:u] tanh (y,|m:ﬂ)> ‘5:|

n
I8l<r i=1

<E |exp ( sup % Z&yf(mjﬁ)(mj%)) ‘5:|

n
IBl<r i=1

<E |exp ( sup % Zazyf(mz—v)(w;ru])> Egl, (55)
L i=1

vesd—1

where we define v := 3/|3]|. Again, we can apply the 1/2-covering number argument to bound this by
M
> E
k=1

Note that y; (] u;)|€ is sub-Gaussian with Orcliz norm O(7(1 +||8*||)) = O(7). Since the multiplication of
two sub-Gaussian variables is sub-exponential, it implies that yZ (2 ux)(x; u;)|€ is sub-exponential with Orcliz
norm O(72) [30]. Now we need the lemma for the exponential moment of sub-exponential random variables
from [30].

exp (42)\ Zf-:zy?(a:;ruk)(w;ruj)> El.

i=1

Lemma 15 (Lemma 5.15 in [30]). Let X be a centered sub-exponential random variable. Then, for t such that
t<c/[Xl|,,, one has

Elexp(tX)] < exp(Ct* | X[I},),

for some universal constant ¢, C > 0.

Finally, note that e;,42(; v)(x; u1) is a centered sub-exponential random variable with the same Orcliz
norm. Equipped with the lemma, we can obtain that

E [exp (4)\7°le stf(azju@(w?uﬁ) ‘5 < exp(CA*r?1* /n), V|\r/n| < c/7%,
i=1 ]

which yields

Zsiyiwi tanh (yim:,@) H) 5] < exp (C)\2r27-4/n +C'd), V|Al < n/er’r,

1=1

E

A
exp| sup —
IBlI<r 1

where we used log M = O(d) with some C,C’,c > 0. Combining all the above, we have that

IP’( sup  ||Z(B)|| > t> < exp (CoN*r’7" /n + Cid — At/2) + P(E°).
BEB(B*,r)

From here, we can optimize for A = O(t/r?7*) with setting t = O (m/dr‘l/n). Since t = O (7"\/dlog2(n/6)/n>7

this concludes the proof. O

A.4 Lower Bound on the Norm: Proof of Lemma 13
Let a = Z(B,3"). We recall here that b = 8" cosa, b5 = 3" sina.

Case (i): cosa < 0.2. This case we essentially give a norm bound for cos @ = 0. Suppose that ||3]| < ||3*]/10.
We can first check that

181 = 1(8, v1)| = Eay,az,v [tanh(You | B])Y o]
= By 0,z [fanh((e1b] + a2b2 + z)an[|B]]) (e b] + o2z + 2)ou],

where a1, a2,z ~ N(0,1). The above quantity is larger than the following b7 = 0 case:
Boy az.z [tanh((e2b2 + 2)aa||B]]) (e2b2 + z)au] = Ea, z[tanh(zau [|8]]) Zoa],
where Z ~ N (0,1 + (b3)?) = N(0,03). We can lower bound the following quantity such that

Ea,,z[tanh(Za1||B])zZai] > 02Ea, 2[tanh(cozan ||B]]) za1]
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> 02K, . [tanh(zau || B]])zaa].

If || 3| > 0.5, then through the numerical integration we can check that E,, .[tanh(0.5za1)za1] > 1/7. Hence,
we immediately have that

sin «

1 1
/ > - > * > - *
(B 00)| > ~o2 > Z226°) > 1167,

s

since sin o > 0.9 in this case. Since we are considering the case when ||3|| < [|8*||/10, clearly we have

18°1 = 18II(1 + 1 - min(1, [|B]|*)).-

If ||B]| < 0.5, then we get a lower bound using Taylor expansion:

By st o870 2 0o (o, 18101 )"] = B 18] )]
= 0211811 - 31817) = 1811+ 0967(1 - 3],

where ||3%|| = n. Here, we consider three cases when n > 5,5>n > 1,1 >n. When n > 5, then we immediately
have [(3’,v1)| > 1.25||3||. In case 5 > n > 1, we first note that since ||3|| < ||3*]|/10, we check the value of

18]1v/1 + 0.9672(1 — 0.031%).

We can again, numerically check that /1 4 0.9652(1 — 0.03n%) < 1.25 for 1 < 5 < 5. Finally, when 1 < 1, then
a simple algebra shows that

18]lv/1 4 0.96n2(1 — 0.031%) > [|B]|(1 + 0.37°).

1B~
10

Combining all, we can conclude that when ||3|] <

18/l = 118II(1 +0.25 - min(1, || 87[1*)) = (18]I (1 +0.25 - min(L, [|B]]*)).
Now note that (3’,v1) increases in ||3||, hence for all ||3|| > ||3*]|/10, it holds that

187

. * (12
Tg (1+0.25- min(1,[18°)).

181l >

Case (ii): cosa > 0.2. Again, we can only consider when ||3|| < ||8*||/10 since the other case will
immediately follow. Their claim in this case is that |(8’,v1)| > min (¢3|8]|,b}). Hence we consider two cases
when 03 ||8| = (1 + n?sin® @)||3|| < b} = ||3*|| cos @ and the other case.

In the first case when o3||3|| < b}, it can be shown that (see equation (39))

bi — (8, 01) < w°(01 — o381,
where k < W 71. Rearranging this inequality, we have
(B',01) 2 IB"I1(1 = &%) cos a + £° (1 + n” sin” @) | B
> [|18112(1 = £7) + #* (1 + 17 sin® ) | B]|
> (18] + (1 = &) BII-

Note that 1— &> > ¢; min(1,b?) for some constant ¢; > 0. On the other side, if o3||3|| > b}, then we immediately
have

187l
10

(B, 01) 2 1B7I1/5 = (1+1-min(L, |B%[*) = 18] + 1 - min(L, | B]*)).

Combining two cases, we have that
1811 = 18II(1 + e1 - min(1, [|B]1%))-

Now similarly to Case (i), since (3’,v1) is increasing in ||3||, when ||B|| > ||3*||/10, we have

187
10

18] > (1 + c2 - min(1, [|87]%)),

where c2 = ¢1/100. Collecting all results in two cases, we have Lemma 13.
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B Auxiliary Lemmas

B.1 Random Angle of a Gaussian

The following lemma characterizes the quality of a random initial iterate for EM.

Lemma 16 (Angle between a Gaussian and a fixed vector). Let X € R? be a random vector with independent
standard Gaussian entries. With probability at least 0.9 — 2 exp(—cd), we have | cos(Z(X, e1)| = B(1/V/d), where
ei:=(1,...,0) is the first standard basis vector in R®.

Proof. Note that cos(Z(X,e1)) = ai/y/> %, @2. Since the x?’s are independent sub-exponential random
variables, By standard concentration result ensures that

(

for some absolute constant ¢ > 0. On the other hand, since a1 ~ N(0,1), we have |ai| € (0.01,2) with
probability at least 0.9. Combining, we conclude that with probability 0.9 — 2 exp(—0.01cd),

d
> @i - d‘ > 6d> < 2exp(—cds?),

i=1

0.01 |a |

Vitd o \/7 \/W

O
B.2 Concentration of Second Order Moments
Lemma 17. With probability at least 1 — &, we have
1 — N dln%(n/é
1L vmal — g, =0 ((IB 41y fﬂ) , (56)
=1

Proof. Let €; be an independent Rademacher variable and z; = N(O, 1). We can write y; = abm;r,ﬁ* + z;.
We use the truncation argument for the of concentration of higher order moments. First define the good
event £ 1= {VZ € [n],|z] < 7|2 B < m2|}. We will decide the order of T later such that P(§) > 1 — 6.
Let Y ~ Y|€,X ~ X|€ and (Ji,Z;) be independent samples of (Y, X) It is easy to check that Y X is a
sub-Gaussian vector with Orlicz norm O(7 + 72) [30]. To see this,

~ 1/
HYX = sup supp /°E [|Y(XTu)|p\5] g (57)
Y2 yesd—1p>1
1/
< (r+7) sup supp /’E [|XTu|plg] ! JP(E)/P (58)
uesSd—1 p>1
< (r+7m)K, (59)

for some universal constant K > 0 and the last inequality comes from the p*" moments of Gaussian is O((2p)?/?)
and P(£) >1-4.
Now we decompose the probability as the following:

1 — 1 — .
P ("n > iz — Ilop > t) <P ("n S iz — Ilop > t|5> +P(EY)

=1 =1

1 g s
<P (nn gEa! —Ep'az . > t/2>
=1

(@)
P(IEF°XX ]~ Illon > ¢/2) +P(°).

(b (©)
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We can use a measure of concentration for random matrices for (a) given that n > Cd for sufficiently large
C > 0 [30], and bound by exp (_C(:ftig)‘k + C’d) for some constants C, C’ > 0. The bound for (c) is given by

nexp(—7?), hence we set
7= 0 (Viog(n/)) ;72 = 18"
Finally, for (b), we first note that

EY?XX | =E[Y?XX "|P() +EY?X X "1g].

Rearranging the terms,

IEY?XX "]~ Ilop < IEY>X X "]lop P(E) + \/ sup E[Y4(X Tu)4]y/P(E°)

u€es?

< (74 1)’nexp(—=72/2) + 3(1 + 12)*Vnexp(—72/4) < \/1/n.
We can set t = O ((||,3*H +1)2 dlogg(n/(S)/n) and get the desired result. O

B.3 Initialization with Spectral Methods

Lemma 18. Let M = %Z?:l yixix; — I. Let the largest eigenvalue and corresponding eigenvector of M be
(A1,v1). Then, there exists universal constants co,c1 > 0 such that

2
s — 187171 < colIB°]17 + 1)\/@_

Furthermore, if ||8*|| > c1(dlog?(n/8)/n)*4, then

) . 1 dlog?(n/9) 1
sin Z(v1,8") < co <1+ ) < —.
(o) 1B no S0
Proof. The lemma is a direct consequence of Lemma 17 and matrix perturbation theory [31]. Note that
Ely?ziz; ] = I +28°8"" (e.g., see Lemma 1 in [41]). O

The above lemma states that when ||3*|| is not too small, we can always start from the well-initialized
point where it is well aligned with ground truth 8*. In low SNR regime where ||3*||? < (d/n)'/?, we cannot
guarantee such a well-alignment with 8" since the eigenvector is perturbed too much. However, the largest
eigenvalue can still serve as an indicator that ||3*| is small. Hence in all cases, we can initialize the estimator
with ,@0 = max{0.2, \/X}vl to satisfy the initialization condition that we required in Phase 1.
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