k-means, gradients, and smart initialization

Noah Bergam NJB2154@COLUMBIA.EDU
Department of Mathematics

Columbia University

New York, NY 10027

Abstract

We discuss the classic k-means clustering problem from the perspective of gradient-based
optimization. This is motivated by the fact that the popular Lloyd’s method for k-means
is equivalent to the Newton-Raphson method, and approximate versions of Lloyd’s method
are equivalent to stochastic gradient descent. In this writeup, we discuss Lloyd’s method in
the broader context of k-means hardness and approximability. We then provide a fleshed-
out proof of the convergence of k-means++, an initialization scheme for Lloyd’s algorithm
which reduces its expected worst-case approximation ratio from unbounded to O(log(k)).
Keywords: unsupervised learning, k-means clustering, gradient methods

1. Introduction

k-means is a classic clustering problem and among the most well-studied topics in un-
supervised learning, by both practitioners and theorists. It is an NP-hard optimization
problem for k& > 2 (Dasgupta, 2008) and d > 2 (Vattani, 2009a), and it is even NP-hard
to approximate for variable k and d (Awasthi et al., 2015). Nonetheless, a wide variety
of approximation schemes have been developed. In this writeup, we work towards a proof
of correctness for the O(log k) randomized approximation algorithm known as k-means++
(Arthur and Vassilvitskii, 2007).

The standard formulation of the k-means problem is as follows: given X = (z1,...,2,) C
RY, find a set of k cluster centers W = (wy, ..., wy,) C R? which minimize the sum of squared
distance from each point to its closest center. In other words, we seek to minimize the
following objective:

k * . . 2
(wl, ..., wy) = argmwl/nmergélVI[ll ||z — wl|

dw (X)

If ¢w(x) denotes the distance between a set of cluster centers W and a point z, then
the k-means objective can be rewritten as Ly (X) = > x ¢w ()%

The k-means problem can be seen alternatively as a continuous optimization problem
(finding the best placement of centers in Euclidean space) and a combinatorial one (finding
the best partition of the data, see section 1.1). In this article, we explore both perspec-
tives, but we place particular focus on the continuous perspective, exploring how Lloyd’s
method—the simplest and most well-known algorithm for k-means—is a gradient-based
optimization technique, namely, an instantiation of Newton’s method.

The article proceeds as follows:

(©2023 Noah Bergam.



BERGAM

e We review basic results on k-means hardness and approximation, including (Dasgupta,
2008)’s proof of k-means hardness and (Wang and Song, 2011)’s dynamic programming
solution to k-means in one dimension.

e We review basic results on gradient descent and Newton optimization, before dis-
cussing the observation by (Bottou and Bengio, 1994) that Lloyd’s method is simply
the Newton-Raphson method in disguise.

e Finally, we prove the O(log k) approximation guarantee of k-means++, which uses a
probabilistic farthest-first scheme to sample the starting cluster centers.

The motivation of this study is the rising interest in understanding gradient-based
techniques in the context of neural network training and other continuous optimization
problems. Results like k-means++ illustrate the importance of initialization and can be
informative for future work in using gradient-based methods to solve even combinatorial
problems.

1.1 Combinatorial Formulation

Observe that any given placement of cluster centers induces a partition of the data points
into “clusters” C1,...,Cy based on their closest center (in fact, the centers partition the
entire Euclidean space in which they live: this is called a Voronoi partition). Furthermore,
for a fixed partition, the optimal cluster centers are given by w; = ﬁ Zzeci x;, the mean
of the cluster. This observation, in addition to a simple identity about variance, lends itself
to the following interpretation of k-means:

Lemma 1 (Combinatorial Formulation) The k-means problem can alternatively be for-
mulated as finding the partition of points which minimizes the variance within each partition.
In other words:

k

1 1

O, CF) = i s Y e —ylP F =157

(O i) =2 i 2 gicy 2 [l R P
i=1 z,ycC}

Proof Note that this problem is a strict relaxation, as there are some partitions of the
points which do not admit a representation as cluster centers. But it is not hard to see that
such partitions will never be optimal.

For a fixed clustering, we have the optimal placement of each center is given by the mean,
because the mean is the L2 minimizer. This is evident by a simple analysis of stationary
points: 23" | |lz—w|[?=0 = w* =1 3" =z, and the Hessian is positive-semidefinite
so this is indeed a minimizer.

Hence, the minimizer of the original k-means is equivalent to the minimizer of:

k
Yo e —mll?
j=1I€Cj

From here, we make use of the following fact from elementary probability: let A, B be
independent and identically distributed random variables taking values in X = (x1,...,2y)
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with equal probabilities. Applying definition of expectation and independence, we have:
E((A — B)?) = E(A%) + E(B?) — 2E(A)E(B) = 2E(A?) — 2E(B)? = 2Var(A)

Unpacking the meaning of the expectations for these discrete uniform random variables
gives us the following identity:

1 2
W Z |z —Z/H2 = m Z |z —MXH2
.Z‘,’yEX zeX

Substituting this identity into the inner summation completes the proof. |

1.2 Lloyd’s Method

This idea that the mean of the induced partition gives us a local solution motivates Lloyd’s
method, also known as the k-means algorithm or (less commonly) Voronoi iterations. The
algorithm is as follows:

Algorithm 1 Lloyd’s algorithm
Require: X = {x1,....,2,} CR% k € Ny
Initialize arbitrary W = (wq, ..., wg).
while W changes do
Let C; = {zx € X : Yw € W, ||z — w;|| < ||z —w||} (cluster induced by w;).
Update w; = ﬁ > wec; T
end while
Return W the set of cluster centers.

Note that there are two degenerate situations that can occur over the course of this
algorithm.

e A center might have no points assigned to it (say, because it starts out much farther
away than the rest of the points). In this case, the algorithm will produce fewer than
k clusters.

e A point may be equally close to two centers, in which case its assignment to a cluster
is made arbitrarily.

When providing lower bounds on the behavior of Lloyd’s method (e.g. with respect to
runtime or error) it is useful to distinguish if the lower bound relies on one of these cases.
1.3 Behavior of Lloyd’s method

The good news about Lloyd’s algorithm is that it monotonically decreases the k-means loss
and it never visits the same clustering twice. It does, however, have undesirable worst-case
behavior in terms of both approximation ratio and runtime.

Lemma 2 Lloyd’s algorithm has unbounded approxrimation ratio, even for d = 1.
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Proof Take points X = (0,1, NN + M) and &k = 3. For N > M > 1, the optimal
placement of centers is W* = (1/2, N, N + M) achieving loss 1/2. But if you initialize

(0,1, N + %), you achieve loss MTQ and Lloyd’s algorithm terminates. Sending M — oo
with N > M, we have L(W)/L(W*) = M? — oo. [ |

Lemma 3 (worst-case runtime, (Vattani, 2009b)) There exists X = (2;);e(n) C R?
for which Lloyd’s algorithm takes 22" steps before terminating, without ever falling into a
degenerate configuration.

It was however noted that k-means has more reasonable smoothed runtime complexity
(Spielman and Teng, 2003), analogous to the simplex method for convex optimization.

Lemma 4 (smoothed runtime, (Arthur et al., 2011)) Fiz X = (zi)ic[n C RY. Let
X' = (x; + €)icp) where ¢; ~ N(0,0) are independent noise variables. Then the expected
runtime of k-means on X' is at most polynomial in n and 1/e.

The lower bounds in Lemmas 3 and 4 require fairly intensive constructions, which we
omit for the sake of brevity.

2. Basic Algorithmic Results on k-means

In this section, we review the simple solution to k-means in one dimension, an elegant
hardness proof for k-means in higher dimensions, and some of the methods that go into
more involved approximation algorithms for k-means.

2.1 k-means dynamic programming solution for d =1

In one-dimension, it very much pays to look at k-means as a combinatorial problem. The
ordering of the real number line makes the k-means problem amenable to a simple dynamic
programming based solution, as pointed out by ((Wang and Song, 2011)).

The intuition for the algorithm is as follows. Label the given points x1, ..., z,, in ascending
order. Let C1, ..., C be the optimal clustering of these points: it is necessarily the case that
these clusters are connected, in the sense that ¢ < j implies that for x € C;, y € C; we have
x < y. If D[n, k] is the k-means cost of the optimal, and j is the smallest element in Cj,
then:

D[n, k‘} = D[j — 1,k - 1] + d(ﬂ?j, ,SL‘Z)

where d(X) = >, .y ||z — px|[>. In other words, we have the contribution from the first
k — 1 clusters and the contribution from the last one.

This leads us to the more general recurrence relation: for D[i,m| the optimal k-means
cost for the first ¢ points using k cluster centers, we search for the j that best accomplishes
the split for the last cluster.

Dli,m] = min {D[j —1,m — 1] +d(z;,,, i)}
m<j<i
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The base case is D[i,m] = 0 for m or i zero (since the summations in the k-means loss
would be null). The desired answer of course is D|n, k], which we build up to; it is easy to
get the corresponding clustering by making an auxiliary matrix which records the smallest
entry in cluster m (same formula as D[i, m] but with an arg min rather than a min). The
naive implementation of this algorithm is O(n3k) since the trellis is (n + 1) x (k + 1) and
each entry takes O(n?) times to compute: O(n) rounds of computing d(-), which is naively
O(n). The computation for d(-) could be made constant time however by using another
recursion. This would reduce the overall runtime to O(n2k).

2.2 Hardness

As seen above, k-means is easy to solve in one dimension. It is however NP-hard for k& > 2,
as shown by (Dasgupta, 2008)’s reduction from NAE-3SAT*. It was later shown that it is
also hard for d > 2: (Vattani, 2009a) showed via a reduction from Exact Cover by 3-Sets,
while (Mahajan et al., 2012) showed via a reduction from Planar 3SAT. (Awasthi et al.,
2015) showed it was NP-hard via a reduction from vertex cover on triangle-free graphs.

In this section we briefly review the simple NP-hardness reduction by (Dasgupta, 2008).

Definition 5 A 3CNF Boolean formula ¢ : {0,1}" — {0,1} in 3CNF with clauses C, ..., Cy,
is said to be in NAE-3SAT* if:

1. There exists an assignment © = (x1, ..., Tp) such that for each clause C;, only one or
two of its literals are satisfied.

2. Fach clause has exactly three literals.

3. Given any pair of variables x;,x;, they appear together in a clause at most once in
the forms (z;,x;) or (T;, T;) and at most once in the forms (Z;, ;) or (x;,Z;)

The nice thing about this language, for our purposes, is that a satisfiable instance
minimizes the number of literals that both (1) appear in the same clause and (2) have the
same sign. We use this to our advantage in the reduction: the optimal clustering will always
“save” on costs if it can place same clause literals in opposite clusters.

Definition 6 The generalized 2-means problem is as follows: given L € R and D = D;;
a metric on n elements , return TRUE if and only if there exists a partition Cy U Cy = [n]

such that:
1
Z 2(C; >, Dw<L

j=1 T iirec;

The reduction proceeds as follows. Let 0 < § < A < 1 such that 46m < A < 1—24n, say
0= m and A = 5dm. The lower bound is to penalize placing opposite sign literals in
the same cluster and make the reduction work; the upper bound is to ensure embeddability
of the resulting matrix.

e Given ¢, construct D on 2n variables, call then z1, ..., x,, %1, ...., T, such that:

D(o, o) = 0.
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D(a,a) =1+ A.
D(a,3) =146 if a, B or @, 3 appear in the same clause (denote o ~ f3).
D(a, f) = 1 otherwise.

e let L=n—-1+ %Tm. This will be our loss threshold.

To justify this reduction, we need to show that accept instances map to accept instances
and reject instances map to reject instances.

e (YES to YES) If ¢ is NAE-3SAT*, then if you partition by positive and negative
literals, the k-means cost is given by:

COST:% > DW+% > Dy

1,4’ €Cq 1,1/ €C

Note that in the assignment, each clause generates 6 same-clause relations: for in-
stance, (z V7V z) generates © ~ 7 as well as T ~ y, and so on. So it suffices to just
look at summation over one cluster, due to the symmetry of things. From there, we
note that there are n> —n = 2(2‘) interactions within the cluster, of which 2m are
interactions between same-clause literals. Hence the loss becomes:

1 2/(n 20
COST = ;'Z Dy = n(<2> +m6) :n_l—i_ﬁ =L
e (NO to NO) If ¢ is NOT NAE-3SAT*, we can establish the following in sequence:
(1) Placing a variable and its negation in the same cluster attains loss > L.

Proof Consider a clustering with n and n’ on each side, where a variable and its
negation appear in the same cluster. Then:

1 /n 1 2n —n' A A
> = - —n—14+Z">pn—14—
COST_n/(<2>+A)+2n_n,< 5 ) n 1+n,_n 1+2n

Since A > 49m, then the cost is >n — 1+ %‘5 = L. [ ]

(2) Any other clustering corresponds to an assignment of variables. By definition of
NAE-3SAT*, any assignment of variables will yield more than 2m same-clause same-
sign (and hence same-cluster) interactions, which would yield a cost > L as well.

((Dasgupta, 2008)) furthermore shows that the matrix D = D(¢) is Euclidean embed-
dable in dimension at most 2n, by using the fact that an N x N symmetric matrix is
Euclidean embeddable if and only if " Du < 0 for u € RY such that Zf\il u; =0
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2.3 State of Approximation Algorithms

In light of the hardness of approximation result by (Awasthi et al., 2015), the best we can
hope for is efficient constant-factor approximation or a poly-time approximation scheme for
fixed k or d.

The first example of the latter was (Matousek, 2000)’s O(n(logn)*e2¥*d) algorithm.
The algorithm works by cutting down the search space and then performing a brute force
search. The first reduction is to only consider centroids from an e-approximate centroid set
which would contain a (14 €)-optimal solution. He then shows that every such near-optimal
solution is a well-spread k-tuple, of which there are at most O(ne‘de) for an n-point set.
The algorithm proceeds by producing all of these k-tuples and choosing the one with the
lowest cost.

The first constant-factor approximation was given by (Kanungo et al., 2002)’s local
swap method. This algorithm proceeds also by using Matousek’s e-approximate centroid
set construction, which can be done in O(nlogn + ne~?log(1/e)), suffering from the curse
of dimensionality but independent of k. (Kanungo et al., 2002) proposes a single-swap
heuristic, which works by selecting a random set of centers and improves the solution by
removing one center at a time and replacing. This achieves (254 ¢) approximation; a slightly
more involved multiple-swap heuristic achieves a (9 + €) approximation.

3. Gradients and k-means

In this section we take a slight detour and review basic guarantees for gradient descent and
Newton’s method in the context of convex optimization.

3.1 Gradient Descent

The classical guarantee for gradient-based optimization is an O(1/€e?) approximation scheme
for convex, Lipschitz functions (this was shown to be tight by Nesterov). We provide a brief
sketch of this result, following (Bansal and Gupta, 2019)’s potential-based approach.

Definition 7 Given f : R" — R a differentiable function, a starting point xg € R™, a step
size > 0, and an integer T', we define gradient descent as follows:

o fori=1,..,T:
Let Ty = Tj—1 — H(Vf)

W 1T
o Return & = 7y ;15

This vanilla version of gradient descent outputs the time-average of its estimates rather
than z7 itself. This makes it substantially easier to analyze, as we will see with the proof of
Theorem 1. Note that there are similar results for non-time-averaged methods, see (Nesterov
et al., 2018).

Theorem 8 Let f : R® — R be a convez, differentiable, and G-Lipschitz. Let x* be a

G?|lzo—a”]]
€2

minimizer of f. For all € > 0, gradient descent run for T = steps with step size

[[zo—2"]]

n="Soor returns T such that:

f(@) < f(z") +e
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Proof It suffices to show the following inequality. With this, the result follows easily from
convexity of f and the choices of n and T

a 1 1
D) S TR + 506 + 5 wllwo — o

; 2nT
=1
Let ¢, = W The idea is to look at successive steps of the potential function.
1 *112 *112
Qi1 = o = o ([lzers — 277 = [l = 27(%)
n
1
= %(2(%&“ — g xp — o) + (e — %)

(agorithn) = 5-(2(=7¥ flae). a1 ) + 9 F )|
(G-Lipschitz) < 2177(2<17v F), o — ) + G2)

Now consider adding f(z;) to both sides.
G2
f(@e) + (P01 — 1) < flae) +(VF(@e), 2" —a0) + 2
(convex) < f(z*)+ —
Sum both sides over t € [T], with fortuitous telescoping on the LHS.

T 2
S )+ Br — @ ST + G

t=1

Since @7 > 0 we can drop it from LHS. Rearranging yields our desired inequality. |

The ® used in the proof is referred to by (Bansal and Gupta, 2019) as a potential
function. This is a relatively common construction for some algorithmic analysis, but it
(Bansal and Gupta, 2019) seemed to be the first to suggest its use in analyzing gradient
descent.

3.2 Newton’s Method

In contrast to gradient descent, which is a first-order optimization method, Newton’s method
is a second-order optimization method. What this means is that the optimization considers
the best-fitting paraboloid at a point and then finds the projection which minimizes said
paraboloid.

The elementary setting for learning about Newton’s method is in the context of finding
roots of a continuously differentiable function. Say we have a function f: R — R and we
want to find z* such that f(z*) = 0. The idea is to take the second order Taylor expansion
and set it to zero.

fla+1) = f2) +tf () + O(t)
—_—
f@*)=0
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Setting the LHS to zero and ignoring the higher-order terms, we have t = f(x)/f’(x). This
motivates the following update scheme:

Tn4+1 = Tn — f’(l’ )
n

In the absence of higher-order terms—i.e. the case where we are minimizing a quadratic
function—Newton’s method converges in a single step. In general, for the single-variable
case, we have fast convergence for strongly convex functions (i.e. functions which are
bounded below by some parabola).

Minimization of some f : R — R boils down to finding the roots of Vf : R — R
We can apply one-dimensional Taylor expansion to each (Vf); : R? — R and after putting
things together, arrive at the following system of equations:

Vf(z) + [V f(2)]t = Vf(z +1)
—_——
set to zero
where we interpret this as a vector equation and V2 f(x) is the Hessian matrix, i.e. [V2f(z)];;

82261; -~ Solving for ¢ and then using that as our local update, we have:

Tn+l = Tp — [VZf(mn)]_IVf(l‘n)

Although there are results for fast convergence of Newton’s method on well-behaved
single-variable functions, there are examples of it diverging on vector-valued functions that
are strongly convex (Boyd and Vandenberghe, 2004). In order to guarantee convergence in
the multivariate function minimization setting, one must use a learning rate in the update,
ie. wpy1 = xn — n[V2f(z,)] 'V f(2n), where a small enough value of n (for stability
purposes) is found using a line search. See (Boyd and Vandenberghe, 2004).

3.3 Lloyd-Newton Correspondence

Consider the following formulation of the k-means loss, equivalent for the purposes of opti-
mizing the cluster centers (the 1/2 factor makes the analysis nicer).

n

1
L(wy, ..., wg) = — min ||z; — w;]||?
;%ew Y

Unfortunately but importantly, due to the minimum, this function is not differentiable
everywhere. It is however differentiable outside of a set of measure zero. If you differentiate
with respect to such w;, the derivative is indeed well-defined and given by:

0L <
s > (wj—x) - Uz € Cj} = [Cilwj — >
J

i=1 i z;€Cy
Note that mixed second derivatives are zero. However, taking the second derivative with
respect to w; yields:

%L
IS ol
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Let N; = |C;|. Then the Hessian is given by:
V2 f = diag(Ni1ny, ..., NpIn,) (1)

Note that the Hessian written above is positive semi-definite, but this does not guarantee
the convexity of the objective function because the Hessian above does not exist everywhere.

Nonetheless, the Hessian above exists almost everywhere (with respect to Lebesgue
measure on the domain of possible placements of cluster centers), which makes it reasonable
to conceive of a Newton update scheme.

W1 = Wk — [V f(w )} [Vf(wk)} (2)
1

(G = 32 =) (3)
i ;€05
1

MQ\
B
=

T

m

This update scheme is precisely Lloyd’s method.

3.4 Online Lloyd’s Algorithm and SGD

With large datasets, it is often desirable to make iterative updates based on small subsets of
the data rather than the entire dataset at once. This is the idea behind mini-batch stochastic
gradient descent, for instance, which approximates the gradient using a randomly chosen
mini-batch of data. It is also the idea behind (Bottou and Bengio, 1994)’s online Lloyd’s
algorithm and (Sculley, 2010)’s mini-batch Lloyd’s algorithm. (Tang and Monteleoni, 2017)
showed O(1/t) convergence for these forms of so-called stochastic k-means (i.e. after ¢ rounds
of the algorithm, additive error with a local minimum is O(1/t)). The proof effectively
interprets these methods as stochastic gradient descent on non-convex functions.

Similarly, (So et al., 2022) provides a convergence guarantee for the online Lloyd’s algo-
rithm in a streaming setting, by interpreting it as stochastic gradient descent and adapting
standard techniques for SGD analysis (e.g. supermartingale convergence).

Algorithm 2 Online Lloyd’s algorithm

Require: p supported in R k € Nyj.
Require: h; learning rate.
Initialize W = (W1, ..., W) arbitrarily in supp(p).
forn=1,2,... do
Sample X ~ p.
Identify closest center i «— arg minje(y [|W; — X]||
Update center W; < W; — H; - (W; — X).
end for
Return W the set of cluster centers.

In the version of the algorithm analyzed by (So et al., 2022) and (Tang and Monteleoni,
2017), H; is a random sequence which is made to satisfy certain convergence criteria. In the

10



K-MEANS, GRADIENTS, AND SMART INITIALIZATION

original algorithm proposed by (Bottou and Bengio, 1994), it was actually deterministic,
ie H;, = N% where N; is the number of times that W; was updates.

The streaming setting of the problem proceeds as follows: fix some distribution p sup-
ported on R, and a sequence of points {X;};ey sampled i.i.d. from p. The cost function in
this smoothed setting is then:

FWy, o, W) = /min |W; — x||2p(x)dx
JElk]

The main theorem (Theorem 5.1) from (So et al., 2022) states that, so long as f has no
degenerate stationary points (i.e. two centers overlapping), then online Lloyd’s with a
suitable choice of stochastic learning rate H; will asymptotically converge almost surely to
a local minimum, i.e.
limsup inf |[W™ —w| =0
n—oo we{Vf=0}

where W™ are the k centers output by stochastic k-means after n iterations.

4. Smart Initialization and kmeans++

With the understanding that Lloyd’s algorithm has arbitrarily bad worst-case behavior, it
is natural to consider how it might perform in expectation, where the randomness is over
the initialization. A natural way to do this initialization is using a farthest-first heuristic:

Algorithm 3 kmeans—++
Require: X = {x1,...,2,} CR% k € Ny
Pick wy uniformly at random from x, ..., x,. Initialize W = {w; }.
for i€ {2,....,n} do
Pick z € X with probability:

mingew ||z — w||? D?(x; W)

Px = - =
T Yoeaminuew [lz—w|? X o0 D2z W)

Update W =W U {z} and X = X \ {z}.
end for
Return W the set of cluster centers.

To analyze this algorithm we establish some notation.

e Given a set of cluster centers C and A C X, let

dc(A) = min|lz — |

acA

e Let Copr denote the set of optimal cluster centers and popr = dcppy-

Let {A], ..., A;} denote the partition generated by Copr.

11
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Lemma 9 For S a point set in R? and z € R%, we have:
oz =zl =) lle—usll®+15] - |z — usll?
€S z€eS

Lemma 10 Let A} be an arbitrary cluster generated by Copr. Let ¢ be chosen uniformly
at random from C. Then:

Eclpiey (A7) = 2¢0pr(47)

Proof Note that the expectation is taken over the choice of v in A}. Each one of these
centers is chosen with equal probability 1/|C|.

Z P(We piCk C) (;5{0} A* Z |A* qb{c}(A*)

CGA;‘ ceA*
(definition of ¢) Z Z l|lc — UHZ
EA* UGA*
Z e —of?
i c,vEAY

(variance identity) = 2 Z v — .| 2
veEAT

=2 ¢orr(47)

In the last step, we use the fact that the optimal clustering of a given point set is given
precisely by the mean (again, by the L2 minimizer argument). |

Lemma 11 Let A} be an arbitrary cluster from Copr. Let C be an arbitrary clustering.
If we pick c € AS with probability according to farthest-first weighting, then:

Eclpouge (A7)] < 8dopr(A7)

Proof The proof proceeds first by writing out the definition of expectation and inserting
our farthest-first probabilities.

Eelpcuge (A1) = Y P(we pick ¢) - douiey (A7)
cEA}
D(c; C)?

= C;;: S ven: D( OF ;;* D(a;C U {c})?

Observe that D(a; C' U {c})? = minyecuge |6 — al|* = min(D(a; C), la — ¢[|*)?, by simply
properties of the minimum. So we have the following.

2
D*(¢; C)
b 4 = ¥ s — gy - 3 min(D(wC) ol
acAY

cEA} a€ A}

12
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Let us analyze the boxed term in more detail, We would like to decompose it effectively
into a term containing D(a; C)? and a term containing ||a — c||?. For the sake of simplicity
we suppress the clustering in D(-).

By triangle inequality, we have:

min ||¢ — b|| < min||a — b|| + ||a — ||
beC beC
= D(c) < D(a) + [la — ¢
By applying power-mean inequality %(a +b)% < a? + b% to the RHS, we have:
D2(¢) < 2D%(a) + 2lla —

Summing over A, we have then:

Al D*e)<2) D*a)+2) la—clf?

a€A acA

Plugging this back into our inequality readily gives us our approximation.

Ecldoure) (A7) ‘A,ZZ““D 3" min(D(a), fla — el )

acA aEA

|A| ZAHD()H S~ min(D(a), | — | Q

aeA acA
Z la —c|® (7)
c,a€A
= 8porr(A) (8)

Hence, with farthest-first weighting, our performance on the new cluster is at most 8 times
the performance of optimal. |

The bulk of the work comes into the following lemma. The visual to have in mind is that
there is some fixed Voronoi partition (of the points as well as the ambient space) generated
by the optimal set of cluster centers. If we have some clustering that covers some portion of
this partition, and we add points to that clusterng according to farthest-first weighting, we
essentially want to show that the new points are for the most part going to hit uncovered
clusters.

Lemma 12 Let C be an arbitrary clustering. Fix u > 0 arbitrary clusters from Copr. Let
X, denote the set of points in these clusters. Let X, = X \ X,. Suppose we add t < u
centers to C according to farthest-first weighting. Let C' denote the resulting clustering.
Then:

E(¢C’ (X)) < <¢C(Xc) + 8¢0PT(XU)) (1 + Ht) + UT_t¢C(Xu)

13
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Proof We prove this by induction on ¢ and w.
(Base Case 1): For u >t = 0, we did not add anything to our clustering, so C' = C,
and note that 1 + H; = “T_t = 1. So the desired inequality becomes:

¢C(X) < d)C(Xc) + ¢C(Xu) + 8¢OPT(X’LL)

which is trivial since ¢ (X.) + oo (Xu) = oo (X).

(Base Case 2): Now suppose t = u = 1. So X, is a single cluster, and X, represents
the points contained in the rest of the clusters. Note that the probability we pick a point
from the cluster according to probabilistic farthest first weighting is as follows (no minimum
to deal with because our clustering is a single cluster):

DO Yiex Tt go(Xu)
S 2 eex D@ O Ppex lz—ul? de(4)

Likewise with X,. So by law of total expectation, we have:
E(¢cr (X)) = P(c € Xu) - Ee(douie} (X) | ¢ € Xu) +P(c € Xe) - Ee(dcuep(X) | ¢ € Xe)

Note that the latter expectation can only be lower than ¢o(X), since adding more clusters
always reduces k-means loss. For the expectation on the left, we apply Lemma 7:

¢C(Xu) ¢C(Xc)
< ooy (600X +800pr (X)) + GTES

< 2¢c(Xe) + 8porr(Xy)

(Inductive Step): Let ay,...,a; be random cluster centers chosen by the algorithm.
We condition on whether ag came from X, or from X..

E(pcr (X))

- pc(X)

e If the first center was chosen from X, then the contribution is at most
S ]P)(a’l € Xu) : E(¢Cu{a2,...,at}(Xu) ‘ a < Xu)
< P(al € XU) : E(¢C’U{a27...,at}(Xu))

d)C(Xu)
pc(X)

u—(t—1)

(IH (ut-1) < ((6c(X0) + 860pr(X.)) (1 + Her) + - pe (X))

e If the first center was chosen from X, we find it advantageous to split this into cases
based on the u clusters contained in X,,.

Suppose we chose our first center from some uncovered cluster A C X,,. Let p, be the
probability we choose a € A as a center given the center is somewhere in A. Then we
can upper bound the contribution by:

(4)
o(X)
c(4)
c(X)

<
Q

Z Pa - E(gbCU{az,...,at}(XU \ A))

a€A

>~ pa(dc(Xe U {a}) + 8o0pr(Xi \ A)(1 + Hy-1)
acA

©

(IH (u—1,t—1)) <

o

u—t

+u—1

(do(X.\ 4)))

14
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Note that ¢(X \ A) = ¢(X) — ¢(A). Also note that >, 4 Pad(ay < 8¢0prT(A)

pc(A)

< qSS(X) <(¢C(Xc) +8¢opr(Xu))(1 + Ht‘1)> v
¢c(A) (u—1t A

* dc(X) <u - 1(¢(X“) — & ))) 1

Next we sum this over A C X, to obtain the full contribution. Note that for the first
term, all that happens is the coefficient becomes ¢ (X,,)/dc(X). The second term
demands a more careful treatment. Observe that, by power-mean inequality:

Locx?=1( X o) < X oy
u u ACXy ACX,
Hence, we can apply the following bound:
> bo(4)(60(Xi) = d0(4)) < de(Xi)* = Y do(A)?

ACXy ACXy

1
< do(Xi)’ = éo(Xi)’
Putting this together, we have the following bound on the second case:

< ¢C(Xu)
~ ¢o(X)

((6c(X0) + 860pr (X)) (1 + Hir))
n 1 U t Su— 1
¢pc(X) u—1 w

CZ)C(Xu)

— o () ((¢C(Xc) + 8bopr(Xu))(1+ Hi—1) + UT_LLQZ)(XU))

’ ¢(XU)2

Combining the bounds (boxed), and observing % = 1, we have:

X.) - Xu u—t
B(6cutonat) < (G0(X0) +80pr(X,))(1 + Hy-r) + 205 S Mty

< (bo(Xe) +8o0pr(X) (14 Hia + 1)+ Lo(X,)

u

< (60(Xe) + 8gopr(Xu) (14 Hy) + L o(X,)

Note in the last line we use 1/u < 1/t, and in the line before that, we use relatively crude

ponns bo(Xe) - de(X) _ do(Xo) 1
C\Ac)  PC\Ay C\Ac
< < c X)) =
This completes the induction proof. |

15



BERGAM

Theorem 13 Let K be a set of cluster centers generated by k-means++ on a dataset X C
R?. Then we have:

E[¢r (X)] < 8(log(k) + 2)popr(X)

Proof Let K = (cy, ..., cx) be the set of k cluster centers generated by the algorithm. Recall
that the first cluster center ¢; is chosen uniformly at random and say lands on cluster C
in the optimal clustering.

El¢(C1)] = 2¢0p7(Ch)
Now we apply Lemma 8 with C = C1,t = u = k — 1, we have:

E(6x (X)) < (6x(Cr) + 860pr(X \ C1))(1 + Hy-1)

< (6x(Cr) = 800p1(C1) +860pr(X) ) (2 + In(k))
< 8(2+ In(k))éopr(X)

Note in the last step we use that ¢x(C1) < 8popr(C1) as per lemma 7. [ ]

5. Discussion

The convergence guarantees for local iterative update methods has gained significant inter-
est in the theory community with the rise of deep neural networks and optimization via
stochastic gradient descent (Arora et al., 2018; Andoni et al., 2014; Jacot et al., 2018).
The k-means++ is a triumphant example of analyzing how random initialization (with the
right kind of weighting) enables us to establish a guarantee for an otherwise poorly behaved
gradient-based algorithm, namely Lloyd’s method.
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