Structures of Spurious Local Minima in k-means
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Abstract—The k-means clustering problem concerns finding a
partition of the data points into £ clusters such that the total
within-cluster squared distance is minimized. This optimization
objective is non-convex, and not everywhere differentiable. In
general, there exist spurious local solutions other than the global
optimum. Moreover, the simplest and most popular algorithm
for k-means, namely Lloyd’s algorithm, generally converges to
such spurious local solutions both in theory and in practice.
In this paper, we investigate the structures of these spurious
local solutions under a probabilistic generative model with &
ground truth clusters. As soon as k = 3, spurious local minima
provably exist, even for well-separated clusters. One such local
minimum puts two centers at one true cluster, and the third
center in the middle of the other two true clusters. We prove
that this is essentially the only type of spurious local minima
under a separation condition. In particular, any local minimum
solution only involves a configuration that puts multiple centers
at a true cluster, and one center in the middle of multiple true
clusters. Our results pertain to the k-means formulation for
mixtures of Gaussians or bounded distributions, and hold in
the over- and under-parametrization regimes where the number
of centers in k-means may not equal to the number of true
clusters. Our theoretical results corroborate existing empirical
observations and provide justification for popular heuristics for
k-means clustering.

Index Terms—k-means, Gaussian mixture, non-convex opti-
mization, spurious local minima, structured minima

I. INTRODUCTION

k-means clustering is one of the most fundamental problems
in unsupervised learning, with a wide range of applications
in multiple fields including machine learning, image analysis,
computer graphics and beyond; see the survey [1]] and the
references therein. The k-means problem can be formulated as
follows: given n data points 1,...,x, € R?, find k centers
B = (B1,...,Br) € R¥™* such that the following sum of
squared distances is minimized

Gn = i i i 2, 1
(8) ;Jr,gg;] |z; — B (1)
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! Another common way of formulating the k-means problem involves finding
a partition of the data points into k clusters such that the within-cluster sum of
squared distance is minimized. This partition-based formulation is equivalent to
the center-based formulation @ used in this paper, as we show in Appendix E}

where || - || denotes the ¢ norm. The k-means objective func-
tion (1)) is non-convex: it involves the minimization of quadratic
functions and is symmetric with respect to permutation of
the indices of components of (3. This optimization problem
is NP-hard in general [2, [3, 4]]. It has been observed that
standard algorithms for k-means often converge to spurious
local solutions of that are not globally optimal [5, |6].
Moreover, these local minima of k-means are prevalent in
practice [7} 8.

Recent theoretical work has made progress in understanding
the k-means and related clustering problems with rwo clusters.
In particular, if the data is generated from a balanced mixture of
two identical and spherical Gaussians, the work in [9, [10} [11]]
effectively shows that there is no spurious local minima, and
that greedy algorithms such as the Lloyd’s algorithm and
Expectation-Maximization (EM) are guaranteed to converge to
a global minimizer from a random initialization. However, as
soon as there are more than two clusters, non-trivial spurious
local solutions do exist, even when the ground truth clusters are
well-separated and balanced. Worst yet, these spurious local
solutions may have objective values arbitrarily worse than the
global optimum, and randomly-initialized greedy algorithms
may provably converge to these local solutions with high
probability [12].

Despite the above negative results, not all hope is lost.
In this paper, we show that even with a general number of
clusters, a lot can be said about the structural properties of
these spurious local minima. In particular, under certain mixture
models, we prove that all spurious local minima of k-means
are well-behaved, in the sense that they possess the same type
of structure that partially recovers the global minimum. We
elaborate below.

A. Main Contributions

Consider the k-means problem under the following proba-
bilistic generative model. Let 8%, ..., 3; € RY be k* distinct
unknown true cluster centers. For each s € [k*], let f, be
the density of a distribution with mean 8%. Each data point
x € R? is sampled independently from a mixture f of these
k* distributions {fs}se[x=), with the density

.
f@)= 1 Y fula) @)
s=1

If each f is a Gaussian distribution centered at 37, the above
distribution becomes the (balanced/equally-weighted) Gaussian
Mixture Model (GMM). Under the generative model (2), we
consider the following population version of the k-means
objective function:

G() = [ min o~ 8| (z)de
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The objective function above can be viewed as the infinite-
sample (n — oo) limit of the empirical objective function
in equation (I). Note that this population objective is also
non-convex.

Below for simplicity we assume k = k*, that is, the number
of fitted centers in the k-means formulation is the same as that
of the true mixture, though our theoretical results hold more
generally.

a) Existence of spurious local minima.: Under general
conditions, the ground truth centers 3* = (8%,...,8;) €
R?** and any permutation thereof are (close to) a global
minimum of G; see Proposition E} However, there exist
additional spurious local minima, even in the simple one-
dimensional setting with k£ = 3 clusters and when the densities
{fs}s k] have bounded and disjoint supports. In particular, we
show that one spurious local minimum 3 = (31, B2, 33) has
the following configuration:

* *

B~ B2 ~ B, %

In words, this local solution uses two centers to fit one true

cluster, and the third center to fit the other two true clusters.

See Proposition [2] for details. A similar observation was made

in [12] for the log-likelihood objective function of Gaussian
mixtures.

b) Structures of spurious local minima.: The local solu-
tion in equation (@) involves disjoint many-fit-one and one-fit-
many associations. As our main result, we show that this is
essentially the only type of spurious local minima for k-means
under a separation condition:

B3 ~ 4

Theorem (Informal). For well-separated mixture models, any
non-degenerate local minima 3 = (B1,...,8k) of G only
involves the following configurations: (i) multiple centers
{B;} lie near a true cluster 3%, and (ii) one center (3; lies
near the mean of multiple true clusters {3%}. Moreover, the
configurations (i) and (ii) involve disjoint sets of B;’s and
Bes.

See Theorems [I] and 2] for the precise statement of this result.
In words, viewing a solution 3 as an assignment of the centers
{B;} for fitting the ground truth clusters, we show that a local
minimum 3 can only involve many-fit-one associations (case
(i) above) and one-fit-many associations (case (ii) above), and
each fitted center 3; or true center 3; only participates in
one of these associations. Any other solution 3 with many-fit-
many associations (or other configurations) cannot be a local
minimum.

We illustrate the above results in Figure |I| under a two-
dimensional GMM with 4 components. The top panels show
different candidate solutions of k-means. The ground-truth
centers are the only global minimum, as in Panel la. Panel 1b
shows a spurious local minimum, where the orange center fits
two clusters, and the blue and purple centers fit one cluster. In
Panel 1c, the blue and green centers together fit 3 clusters; in
Panel 1d, the blue and purple centers together fit 2 clusters.

These two solutions contain many-fit-many associations and
are not local minima.

For further verification, we run the Lloyd’s algorithm [[13]
with the above four solutions as the initial solution. The
Lloyd’s algorithm is an iterative greedy method that alternates
between assigning each data point to its closest center and
updating the centers to be the means of the new clusters.
It can be viewed as a quasi-Newton algorithm applied to
the objective function (I) with a specific choice of step
size [14]. The bottom panels in Figure [I] show the trajectories
of intermediate solutions of Lloyd’s algorithm and the final
solutions they converge to. When initialized at a global or
local minimum, the algorithm stays at the initial solutions
as expected (Panels 2a and 2b). In Panel 2c, the algorithm
escapes from the initial solution, which is not a local minimum,
and then converges to the spurious local minimum plotted
in Panel 1b. In Panel 2d, the algorithm again escapes from
the initial solution and converges to the globally optimal
ground-truth solution plotted in Panel 1a.

To put the above results in context, we note that even
the existence (or the lack thereof) of spurious population
local minima in GMM, posted as an open problem in the
Conference on Learning Theory (COLT) 2007 [15], was not
rigorously resolved until recently [10, 11, [12]. As mentioned, in
general spurious local minima do exist [12], as demonstrated
by an example similar to that in equation (@). Our results
above provide a positive message in the context of the
k-means objective: all local minima partially recover the global
minimum, in the sense that they identify some of true cluster
centers and the means of the other true cluster centers. Again
see Panel 2b in Figure [1| for an illustration.

On the technical side, note that the k-means objective
function G is complicated due to the min operator in its
definition (3)), and in particular is not everywhere differentiable.
Our analysis makes uses of a new technique based on analyzing
the Voronoi sets and boundaries associated with the min
operator as well as the directional derivatives of certain smooth
upper bounds of GG. Doing so allows us to leverage both the first
and second order optimality conditions to deduce the structures
of a local minimum. We hope that this technique is useful for
studying other mixture and clustering problems.

B. Related Work

With a history of more than 50 years [13} 5], the k-means
problem has found broad applications in computer science,
astronomy, biology, social science and beyond. We refer to the
papers [16l [1]] for a comprehensive survey of the work on this
problem.

Without additional assumptions on the data points, optimiz-
ing the k-means objective in (T)) is NP-hard when the number of
components k is fixed [2]] or when the dimension d is fixed [3]].
Even finding a (1 4 ¢) approximation with varying (k,d) is
hard [4]]. Progress has been made on designing constant-ratio
approximation algorithms; see, e.g., the results in [[17, [18]]
among many others.

Lloyd’s algorithm [13]], often called the k-means algorithm,
is arguably the most popular method for the k-means problem.
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Figure 1.

Top panels: Local minima and non-minima in GMM with 4 components. Solutions with many-fit-many configurations are not local minima. Bottom

panels: Trajectories of greedy algorithm when initialized at different solutions. The colored circles correspond to an initial configuration of 3. Running the
Lloyd’s k-means algorithm from this initialization converges to a solution denoted by colored squares. The black lines correspond to the trajectory of the
intermediate iterates. The algorithm escapes from non-minima and converges to a global or local minimum.

In general, Lloyd’s algorithm is only guaranteed to converge
to a local minimum and is sensitive to initialization [19].
Moreover, it may take exponentially many steps to converge in
the worst case [20, 21]]. Under certain probabilistic assumptions
of the data, several theoretical guarantees have been established
for the Lloyd’s algorithm [9} 22 [23]]. In particular, the work
in [22] shows that under a separation condition of the clusters,
Lloyd’s algorithm can learn a mixture of Gaussians as well as a
mixture of bounded distributions, after (i) a dimension reduction
step via PCA and (ii) an initialization that has a constant-factor
approximation guarantee. There is also substantial work on
designing provably efficient initialization schemes for Lloyd’s
algorithm [24, [25]]. Particularly relevant to us is the work
in [26]], which considers over-parametrized k-means/EM (which
fits k* clusters using & > k* centers) equipped with extra
pruning steps. Interestingly, the fitted centers they try to prune
correspond to, in our language, many-fit-one associations (and
sometimes almost-empty associations as well; see our main
theorems). As Lloyd’s algorithm finds local minima of k-means,
our results can be used to characterize the structural properties
of the output of Lloyd’s. We emphasize that our results are in
fact more general, applicable to the general k-means objective
function (with or without over-parametrization) and hence not
tied to a specific algorithm.

A recent line of work also considers convex relaxation
methods for the k-means problem based on linear or semidef-
inite programming [27, 28| [29]. Theoretical guarantees have
been established on when the solution of the convex program
coincides with (or approximates) the global minimum of
k-means [30} 31} 32} 133].

The k-means objective function can be viewed as a “hard”
or limit version of the negative log-likelihood function for
the Gaussian Mixture Model (GMM); see Section [[I-B] As
such, our results are related to recent theoretical work on the
Expectation-Maximization (EM) algorithm [34]], which is a
local/greedy algorithm for optimizing the likelihood function.

Positive results have been obtained on provable convergence of
EM under GMM with k& = 2 components (35} [10, [11] 36l 37].
In particular, these results show that the negative log-likelihood
function has no spurious local minima for a balanced mixture
of two Gaussians with the same covariance matrix. However, in
more general mixture models, it has been proved that spurious
local minima do exist with high probability. Examples include
a mixture of k > 3 equally weighted components [12], and a
mixture of £k = 2 unequally weighted components with known
mixing weights [38].

II. PROBLEM SETUP

In this section, we introduce the statistical models for our
main results. Recall the mixture model in equation with k*
true clusters. We consider two concrete instantiations of this
model.

A. Ball Mixture

The first instantiation is a mixture of uniform distributions
on k* disjoint balls. For each u € R, let B, (r) denote the
Euclidean ball centered at w with radius 7. As the true centers
{B:}sek+) and the radius 7 are fixed throughout this paper,
we use the shorthand B, = Bg-(r) for brevity. We assume
that each data point « is sampled independently and uniformly
from one of £* disjoint balls centered at the true centers 37;
that is, @ ~ unif (B,) with probability 7.

This model, sometimes called the Stochastic Ball Model [30],
is formally described below.

Definition 1 (Stochastic Ball Model). The Stochastic Ball
Model is the mixture ([2) where each component has density
1

fs(x) = Wﬂm (z),

Here Vol(T') denotes the volume of a set 7 C R¢ with
respect to the Lebesgue measure, and 1 is the indicator
function for the set 7'

s € [k"].



B. Gaussian Mixture

The second instantiation is the (spherical) Gaussian mixture
model, where each data point @ is sampled independently from
one of k* Gaussian distributions whose means are the true
centers {8:}; that is,  ~ N'(8%,0*I) with probability 7. A
formal description of GMM is given below.

Definition 2 (Gaussian Mixture Model). The (spherical) Gaus-
sian Mixture Model is the mixture ({2)) where each component
has density

__ L (=B e
fs(w)_(\/ﬂg)d p( 252 )7 € [k"].

We point out that the population negative likelihood function
of GMM (with a posited variance parameter 72), namelyﬂ

L) o=~ [1os| ¥ e (12020 e

JE[K]

is closely related to the population k-means objective function
G defined in equation (3). As the log-sum-exp function
above is a form of soft maximum, L, can be viewed as
a smooth approximation of G. Moreover, as 7 — 0, we
have 272L.(8) — G(B) for each B. In other words, the
k-means objective function corresponds to the limit case of
the GMM log-likelihood function, and hence results for one
have immediate bearing upon the other.

C. Model Parameters

For both of the above models, we define the quantities
Amax ‘=max H/G;k - ﬂ:’ ||7
s#s!
Amin :=min Hﬁ: - ﬂ:’ ||7
s#s!

which are the maximum and minimum pairwise separations
between the true centers. Accordingly, we introduce two
quantities measuring the Signal-to-Noise Ratios (SNR) of the
models. In particular, for the Stochastic Ball Model we define

I Amax
nmax T 9
T
L Arnin
Tmin ‘= )
r

which are the maximum and minimum separations normalized
by the radius of the balls. For the Gaussian Mixture Model,
we similarly define

L Amax
e S Fnin(k 1 k%, )
AInin
MNmin ‘=

oy/min(k + k*,d)

Note the \/min(k + k*,d) factor in the denominators above.
This factor is the typical value of the norm of a random vector
from a d-dimensional standard Gaussian distribution when
projected to the (k + k*)-dimensional subspace spanned by
the true and fitted centers {37} cpr-) and {B;}icix-

2Here we ignore a constant additive term that is independent of the variable

B.

The above models are sometimes said to be well-separated
if Mmin = (1) [12]. Also note that the ratio Zmﬁ € [1,00)
measures how evenly-spaced the true centers are. This ratio is
close to 1 when the true centers are approximately equidistant
to each other.

D. Voronoi sets

Each candidate solution 8 = (834, ..., Bk) of the k-means
problem induces a Voronoi diagram, namely, a partition of the
space R based on proximity to the 3,’s. The Voronoi diagram
plays a crucial role in understanding the k-means objective (3)),
which is defined by the quantity min ¢y || —3;||, the distance
of a point x to its closest center. Here we review some basic
concepts related to Voronoi diagrams, which are useful for
future development.

Given a set of k centers 8 = (B1,...,08:) € R™¥F in RY,
let V;(8) be the region consisting of points that are closer
to B; than to any other center 3;, j # 4. Formally, for each
i € [k] we define

Vi(B) = {z eR: |z — Bi|| < ||= — B, V] # i}

We call each V;(3) the Voronoi set associated with 3;. The
Voronoi diagram of (3 is the collection of the Voronoi sets,
that is, V(8) := {V;(B) : © € [k]}. Note that each Voronoi set
is a polyhedron in R¢ with at most k& — 1 facetsE] as we can
rewrite the definition in equation (3)) as

&)

Vi(B) = {z € R? :2(8; — By, x) < |1B;II* — 1181,
Vj#i,j€ [k:]}

In addition, for each index pair (4,j) with ¢ # j, we define the
Voronoi boundary 0; j([3) as the intersection of the Voronoi
sets associated with 3; and 3;; that is,

0:,5(B) = Vi(B) NVi(B) = {z : |z - Bill = [l — Bl|}-

Note that 9; ;(3) is the set of points with equal distance to 3;
and 3;. If 9; ;(B) has dimension d — 1, we say that V;(8) is
adjacent to V;(8), written as V;(8) ~ V;(8). In this case, the
two Voronoi sets V;(8) and V;(/3) intersect at a common (full
dimensional) facet of the two polyhedra. We use the notation
9(B) :={0:,;(B) : Vi(B) ~ V;(B)} to denote the collection
of the Voronoi boundaries of adjacent Voronoi sets.

IIT. MAIN RESULTS

In this section, we present our main theoretical results on
the structures of the local minima of the population k-means
objective G defined in equation (3)). In what follows, we use P
to denote the probability measure with respect to f, the density
of the ground truth mixture. Similarly, for each s € [k*], we
use P; to denote the probability measure with respect to fs,
the density of the s-th component of the ground truth mixture.

3A facet is a (d — 1) dimensional face of a d-dimensional polyhedron.
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Figure 2. One-dimensional Stochastic Ball Model with radius r» < 0.4 and
ground truth cluster centers 3* = (—2,0,2). The solution 3 = (-2 —
5,—2+ 5,1) is a spurious local minimum.

A. Stochastic Ball Model

Consider the Stochastic Ball Model in Definition [Il We first
state two simple results concerning the global and local minima
of the k-means objective G. The first proposition, proved in
Appendix [A] states that the ground truth centers is the only
global minimum of G.

Proposition 1 (Ground truth is global minimum). Under
the Stochastic Ball Model with k* = k > 1 and B* =
(B5,B5,...,B;) € R* if i, > 6k, then the true centers
B* (up to permutation of its k components) is the unique global
minimum of G.

The next proposition, proved in Appendix [A] states that in
general G has a spurious local minimum that is not a global
minimum. An illustration is given in Figure 2]

Proposition 2 (Existence of spurious local minima). Consider
the Stochastic Ball Model in one dimension with k* =k =3
and B3* = (B},55,85) € RY3 with Bf = -2, 85 = 0,
B35 = 2, where each ground truth ball/interval has radius r.
When r < 0.4 or equivalently nyin > 5, the solution 3 =
(B1, B2, B3) € RS with By = =2 — 5, fo = =2+ § and
B3 = 1 is a local minimum of G.

Proposition2]is similar in spirit to the results in the work [12]],
which proves the existence of spurious local minima for the
log-likelihood function of a Gaussian mixture. We note that
their results are established using a limiting argument with
Nmin — 00, Whereas our result gives explicit values of 3* and
B.

Conceptually, Proposition [I| shows that when k* = k,
the k-means objective G is a statistically sensible objective
function for clustering, as its global minimum recovers the
ground truth clustering. On the other hand, Proposition [2]
highlights the computational difficulty of this optimization
task, due to the existence of spurious local minima in the
form of the configuration plotted in Figure

As the main result of this paper, we show that the above
configuration is essentially the only local minimum. The
following theorem, proved in Section holds in the general
setting where the number of centers % in the k-means objective
G is not necessarily equal to the number of clusters k£* in the
true mixture.

Theorem 1 (Local minimum structures, Stochastic Ball Model).

Under the Stochastic Ball Model, for each constant integer
co > 1 there exists a universal constant ¢ > 0 for which the
following holds. Assume that max(k*, k) < co, Mmax > 4c?
and Muin > 14¢\/Mmax- If B = (B1, ..., Br) € R s a local

minimum of G, then the ground truth centers and fitted centers

can be partitioned as [k*] = \J,— Sk and [k] = )", Sa
respectively, such that for each a € [m), exactly one of the
following holds:
« (many/one-fit-one association) |S,| > 1 and S} = {s}
for some s € [k]; moreover,

10
H/Bl - /G:H < ¢ Amax = 10c V rAmaxa

o (one-fit-many association) S, = {i} for some i € [k]
and |S%| > 2; moreover,

14c
ﬁ* < 7Amax = 14Cm
Sgg:; ° v/ TImax

In addition, for each i € Sy, we have P(Vi(,@)) < \/;7
(almost-empty association).

Vi € S,.

max

1
Bi— o
|5l

Theorem (1| states that all local minima have the same type
of structure. In particular, if we view a candidate solution
B = (B:)_; as configuring the centers 3;’s to fit the true
clusters, then any local minimum 3 must be composed of only
the following configurations:

(i) many-fit-one: multiple 3;’s are close to the same ground
truth center;

(ii) one-fit-many: one 3; is close to the mean of several ground
truth centers;

(iii) almost-empty: a 3; is far (relatively to other 3;’s) from
any ground truth center, in the sense that the Voronoi set
of B; is almost empty with a small measure.

In configurations (i) and (ii) above, being close means that the

distance is order-wise smaller than the separation A,,.., by a

factor of 1/ \/Mmax; similarly, in configuration (iii), the measure

being small means that it is on the order of 1/, /7max. Moreover,
the configurations (i), (ii) and (iii) must involve disjoint sets
of B;8’ and Bs’. For concrete examples, recall Figure |1} the
ground truth solution in Panel 1a has 4 one-fit-one associations,

whereas the spurious local minimum in Panel 1b consists of a

two-fit-one, a one-fit-two and a one-fit-one association.

Put differently, Theorem [I] implies that if a solution (3
involves any configuration other than the three above, then 3
can be perturbed locally to strictly decreases its objective value.
For example, the solutions in Panels Ic and 1d in Figure [T] use
two centers to fit three and two true clusters, respectively. The
objective value can be decreased by moving these two centers
away from each other and towards different true clusters, as
shown in Panels 2¢ and 2d. Our proof of Theorem [I] in fact
makes use of this geometric idea, by testing the optimality
conditions of the local minima along certain judiciously chosen
directions.

It is instructive to specialize Theorem |I| to the limit case
of a “point model”, where » — 0 or equivalently 7yax — 00;
that is, each ground truth cluster s has a point mass at 3%.
In this case, the three possibilities guaranteed in the theorem
reduce to: (i) several 3;’s are located exactly at one true cluster
3% (many-fit-one); (ii) one center 3; is located at the mean
of several true 3}’s (one-fit-many); (iii) for all the other 3;’s,
their Voronoi sets do not contain any true clusters.

In the general setting with r > 0, Theorem [I| guarantees that
the above result for the point model still holds approximately,



with an approximation error due to each true cluster having
a mass spread around the true center. The three bounds in
Theorem (1| control the approximation errors with respect to
cases (i)—(iii) in the point model above. These error bounds
all scale with 1/ N which becomes smaller if the SNR
Nmax 1NCIEases.

a) Tightness of the error bounds: The approximation
errors above are unavoidable in general. We have already
shown in Proposition [2] that there exists a local minimum
B = (B1, B2, B3) where 31 and 3, are close but not exactly
equal to B7; see Figure 2| Here the mass of the first true
cluster By is equally split between the Voronoi sets of 3; and
B2, each of which lies at the corresponding center of mass
(cf. Lemma [2), leading to a nonzero approximation error in
the many-fit-one association. In addition, in Example [2] in
Appendix we demonstrate another local minimum with a
non-zero approximation error in the one-fit-many association.

Theorem [I] gives upper bounds for these approximation
errors, where the bounds take the form 1/ \/Nmax. The proof of
the theorem in fact establishes a family of bounds that provide
a trade-off between the errors for the three types of associations
(see Theorem Ell) In particular, when k£* = k, for each number
A € (0, 5=, one can derive the bounds

o many-fit-one — if S¥ = {s} and |S,| > 1,

IB: — B2 <O (max (;kr + kQArAmax>> Vi € Sa;

o one-fitmany — if S, = {i} and |S%| > 1,

1 .
o~ 2
o almost-empty — P(V;(8)) < Akr, Vi € So.
where the partitions [k*] = |J!"; Sk and [k] = )", Sa

may depend on \. Taking A = < = \/ncﬁ gives the

bounds in Theorem [T} We are cur}/e%Atln}j/mﬁot sure whether these
bounds are tight in general.

b) Separation condition: The result in Theorem [I] holds
under the separation/SNR condition 7, = €(1). Note that this
kind of separation condition is needed even in recent work on
more restrictive settings of mixture problems and EM/k-means,
including those on k* = 2 clusters [35 39} 140, 131]], on the local
behavior of EM/k-means near the global optimum 3* [41} 42]],
and on the existence of spurious local minima [12] (the last
work assumes Npin = Q(\/&)) In our setting, we believe
such a separation condition is in general necessary. Indeed,
Example [I] in Appendix shows that if 7,,;, is too small,
then there exists a local minimum that involves a two-fit-three
configuration and hence qualitatively violates the structural
properties in Theorem [T} Under our separation condition and
additional assumptions, it may be possible to solve the mixture
estimation problem using specialized algorithms with a good
initialization (e.g., spectral initialization [43]). Nevertheless, as
is the case in a recent line of work on the landscape of non-
convex problems [44} 45| 46, 47|, our results are not tied to a
specific algorithm, but rather concern the general geometry and
structure of the k-means problem itself. We have not attempted
to optimize the separation condition (particularly its scaling
with £*) and leave it as an important future problem whether

<0 (kr AP A + g) :

this condition can be improved. Indeed, we empirically observe
that even with a much milder separation condition, such as the
four clusters in Figure |l|, the one-fit-many and many-fit-one
configurations still hold for local minimum solution.

¢) Over/under-parametrization: Theorem [I] holds even
when the number of centers k in the population k-means
objective is different from the number of clusters £* in the
true mixture, including the over-parametrization regime k& > k*
and the under-parametrization regime k < k*. As we discuss
in greater details in Section [TV} such flexibility has important
algorithmic implications.

B. Gaussian Mixture Model

We next consider the Gaussian Mixture Model in Definition 2]
The main difference between this model and the Stochastic
Ball Model is that the Gaussian distribution has an unbounded
support and thus the tails of the mixture components overlap
with each other. Nevertheless, much of the results for the Ball
Model can be extended to the Gaussian case. For example, one
can establish results that are analogous to Propositions [I] and
[2 regarding the global minima and the existence of spurious
local minima. Here we focus on establishing an analogue of
Theorem (1| which characterizes the structures of all local
minima of the population k-means objective G.

Our main result is given in the following theorem, whose
proof is given in Appendix

Theorem 2 (Local minimum structures, Gaussian Mixture
Model). Under the Gaussian Mixture Model, for each con-
stant integer co > 1 there exists a universal constant
¢ > 0 for which the following holds. Assume that k :=
max(k,k*) < co and let t > 1 be any number satisfying
o(t) := 2exp(—t* min(d, k)/8) < + and Tke(t) < 1. Further
assume that Nax > 16tc? and Nmin > Tey/Fmax + 70 (1) Dmax-
If B=(B1,...,8:) € Rk is a local minimum of G, then
the ground truth centers and fitted centers can be partitioned
as [k*] = U, St and [k] = U, Sa. respectively, such that
Sor each a € [m)], exactly one of the following holds:

o (many/one-fit-one association) |S,| > 1 and S} =

for some s € [k]; moreover,
5¢v/t

||/61 - B:H < AInax {\/m + 704,0(t)} s Vi € Sa.
(6)

o (one-fit-many association) S, = {i} for some i € [k]
and |S%| > 2; moreover,

{s}

1 TeV/t
B B )
‘ EA ; o 0
(7N
In addition, for each i € Sy, we have P(V;(8)) < \/%4’@(25)

(almost-empty association).

Theorem [2] is qualitatively similar to Theorem [I] and shows
that the local minima in GMM have a similar type of structure.
The only differences are that the separation condition in
Theorem ] has an additional ¢ factor, and that the bounds



for the three possibilities have an additional error term (t)
that decays exponentially in 2. The (t) term reflects the
influence of the exponential tail of a Gaussian distribution
outside a ball of radius toy/min(d, k + k*). In fact, the proof
of Theorem [2] proceeds by effectively reducing GMM to the
Stochastic Ball Model, treating the bulk of the Gaussian as
a bounded distribution and the tail as additional errors. The
choice of ¢ here determines what is viewed as the tail and hence
controls the trade-off between the separation condition and the
two terms in the error bounds. For a rough interpretation of the
theorem, one could simply think of ¢ as a numerical constant
large enough so that (¢) is dominated by the other terms in
the error bounds.

IV. IMPLICATIONS AND CONNECTIONS

The theorems in the last section provide structural results
for the k-means objective. In this section, we discuss some
algorithmic implications of these results and remark on their
connections to the literature.

a) Algorithmic Implications: When k* = k, our result
implies that one can find the global minimum of k-means as
long as the characteristic many-fit-one association for local
minima can be avoided — in this case, one-fit-many association
will also disappear as the number of true clusters and that of
fitted centers are equal. This observation suggests that to avoid
many-fit-one, one should initialize a greedy clustering algorithm
without putting the fitted centers close to each other. Several
popular heuristics for k-means implement precisely this idea.
For instance, the celebrated k-means-++ algorithm [24] is a
version of the Lloyd’s algorithm in which the initial centers
are generated iteratively as follows: the first center is selected
uniformly from the data points; after selecting j centers, one
computes the minimal distance of each data point to these j
centers, and select a data point randomly as the (5 + 1)-th
center with probability proportional to the above distance. By
design, this procedure tends to pick k initial centers that are
far away from each other. Many other heuristics for k-means
follow a similar spirit; see, e.g., the work in [48l 149, |50, [S1]].

On the other hand, our structural results also highlight the
inherent combinatorial difficulty of the problem. In particular,
when the number of clusters grows, there is a growing number
of possible configurations with many-fit-one and one-fit-many
associations. It then becomes easier to get trapped in one
of the corresponding local minima. This is consistent with
the systematic empirical study in [52], which observes that
algorithms for k-means perform worse when there are more
clusters.

b) Connection to Over-Parametrization: Our structural
results in Theorem [I] and [2] hold in the over-parametrization
setting where & > k* centers are used to fit k* ground
truth clusters. Over-parametrization appears to be a promising
approach for avoiding local minima. In particular, when k is
sufficiently bigger than k*, a random initial solution is likely
to assign at least one center to each true cluster. In this case,
one-fit-many association would be avoided. Running a greedy
algorithm from this initial solution, one would expect that it
converges to a solution with only many-fit-one and almost-
empty associations, which can then be pruned by inspecting

the pairwise distances of the fitted centers and the sizes of
their Voronoi sets. The work in [26] implements this idea in
the context of over-parametrized EM. In particular, after EM
converges, they remove fitted centers with low mixing weights
(corresponding to almost-empty association) and combine fitted
centers that are close to each other (corresponding to many-fit-
one association).

In fact, the extensive empirical study in [53] shows that the
above idea can be applied to other latent variable models, as
these models often have a similar solution structure, i.e., some
estimated latent variables having duplicated values or low prior
probabilities.

V. PRELIMINARY PROPERTIES FOR THE k-MEANS
OBIJECTIVE

In this section, we derive several preliminary results on
the analytical properties of the population k-means objective
function G defined in equation (3)), focusing on the Stochastic
Ball Model. These properties are later used in the proofs of
our main theorems.

When (3 has pairwise distinct components (i.e., 3; #
B;,Vi # j € [k]), it is often convenient to rewrite the function
G using the notation of Voronoi sets:

k
)= [ le-plr@e  ®
i—1 Y Vi(B)

We can see that G depends on 3 in a complicated way through
both ||z — B;]|*> and V;(B). As shall become clear later, the
dependence through the squared distance ||z — 3;||* determines
the first-order condition for local optimality for G; on the other
hand, understanding second-order conditions requires us to
study the behaviors of the Voronoi sets V;(3) under small
perturbation of 3. To deal with this complication, our main
strategy is to understand the directional behaviors of G along
certain (judiciously chosen) directions, and to construct upper
bounds on G that are easier to work with.

A. Directional Behaviors of G

Throughout the remainder of this section, we fix a candidate
solution B = (B4, ..., Bk) € R4k, For a given direction v =
(v1,v2...,v;) € R%%% we are interested in how the objective
G(B) changes after we perturb 3 to 3 + tv. Restricting the
function G to the direction v, we define the directional objective
function

H®(t) = G(B+1tv), teR.

Note that 3 is a local minimum of G if and only if O is local
minimum of H"? for all v.

The functions G and H" are not everywhere differentiable, as
they involve the minimum of quadratic functions. However, they
are differentiable almost everywhere. In particular, whenever
3 has pairwise distinct components, the directional derivative
%H v(0) is guaranteed to exist and admits a simple expression,
as shown in the following lemma.

Lemma 1 (Directional derivative). Suppose that (3 satisfies
B; # B; whenever i # j. For any choice of direction v, the



directional derivative %H v(0) exists and has the following
analytic formula:

—H v / 2(v;,x — B;) f(x)dx
Z o) Bi)f(x)

The lemma follows from the Leibniz integral rule; we defer
the proof to Appendix [A] Note that the above expression only
involves differentiating the integrand in the expression (§)); the
Voronoi sets V;(3) remain unchanged when only the first-order
derivative is concerned.

B. First-Order Necessary Condition for Local Optimality

Using the first-order derivative expression in Lemma
we can derive a necessary condition for 3 being a local
minimum. In particular, the following lemma states that any
local minimum (satisfying a non-degeneracy condition) must
have pairwise distinct components, each of which must be the
center of its Voronoi set.

Lemma 2 (Local minimum must be Voronoi centers). Suppose
that B is a local minimum of G. Then for each pair i # j,
we must have B; # B; whenever V;(3) U V;(B) having a
positive measure (with respect to f). Moreover, for each (3;
whose Voronoi set V;(3) has a positive measure, (3; must be
at the center of probability mass of the Voronoi set V;(83); that

is,
fvi(ﬁ) zf(z)dr
sz‘(ﬁ) f(.’I))dCC .

We prove Lemma |2 in Appendix |A] The conclusion of the
above lemma can be written equivalently in a more explicit
way. In particular, for each pair (i, s) € [k] x [k*], let m; 5(8)
and ¢; () denote the probability mass and the center of mass
of the set V;(3) with respect to fs respectively:

mio(B) = / pRatrs

; fs(x)d
cis(B) ;W'

Then equation () can be rewritten as

_ Zle mi,s(ﬁ)ci,s(,@)'

Bi = €))

C. Decomposition of H"

Lemmas [I] and 2] provide a first-order characterization of the
local minima of G. For a more precise characterization, we
need to account for the change in the Voronoi sets V(3) and
its boundaries 9(3) when perturbing 3 to 3 + tv. With ¢t > 0
considered arbitrarily small, we make two observations:
1) The Voronoi set boundaries 9(3+twv) change continuously
with respect to t.

2) When 3 is perturbed by tv, the points swept by the
boundaries (3 + tv) change their association from one
Voronoi set to another.

Formally, for each pair (4, 7) € [k] x [k] we define the set

which is the set of points that change association from the ¢-th
fitted center to the j-th fitted center due to the perturbation tv.
Being the intersection of two polyhedra, the set Ay, (%) is
a also polyhedron. An illustration of A}, J( ) is provided in
Figure [3]

As previously shown in Lemma [2] any non-degenerate
local minimum 3 must have distinct components, so the
corresponding Voronoi sets are also distinct. The same holds
for the perturbed solution 3+tv when ¢ is sufficiently small. In
this case, we can decompose the directional objective function
H? as follows:

H(t)
- - z_t i 2 d
Z/V (B+tw) |z =8 v || f (x)de
_ o
_;/viw) e = Bi — tvs]|"f (z)dz

uv(t)

(Il = B; — tw;||* — ll& — Bi — tv:*) f (ax)dz .

>

(i,4):i#5 7 A

L*}](t)

W ()
(10)

Here U"(t) and W7(t) correspond to the change in the
objective value from two different sources. In particular, U? (¢)
is due to the change in the distance between the data points
and the centers, and W*(¢) is due to the data points changing
association with the Voronoi sets.

Remark 1. By definition of Ay, ;(t), for each ® € A}, (t),
the integrand ||x—B; —tv;||* — ||:B Bi—tv;||? in the definition
of W*(t) is non-positive.

Proof of equation (I0). When the Voronoi sets V((3) are per-
turbed to V(B + tv), each point & in R? either remains
associated with the ¢-th center for some i, or changes its
association from the i-th center to the j-th center for some
j # 4. In the first case, since & € V;(B) N V;(B + tv), we see
that the contribution from x to H"(t) appears in U". In the
second case, since € A7, ;(t) = V;(8) N V;(B + tv), we
can write the contribution from x as

& — B; — tv;|?

=llz = Bi — toi|* + (= — B; — tvy||* — = — Bi — twil|*),

which appears in both U? and W7". O

D. Smooth Upper Bounds of H®

The expression (I0) for HY is quite complicated. To
understand the local minima of H?, we instead study a simpler,
better-behaved upper bound function of H" that preserves the
local minima and is amenable to calculus tools. In particular,
we make use of the following elementary lemma.

Lemma 3 (Smooth upper bound). Suppose that h, hL:R—R
are two continuous functions that satisfy h < h and h(0) =
h(0). If 0 is a local minimum of h, then 0 is also a local
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Figure 3. Tllustration of the set AY

,;(t). The red dots represent the original centers {8;} and the blue stars represent the perturbed centers {8} =

e B3
* B4

Bi +tv;}.

The blue solid lines are the orlgmal Voronoi boundaries 9(/3), and the red dashed lines are the perturbed Voronoi boundaries 8(3’). Top panel: the moving
direction v = (v1, v2, v3) satisfies v1 = v2 = v3, in which case the Voronoi boundaries are shifted parallelly by tv;. Bottom panel: the moving direction

satisfies v1 = —vg =

the j-th center.

h(t)—h(0)
——=——=0and

minimum of h; moreover, we have lim;_,q

limg_,q w > 0 whenever the limits exist.

Proof. Since 0 is a local minimum of %, we have n(0) =
h(0) < h(t) < h(t) for all ¢ in a neighborhood of 0, so 0 is
also a local minimum of h. The first-order optimality condition
for 0 gives lim;_,q M =1 (0) = 0. Moreover, we have
h(t) — h(0) > 0 = M > 0forall t #0ina
neighborhood of 0, which 1mphes that lim;_,q M >

0. O

With the above lemma, we can study the structure of each
local minimum of H" (and hence that of GG) by exploiting the
optimality conditions of a smooth upper bound of H? that is
tight at the minimum. Let us take a first step in constructing
such an upper bound. In view of the non-positivity result in
Remark [I] we can obtain an upper bound of the function W™¥
defined in by only considering those pairs (i, j) for which
Vi(B) ~ V;(B) are adjacent:

W’U

<> / (Hw—ﬁrtvjnkuw—ﬂi—mwf)f(w)dw
(i,5): 7—>7

Vi(B)~V;(B)

1 &

= > EZWHM“

(2,5): s=1

Vi(B)~V;(B)

where the quantity W a shorthand for

i—7,8°

[ =8t e B )

i—=J

represents the contribution from the points in the s-th true
cluster that change association from the i-th center to the j-th
center. Combining the above inequality with equation (I0), we
obtain the following upper bound

>

(4,9):
Vi(B)~V;(B)

HY(t) <U°(t) + (1)

S

—ws3, in which case the boundary 81 2(3’) rotates around the mid point
02,3(B") shifts parallelly in the direction of va2. Each colored region represents AY

ﬂl;ﬁ(" , 01,3(8') rotates around the mid point %, and

N ]( ), the set of points that change the association from the ¢-th center to

In the proofs of our main theorems, we build upon equation (I I}
to derive further smooth upper bounds of H".

VI. PROOF OF THEOREM[I]

In this section, we prove our main result under the Stochastic
Ball Model (Definition [I)). We in fact establish a more general
and quantitative version of Theorem [I| that holds for any k*
and k.

Theorem 3 (General version of Theorem [I). Under the
Stochastic Ball Model, assume that Npmax > 4c?k* and
Tmin = v/Tmax <2ck2 (1 + %) +4k* (3 + %)) for some
universal constant ¢ > 3. If B = (B1,...,8r) € R>F s
a local minimum of G, then the ground truth centers and
fitted centers can be partitioned as [k*] = |-, Sk and
(k] = . Sq respectively, such that for each a € [m), exactly
one of the following holds:

o (many/one-fit-one association) |S,| > 1 and S} = {s}
Sor some s € [k*]; moreover,
* 2 k*
(4" +2¢%) (1+ 2°)

)
v/ Tlmax

e (one-fit-many association) S, = {i} for some i € [k]
and |Sk| > 2; moreover,

2ck? (142 ) + 4k (34 2%

> B <

In addition, for each i € Sy, we have P(VZ(,B)) < \/SL
(almost-empty association).

Bi —
Ial

- 4/ MImax

s€Sk

Given Theorem [3] Theorem [I] follows immediately. The rest
of the section is devoted to proving Theorem [3}

Throughout the proof, let 3 be a fixed local minimum of the
k-means objective G. Note that G is invariant under translation
of the space and permutation of the true centers. Consequently,
we may assume without loss of generality that 37 = 0 and
maxse[k] ”/6:” < Amax-



A. Notations

We use Vj to denote the volume of a unit ball in R¢ with
respect to the Lebesgue measure. For a set 7' C R, let int(T')
denote its interior, and ReVol(T') denote the relative volume
of T' with respect to the Lebesgue measure on the affine hull
of T, with the convention that ReVol()) = 0. For two vector
u, v €RY, L(u,u') = arccos(%) € [0, 7] is the angle
between u and w'. For each tuple (4,7, s) € [k] x [k] x [k*]
with ¢ # j, we use £; ; s(3) to denote the two-dimensional
plane that contains 3;, 3; and 3} (if such a plane is not unique,
we fix an arbitrary one). Since we are concerned with a fixed
local minimum 3, we sometimes suppress the dependency on
B and write, for example, V; = Vi(8), 0;; = 0;;(8) and
Lijs=Lijs(B)

B. Proof of Theorem 3]

To prove Theorem [3] we establish an intermediate result
as given in Theorem [ which provides a family of bounds
parametrized by A > 0.

Theorem 4 (Family of bounds for ball model). Under the
Stochastic Ball Model, let 3 = (B1,...,8k) be a local
minimum of the k-means objective function G defined in (B)
and \ > 0 be an arbitrary fixed number. For each i,j € [k]
and s € [k*), let ps(0; ;) = ﬁReVol(Bi’j NB,). For each
i € [k], define the sets

T, ::{S S [
Ai I:{S S [k

E*]:V;NBs # [Z)} and
*1: 8 eint(V;)} C T
Then the following is true for each i € [k].
1) If ps(0j,¢) > X for some s € T; and some pair (j, (), then
18:

2) For each s € T, if ps(0j,¢) < A for all pair (j,(), then
the following bounds hold:

Ps(Vi) =1 — k*Ar,
Py (Vi) <kaAr,

*

k
-8l < +3n

if s € Ay,

Furthermore, if ps(0j¢) < X for all s € T; and all pair

(4, ©), then:
a) When |A;| =0, we have

P(V;) < kAr.
b) When |A;| > 0, we have

ko

n k‘*(k;Q/\?“ Y1+ (k*k — k?)Ar)
(1 —k2\r)?
(k+ 2k )k)\rA

max»

1—k2\r
where b; := ﬁ > e, B

The proof of Theorem [] which lies at the core of our
analysis, is given in Section
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We now derive Theorem [3] from Theorem (4] Doing so
involves several elementary though somewhat tedious steps
of a combinatorial flavor. To this end, we fix A\ = —=
p m Recall the assumption in the main theorem " that
Dmax > 4c?k* for ¢ > 3. This assumption implies that
K*Ar < 0.5. If ps(0; ) > A, we say that a true cluster B,
encloses the Voronoi boundary 0; ; with a large relative volume;
otherwise, we say that B, encloses the Voronoi boundary 0; ;
with a small relative volume.

We first state two simple implications of Theorem [] used
frequently in the subsequent proof.

Observation 1. For each i € [k], there exists at most one
s € T; such that ps(0;,¢) > A for some
pair (j,¢). In words, each Voronoi set V;
can intersect at most one true cluster B,
that encloses some Voronoi boundary with
a large relative volume.

For each s € [k, if ps(9;,¢) < A for all pair
(4, €), then B% € V; implies that s € A4;. In
words, if all Voronoi boundaries enclosed
by a true cluster B, have small relative
volumes, then the center 3} cannot itself
lie on a Voronoi boundary.

Observation 2.

Proof of observations. We prove these observations by contra-
diction. For Observation [T} suppose otherwise that there exists
s # s’ € T, for which the statement holds. Part 1 of Theorem [4]
ensures that ||3; — B%|| < 5 +3r and ||3; — By < % +3r.
Using the triangle 1nequahty and the value for A\, we obtain
that [|B; — B || < 2 +6r < Apax \/7’7“7 which contradicts
the assumptlon on nmm

For Observation [2| suppose otherwise that 3% € V; and s ¢
A; for some i € [k], which implies that 3% lies on a Voronoi
boundary and hence B} ¢ A;,Vj € [k]. If s € T}, then Part 2
of Theorem [ ensures that P (V;) < kAr,Vj € [k]; if s ¢ T},
then P;(V;) = 0 by definition of 7;. Summing over j € [k],
we obtain that 1 = Py(B,) = >_,cy Ps(V)) < k*Ar < 0.5,
which is a contradiction. O

We now construct a partition | J!_, S, = [k] of the fitted
centers and a partition | J!_, S = [k*] of the true centers that
satisfy the conclusion of Theorem [3] These partitions induce an
association between the fitted centers in S, and the true centers
in S¥, for each a = 1,...,m. The construction proceeds in
three steps.

a) Step 1 (almost-empty association): First consider the
fitted centers indexed by the set

Sp == {Z S [k‘] :ps(aﬂ) <A,

V(s,j,0) € T, x [k] x [k];|As] = 0}.

Part 2(a) of Theorem [4] ensures that for all ¢ € Sy, we have

P(V;) < kAr = \/% as claimed in Theorem
b) Step 2 (many/one-fit-one association):: We next con-

sider the fitted centers indexed by the set

J={i€[k]:

For each ¢ € J, there are two complementary cases:

|A;] < 1}\ So.



o ps(0j0) < A for all (s,j,¢) € T; x [k] x [k]; that is,
all true clusters that intersect V; only enclose Voronoi
boundaries with a small relative volume. Since i ¢ Sy,
by definition of Sy and J we must have |A;| = 1; say
A; = {s}. Applying Part 2(b) of Theorem 4| we have

1Bi — Bsll = 11Bi — bill
ok k*(k2Mr2) (1 + (k*k — k2)Ar)
—1—Kk2\r (1 —Ek2Xr)?
(k2K kAr
1—Kk2\r
Dokrr + 207 [14 (b — k2)—
< T T —
vV Tlmax
42Kk + 2K") e A
Thmax
(i) Ak* + 2ck?)(1 + 2=
e R 2eR) A F 5) (12)
\/ nmax

where in step (i) we plug in A = \/%T and use the

Amax
assumption that k2\r < 1; in step (ii), we use the

assumption that Mya > 4§2k4 with ¢ > 3 to further
simplify the bound.

ps(05,0) > X for some (s,7,¢) € T; x [k] x [k]; that is,
there exists some ground truth cluster B, that encloses a
Voronoi boundary with a large relative volume. Applying
Part 1 of Theorem [ and plugglng the value of A, we
obtain that ||3; — B < k +3r < Apaxy Ak

In both cases, we have ||3; — 8% < Amax (ar +2din)5j+%)
as claimed in Theorem [3] For each distinct index s € [k*]
that appears in the above arguments, set S* = {s} and let the
corresponding S, index those 3;’s for which either of the two
cases holds. The sets {5, } constructed in this way are disjoint.
Indeed, for each 7 the above two cases are exclusive, where in
the first case A; contains s and only s, and in the second case
above the index s is unique by Observation [I]

c) Step 3 (one-fit-many association):: We are left with
the fitted centers indexed by the set

K= (i€ 1] 4] > 2} = K]\ (S0 U.T).

Similarly to before, for each i € K, there are two complemen-
tary cases:
o ps(0j0) < A for all (s,5,¢) € T; x [k] x [k]. Apply-
ing Part 2(b) of Theorem M and following the same
steps as in equation , we obtain that [|3; — b;| <

* 2 2k‘

Apax (4k +2\C/k)i+ . In this case, we let S, = {i}
and S = A;. Note that | S| = |A;| > 2 by definition of
K.

ps(0j,0) > X for some (s,j,0) € T; x [k] x [k]. In this
case, applying Part 1 of Theorem |4 would show that 3;
is close to 3%. In fact, we can establish a stronger result
showing that 3; is close to the mean of all the true centers
contained in its Voronoi set, regardless of whether we
include or exclude 3;. This is the content of the following
lemma, which is proved in Section @

Lemma 4 (Proximity to mean of true centers). Under
the assumption of Theorem |3} let 3 be a local minimum
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of G. The following is true for each i € [k|. If ps(0;,¢) >
PRV
2ck? (14 2 ) + 4k (34 21°)
V/Mmax ’
2ck? (14 27 ) + 4 (34 %)

||5’L - b;” S Amax

k

1/ TImax ’

AT Lsean sy By and b
TA;U{s} u{ ST Zs reA;U{s },3 ,; moreover, we have |A;\ {s} |
2.

In this case, we set S, = {i}. Also set S¥ = A; \ {s}
if the index s has appeared in the sets {S* } constructed
previously in Step 2 or in this step, and set S} = A; U
{s} otherwise. Note that |S¥| > 2 by Lemma [4] As
shall become clear momentarily, the flexibility allowed
by Lemma 4| is important for ensuring that {S}} indeed
partitions [k*].

In both cases  above,

||/61 - |S*| Zs 'eSx 5* < Amax NG
as claimed in Theorem [3] It is clear that the sets {S}}
constructed in this step are disjoint from each other and from
those constructed in Step 2, because the sets {A;} are disjoint
as each true center can be in the interior of only one Voronoi
set.

d) Summary: The above procedure constructs a collection
of sets {S,}7, and {S¥}7 ,, which index the fitted and true
centers, respectively, and satisfy the bounds in Theorem [3} The
sets {9, } indeed form a partition of [k], as we have | J!"_; So =
So U J UK = [k] by definition, and S, NS, = 0,Va # b
by construction and the fact that the three sets Sy, 7, K are
disjoint. For the sets {5}, we have argued in the construction
above that they are disjoint. On the other hand, each true center
B must belong to at least one Voronoi set V;, in which case
we have s € T;. Consider two complementary cases: (i) If
3(4,¢) : ps(0j,e) > A, then s must be covered in the second
case of either Step 2 or Step 3. (i) If ¥(4,¢) : ps(0;.0) < A,
then Observation 2] ensures that s € A; C T;. In this case, if all
other s’ € T; satisfies V(j,¢) : ps/(0;.0) < X as well, then s is
covered in the first case of either Step 2 or Step 3. Otherwise,
if there exists another s” € T; satisfying 3(j,¢) : ps/(0j,0) > A,
then s is covered in the second case of Step 3 (with the role
of s and s’ exchanged therein) as s € A; C A4; \ {s'}. We
conclude that the collection of sets { S} covers all s € [k] and
hence is indeed a partition of [k]. This completes the proof of
Theorem [3

”/BL - bj“ S Amax

where b,

v

have the bound
2ck? (1425 ) +ak™ (3425

we

C. Proof of Theorem

In this section, we prove Theorem Eﬂ, which shows that a
local minimum [ satisfies a family of bounds that imply our
main Theorem [3

a) Proof strategy: To derive structural properties of the
local minimum 3, we exploit the fact that ¢ = 0 is a local
minimum of the directional objective H?(t) (or a smooth upper
bound thereof) for any perturbation direction v € R4**; see



Figure 4. Tllustration of the quantities d; ;, 07 ;, D; j,s and ps (04,5)- The red

dots represent 3; and 3;, and the blue star represents the perturbed solution

B; + tv;. Here d; ; is the distance between 3; and the mid point p ”LBJ

(represented by a green dot); D; j s, which is represented by the red hne

segment, is the distance between 225 and the ball Bs when computed

within the hyperplane containing the Voronoi boundary 0; ;; 67 ' is the angle
between the perturbation direction v; and the direction of B; — B;; ps(9;,;)
is the normalized relative volume of the set 0; ; N B, which is represented

by the blue line segment inside the ball.

Lemma [3] and the discussion in Section [V] The expression (I0)
of H" involves the set A} _, o which are points that switch from
one Voronoi set from another when 3 is perturbed to 3 + tw.
For a general direction v, these sets are quite complicated. Our

main idea is to focus on a special class of directions satisfying
lvill = 1,Vi € [k]; —v;, Vi # j.

That is, we perturb the 3;’s along the same or opposite
directions. For these choices of v, the Voronoi boundary
0, ;(B + tv) behaves in a simple way. In particular, when
v; = wvj, the boundary 0; ;(8 + tv) translates along the
direction of v;; when v; = —vj;, the boundary rotates around
the mid point E"Lf] See Figure [3| for an illustration. Using
this fact, we can construct simple, tractable upper bounds of
H?, from which we can deduce the structural properties of
the local minimum 3.

b) Key quantities: Our analysis involves several key
quantities related to the Voronoi sets of 3 and their boundaries.
In particular, for each pair ¢ # j whose associated Voronoi sets
are adjacent, i.e., V;(3) ~ V;(8), we introduce the following
four quantities.

(a) Denote by d; ; := 18; — B, the distance between 3
(or B;) and the Voronoi boundary 0; ; = 0; ;(3).
(b) Denote by 67, Z(v;,B; — B;) the angle of the
perturbation direction v; with respect to 3; — 3;.
Define D; ; s 1= dist(%, B, N d; ), with the conven-
tion that D, ; s = 1 if By N 9; ; = 0. Here D, ; 5 is the
distance between the mid-point # and s-th ground
truth cluster B, where the distance is computed within
the hyperplane containing the Voronoi boundary 0; ;.
Recall the quantity ps(9;;) = a-ReVol(d;; N By)
defined in the statement of Theorem |4 Note that ps(0; ;)
is the relative volume of the intersection of the Voronoi
boundary 0;; and the s-th ground truth cluster By,
normalized by the volume of B,.

V; =V Or v; =

13)

©

(d)

An illustration of these quantities is given in Figure ]
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We are now ready to prove Theorem ] We begin with the
upper bound of H" given in equation (TI)), restated in an
equivalent way below:

H(t) <U(t) +

>3 (i

(2 Vi~V s=1

£+ Wihia(t))

(14)

The above inequality holds with equality at ¢ = 0, since
by definition U¥(0) = H"(0) and W,; .(0) = 0,V 4,j,s
Moreover, when 3 is a local minimum of G, a quick calculation

using Lemma [2] shows that

lim = (U”() U®(0)) =0,
lim — (U”() U®(0)) = 1. (15)

t—0 ¢t

Under the specific choice of the direction v in equation (T3)),
the function W7, ; + W, can be further upper bounded, in
a small neighborhood of 0, by a smooth function with nice
analytical properties. In particular, when the directions v; = v;
are the same, such an upper bound W” s 1s given in the
following proposition, which is proved in Sectlon

Proposition 3 (Upper bound, same direction). Let 3 be a local
minimum of G and v satisfy ||v;|| = 1,Vi € [k]. If v; = vj,

then W2, ;  + W, s is upper bounded in a neighborhood
of 0 by some smooth function W7, . satisfying the following
propertieS'

1) Wi (0) = 0;

2) & ”s( ) lt=0=0;

3) limy_,q - = Wva (t) |t=0= —2 COSQ(G;I,j)dz,j - ps(0i5)-

When the dlrectlons v; = —v; are opposite and d > 2,
an upper bound WZ"] . 18 given in the following proposition,

which is proved in Section

Proposition 4 (Upper bound, opposite direction). Let 3 be
a local minimum of G and v satisfy ||v;|| = 1,Vi € [k]. If
v; = —v; and v;,v; € L; j s, then Weis+ WJ‘;Z o IS upper
bounded in a neighborhood of 0 by some smooth function

VVfj s ! satisfying the following properties:
1) W” <(0) = 0;
2) & ”s( ) lt=0=0;
3) limy_y t%Wf]S(t) = —2—pL2 ” * sin (9:’]) - ps(0i5)-

Also note that W, . - < 0,V(3, j, s) by Remark [I| For each

s € [k*] and each un-ordered pair (i,7) € [k] x [k] satisfying

V; ~ Vj, combining equation (I4) and the last two propositions
give the following smooth upper bound H7’; of H":

H(6) < HE5(t) =

UU()+ W’U

Jo* 1,358

+ feo* W",}],
which is valid in a neighborhood of 0 and satisfies H 2;(0)
H"(0). Since ¢t = 0 is a local minimum of H?, Lemma [3|
ensures that

<(t ):ﬂ'{"-’i:vj}

(t )IL{’vi:*’vj €L; 5,5}

lim — sz]

lim - ay;(0)] > o.

(t) - (16)



Moreover, by combining equation (I5), Proposition [3] and
Proposition [Z_f], we obtain that
lim —

i g [2,0) - 22,00)

2
=1— o COS2(0:Zj)di7j “Ps(0:,) L {w,=0,}

2 Diz,j,s 2/
- EW sin (oi,j)ps(ai,j)]l{’vizf’uj'eﬂi,j,s}'

Since equation holds for any choice of v satisfying the
condition (I3), we may choose v judiciously to simplify the
right hand side of (I7). By doing so we can show that for each
s € [k*] and each pair ¢ # j € [k] satisfying V; ~ V;, there
hold the inequalities

H’U

i,J

a7

*

dij - ps(0s,5) < > and (18)
s 9, ) < 0
di,j pk( z,]) =90 ( )

where the second inequality is valid when d > 2. To prove
the inequality , suppose otherwise that d; ; - ps(0; ;) > %
for some (7,7,s). We can choose the directions v; = v;

B:=B;  which satisfies 07 0. Combining with equa-

1B:—B

tion (I7) gives
which contradicts the inequality (I6). Slmllarly, to prove the

inequality (19)), suppose otherwise that < ps(0ij) > B
for some (¢, 7,s) when d > 2. We can choose v; and v; to
be two unit vectors in the two-dimensional plane £; ; ; such
that v; = —v; and v; L (B; — B;), which satisfies 07, =3
Combining with equation (T7) gives
hm —=

0t2(

which again contradicts the inequality (I6).

H'U

hm— e

b (B0~ 7°0) <0

1ge

3

H'U

i,J

() - H*(0)) <0,

In the remaining of the proof, fix an index ¢ € [k] and a
number A > 0. We shall use equations (I8)) and (19) to derive
the structural properties of 3; and its Voronoi set V;. To this
end, we consider two complementary cases that correspond to
Part 1 and Part 2 of Theorem [ Recall that T} := {s € [k*] :
V,NBs # (Z)}

Case 1: there exists some (s, j,0) € T; x [k] x [k] such that
ps(ﬁj,g) > \.: In this case, the Voronoi set V; intersects a true
cluster B, that encloses some Voronoi boundary 9;, with a
large relative volume. Note that this case corresponds to Part 1
of Theorem [}

Under the case COIldlthIl the inequality (I8) implies that
< k o5 equivalently,

die < 5o

|55 - o] = |25

k
- ﬁeH <o
We consider the one-dimensional and high-dimensional cases
separately. When d = 1, the case condition ps(9;¢) > A
further implies that Bj+ﬂ‘ € B, and hence |%15L — g*| < .
It follows that 18; — 5 | <18 - ﬁﬁ+ﬂf| +| Eitbe _ pgx| <
2A +r. When d > 2, we have D;,, < by multiplying

13

the inequalities (1
that attains || Bi B
It follows that

and (19). Let z € B, N ;¢ be the point
zH = dlst(ﬁf'r'@’Z Bs N0, e) =Djys.

18, - 821 < |8 — 2| + || 25 - 2| + 1= - 8
<I£+I£+r—k—*+r
T2 20 a

In either case of d, we have the bound ||3; — 3% < & oy 47

Since s € Tj, there exist a point « € B, N V;. It follows that
18i = B: |l <l1Bi — = + [|l= — B¢l
218, — @l + 1z — 821

<(IB; -

where step (i) follows from x € V;, and step (ii) follows from
x € B, and the bound on ||3; — B%| proved above. We have
established Part 1 of Theorem [l

Case 2: for all (s, j, L) € T; x [k] x [k] there holds ps(0j.¢) <
A.: In this case, for all true clusters {B,} that intersect the
Voronoi set V;, all the Voronoi boundaries enclosed by B¢ have
a small relative volume.

Let us partition the set T; := {s € |
two subsets defined as follows:

A; = {S eT;: ﬂ: S 1nt(Vl)} and

Here A; indexes the ground truth clusters whose centers are
in the interior of the Voronoi set V;; B; indexes the ground
truth clusters that intersect V; but their centers are outside
its interior (i.e., the center either lies on a Voronoi boundary
or in some other Voronoi set V;). Also recall the quantities
m;.s = m; s(B) and ¢; s = ¢; s(B) introduced after Lemma
in particular, m; s is the probability mass of V; N By with
respect to P, and c; s is the corresponding center of mass.

Note the Voronoi set V; is a polyhedron with at most k
facets. For each s € B;, if ps(0;,¢) < A for all V¥(j,¢) (and in
particular, for j = 7), then all facets of V; intersect the ball B,
with a small relative volume. Moreover, 3 is not in int();).
With these two facts, an elementary geometric argument
(formally given in Lemrna shows that the intersection V; By
must have a small mass; that is,

m;s =Ps(V;) < kAr, Vse€ B, (20)

On the other hand, for each s € A;, we must have 3% ¢
int(V;), Vj # i, since the interiors of Voronoi sets are disjoint.

Repeating the same argument above shows that Py(V;) <
kA, Vj # i, whence

Vi)=1—> PV

JijFi

k*
Bill+lle - B2 + lle - 811 S 5+ 3,

k*]:V; NBs # 0} into

my.s = Pg( >1—k2/\r Vs € A;.

21

The inequalities (Z0) and @ZI)) establish the first two bounds
in Part 2 of Theorem

We next turn to Part 2(a) of Theorem [ which concerns
the case with A; = (). This means that T; = B;. We therefore

have
= — Z m; s < kAr,
s€[k*]



where the last step holds due to equation (20) and the fact that
m;s =0,Vs ¢ T;.

Finally, we consider Part 2(b) of Theorem 4] which concerns
the case with A; # () and hence P(V;) > 0. Since 3 is a local
minimum, Lemma [2] and the discussion thereafter ensure that

*

k
B = o=t _
Zs:l mi s ZseTi m; s

Recalling the definition b; := 3 >° ¢ 4, B, we can decom-
pose the quantity (3; — b;) of interest as follows:

1 *

SEA;

ZseAi M ,sCis + ZSEB,- M sCi,s
ZSGAi Mi,s + ZsGBi Myi,s

B ZseAi m; sCi,s + ZseBi M sCi,s

ZseAi Mi,s + ZseBi Mi,s

Bi—bi =

ZsEAi mi,sci,s

ZseAi mi,s

ZsEAi Mi,sCi,s

+
ZseAi Mi,s

©
1 *
7@2/65-

SEA;

(22)

v

The following two lemmas, proved in Section control
the norms of the vectors p and v.

k*-(kAr)-(k*Ar?)
(I—kZAr)2

k*r

Lemma 5. We have ||p| < 55+ +

2k* kA
T Dmax:

E2Ar? E2)
- + 7TAmax-

Lemma 6. We have |v| < 7555 + s

Applying these two lemmas to bound the right hand side of
equation (22), we obtain that

k*r E2Ar?(1 + (k*k — k%) Ar)
; — bi|| <
Hﬁ H 1— kiQAT + (1 _ k‘Q/\’I")2
(k + 2k*)kAr
1= k2Ar e

thereby proving Part 2(b) of Theorem [4]
We have completed the proof of Theorem [}

D. Proof of Proposition 5| (Same Direction)

Under the perturbation direction v; = v;, the new Voronoi
boundary 9; ;(8+ twv) is a translation of the original boundary
0; ;(B) by the amount tv; see top panel of Figure [3] When
i,;(B) intersects By trivially, with measure 0 with respect
to Py, setting W7, o = 0 satisfies the conclusions of the
proposition as ps(0; ;) = 0 in this case. Thus we only need
to consider the case where 9; ;(3) intersects By non-trivially.
We assume WLOG that Ps(AY,;) > 0 and upper bound
W s Wi, s by W2, o (as WP,  is non-positive). It

remains to upper bound W, ..
;

: v .
Recall expression for W2, ; .

Wi:j,s(t)
::/v (t)(Hw -Bi— t’Uj||2 =z —Bi - t”iHQ)fs(m)dm

=7

:/ {2(58751' + tvi — B — tvy)
INIRO

+ (185 + toj|I” = 18i + toi|*) | fs(2)de.
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Since the integrand above only involves the Euclidean norm,
we are free to choose any coordinate system. In particular, we
choose the origin to be % (3; +/3;), the principal axis to be the
direction of 3; — 3;, and the secondary axis to be the direction
orthogonal to 3; — 3; and in span{3; — B;,v;}. Under this
coordinate system, we have

Wi:j,s(t) = 2/

AL, ®

/ /tcos(e)
T2 zd:mGA;"}j(t) x1=0

.....

(118: = Bollas — t{Bs — By v fu(2)da
[uai By

- tHBl - 6] H COS(Q):| fs(w)dxldl‘g e dl‘d7

where we introduce the shorthand 6 = 07 := Z(8;—B;,v;) =
Z(B; — B;,v;) and, slightly abusing notation, still use fs to
denote the density function under the new coordinate system.
Note that the region

S(z,t) = {(22,...,za) 1 T € AV, ;(t), 21 = 2}

is a vertical slice under the current coordinate system; in
particular, S(z,1) is the intersection of the set AY ,; (t) and
the hyperplane that is parallel to 0; ; and at a distance z from
0; ;. Defining the integral

p;’_)j,s(z,t) ::/ fs(z,z2,. .., xq)das ... dag,
S(z,t)
we can write

Wiv—m',s (t) =2 /

x1=0

t cos(0)
(18 = Bslla
—t118: = Byl cos(0)| ot (21, dar. 23)

When t is small, we have the sandwich bound m(t) <
Py ;s(T1,t) < M(t), where

t) = . v .
m(t) wle&lg)g(enplﬂ’s(ﬁ» ),

and
M(t) = max pY,; (21,1).

x1€[0,t cos()]

Here m(t) and M (t) are well-defined as they are the max/min
of the bounded function p}_,; ; over the compact interval
[0, t cos(8)]. Moreover, m(t) and M (t) satisfy

o ReVol(é)m-) o
= W = Ps(ai,j)-

Bounding the two terms in the bracket in equation (23)
separately, we obtain that

lim m(t) = lim M (t)

t—0 t—0

t cos(0)
2 [ 8= Blleapt o, e
181:0

€ [2d; j cos®(0) - m(t)t?,2d; j cos®(0) - M (t)t?]

and

tcos(0)
2t / 18: — Byl cos(B)o?,; (1, )y
$1:0

€ [4d; j cos®(0) - m(t)t?, 4d; j cos®(0) - M (t)t?]



Figure 5. Illustration of the local coordinate system and the upper bound function. The local coordinate system has the origin at
— B, plotted as the x1 axis, and its secondary axis is plotted as the 2 axis. In the left panel, the

dark green dot. Its principal axis is in the direction of 3;

Bi

;ﬁj , represented by the

red dots represent 3; and 3; respectively; the blue stars represent 3; + tv; and 3; + twv; respectively, with v; = —wv;. The dark blue arrow indicates the

direction of w; and it has an angle 67 . with the vector B; —

B;, the 1 axis. Correspondingly, the Voronoi boundary 0; ; (3 + tv) rotates around the origin

with an angle % (t). The boundaries 8(ﬂ + tv) are plotted using dotted lines. The shaded green region in the left panel corresponds to the set AP, ;(¢), in

which the point becomes closer to 3; + tv; than 3; + tv; after 3 is moved to 3 + tv. In the right panel, we demonstrate the set A;’ N
;(t), enclosed by the hyperplane {x : z1 = 0} and the translated hyperplane {x : x1 = D; ; s tan(y(t))}

. R »
green region. It is a subset of AY_,

whence

t2<Wv

i—3,5

2(m(t) — 2M (t))d; ; cos?(0)
<2(M(t) — 2m(t))d; j cos®(0)t>.
wp, . .(0)=0, 4wy

i—7,8 > dt Vi—g,s

(t)

It is then easy to see that (t) [t=0=0

and
W2, ()
t2

W'v

lim

t—0

=—2d; ; cosQ(G)ps(ai,j).

In summary, setting W%; = W, ; ., we have established that
W'U + WU

.8 is S WP, o and that W”
analytical properties in Proposmon Bl

o satisfies the desired

E. Proof of Proposition H| (Opposite Direction)
Under the perturbation direction v; = —wv;, the Voronoi

boundary 0; ;(83) rotates around the mid point 8 ’+’3 2P see
right panel of Figure [3| When 0; ;(3) intersects B, tr1v1a11y,

with measure 0 with respect to IP,, setting W; ; s = 0 satisfies
the conclusion of the proposition, as ps(9;,;) = 0 in this
case. When (61 + 3;) € B, we can also set Wf_m s =0, as

D;;s=0in thls case. Thus in the rest of the proof, we assume
WLOG that 1(8; + 3;) ¢ B, and P,(AY,. (t)) > 0. In this

i—j,8
case we have p,(9; ;) > 0 and D; ; s > 0. We upper bound

Wo, o+ Wi, o by W2, o (as Wi, o < 0). It remains
to find an upper bound of W2, = that satisfies the desired

analytical properties.

Similarly to Section [VI-D] a convenient coordinate system is
used. In particular, we choose the origin to be %(ﬁi + 3;), the
principal axis to be the direction of 3; — 3;, and the secondary
axis to be the direction that is orthogonal to 3; — 3; and in
the plane L, ;; see the left panel of Figure E} Under this
coordinate system, we have the representation

ﬁl:( Z]a 'aO)a ﬁj:(fdi,jaoa"'
ﬁs:<1ab27 70)
for some b7, b5 € R. The orientation of the secondary axis can

be chosen to satisfy b5 < 0. We note that the boundary 9; ;(3)
rotates around 3(8; + 3;) by an angle ¢(t) that satisfies

tan(y(t)) = dijtSi?E;i)sw)’

,0),
(24)

(25)
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;(t) using the shaded

where 0 = 07, € [0,7/2] is the (unsigned) angle between
v; and B; — B;. Moreover, since we assume Ps(AY,;(t)) >
0, the directions v; and v; have the following coordinate
representation:

v; = (cos(0), —sin(f),0,...,0) = —v;.
We now proceed to upper bound the function W, ; .. Define

the polyhedron set
A? ={z e AY;(t) : 21 < D ;s tan(y(t))}.

Z*)]

(26)

The set A}’ ", ;(t) is sandwiched between the two hyperplanes
z1 = 0 and 27 = D, ;stan(y(t)); see the right panel of
Figure |§| for an illustration. With the above notations, we can
upper bound W, . as follows:

0)
Wil < /~ [2@7@ + tvi — B; — tvj)

IO
+ (185 + tos | = 18: + toil]*) | £, (@) deo

@ / 2w, Bi + tvi = B — tv;) fs(w)de
(0

- /_ [QHGi — Bjllz1 — 4t cos(0)z1
Av
+ 4t sin(@)xz} fs(x)dx 27)

where step (i) holds because the integrand in the definition

of Wl ”,j,s 1s non-positive and thus integrating over a smaller
set A? *,;(t) € AP, ;(t) does not decrease the value of the

integral, and step (ii) holds since under the current coordinate
system, 3; = —3; and v; = —v;.
To proceed, we let

D(t) := max {x; : :L'GAZHJ ) NB,}.

(28)
denote maximum of the second coordinate of the set A;’ (N
B, under the current coordinate system. The following lemma,
proved at the end of this section, characterizes the limit property
of D(t).

Lemma 7 (Negative second coordinate at the boundary).
Suppose that v satisfies ||v;]| || s 1 and v,



,31,“!‘,83
—D

—v; € Lijs
lim; 0 D(t) =

¢IB3 and A}, ;(t) "B, # 0. We have

04,8
Lemma [7| ensures that lim;_,oD(t) = —D;;, < 0.
Consequently, when ¢ is sufficiently small, we have D(t) < 0
by the continuity.
Continuing from the last display equation (27), we obtain
our final upper bound W (t):

1,7,
Wos [ [2080- Blles — tcos(O)es
A'U

i—7j (t)

4t sm(e)D(t)] fola)da = W, (1)

To establish the analytical properties of W;’J <(t), we follow a

similar argument as in Section [VI-D] Define the integral

P;}—m‘,s(z» t) == / o fs(z,xa, ... xq)dey . .. day,

€AY, (t),x1=2

i—j

and rewrite W”

i s(t) compactly as follows:

., Dijs tan( (1))

Wijs(t) = / [QH/@i — Bjllz1 — 4t cos(0)x1
0

4t sm(e)D(t)] U (@, t)das.

We have the sandwich bound m(t) < pP,; (z1,t) <
M(t), valid for z; € [0,D;; tan(s(t))], where
m(t) := min Py s(x1,t) and M(t) :=

vV
X e [07Di,j,s tan(d)(t))} pi%j’S(Il’ -
Moreover, the functions m(-) and M (-) satisfy

ReVol(9; ;)
= Ps az i)-
Voi(B,) (%)
With some algebra as well as the non-positivity of D(t), we
obtain the following sandwich bound for WZ”] o over a small
neighborhood of 0:
w 2
Wz]s( ) >2m( )d Dz]s
+ 4tDZ j,s SlIl( )
—2tD? ., cos(0) M

%,,8

1€ [0,D; .. tanh(s(1))]

J (e = iy M) =

tan?(())
(H)M(t) tan(u(t))
(t) tam? (4 (1));

and

(t) < 2M(t)d;; D3 , tan®(y(t))

+4tD, ; s sin(0)D(t)m(t) tan(¢(t))

— 2thj , cos(0)m(t) tan?(h(t)).
Proposition [] follows immediately from the limit properties of
m(t), M(t), D(t) and tanh(v(¢)).

Wy

©,5,8

Proof of Lemma [/} We use the same notations and coordinate
system as before. Observe that in equation (28)), the maximum
that defines D(t) must be attained at a point in A7, ;(t) NS,
where S; is the hypersphere of the ball By; see the right
panel of Figure [5] We claim that the maximum must also be
attained by a point in the hyperplane L, ; ;. Indeed, recalling
the representation in equation (24), we see that each point
x € A?, .(t) NSy must satisfy

i—j
(1 — b} + (29 — b3)* + Zx? =r?
Jj=3
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w1 € [0,D; s tan(h(t))]

From the above equation it is clear that for each fixed 2 €
[0,D; ; s tan((t))], over the set S, QAZ’HJ( Y {x :xy = 2},
the maximum of x5 is attained exactly when z; = 0 for all
j >3, that is, € L; j .. Combining these observations, we
conclude that

xcA?

D(t) = max {1‘2 L

(&) NSsNLijs}

Note that the set A}’H]( )N Ss N L; s is compact, which is
represented by the solid blue segment in B, in the right panel
of Figure [5} as ¢ — 0, this set shrinks continuously to a single
point (0, —D; js,...,0). It thus follows that lim;_,o D(t) =

—D; ;5. This completes the proof of Lemma O

F. Proofs of Lemmas [3] and [6]

For convenience we restate the bounds in equations (20) and
(21) as follows:

{

where we recall that m; ; = P()V;) is the probability mass
of the set V; with respect to the uniform distribution on the
ball By = Bg-(r), and c, is the corresponding center of mass.
Applying the simple geometric result in Lemma [T0] we further
obtain the bound

mi s < kAT,
m;s>1— k2,

if s € B;,

29
if s € A;, 29

T’(l*mis) T s ifSEBia
. . < 2T Ms) My, s 30
||,3g z,s“ = Mi s - %7 if s € A;, G0

where the last step follows from the fact that m; , < 1 and
equation (29). We are ready to prove the two lemmas.

Proof of Lemma [5] We have the following decomposition of
the vector w:

ZSG

ZSEAi Mi,s

Z .M, sCi,s + Z .My sCqs
SEA; seB; _
EseAi mi,s + ZSEBi mMi,s
_ ZseBi mi,sCi,s
ZSGAI. mis + ZSEBi mi,s
_ ZSEB’L mi,s ZSEA,; M;,sCi,s
(EseAi Mi,s + ZSEBi mi,s) ZSEAi mi s
_ sen, Mis(cis — BY)
ZseAi mis + ZSEBi mi,s
ZsGBi Mi,s ZseAi mi,s(ci,s — B3)
(ZseAi Mi,s + ZSEBi mi,s) ZSEAi mi s
ZSGB,', mi;S/B:
ZseAi mis + ZSEBi mi,s
_ ZsGBi Mi,s ZsEAi mi,SIB:
(ZSGAi Mi,s + ZSEBi mi,s) ZSEAi mi s
It follows that
ZseBi mislleis — Bill
ZseAi mi,s + ZSEBZ' mMi,s
ZseBi M, s ZseAi misllei,s — B2l
(ZseAi Mi,s + ZSEBi mi,s) ZSGAi Mmi,s

A; mi,sCi,s

“:

+

[l <

+



2 ZsEB,-, mi,s

+ Amax‘
ZSGA,‘, mis + ZSGB,; mMi,s
Ok E - (kXr) - (K2Ar?)  2k*EAr A
=1 kQAT (1 _ k2>\7")2 1— k}2)\7’ max

where the last step holds due to the inequalities (29) and (30)
as well as the fact that |A;],|B;| € [1, k*]. This completes the
proof of Lemma [3] O

Proof of Lemma [6] We have the following decomposition of
the vector v:
Sea Miscis
© DYea, Mis IA
S, mislens — BY)
a ZseAi Mi,s
ZseAi, (mivs - ﬁ Zs’eAi mw')ﬂ:
ZseAi my,s .
Using the inequalities (29) and (B0) as well as the triangle
inequality, we obtain that
k2 \r?
k2Ar +
thereby proving Lemma [6]

> B

SEA;

+

E2\r

A
1—Kk2)\r

ol < =

max»

VII. CONCLUSION

In this paper, we characterize the structures of all local
minima in the k-means problem for general values of k. We
show that under an appropriate separation condition of the
ground truth clusters, the local minima are always composed
of one-fit-many, many-fit-one or almost-empty type associations
between the fitted and ground truth centers.

Several future directions are of interests for both theory
and applications. An immediate direction is to generalize our
results from the population case to the finite sample case,
and from balanced spherical GMMs to more general mixture
models with imbalanced clusters, general covariance matrices
and heavy-tailed distributions. To transfer the population case to
the finite sample case, we might be able to adapt a set of general
techniques based on localization and uniform concentration
arguments; see [44, 54]]. Also, while we have focused on
the k-means formulation, we expect that similar structural
results hold for a much broader class of clustering formulations,
including the maximum likelihood formulation of mixture
problems. On the computational side, we have discussed the
implications of our results for improving clustering algorithms.
Rigorously justifying these algorithms (which are largely
heuristic so far) in a broad range of models would be interesting.

Finally, it would be of great interest to establish similar
structural results for other non-convex optimization problems
that arise in machine learning and statistics applications [55}
46, 147, 145, 144]).

APPENDIX
EQUIVALENCE TO THE PARTITION-BASED FORMULATION

A common way of formulating the k-means clustering prob-
lem is as follows: given a set of observations 1, ..., x, € R?
we find a partition S = {S1,..., Sk} of these observations
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such that the within-cluster sum of squared distances is

minimized: .
min>> 3 o s
j=1 Z:ES]'

3D

where p; = \s I ZweS x is the mean of points in cluster 4.
Meanwhile, the formulation (T) used in this paper, restated
below,

Bill*,

min

p min ||x; —

JEK]

is based on optimizing over the centers 8 = (B1,...,B%k).
Note that each solution 3 induces a partition {S;(3)} of the
observations via the Voronoi diagram. Also note that the sum
of squared distances to a set of points is minimized by the
mean of these points. Combining this observations, we obtain
that for any 3:

k k
mind > e —mlP <D Y e -8

j=1 éBES]' j=1 EGS](B)
: 2
= min ||x; — 3;]|°. (32)
2 muin llz: = 5
On the other hand, for any partition S = {Sj,...,S;} of
the data points and its corresponding means (g1, ..., pg), we
have
Z Dol —pyl? > Z min laei — b1
j=lzesS;
>m1nz min ||z; — B;|*. (33)

JE[K]

Taking the minimum over 3 of both sides of equation (32)), and
the minimum over S for equation @I), we conclude that the
two formulations (3T)) and (I) have the same optimal values.
Moreover, an optimal solution for one formulation induces an
optimal solution for the other. Hence these two formulations
are equivalent.

PROOF OF PROPOSITION(I]

In this section we prove Proposition [I| which states that
under the Stochastic Ball Model with £* = k, the ground truth
centers 3* is the global minimum of the k-means objective
function G.

Proof. We begin by upper bounding the objective value of the
ground truth:

)= Z /m[ =~ 811, )
<2 Y [lle- 8P
sek]/
<r?

b

where the second inequality follows from the fact that each
true cluster B, has radius 7.



Now let 3 be a global minimum of G. By optimality of 3,
we have for each s € [k]:

T>G

> / it o — 61 . (z)de

(i) 1 *
21 / min (IIB B2 - Iw—ﬂsHQ) fo()de
(11) 1 2 7"2

r%llﬁ - Bl

where step (i) holds by ignoring k£ — 1 clusters, step (ii) holds
by the inequality (a — b)? > 1a? — b?, and step (iii) holds
because f, is a probability density. From the above equation
we obtain that

min |8 — B;|| < 2Vkr, Vs € [k];

i€ (k]
that is, each true center 3} is 2v/kr-close to at least one (3;.
We further observe that each 3; is 2\/Er—close to at most one
true center 3; otherwise, by the triangle inequality we woud
have Ay 5 <18 - Bill + 182 — Bill < 4V,
contradicting the SNR assumption 79y;ip : AT > 6+/k. Since
the number of 3;’s is equal to that of 3’s, we deduce that each
B is 2v/kr-close to exactly one 3. Without loss of generality,
we may assume that

18 — Bsl| < 2Vkr,

Vs € [k].

When the above inequality and the SNR assumption 7,y 1=
AT > 6k hold, we have for each pairs (s, s') € [k] x [K]
with s # s’ and each x € B,:

& = Bl < [l — 851 + 1185 — Bsll
<r+2Vkr
< 6Vkr —r —2Vkr
<185 = Bl = lle — 851l — 1185
< ||.’13 - ﬁS/ Ha
which implies that By C V,(3). Applying Lemma [2| to the
global minimum 3, we obtain that
g ef@dz [ af(x)da
fvs(ﬁ) f(z)dz Js. f(x)dz

thereby proving that 3* is the only global minimum.

— B4
S/

ﬁs:

=3I, Vs € [k].

O

PROOF OF PROPOSITION 2]

In this section we prove Proposition 2] which states that under
the one-dimensional Stochastic Ball Model in Figure [2] with
r < 0.4, the solution 3 = (81, B2, f3) = (— 5, —2+5,1)
is a local minimum of the k-means objective function G.

Proof. Observe that Vi(B) = (—o00,—2], WL(B) =
(-2, _1+T/2L V3(B) = [_HTT/Q,OO], 01 2(B) = —2 and
D23(8) = _1%’"/2 When r < 0.4, it is easy to see that for

any b = (by,bs,b3) € R3 in a small neighborhood of 3, the
Voronoi boundary Js 3(b) remains strictly between —2 + 7 and

—r, and 0 2(b) remains strictly between —2 — r and —2 + 7.
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Therefore, for any such b we can explicitly write down its
objective value:

bithy our
Gb) = (2 — by)2da + / (2 — by)2dz
r 247
+ / (x — b3)*dx + / (x — b3)*d.
- 2—r

We compute the derivative and Hessian for G at b:
by +bo b2

-2 5,2

—2 fb1+b2

-2 [" (z —b3) d91372f2'H (z — b3)dz

(z — b1)dz

VG = — ba)dz

and
blgbg +2(b1+b22+2+r) blgbg 0
ViG = bty Moby L o(lg 4y ity g
0 0 8r
Evaluating the above expressions at by = 31 = 2 = 5, by =
P2 = =2+ 5 and b3 = B3 = 1, we find that the derivative
vanishes and the Hessian is positive definite:
VsGl,_g =0,
1.5 —0.5r 0
ViGly_g=| —05r 15 0 | =0
0 0 8r
Therefore, 3 is indeed a local minimum of G. O

PROOFS FOR SECTION[V]

In this section, we prove the technical lemmas stated in
Section [V]

Proof of Lemma []]

Proof. Our goal is to derive the existence and expression of
the derivative of the function

HY(t) == G(B + tv) = /mmllw*ﬁﬁtvzllf()

€[x]
at ¢ = 0. We make use of the following measure-theoretic
version of the Leibniz integral rule.

Proposition 5 (Leibniz’s integral rule). Let T be an open subset
of R, and X be a measure space. Suppose g : T x X — R
satisfies the following conditions: (i) g(t,x) is a Lebesgue-
integrable function of x for each t € T'; (ii) for almost all
x € X, the partial derivative ég(t x) exists for all t € T,
(iii) There is an integrable function 0 : X — R such that
|2g(t,x)| < 0(z) for all t € T and almost every = € X,
then we have

o (twdm—/at (t,x)dx.

We verify the above three conditions in the proposition for
H?. Without loss of generality, assume that ||v;|| < 1,Vi € [k].
Let A := min;»; ||8; — B;|, which satisfies A > 0 by the
assumption that {3, }?:1 are pairwise distinct. For condition
(i), we see that the function g(t,x) := min;ep) |z — B; —
tv;||f(x) is integrable in x for each bounded t, since the



density f has bounded second moment. For condition (ii),
note that when ¢ € T := [—%, %], the perturbed solution
B + tv remains pairwise disjoint, hence the Voronoi boundary
(B +tv) has measure 0. For all t € T and all ¢ 9(8+tv),
the minimizer in the definition of g(t+¢, x) remains fixed when
le| is sufficiently small, hence the partial derivative % g(t,x)
exists at all £ € T" and satisfies

x € V(B + tv)
— B —tv) f(x).

Finally for condition (iii), for each x € support(f) =

UserBs(r), we have the bound [(v;, @ — B; —tv;)| <
MaXe k] 182l +7+1|Bil| + § when t € T, hence | & g(t, )|
is bounded by an integrable functlon Applying the Leibniz’s
integral rule and equation (34), we obtain that

®(0) :/ %g(o,az)dw

— v, x — G;) f(x)dx
Z/m) B (@)

0
= &g(tv :B) <’U“

as claimed.

Proof of Lemma [2]

Proof. In view of the decomposition and Remark [T we
have the following upper bound for H":

k
t) = — B — tv;||? de, (35
) ;/mm'“’ 8; — twi|[*f(x)dz, (35)

which satisfies h”(0) = H"(0). Since 3 is a local minimum
of GG, we know that ¢t = 0 is local minimum of H" for all v ,
hence Lemma [3] ensures that ¢ = 0 is also a local minimum of
hv.

Suppose that we have 31 = B2 and V;(3) = V2(0) has a
positive measure with respect to f, and that all other 3;,j > 3
are pairwise distinct and different from 3; and 35. We may
partition V;(8) = V»(0) into two disjoint sets S; and Ss,
each with positive measure. For ¢ € {1,2} denote by s; :=
[s x f(x)de
fs f(z)dz
choose the partition in such a way that s; # 3; and sy # Bs.

Fix a direction v = (v1,v9,0,...,0) with v; = 87 — 3; and
V9 = 89 — (32. In this case the upper bound AV can be written
as

B (1) = / e — By — twn || ()dae

H(t) < hv

the center of mass of S; with respect to f. We can

+/ & — B2 — tws| f(2)dx + constant

Sa

— [ Ne =il r@ide+ [ s - i~ tor]* e
S1 S

Iz~ sal* @)z + [ (s~ 2 — tos]*F @)
So Sa
-+ constant.

(In the calculation above we have avoided double counting
the contribution from V1 (8) = V»(3), and the constant part
corresponds to the contribution from V;(8) for ¢ > 3) With
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the above choices of v; and vq, we see that h”(0) > h¥(t) for
all t € (0,1) and hence ¢ = 0 is not a local minimum of A",
which is a contradiction. Therefore, we must have 3 # (3
whenever V;(3) U V;(8) has a positive measure. The more
general statement in Lemma [2] can be established in a similar
manner.

Now suppose that 3; has a Voronoi set V;(3) with a positive
fVi(ﬂ) zf(x)dx
fVi(ﬁ) f(z)dz
is well-defined. Choose the direction v = (0,...,0,¢; —
Bi,0 0). Since ¢ = 0 is a local minimum of HY, its
derivative must vanish at ¢ = 0. Using the derivative expression

from Lemma we obtain that

d . -
4 g (o) /v PRSI
—2(v;, ¢; — ﬂl)/v(ﬁ) f(x)dx

measure. In this case the center of mass ¢; :=

0=
dt

2lepil [ sy

where the last step follows from our choice of w. Since
fvv( 5 (z)dz is the measure of V;(/3) and positive, we must
have B; = ¢; as claimed. O

We state and prove several technical lemmas that are used
in Section [VIl

Proof of Lemma

Recall that m; s and ¢; 5 denote the mass and the center of
mass of the set V; with respect to the density f,. We similarly

define
Tm = Z mg, s
§'€Ti:s'#s
ZS’ETi:s/;ﬁs my,s
which are the mass and the center of mass of the set V; with

respect to the density >, £s fs . With this notation, the local
minimum 3 must satisfy the necessary condition

and

ci,S =

m; sCi,s + m; sCi,s
mi,s + mis

Bi =

(36)

)

which follows from Lemma [2] and the text thereafter. Rearrang-
ing the expression (36) gives

(ﬁl\;@ + mi,s)ﬁi

o — My sCis
Cis = .

It then follows from the triangle inequality that

mi s
€is = Bill === llci.s — Bil
mi s
mi;S * *
<S==(llei.s = B+ 1I8; = Bil)- 37

7,8

4Lemma [1| is applicable for the following reason: we can ignore those
V;(B)’s with zero measure in the integrals defining G and H", in which case
we have just established that 3 must have pairwise distinct components and
thus satisfy the premise of LemmaE}



We are now ready to prove Lemma [4] whose assumption
states that ps(0j¢) > A = Zra— for some (s,7,¢) € T; x
[k] x [k]. Observation [I] ensures that such an s is unique, hence
for all other s € T; \ {s}, we must have py(9;¢) < A, V(j,0).
Observation [2| ensures that for all these s, if B% € V; then
s’ € A;. In view of these properties and equation (36), we
can see that ¢, , is similar to [3; except that the density of the
s-th true cluster is ignored. Therefore, we can follow the same
arguments for proving Part 2(b) of Theorem [4] as well as the
simplification step in (I2) to obtain that

2k™
k

(4k* + 2ck?)(1 +
kY4 77max

On the other hand, under the assumption of the lemma, Part 1
of Theorem M ensures that

)

Hci7s - b;” S Amax (38)

k 4k*
i — Oa] < — +3r < Apax———. 39
L
We proceed by bounding ||b; — B%|| as follows:
157 = Bl <lIb;” —eisll + lleis = Bill + 118 = 55|l
— m’i,s * *
<lIb; = eisll + ==(lleis = Bl + 185 = Bill)
+118: - B2 (40)
* 2k
<A (4k* + 2ck?)(1 4 25)
V nmax
1,8 Amax 1,8 4k*
TLL\L + (ﬂj\/ + 1) Amaxia
mi,s Thmax m; s C\/ TImax
(41)

where step follows from the bound (37), and step (@I)
follows from the bounds (38) and (39) as well as the fact
that ¢; s € By so ||c;s — B2 < r = % Now, note that
since |A; \ {s}| > 2 by assumption, there exists some s’ €
A; C T; such that s’ # s. We have established above that this
s’ must satisfy py(9;,0) < A, V(4,¢), hence applying Part 2
of Theorem [4] we obtain that m; ¢ = Py (V;) > 0.5, which
further implies :Z” < 2. Continuing from the above display
equation, we obtain

2k

(4k* + 2ck?)(1 + 2%

Thm
4k*

c\/ nmax
2ck?(1 + 250) + 4k* (2.5 + 220)

)

)

167 = Bl <Amax

ax

2
+ Amax —_

nm ax

+ SAmax

<Amax (42)

nmax

where the last step follows from the assumption that ¢ > 3
and 7pax > 4ck?. Combining the inequalities (39) and @2),
we obtain

16; = Bill <llb; = BN+ 1185 — Bill
2ck?(1+ 25) + 4k* (3 +

— max

2k*

k

)

)

(43)

Mmax

thereby proving the first bound in Lemma [4]
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To prove the second bound in Lemma [4] we observe that
by definition of b;" and b; , there holds

1
a——— N
¢ 1+ |A; s s
HANSH N Ly
C AN, 1
T+[AN{s} " 1+ [A\{s}["°
* Ai\{s - *
whence ||b — B¢ = %Hbl — Bl Tt follows that

16" = Bill <lIb;" — BzIl + 1182 — Bl
<|lb;” = B:ll + 1185 — Bill
2ck2(1 + 25) + 4k* (3 + 2
V nmax
where the last step follows from equation (#3).
It remains to show that |A; \ {s}| > 2. Note that A; # ()
under the assumption |W;\{s} | > 1 of the lemma. For the sake
of deriving a contradiction, assume that W; \ {s} = {s'}, in

which case b, = (3% It then follows from inequality that

2 2k* * 2k*
18y = B3Il < Amax 2k (1t ’“\/7)7+—4k G+ ), contradicting the

separation assumption on 7, in Theorem [3] This completes
the proof of Lemma [4]

SAmax

I

Controlling the Volume

In this section, we show that the intersection of a Voronoi
set and a ground truth cluster must be small if (i) the true
center is not in the Voronoi set and (ii) the intersection of the
true cluster and the boundary of the Voronoi set is small. This
is formalized in the following lemma.

Lemma 8 (Controlling the volume of intersection). Let p be the
uniform distribution on Bo(r). Let P be a closed polyhedron
with at most k facets satisfying 0 ¢ int(P). If each facet
F of P satisfies ﬁReVol(F NBo(r)) < A\ then we have
w(P) < kAr.

Proof. Introduce the shorthand B := Bg(r). We may assume
that P N B # (), because otherwise the lemma is trivially true.
We claim that one may shift the polyhedron P by a distance r
so that its intersection with the ball B has zero measure. That is,
there exists a unit vector v such that (P+(r+¢)v)NB =  for
all e > 0. We further claim that v can be chosen in such a way
that the intersection PNB is enclosed by the original boundary
and the shifted boundary; that is, PNB C (OPNB) + L,,
where we L, := {tv : t € [0,7]} is a line segment. Figure [6]
provides an illustration of these two claims, whose proof is
deferred to the end of this section. Therefore, we have the
bound

P) _Vol(PNB) _ Vol((PNB) +
M =" Nol(B) Vol (B)

<7“ZF€]_- RdeVol(FﬂIB) < kA
r Vd

where F := {F : F'is a facet of P} satisfies |F| < k by
assumption. This completes the proof of the lemma.

Let us prove the two claims above. Because P is convex and
0 ¢ int(P), the separating hyperplane theorem ensures that

L)




Figure 6. Shifting the boundary of the polyhedron P to bound the volume of
PnNBo ('I’)

there exists some unit vector v such that (x,v) > 0,Vx € P.
Therefore, for all x € P and € > 0, we have

Iz + (r + e)ol* = [lz|* + 2(r + &) (=, v) + (r + &)|v||*
>0+0+ (r+e)?>r?

whence x + (7 + €)v ¢ B, proving the first claim. To prove
the second claim, fix an arbitrary £ € P N B and consider the
half line ¢ := {& — tv : ¢ > 0}. Note that ¢ must intersect the
boundary 9P; otherwise we would have ¢ C P and hence the
separating hyperplane property implies that (x — tv,v) > 0
for all ¢ > 0, which cannot hold as v has unit norm. Since
P is convex, ¢ intersects OP at a unique point, say o =
x — tov. We must have tg < r; otherwise we would have
x = xg+tov € P+ (r + €)v for some € > 0 and hence
x ¢ B by the first claim, which is a contradiction. Using the
separating hyperplane property 0 < (x — tov,v) < (x,v)
again, we have

lzzo||* =]l — tow]®
=||z||? + (—tov, x) + (x — tov, —tev) <72 +0+0
and thus xy € BN JdP. Combining pieces, we conclude that

x=x9+tw € (OPNB) + L,. As & € PN B is arbitrary,
we have PNB C (OPNB) + L, as claimed. O

Below we state a analogous version of Lemma [§| under the
Gaussian density. This result is used in the proof of our main
Theorem [3] for the Gaussian Mixture model.

Lemma 9 (Controlling the volume of intersection, Gaussian).

Let 11 be the probability measure with respect to a spherical
Gaussian distribution in R? with mean 0 and variance o?.
Let P be a closed polyhedron with at most k facets satisfying
0 & int(P). If each facet F of P satisfies p1(F) < \, where
p1(F) is defined as in equation [@8) with 3] = 0, then we
have ((P NBo(r)) < kAr for any r > 0.

Proof. We fix r and introduce the shorthand B = Bg(r).
From the proof of Lemma [§] there exists a unit vector
v = (v1,...,vq) satisfying (i) (v,x) > 0 for all x € P;
(i) PNBCOPNB+ L,, where L, := {tv:t € [0,r]}. It
follows that

w(POB) <p(0PNB+ L) < > u(F 0B+ L,),
FeF

where F := {F : F is a facet of P}. Since by assumption
|F| < k and each facet F' € F satisfies p1(F') < A, the lemma
follows if we can show that u(FNB+ L) < p1(F) - 7.

Without loss of generality, we may use an orthonormal basis
{w1,...,wq} such that w, is the normal vector of F' and
(v,w1) > 0 . Under this basis, we have z; = (z,w;) = ¢
for all & € F, where c is a fixed number. We define a vertical
slice at &1 = c as follows:

Sr = {(z2,..
With this notation, the definition of p;(F') is equivalent to

p1(F)

S xq) (e, z2,...,xq) € FNBY.

2 d 2

c” + Y

R L dzs ... dzg,
202

and the set F'N'B + L, admits the explicit expression
FNB+ L, ={z:z=(c,22,...,24) + v,
(xz,...,xd)ESF,tﬁr}. (44)
We are now ready to bound the quantity of interest

wFNB+L,)

202

d 2
1 Zj:l Zj
= ———exp | — dzy ...dzq.
/zeFﬁ]BH—Lr (V2ro2)d (

Using the expression (44), we may rewrite the above integral
by a change of variable from (21, 22, ..., 2zq) to (¢, 2Z2,...,2q).
To this end, note that the corresponding Jacobian matrix is

vy 0 0 ... O
vp 1 0 ... 0
J= . ’
vg 0 0 ... 1
which is a lower triangular matrix satisfying |det(.J)| = |v].

Consequently, we have

w(FNB+L,)

:/OT |:/(962 zq)ESF ﬁ.

,,,,,

c+tv 2+ ‘t x-+tv-2
exp (—( ) %7‘72_2( / 1) dmg...dxd]\vﬂdt.

To upper bound the Gaussian density above, we note that for
any t > 0 and (c,x2,...,24) € F C P, the property of the
separating hyperplane ensures that ¢(vic + 2?12 vjz;) >0,
whence

( (c+tvn)* + 39 (s + tvj)2>
exp | —

202

_ ( 02+Zj_2(%’)2> < t(U10+Z?_zﬂj$J‘)>
=exp| ——=L" | exp | - .

202 o2

t2
exp <_ﬁ)
+ Z?:z @’
<exp <_M .
It follows that
w(FNB+ L)
1

< N
AV



d
A+ Zj:Q (z;)?
202

exp (—

- / pu(F) - Jordt < pa(F) -1,
0

> dzsy ... dzd} vy |dt

where the last step holds since v is a unit vector with |v;| < 1.

This completes the proof of Lemma [9] O

Controlling the distance to the center

In this section, we prove the following result:

Lemma 10 (Bound on the center of mass, ball). Let u be the
uniform distribution over the ball Bo(r) C RY. Suppose that
a subset S C R? has probability measure p(S) > 0. Let cg
be the center of mass of the set S with respect to pu. We have

the bound 4
les|| < M
- pS)

Proof. Recall the expression of the center of mass cg =
Jels@)du o pave

n(S)
les|l = H/mﬂs dMH

- [t staian]

@
/||90H]1Rd\5

ru(R4\ S),

where step (i) holds since p has mean 0, and step (ii) holds by
the Jensen’s inequality, and step (iii) holds because ||z| < r
for all € support(y) = Bo(r). Rearranging the inequality
proves the desired bound. O

Lemma 11 (Bound on the center of mass, Gaussian). Let y be
the Gaussian distribution N'(0,021,). Suppose that a subset
S C RY has probability measure 11(S) > 0. Let cs be the
center of mass of the set S with respect to . We have the
bound
20 - /(R?\ S)

u(S) '

Proof. Recall the variational characterization of the center of
mass cg:
Since 0 is the mean of j, we have

les|| <

0 <[les|®

— [ e = eslPan— [ flalPa
— [ lle - eslPts@pn - [ lalP1s(@in

+ [lle - eslPtans@in — [ lalLans(@)dn
©)
< [l = eslPtns(@)dn — [ ol s s(a)in

—u(RA\S) s - 2 / (@, es)Lga s(@)du. 4s)

where step (i) follows from the variational characterization of
the center of mass

Cs = argmin_pa / |z — z|*1g(x)dp.

Rearranging equation (@3] gives

u(S)lesl? < -2 [ (@ cstans()du

“<“2||cs||\/ / (= du- \/ / Ly s ()dp

2@ n(R\ S),
where step (ii) follows from Cauchy-Schwarz and step (iii)
follows from the fact that any one-dimensional margin of
N(0,021,) is the univariate Gaussian distribution A'(0, 02).
Rearranging the above equation proves the desired bound. [

2|les]lo

PROOF OF THEOREM [2]

We prove a more general and quantitative version Theorem 2]
that holds for any £* and k.

Theorem 5 (General version of Theorem [2). Let ¢ be any num-
ber satisfying ¢(t) := 2exp(—t*> min(d, k + k*)/8) < 1. Un-
der the Gaussian Mixture Model, assume that Nymax > 16tc2k?
and Thmin Z \/ (2 + m) + SCk(k* + k)\[:| vV TImax +
2(2k* + 1)@(t)Nmax for some constant ¢ > 3. If B =
(Bi,...,8k) € R™* is a local minimum of G, then the
ground truth centers and fitted centers can be partitioned
as [k} =", Sk and [k] =], Sa. respectively, such that
for each a € [m), exactly one of the following holds:

o (many/one-fit-one association) |S,| > 1 and S} = {s}

for some s € [k]; moreover,

2k™ *
+ 2ck(k* + )Vt
ekt + TR (t)

i : SAmax
18: - 821 { N

Vi € S,. (46)

o (one-fit-many association) S, = {i} for some i € [k]
and |S}| > 2; moreover,

Pi- mzﬂs

s€Sk
N { 2 4 3ck(k* + k)VE

1/ Imax

In addition, for each i € Sy, we have P(V;(8)) < W\/{ +p(t)
(almost-empty association).

+ Tk (1) } (47)

Given Theorem [5] Theorem [2] follows immediately. The rest
of this section is devoted to proving Theorem [3]

As before, we use P to denote the probability measure with
respect to f and IPs to denote the probability measure with
respect to fs, where f is the density of the Gaussian mixture
and fs is the density of the s-th Gaussian component. Recall
the population k-mean objective function:

_ : 2.2
= [ minllz =8 (w)da
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= Z/ win [0 ~ B /. (@)da

Reduction to lower dimensions

We first argue that it suffices to prove the theorem in
dimension d’ < k + k*. Once this is established, then the

theorem for d > k* + k dimensions can be deduced as follows.

Suppose that 3* € R***" is the ground truth solution and

B € R4 is a candidate solution. We may choose a coordinate
system such that the first d’ = k* + % dimensions correspond to
span{B7, ..., B, 81, ..., Bk} In this case, for each s € [k*]
we have 3% = (B
we have and 3; = (3,0) for some 3, € R¥
thanks to Gaussian’s rotational invariance, the d-dimensional
Gaussian mixture is a product distribution with respect to the
first d’ dimensions and the last d — d’ dimensions, where the

0) for some 8%’ € R? and for each i € [k],
. Moreover,

first d’-dimensional margin is itself a Gaussian mixture. Indeed,

for any = = (2, z) € R? with «’ € R? and z € R% 7, the
density of the Gaussian mixture factorizes:

k*ze o (15250
k*Zexp(” 2(2*,0>||2)

1
k.*

ﬁ*/HQ

202

-[4 Z (15 200)] p<|z||2>.
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Now, if B is a local minimum of G, then @' is also a
local minimum of G restricted to the first d = k* + k
dimensions. Applying the theorem with dimension d’, we
obtain bounds on the quantities ||3; — B3|, [18; — >_.cs B3|l
and P(V;(3')). We claim that these three quantities are equal
to |18 —
Indeed, the first two equalities are immediate under our
coordinate system; the last equality holds because the Gaussian
mixture factorzes (shown above) and so do the Voronoi
sets: V;(B) = Vi(8') x R We conclude that the same
collection of bounds hold in dimension d as well. In the rest

of the proof, we can safely assume that d < k* + k, in which
case min{k* + k,d} = d.

As in the proof for the Stochastic Ball Model, we first
establish a general result, an analogue of Theorem [4] that
provides a family of bounds parametrized by two positive
numbers A\ and t. To state this result, we introduce some
additional notation. Set r = tov/d and let

By(r) = {w e R : [lw — 8] < r}.

denote the ball centered at 3} with radius r. Recall that for
each ¢,j € [k] and s € [k*], the Voronoi boundary 0; ; lies in
a (d — 1)-dimensional affine subspace L. Since the distribution
fs of the s-th component is rotationally invariant, we may
assume WLOG that £ = {z € R? : z; = 2} for some number
z. Accordingly, we define the quantity

ps(0i5) /]l{ 2,T2,...,2q) € O;; NBy(r)}-

i — Y _scg Bill and P(V;(B)), respectively.

23

fs(z7332,...,

which is a measure of the relative probability mass of the
Voronoi boundary 0; ; when restricted to the ball B, (T)E] Also
recall the function ¢(-) defined in the statement of Theorem
which satisfies (t) = 2exp(—t2d/8) when d < k* + k.

We now state the family of bound in the Gaussian case:

l‘d) dl‘g e d[)ﬁd, (48)

Theorem 6 (Family of bounds for Gaussian). Under the
Gaussian mixture model, let B8 = (B1,...,Bk) be a local
minima for the k-means objective function G defined in (3).
Let A > 0 and t > 0 be two arbitrary fixed numbers and set
1 :=tov/d. For each i € [k], define the sets:

[k*]:VinBy(r) #0} and
[k*]: 8% € int(Vy)} C T

T, ::{S S
Ai Z:{S S

Then the following is true for each i € [k]:
1) If ps(0j.e) > X for some pair (j,£) and s € T;, then
18:

2) For each s € Ty, if ps(0;,¢) < X for all pairs (j,£), then
the following bounds hold

Py (Vi) =1 — k*xr — o(t),
Py (Vs) <kX+ p(t),

k*
— Bl < 5+ 3

Vs € A;,
Vs € T;\Al

Furthermore, if ps(0j¢) < X for all pair (j,£) and and
s € T;, then:

a) When |A;| = 0, we have
P(V;) < kAr + o(t).
b) When |A;| > 0, we have

18i — bl
2k*o
ST kA — o)
E2Ar + o(t) (1 + (K*k — K2 r + (K" — 1)e(t))
(1 —k2Ar —(1))?
(2k* + k)kAr + (2K + 1)p(t)
+ 1—k2Ar — o(t) Amax,

1
where b; := 1 D sea, B

We prove Theorem [6] in Section [0c| to follow. Note that
Theorem [6]is similar to Theorem [ except that the error bounds
here have an additional error term ¢(t).

The procedure to derive the main Theorem [5|from Theorem 6]
is exactly same as that for the Stochastic Ball Model. In

particular, with r fixed to be tov/d, we set A = NI

The assumptions on t and 7yay ensure that \k%r < 1 and
o(t) = 2exp(—t2d/8) < . Moreover, Observations [1| and
still hold in the current setting. We then construct, in three
steps, a partition of the fitted centers {3;},. i) as well as the
true centers {37} ;- o We provide a bnef description here
and reuse all the notation from the proof of Theorem [3]

5Note that when fs is the uniform distribution over B(r), the definition
here reduces to ps(9;,;) = ﬁReVol(aiyj NBs(r)) and hence is consistent
d
with our previous definition in the ball model.



a) Step 1 (almost empty association): We consider the
set

SQ = {Z S [I{?] Zps(aj)g) < /\7
V(s,5,€) € T; x [k] x [k];|Ai| = 0}.

Part 2(a) of Theorem [6] ensures that for all ¢ € Sy, we have
P(Vi) < kAr+ (1) = S 4 (1),
b) Step 2 (many/one fit one association):: We then

consider the fitted centers indexed by the set
J={ie[k]: A <1} \ So.

For each i € J, there are two complementary cases:
o ps(0jx) < Aforall (s,7,0) € T; x [k] x [k]. We must
have |A;| = 1; say A; = {s}. Applying Part 2(b) of
Theorem [6] we have

18: — B |l
=[1B: — byl
2k*o

ST — o)
N 20/k2Xr + o(t) (1 + (k*k — k) Ar + (k" — 1)p(t))
(1 — Kk2Xr — (t))?
(2k* + k)kAr + (2k* + 1)p(t)
1—k2hr — o(t)

Atnax

Cak"o + 4320 (1 + c(kk — %)/ v T+ (K — 1) (2))
+2(c(2k" + EYk/ A/ Mmax/t + (2k™ + Dep(t)) Amax

(i) 2k 1 2ck(k™ + k)Vt

< Apax § VL ( ) + Tk o(t) (49)
1/ Imax

where in step (i) we plug in A = ——— with r = toV/d

VAmaxr
and use the assumption that k?Ar + ¢(t) < 1; in step (i),

we use the assumption that 1.« > 16tc?k* to further
simplify the bound.

o ps(050) > X for some (s,7,¢) € T; x [k] x [k]; that is,
there exists some ground truth cluster B, that encloses a
Voronoi boundary with a large relative volume. Applying
Part 1 of Theorem [] and plugging the value of \, we

obtain that ||3; — B < ky +3r < Apax c%'

For each distinct s € [k*] that appears in the above arguments,
let S = {s} and let the corresponding S, index those 3;’s
for which either of the two cases holds.

c) Step 3 (one-fit-many association):: We are left with
the fitted centers indexed by the set

K= {i€k]:|A]>2} =K\ (SoUJT).

Similarly to before, for each i € K, there are two complemen-
tary cases:
o ps(9j,0) < A for all (s,,€) € T; x [k] x [k]. Applying
Part 2(b) of Theorem @] and following the same steps as
in equation (49), we obtain that

16— bl < A 2 4 2ck(k* + k)VE
1 1 — max \/m

In this case, we let S, = {i} and S} = A,.

+ 7k*cp(t)} .

o ps(0j.0) > X for some (s, j,£) € T; x [k] x [k]. We then

have an analogous lemma as Lemma {4 to show that 3; is
close to the mean of all the true centers contained in its
Voronoi set, regardless of whether we include or exclude
B%. The proof is exactly the same as in Section |A] we
omit its proof.
Lemma 12 (Proximity to mean of true centers, Gaussian
case). Under the assumption of Theorem[3] let (3 be a local
minimum of G. The following is true for each i € [k]. If
ps(0j,0) > A = —=— for some (s, j,{) € T; x [k] x [K]
and |A; \ {s}| > 1, then we have the bounds

2k*

18, bl <A { ciy + 3K +E)VE

Thmax

+ 7k*gp(t)}

and
2k™
18: — b/ || < Amax { Lt

4 3ck(k* + k)VE
1/ Imax

+ 7k*<p(t)} ,

— 1 * + .—
where b st'eAi\{s}ﬁs’ and b =

|Aiu1{s}’| Y seauisy By moreover, |A;\ {s}| > 2.

In this case, we let S, = {i}; also let S* = A, \ {s} if
the index s has appeared in the sets {S% } constructed
previously in Step 2 or in this step, and set S = A;U{s}.

The reason that the above construction corresponds to a partition
for the fitted centers {,Bi}ie[k] as well as a partition for the
true centers {B:}Se[k*] is the same as the proof in Theorem

Proof of Theorem [6]

To establish Theorem [6] for the Gaussian model, we follow
the same strategy as in the proof of Theorem [ for the
ball model. The only technical hurdle is that each Gaussian
component distribution has unbounded support. Our main idea
is to identify a bounded ball, namely B, (r), that contains most
of the probability mass of the s-th Gaussian component. Using
a standard concentration inequality for x? random variables
(e.g., [56, Example 2.28]), we know that when ¢ > 2, there
holds the tail bound

P, (B, (n)°) < (1) = 2exp(~£2d/8),  (50)
where SC denotes the complement of a set S C R By
restricting each s-th ground truth component to the ball B4(r)
and treating the tail mass in equation (50) as additional error
terms, we can repeat most of the arguments used in the proof
of the ball model. In what follows, we sketch the analysis and
point out the minor modifications needed to adapt the proof
of Theorem K| to the Gaussian case.

The main step in the proof for the Ball model involves
constructing smooth upper bounds for the function W2, . .~ +
W, s» as done in Proposition (3| and Proposition E} These
two propositions still hold in the Gaussian case under the
definition @g) of the “relative volume” ps(9; ;). In particular,
the value of the integral defining W2, .+ W7, - does not
increase if we restrict integration to the small set subset (B (7)),



as the integrand is non-positive. Consequently, we can establish
the two key inequalities (T8) and (I9), restated below:

dij - ps(0ij) < o and ﬁ ps(0i5) < o

61y

We can then derive the structural properties of a local
minimum 3 from the inequalities (5I). As in the proof of
Theorem {4} for each i € [k] indexing the fitted center 3; and
its Voronoi set V;, we consider two complementary cases.

Case 1: there exist some (s,j,t) € T; x [k] x [k] such
that ps(0;¢) > A.: In this case, following exactly the same
argument as in the Ball model proof, we can derive from the
inequalities that ||3; — 8% < ky + 3r. This proves Part 1
of Theorem [0

Case 2: for all (s, j,£) € T; x [k] x [k] there holds ps(D;j ) <
A.: Recall that m; ¢ is the probability mass of V; with respect
to the Gaussian density f, and c; 5 is the corresponding center
of mass of V;. If we restrict the density f, onto the ball B4(r),
the values of m,; s and ¢; s do not change much; in particular,
we can control the amount of change using the tail bound (50).
With this in mind, we proceed by considering two sub cases.

o Case 2(a): A; = (), in which case T; = B;. Following the

same argument for deriving equation (20) and using the
Gaussian Lemma [9] in place of Lemma [§] we obtain that

mis < kAr+ Py (By(r)°) < kM + (1),  Vse B,

(52)
where the second RHS term accounts for the tail proba-
bility on B, (r)C. It follows that

POV) = 1 3 mi < KA+ o(t)
seT;

This proves Part 2(a) of Theorem @
o Case 2(b): A; # (). By Lemma [2| 3 must satisfy the

expression
Zse[k,*] Ci s s

Zse[k*] Mi,s
Using this expression, we have the decomposition 3; —
b, = p+ v for some vectors p and v as in equation (22)).
To bound p and v, we follow our general strategy to
decompose the Gaussian density fs into two parts, one
supported on the ball B4(r) and the other the tail, where
the tail probability is bounded by ¢(¢) as in equation (50).

By doing so, we can establish analogous versions of the
bounds 29) and (30) as given below:

Bi =

mys < kAr + ¢(t), if s € B;,
{mi,s >1—Kkr—o(t), ifseA;,
and
20 if s € B;,
18; —cisll < 2;\/@

ifSGAi,

mi s
where the bound on ||3% — ¢; || follows from Lemma
[IT} Using the above two bounds, we can further establish
analogous versions of Lemmas [5] and [6] as given below:

2k*o
D G —
Il = 1—k2Xr — p(t)
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N 2k* (kAr 4 (b)) o/ k2 r + (t)

(1= k2 — (1))

2k* (kAr + (1))
1—k2Ar — () ™
20/ k2 r + ¢(t)

vl < == —om
1—E2Ar — o(t)

K2Ar + o(t)
1 —k2Mr — () ™
It follows that an analogue of inequality (??) holds:
18 — bl
<[leell + [l]l
2k*o

STk —o0)
L 20PN GO+ (K~ Ky 4 (K~ Delt)
(1 — k2 — (1))?
(2™ + k)kAr + (2K + D) (t)
1—k2Xr — ()

This proves Part 2(b) of Theorem [6]

AInax-

ADDITIONAL EXAMPLES

In this section, we provide two concrete examples that give
additional insights on the behaviors of the local minima of
the k-means objective and corroborate the results in our main
theorems.

Our main theorem assumes certain separation conditions in
terms of the SNRS 7y,in and nyax. The first example shows
that if the SNR is too small, then a local minimum may fail
to have the structure described in Theorem [3| Therefore, a
separation condition on the true clusters is in general necessary.

Example 1 (Small Separation). Consider the Stochastic Ball
Model with k = 3 in dimension d = 1, where the ground
truth cluster centers are i = —1, 85 = 0 and 5 = 1,
and the radius v of the balls satisfies (%ﬂ —3)r > 1 Let
B = (B1, B2, B3) be a candidate solution with 1 = —% — %r,
Bo = % + %T and B3 > 0 sufficiently large.

When f33 is sufficiently large, the minimization min, ¢ [ —
Bi||? in the objective G is never attained by i = 3. In this case,
the only effective variables for G are the first two centers (;
and B2. The Voronoi boundary 01 2(83) (which is 0) intersects
the second ground truth cluster. Note that these properties
continue to hold under small perturbation of 3. Consequently,
for any solution b in a small neighborhood of 3, its objective
value has the following expression:

b1 +bo

—1+r
:%[/ (x_bl)QdI—’_/ 2
—1—r —r

r 1+7r
2 2
+/hl+b2(m—b2) dm—i—/ (z —b2) dx].

—a= 1—r

G(b) (z —by)?dz

We compute the gradient and Hessian of G at b (recall that
only the first two coordinate of b are effective):

1
i

T

1 b1+bo

=2 [ (e —b)dz—2[" 7 (x—b)dx

=2 [4) 46y (x — ba)dz — 2f11j:(;r —by)dz |’
2
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Figure 7. Two-dimensional Stochastic Ball Model, where the true centers

are 87 = (—1,0), B3 = (0,0) and B35 = (1,0). The third fitted center
B3 is far away from the origin, so the only effective variables are 31 and
B2 . Left panel: 31 = 87 and B2 = %(ﬁ; + 33). The green line is the
Voronoi boundary 91,2(/3). Right panel: A perturbed solution (3], 3}) and
the corresponding Voronoi boundary.

_bo—ty

67 + (b1 + b2) — 5
6r — (b1 + b2) +

_ba—by
2

ba—by
2

1
ViG = —
b 6r

Evaluating these expressions at 1 = —g — fr and 8 = 3 —i—%r,
we find that the gradient vanishes VbG lb—g= 0 and the

Hessian is
1 Bp_2 _2_1,
V2G| — | 6 3 6
e | 0 Y
When (92ﬁ 1)r > 1 or equivalently 7min < 9‘[ 1. the

Hessian is positive definite, so 3 is a local mlnlmum of G.
Moreover, one can verify that G(3) < G(3*), so 3 is not a
global minimum. We see that the spurious local minimum
3 does not have the structure described in Theorem [3| as 3
involves a 2-fit-3 association.

The second example shows that in higher dimensions,
there exists a local minimum 8 = (81,82, 3s) such that
B1 approximately equals B3, and By approximately equals
(B5 4+ B%)/2 — a structure guaranteed by Theorem [3| —
but neither approximation is exact. Therefore, the non-zero
approximation errors that appear in Theorem [3] is necessary
in general.

Example 2 (Approximation Errors). Consider the Stochastic
Ball model with k = 3 in dimension d = 2, where the true
cluster centers are B = (—1,0), 85 = (0,0) and B85 =(1,0),
where the radius r of the balls satisfies r 2 . Let 3 be a
candidate solution with 3, = (—1,0), By = ( ,0) and B3
sufficiently far away from the origin. See the left panel of
Figure[7] for an illustration.

As in Example [T} here the only effective variables are 3,
and B2. Assume first that r = <. In this case, the Voronoi
boundary 0, o is at 1 = 62 r, the left boundary of
the second true cluster. We clalm that 3 is a local minimum
of G; the proof is deferred to the end of this section. Now, let
us increase the radius r by a sufﬁcierlt small amount, in which
case the objective function becomes G. By the continuity, there
exists a local minimum 3 of G near the original local minima
B. Recall that by Lemma |2, 3; and 3> must lie at the center
of mass of their Voronoi sets V(3) and V2(3), respectively.
It is then not hard to see that the new Voronoi boundary 0; 2
corresponding to 3 necessarily intersects the interior of the
second true cluster Bs. It follows that V;(3) = B; U D and
Va(8) = (BoUBs)\ D for some subset D C By with a positive
measure. Applying Lemma [2| again, we conclude that 3; is
close but not equal to 37, and that ,82 is close but not equal

to (81 +B3)/2.
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b1 —by :
2

Proof of the claim. Let t € (0,1/8) be a sufficiently small
number, and vy, v2 € R? be two arbitrary vectors satisfying
|lv1]|? + ||v2||? = 1. Consider perturbing 3; and 3, to 3} =
B1 + tvy and B = B + twvs, respectively. Since Voronoi sets
only change by a small amount when the perturbation ¢t is
small, we find that AY_;(t) C B is the only set of points
that change their association from one Voronoi set to another;
see the right panel of Figure [/| Using the expression for
the directional k-means objective, we can write G(3') as

G(B') =H"(t)
1

:g{/ |l& — 81 — tv1|*da
V1(B)NB1

+ Iz~ B2 — tos]*de
V2 (B)N(B2UB3)
1
w3 e=p ol — o=~ )

AF ()
A quick calculation shows that

G(B) - G(B)
=H"(t) — H"(0)
:é {t2 _ /A‘E%l“) (Hili - B2~ :‘/01||2 —||le— B — tU2H2)dw].

K(t)

We decompose the term K (¢) as follows:

KO=[ (lo=pl’~l=-p)de

2—1 t
K1

w0 (el = o) e
A'U

21 (¢
K2

+/Av 2t(<'v1fvz,a:)+(v2,ﬁ2>7<vhﬁl>) da

551

K3
For all x € AY_,(t) C Va(B), we have || — 32| < [z — B4,
hence k1 < 0. We also have ro < t2 since ||va]]? — [|Jv1]? <
|lv1]|? < 1. To bound k3 we observe that (vy —vy, ) < ||v; —
vallllz]] < 4r =1 for all x € AY_,,(t) C By, (Ba,v2) <
1Ballllva]| < 5. and (B1,v1) < [|Bullvsll < 1s it follows that
k3 < bt. Combining pieces, we obtain that

G(B) - G(B) > [t* — 6t - Vol(AY_, ()] /3. (53)

It remains to control the volume of the set AY_,,(¢), which
is illustrated in Figure [§] Observe that the distance between
the old mid point (3; + B2)/2 and the new Voronoi boundary
01 2(8") can be bounded as

dy := dist (W,am(ﬂ'))
. ‘ 51-2% _Bi+B

2

<t

Moreover, the (unsigned) angle ¢ between the old and new
Voronoi boundaries 01 2(3) and 01 2(83') satisfies

t(v2,2 — v1,2)
2+t(1}21 — V1 1)

< t < 2t.

tan
any = =11




Figure 8. Illustration of AY_, (t). The new boundary d1,2(83’) has an angle
¢ with the original Voronoi boundary 91 2(8).

From these two observations and the fact that r

1/4,

elementary geometry shows that the distance do between (35

and 0y 2(83') satisfies
do =7 cosy) — dy
! dy > —— —4r > (1 - 6t)
= 2 o —4r 27r(l - 6t),
1+ tan? 4 142t
whence

Vol(AY_, (1) <2-4/r2 —d%- (r —da) < 12tV12t.

Combining with equation shows that G(8') > G(B) when

t is

sufficiently small. As this inequality holds for arbitrary

perturbation direction (v1,v2), we conclude that 3 is a local

minimum of G.

(1]

(2]

(3]

(4]

(5]

(6]

(7]
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