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Near-Optimal Explainable k-Means for All Dimensions

Moses Charikar* Lunjia Hu'

Abstract

Many clustering algorithms are guided by certain cost functions such as the widely-used k-means cost.
These algorithms divide data points into clusters with often complicated boundaries, creating difficulties in
explaining the clustering decision. In a recent work, Dasgupta, Frost, Moshkovitz, and Rashtchian (ICML
2020) introduced explainable clustering, where the cluster boundaries are axis-parallel hyperplanes and the
clustering is obtained by applying a decision tree to the data. The central question here is: how much does
the explainability constraint increase the value of the cost function?

Given d-dimensional data points, we show an efficient algorithm that finds an explainable clustering whose

k-means cost is at most k'~2/¢ poly(dlogk) times the minimum cost achievable by a clustering without the
explainability constraint, assuming k,d > 2. Taking the minimum of this bound and the & polylog(k) bound
in independent work by Makarychev-Shan (ICML 2021), Gamlath-Jia-Polak-Svensson (2021), or Esfandiari-

Mirrokni-Narayanan (2021), we get an improved bound of ko2 polylog(k), which we show is optimal for every
choice of k,d > 2 up to a poly-logarithmic factor in k. For d = 2 in particular, we show an O(log k loglog k)
bound, improving near-exponentially over the previous best bound of O(klog k) by Laber and Murtinho (ICML
2021).

1 Introduction

As a result of the rapid deployment of data analysis and machine learning techniques, many important decision
rules that impact our lives are learned from data by algorithms, rather than designed explicitly by people. For
unlabeled data, clustering algorithms are a useful tool for learning such rules, and a necessary step towards
making the learned rules trustworthy is to make them easily understood by people. Many clustering algorithms
are designed to optimize a cost function such as the widely-used k-means cost. While being a convenient and
effective way for designing and analyzing clustering algorithms, optimizing a simple cost function can produce
clusterings that are not easily understood by people, causing interpretability issues when applied in practice
51, [11].

We study a notion of explainable clustering introduced recently by Dasgupta, Frost, Moshkovitz, and
Rashtchian [45] that aims to improve clustering interpretability. Here, a clustering is considered explainable
if the clusters are obtained by applying a decision tree with k leaves to the data. Specifically, every non-leaf node
of the decision tree corresponds to an axis-parallel hyperplane that divides the current set of data points into
two subsets, which are passed to the two children of the node respectively. Every leaf of the decision tree thus
corresponds to all the data points contained in a (possibly unbounded) rectangular box with axis-parallel faces,
and these data points are required to be placed in the same cluster.

To understand the increase in the clustering cost caused by the explainability constraint, [45] studied the
competitive ratio of an explainable clustering, which is defined to be the ratio between its cost and the minimum
cost achievable by a clustering using k clusters without the explainability constraint. For the k-medians and
k-means cost, [45] showed efficient algorithms computing explainable clusterings with competitive ratios O(k)
and O(k?) respectively. (In their work, distances are measured using the ¢;-norm for k-medians, whereas the
lo-norm is used for k-means.)

The competitive ratio bounds in [45] have been improved significantly by several independent papers
[43, 25| 21]. For explainable k-medians, [43] and [2I] achieved the current best competitive ratio O(log k loglog k).
For explainable k-means, the current best competitive ratio is O(klogk) by [2I]. These competitive ratio bounds
are known to be near-optimal, with the current best lower bound being Q(log k) for k-medians [45] 21] and Q(k)
for k-means [25], 21].
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The lower bounds above were proved only when the dimension of the data points is d = Q(log k). This leaves
open the question of achieving better competitive ratios for dimensions d = o(log k). Before our work, Laber and
Murtinho [37] gave algorithms with better competitive ratios in lower dimensions, but their bounds for k-medians
and k-means were sub-optimal and subsumed by [21]. For k-medians, [21] showed an O(d(logd)?) competitive
ratio in d dimensions, which improves over the O(logkloglogk) bound when d < O(logk/loglogk). For the
popular k-means objective, no competitive ratio better than O(klogk) was known prior to our work even for
d=2.

In this work, we show that significantly better competitive ratios than O(klogk) can be achieved for k-means
when the dimension d = O(logk/loglog k). We give a competitive ratio bound that depends on both d and k,
which we show is near-optimal for all choices of d, k > 2.

Our results. Our main result is an efficient algorithm that takes a set of d dimensional points and computes
an explainable clustering with competitive ratio at most k'~2/4poly(dlog k) for the k-means cost (Theorem .
Compared to the the previous best bound of O(klogk), our bound has a better dependence on k for every
fixed dimension d. The dependence on d can be improved by taking the minimum of our bound and O(klog k).
Specifically, if we run the algorithm in any of the independent work [43] 25] 2] instead when d = Q(logk), we
get an improved bound of k'~2/4 polylog(k) for all k,d > 2 (Corollary 4.1)). We show this is near-optimal for all
k,d > 2 by constructing a set of d dimensional points for which the competitive ratio is at least k*~2/¢/ polylog (k)
for the k-means cost (Theorem [5.1)).

In the special case of d = 2, we show an efficient algorithm computing explainable clusterings with competitive
ratio O(log kloglog k) (Theorem [3.1). This is a near-exponential improvement compared to the previous best
bound of O(klogk) obtained first by [37].

Technical overview. As previous work [45] [37] and independent work [43, 25| 21], we design a post-
processing algorithm that takes an arbitrary clustering C with k clusters, and computes an explainable clustering
with k-means cost at most k'~2/?poly(dlogk) times the cost of C using the same cluster centroids in C. Our
competitive ratio bound is then achieved by running the post-processing algorithm on a clustering C computed
by a constant-factor approximation algorithm for k-means [33] 2, [28].

We build the decision tree recursively starting from the root. That is, the first step of the algorithm is to
find the hyperplane corresponding to the root of the decision tree, and then solve the two induced subproblems
recursively. If a point x and its assigned centroid in C lie on different sides of the hyperplane, we need to re-assign
a new centroid to x that lies on the same side of the hyperplane with . Every such re-assignment incurs some
cost. In a similar spirit to [37], we make sure that the re-assignment cost caused by the hyperplane is small, and
that the two subproblems have similar “sizes” in order to minimize the depth of the decision tree. When the two
goals are in conflict, it is important to make a balanced tradeoff: [37] applies binary search with non-uniform
probing cost due to [15], whereas we take a more flexible approach originating in an argument of Seymour [53].

In previous analysis [45] 37], the re-assignment cost of every point is bounded above by the diameter of the
current subproblem. While this “diameter upper bound” can be a good estimate when the dimension d = Q(log k),
we need a more careful bound to get a near optimal competitive ratio for smaller dimensions. To this end, we
form a forbidden region when selecting every hyperplane to prevent re-assigning a point if the re-assignment
cost is too large compared to the current cost. We use a volume argument to bound the size of the forbidden
region, so that we have enough non-forbidden space to apply Seymour’s argument. The strength of the volume
argument increases significantly as the dimension d decreases, resulting in our significantly improved bound in
lower dimensions.

The “diameter upper bound” used in previous works allows them to completely ignore a point once it is re-
assigned, because the cost of any further re-assignment can be covered by the current diameter. In our analysis,
however, we need to deal with situations where a point is re-assigned multiple times. We give every point a type
during the algorithm based on its “re-assignment history”, and carefully control the cost at every re-assignment
by designing the forbidden region based on the types of individual points. In addition, we show that “essentially”
no point can be re-assigned too many times. Roughly speaking, for d = 2, we show that a point can be re-assigned
at most twice before either a) the point has a large distance to its current centroid so that we can afford to use the
diameter upper bound, or b) both the point and its current centroid are close to a corner of the current rectangle
so that we can avoid re-assigning them further. For the more general case d > 2, it is possible that none of the
above scenarios happen for some “bad” points, but we make sure that the “bad” points are assigned to only a
small number of centroids, in which case we can also avoid re-assigning them further.
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Related work. Decision trees are a classic method for classifying labeled data [30]. Due to its intrinsic
interpretability, people also applied decision trees and related algorithms to clustering unlabeled data: [19] [14]
7, 39, 66l 221 16, 27, 10, T1]. We use the framework of [45], who gave the first competitive ratio analysis for
explainable clustering using decision trees. [24] relaxed the framework of [45] by allowing more leaves in the
decision tree than the number of clusters, so that a cluster can correspond to multiple leaves.

In clustering tasks, the dimension of the input points plays an important role. Many influential results
were obtained while studying clustering in different dimensions. While hardness results have been proved
for approximately optimizing the k-medians and the k-means cost within a small constant factor [31, Bl [12],
polynomial-time approximation schemes (PTAS) have been found for both k-medians and k-means in fixed
dimensions [4, 36}, 23, 18], 17]. A random projection to O(log k) dimensions approximately preserves the k-medians
and the k-means cost of all k-clusterings of a given set of points with high probability [8] [42].

Interpretability and explainability are important aspects of making machine learning reliable, and they have
received growing research attention (see [44], [46] for an overview). Compared to clustering and unsupervised
learning in general, more work on interpretability considered supervised learning [48), [40, [T], 49, [38], B0, 47, B, 20
54, 26]. Besides decision trees, neural nets have been used to improve clustering explainability [34], whereas an
interpretability score was formulated by [51], who studied the tradeoff between the interpretability score and the
clustering cost. Fairness is another important consideration towards making clustering more trustworthy. There
is a large body of recent work on fair clustering [6l Ol 291 35| (2], 4T, B2} 13}, 55].

Independent work. Soon after we made this paper public on arXiv, three related and independent papers
[25] 2], [43] appeared on arXiv, and later [43] also appeared in the proceedings of ICML 2021. As we mentioned
earlier, all three papers achieved similar competitive ratios for explainable k-medians with the ¢;-norm and
explainable k-means with the ¢3-norm that are near-optimal when the dimension d = Q(log k). In addition, [25]
considered general £,-norms and achieved competitive ratio O(kP~!(log k)?) when the distances are raised to the
p-th power with a near-matching lower bound, [21] achieved a dimension-dependent competitive ratio O(d(log d)?)
for k-medians with the £;-norm in d dimensions, and [43] achieved a competitive ratio O((log k)>/?) for k-medians
with the /3-norm.

Paper organization. We formally define explainable clustering and introduce relevant notation in Section 2}
We prove our O(log k log log k) competitive ratio upper bound for d = 2 in Section [3, and our k'~2/¢poly(dlog k)
upper bound for d > 2 in Section 4l The lower bound k'~%/?/polylog(k) is shown in Section [5, Some helper
claims and lemmas used in our analysis are stated and proved in Appendix [A]

2 Preliminaries

We use z(j) to denote the j-th coordinate of a point z in the d-dimensional space R?, where j is chosen from [d],

namely, {1,...,d}. We use ||z]2 = (Z?Zl 2(5)*)Y? and ||z]| = max;cq |2(j)| to denote the f3-norm and the

{s-norm of a point = € R%, respectively.

Every pair (j,6) € [d] x R defines an axis-parallel hyperplane that partitions R? into two subsets: B<(3,0) :=
{r € R?: 2(j) <0} and B> (5,0) := {zx € R?: 2(j) > 0}. We say two points z, 2’ € R? lie on the same side of
the hyperplane (j,0) if x,2’ € B<(j,0) or z,2’ € Bx(j,0); otherwise we say the two points lie on different sides
of the hyperplane, or equivalently, they are separated by the hyperplane.

We consider decision trees as rooted directed trees. Nodes in the tree with no child are called leaves, and
we require that every non-leaf node has exactly 2 children—a left child and a right child. Every non-leaf node
corresponds to an axis-parallel hyperplane (j,6) € [d] x R. This naturally makes every node in the tree define a
subset of R? with axis-parallel boundaries: the root defines the entire space R¢; if a non-leaf node corresponding
to hyperplane (7, 0) defines the region B, its left child defines the region B N B<(j,¢), and its right child defines
the region B N Bx(j,0). Clearly, the regions defined by the leaves of a decision tree form a partition of R

For positive integers d and k, a k-clustering C for a set of points x1,...,z, € R? consists of k centroids
Y1,---,yr € R? and an assignment mapping ¢ : [n] — [k]. The k-means cost of the clustering C is given by
cost(C) = 31 |lwi — yeq)||3- We say the clustering C is k-explainable with respect to a decision tree T if T' has
at most k leaves and £(i) = £(¢’) holds for all points x;, z;» in the region defined by the same leaf of T.

For a subset W C R?, we use |[W| to denote its Lebesgue measure. We only care about the Lebesgue measure
of bounded subsets that can be represented as a union of finitely many rectangles (or intervals when d = 1). For
those subsets W, the Lebesgue measure |W| always exists.
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We use log to denote the base-e logarithm, and log, to denote the base-2 logarithm.

3 Explainable k-means in the plane

We focus on the simpler case d = 2 in this section and give an efficient algorithm for finding a k-explainable
clustering with competitive ratio O(log k log log k). Before we describe our algorithm, we remark that there exists
a poly-time algorithm that computes a k-explainable clustering with minimum k-means cost given a set of n input
points in d = 2 dimensions. In fact, for general d > 2 and n > 2, there exists such an algorithm with running
time n°(® via dynamic programming: if k > n, it is trivial to achieve zero cost; if k& < n, the algorithm solves all
subproblems each consisting of a box (a(1), 8(1)] x (a(2), 8(2)] x - -+ x (a(d), B(d)] € R? and a positive integer
k' < k, where the goal is to find a k’-explainable clustering with minimum cost for the input points inside the
box. Although there are infinitely many such boxes, at most n°(4 among them define distinct subsets of input
points, so essentially there are at most kn®(® = n©@ different subproblems. Also, every subproblem with &’ = 1
can be solved directly in O(nd) time, and every subproblem with &’ > 1 can be solved in O(k'nd) = (nd)°®) time
using solutions to subproblems with smaller &’.

While the above algorithm guarantees to find a k-explainable clustering with minimum cost and thus minimum
competitive ratio, it does not give us a concrete bound on the competitive ratio. We develop a different algorithm
that post-processes an arbitrary k-clustering C into a k-explainable clustering, and we show that the k-means
cost of the explainable clustering is at most O(log kloglog k) times the cost of C assuming d = 2. Choosing C as
the output of a constant-factor approximation algorithm for k-means ensures that the explainable clustering has
competitive ratio O(log k loglog k).

THEOREM 3.1. Assume k > 2. There exists a poly-time algorithm post-process_2d that takes a k-clustering C
of n points in 2 dimensions, and outputs a clustering C' of the m points and a decision tree T with at most k
leaves such that

1. C' is k-explainable with respect to T';
2. cost(C’) < O(log kloglog,(2k)) - cost(C);
3. C' uses the same k centroids as C does.

Consequently, there exists a poly-time algorithm that takes n points in 2 dimensions and outputs a k-explainable
clustering with competitive ratio O(log kloglog,(2k)).

In the rest of the section, we assume d = 2 and k > 2.

3.1 Subproblem Our algorithm post-process_2d works in a recursive manner, constructing the tree from root
to leaf. Thus, in each stage of the algorithm, we focus on a subset of the points and the centroids. Moreover, our
algorithm keeps track of some helper information for every point. This leads us to the definition of a subproblem.

DEFINITION 3.1. (SUBPROBLEM FOR d = 2) Given points x1,...,x, € R? and centroids yi,...,y» € R, a
subproblem P consists of the following:

1. A subset X C {x1,...,2,}. We focus on points x € X.
2. A subsetY C{y1,...,yx}. We focus on centroidsy €Y.
8. An assigned centroid o, € Y for every x € X.

4. A length £, > 0 for every point x € X. We always enforce £, to be an upper bound on ||z — 04|lec (see
Deﬁm’tion Item . While we define the k-means cost using the {3-norm, in our analysis we find it more
convenient to keep track of the £~ -norm instead.

5. A type t, for every point x € X. The type t, is either a function t, : [d] — {0,1,2} or the irrelevant type
t. = L. This gives a partition of X into two subsets: a subset

R={zeX:t,#1}
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consisting of all relevant points, and a subset X\ R consisting of all irrelevant points. The set R is further
partitioned into Ry, Ry, ..., Rq defined as follows:

Ri={z € R:|ty|lo =1}, foralliceld],

where ||tg|lo denotes the number of j € [d] with t,(j) # 0. If x € R has t,(j) # 0 for some j € [d], we
ensure that x is close to one of the boundaries in the j-th dimension, which we formalize in Definition

and Definition Item [

We fix a positive real number m as the centroid mass which we determine later. We can now define two quantities
M(P) and A(P) for a subproblem P with respect to the centroid mass m.

DEFINITION 3.2. Given a subproblem P, we define the following quantities:

M(P)=m[Y|+ Y £,
zE€Ry

AP) = f(M(P) +22 3 2+2° " 2+ > £,

zE€Ry TER, z€X\R

where
f(M) := 25T M (1 + log(M/m)) log log, (2k).

The quantity A(P) plays an important role in our proof of Theorem [3.1} The algorithm post-process_2d we
construct for proving Theorem [3.1] forms an initial subproblem P with A(P) < O(log k loglog,(2k)) - cost(C) and
divides it into smaller and smaller subproblems. We compute an explainable clustering for every subproblem,
and we choose C’ to be the explainable clustering for the initial subproblem P. We show that the cost of
the explainable clustering we find for every subproblem P is at most 2A(P) (Lemma , which implies
cost(C') < 2A(P) < O(log kloglog, (2k)) - cost(C), as required by Theorem

Our algorithm post-process_2d crucially uses the boundaries and the diameter of a subproblem defined as
follows:

DEFINITION 3.3. (SUBPROBLEM BOUNDARY) Given a subproblem P, for every j € [d], we define

b () — i u(s 1
1(7) lzyel;ly(y), an

bo(7) — )
2(j) = maxy(j)
as the lower and upper boundaries in the j-th dimension. Define L := max;e(q)(b2(j) — b1(j)) as the diameter of

the subproblem P.

To impose necessary constraints on the subproblems we deal with, we focus on wvalid subproblems defined below
(see Figure 1] for an example of a valid subproblem).

DEFINITION 3.4. (VALID SUBPROBLEM) Given points xi,...,%, € R? and centroids iy, . ..,yx € R%, a subprob-
lem P=(X,Y,(0z)zex, (lz)zex, (tz)zex) is valid if all of the following hold:

1. £y > ||x — 04lloo for all z € X.
2. M(P)/m < 2k.
3. For every point x € X\R and every y € Y, £y > ||z — Ylloo-

4. If point x € R has t(j) = 1 for some j € [d], then |x(j) — b1(j)| < Ly Similarly, if ¢ € R has t,(j) = 2,
then |x(j) — ba(j)] < ly.
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2nd dimension

O

b,(2)

by(2) ./Q

b, (1) b, (1) Ist dimension

Figure 1: A valid subproblem in 2 dimenions. The hollow circles represent the centroids y € Y, and the filled
circles represent the relevant points @ € R. Irrelevant points @ € X\R are not shown in the figure. The four
dotted lines represent the boundaries as in Definition Every point z € R has an arrow pointing to its assigned
centroid o,. We draw an £, ball (square) around every point x € R with radius ¢,. The square around a point z
contains o, by Definition Item [1} According to Definition Ttem [4] the blue point can have ¢,(1) = 2 and
t,(2) = 2 because the blue square intersects the upper boundaries in both dimensions. Similarly, the red point
can have t,(2) = 2 but must have t,(1) = 0. The green point must have ¢,(1) = ¢,(2) = 0. The black point to
the bottom lies below the lower boundary in the 2nd dimension, and it can have ¢,(2) = 1.

3.2 Making a single cut We describe an efficient algorithm single_cut_2d that takes a valid subproblem
P, and produces two smaller valid subproblems P; and P, together with an axis-parallel hyperplane (j*,6)
that separates them. Later in Section we invoke this algorithm recursively to construct the algorithm
post-process_2d required by Theorem

Specifically, given an input subproblem P = (XY, (02)zex, (bz)zex, (tz>z€X) the algorithm single_cut_2d
computes a partition X7, X5 of X, a partition Y7,Ys of Y, new assignments (o),).cx, new lengths (¢,),cx, new
types (t.)zex, and outputs two smaller subproblems

P = (leyla(g )mEXla(62[:)176)(17@;)966)(1);
(31) PQ (X23 Y2 (G )xGXza (glm)-%‘EXQ? (tlx)ﬂfEXz)

The partitions (X;,X2) and (Y7,Y3) are determined by an axis-parallel hyperplane (j*,60) € [d] x
(01(57), b2(57)):
X1 =XNB<(j",0) ={x e X :2(j7) <0},
Xo = X N B (j,0) = {w € X : 2(j") > 0},
Vi=YNB<("0)={yeY yQy") <0},
(3.2) Yo=Y N B (70 = {y €Y 1 y(G) > 0},
We always choose j* € [d] so that be(5*) — b1(j*) is maximized, i.e., ba(j*) — b1(5*) = L. Note that by choosing
6 € (b1(j*),b2(5*)), we are implicitly requiring by (j*) < ba(j*), or equivalently, L > 0, which we assume to be
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the case. Moreover, the choice 8 € (b1 (j*),b2(j*)) guarantees that Y7 and Y3 are both non-empty, and thus they
both have sizes smaller than |Y|, which means that the two subproblems are indeed “smaller”.

We say a point « € X is o-separated if x and o, are separated by the hyperplane (5*,6). In other words,
o-separated points form the subset X; C X defined as follows:

(3.3) Xy ={zeXj:o, €Yol U{x e Xy:0, €Y1}
Consequently, non-o-separated points belong to one of the following two sets

X11 = {IGXl L0y GYl}, and
(34) Xog = {.73 €EXo:0, € YQ}

To make sure that the two subproblems Py, Ps are well-defined, we require that o/, € Y7 whenever z € X; and
ol €Y, whenever x € X5. In other words, we require that no point is o’-separated. This implies that for every
o-separated point x € X, we must ensure o, # o,. On the other hand, our algorithm single_cut_2d guarantees
ol = o, whenever z is not o-separated.

Our goal is to show that the two new subproblems P;, P, created by the single_cut_2d algorithm satisfy
the following lemmas, which are crucial in our analysis to obtain Theorem [3.1] We always assume that the input
subproblem P is valid throughout Section [3.2] even when we do not explicitly state so.

LEMMA 3.1. The two new subproblems P, Py output by single_cut_2d are both valid.
LEMMA 3.2. The two new subproblems Py, P2 output by single_cut_2d satisfy A(P1) + A(P2) < A(P).

We prove the above lemmas after describing the single_cut_2d algorithm step by step in the following subsections.

3.2.1 Preprocessing For every x € R with ¢, > L/16, we have
(3.5) [2 = ylloo <2 = 0ulloc + 0w = Ylloo < le+ L <17, forally €.

For every such point z, we replace the current value of ¢, by 17(,, and set t, = L (thus removing = from
R). The new subproblem is still valid (Definition Item [3] follows from (3.5))), and all points z € R in the
new subproblem satisfies ¢, < L/16. Moreover, it is clear that the value of A(P) does not increase (note that
17?2 < 29). For the rest of Section we use P = (X,Y, (04)zex, (z)rex, (tz)zex) to denote the subproblem
after the preprocessing step.

3.2.2 Forbidding We specify a subset F' of the interval (bi(5*),b2(j*)) as the forbidden region. By making
the algorithm single_cut_2d choose 6 outside of the forbidden region, we can guarantee some desired properties
for o-separated points (see Lemma .

For every point « € X, define Y (z) C Y as the following set of centroids:

ey y(t) > minfe(). b)), i 2(7) > 0u(G7);
(3.6) Y(e):= { {y €Y :y(*) < max{z(7*), b (5)}}, i 2(7*) < ou(s").

If x is o-separated, it is clear that every centroid in Y (x) must lie on the same side of the hyperplane (j*, ) with
x, in which case choosing o/, from Y (x) prevents z from being o’-separated. Define 7, as the centroid in Y (z)
with the smallest /., distance to o, and define g, to be the corresponding /., distance:

N = argmin ||og — ylloo,
y€eY ()
(3.7) Gz = [lo2 = Ne|loo-

Now we focus on points x in the subset T'C S C Ry U R; defined as follows:

S ={r € RoUR :t,(j") = 0,2(") # 0..(j")}-

(3.8) o dpeg g (L)
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For every point z € X, we define an interval W, as follows:

] o),z (5%) N (b1(5*), b2
(39) W= { e

We define the forbidden region F' as

j j J
(7)), it 2(") < ox ().

F = (b1(5"), b1 () + L/8 U [b2(5%) = L/8,ba (")) u | W
zeT

It is clear that F' can be represented as a union of finitely many disjoint intervals, and the representation can
be computed in poly-time. We define F' as above because choosing 6 outside F' guarantees that all relevant
points that can possibly be o-separated must have good properties summarized in Lemma [3.3| and Lemma [3.4
below, including having a relatively small value of ¢,. Since the algorithm needs to choose 6 € (b1(5%),b2(j%))
outside the forbidden region, it is necessary to show that the forbidden region does not cover the entire interval
(b1(5%),b2(5*)). Lemma [3.5 below makes a stronger guarantee.

LEMMA 3.3. If we choose 0 € (b1(5%),b2(5*))\F, then every x € R with t,(j*) = 1 belongs to X1, and similarly
every © € R with t,(j*) = 2 belongs to Xaa. Consequently, every x € RN Xy satisfies t,(5*) = 0.

Proof. Consider a point € R with t,(j*) = 1. By Definition [.4] Item [4] we know |z(j*) — b1(j*)| < ¢, < L/16,
where the last inequality is guaranteed by the preprocessing step. By Definition Item [1] and the triangle
inequality, |0, (5*) — b1(5*)| < ||z — 0zlloo + |2(*) — b1(5*)| < €y + £, < L/8. Therefore,

max{z(j*), 02(j")} < b1(j") + L/8 <0,

where the last inequality is because (b1(j*),b1(j*) + L/8] C F and 6 € (b1(j*), b2(5*))\F. This implies = € X1;.
Similarly, every x € R with ¢,(j*) = 2 belongs to Xss. Since X, is disjoint from X7; U X5o, points x € RN X4
cannot have t,(5*) € {1,2}, and thus ¢,(j*) = 0. d

LEMMA 3.4. If we choose 6 € (b1(5*),b2(§*))\F, then every o-separated relevant point v € RN X satisfies all
of the following:

1o2(5%) # 02(5%);
2. t:(5*) =0 (and thus ||tz]jo <1 and x € Ry U Ry );

3 L < 211(%)1/(11*“75:”0).

Proof. Ttem (1| is obvious, since a point x cannot be o-separated unless x(j*) # 0,(j*). Item [2] follows directly
from Lemma [3.31

Assume for the sake of contradiction that Item [3|is not satisfied by x € RN X ;. We already know that
Item [ and Item [2] are both satisfied, so z € S, and therefore z € T. This implies W, C F by the definition of F.
However, the fact that x € X implies § € W, and thus 6 € F, a contradiction. 0

LEMMA 3.5. The forbidden region F has length (i.e. Lebesque measure) at most L/2.

Lemma [3.5]is a direct consequence of the following lemma:

LEMMA 3.6. [|J,cqr W2l < L/4.

Proof. While we are dealing with d = 2 specifically, we prove the lemma using a more general language so that
the proof can be reused in Section [4] where we deal with d > 2.
By Claim we can find U C T such that the intervals (W, ),cv are disjoint, and |, Wa| <3| U e
It remains to prove that |(J, . Wa| < L/12. Define Us = {z € U : x(j*) > 0.(j")}.
We prove |Uz€U> W,| < L/24 via a volume argument. For every point z € Us, define a rectangular box

B, C R? as follows:

Wol.

B, ={z¢€ R : 2 = 0zlloo < q2/3,2(3) — 02(5*) > q./6}.
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We can write B, in a different way as the cartesian product B, = B;(1) X --- x By(d), where B,(j) C R is the
interval (0,(j) — q../3, ox( 1)+ q./3) if j # j*, and B, (j*) C R is the interval (o, (j*) +¢./6,0(5*) + ¢+ /3). Thus,
the width of B, in the j*-th dimension is 1 /4 times the width in other dimensions.

We show that the boxes B, are pair-wise disjoint. Assume for the sake of contradiction that a point z lies in
both boxes B, and B, where z,z’ are distinct points in Us.. Assume w.l.o.g. 2(5*) < 2/(j*). Since W, and W,
are disjoint, we have 0,(j*) < z(j*) < 0,/ (5%) < 2'(j*). Therefore, o, € Y(z), and thus

Gz < ||Uac - U:c’”oo < HO':B - Z”oo + ||U;c’ - Z”oo < Qw/3+%c’/3~

This implies that ¢, < g,/2, and thus z(j*) < 05(J*) + ¢2/3 < 04 (§*) + g2/ /6 < 2(j*), a contradiction.
It is clear by definition that ¢, < L for all z € Us.. Therefore, the boxes B, are all contained in the large box

Bi={z e R":Vj €[ bi(j) — L/3 < 2(j) < ba(5) + L/3}.
The large box B contains a smaller box B’ defined as follows:
B'i={z€B:Vje[d\{j"}bi1(j) < 2(j) < b2(4)}-

For every z € B, we define 7, € B’ such that 7,(5*) = z(j*) and for all j # j*,

(), if b1(7) < 2(5) < b20)),
m(j) = § 01(d), if 2(5) < ba(l),
ba(j), i 2(4) > ba(4)-

This allows us to define another family of disjoint boxes. Specifically, define B, = By(1) X --- x B,(d) where
B, (j) C R are defined as follows:

L Bo(j*) = (02(5%) + 40/6, 02 () + 42/3);
2. for all j # j* with t,(j) = 0, Bo(j) = (02(j) — 42/3,00(j) + ¢2/3);
3. for all j with £,(j) = 1, B,(j) = (b1(4) — L/3,b1(j));
4. for all j with t,(j) = 2, Bo(j) = (b2(5), b2(5) + L/3).
It is clear that B, C B. Moreover, for j € [d] with t,(j) = 1, we have
(3.10) 0 < 02(5) = b1(4) < [b1(5) — 2] + Iz — 0alloc < 22 < ¢u/3,

where the last inequality is by € Us. C T and thus q, > 2''4,. Inequality (3.10] 1rnp11es b1(j) € B,(j) whenever
tx(j) = 1. Similarly, we have by(j) € B,(j) whenever t,(j) = 2. Therefore, any z € B, satisfies 7, € B, because
2(j) € By(j) implies . (j) € B,(j) for all j € [d]. It is then easy to show that B, are - disjoint: if z € B, N By,

then 7, € By N By, a contradiction. Figure |2 I shows an example of the boxes B, and B contained in B.
The volume of B can be lower bounded as follows:

d
H ) = (1/4)(2q0/3)" o (L/3) Il > (5L/3)%(24¢, /L),

where the last inequality is by the fact that % > 21 (4)1/(d=ltzll0) ¢ > 2 and ||t,||o < 1. Summing up, we have

> (5L/3)*(240,/L) < Y |B,| < |B| < (5L/3)".

zeUs zeUs
Therefore,
STWal< Y by < Lj24.
zeUs zcUs

A similar argument proves (U, cr\ . [We| < L/24, which implies [, ¢y Wa| < L/12 and completes the proof

of the lemma. 0

zeU

2588 Copyright © 2022 by SIAM
Unauthorized reproduction of this article is prohibited



Downloaded 12/03/22 to 73.162.14.102 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

Jj-th dimension p é Z é % S
7 7
Z 7 Z
% »
by ()P 4 7 7 s’
209 10,7 .
70 Yipg -
b 7 97
by (i ‘ HD Q D
Z 7 7 Z
%% ¢ / 2
27 7
272 4 7
0 7 7 7 .
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Figure 2: For every x € U, the box B, is represented by a square with solid boundary, and Em is represented by
a shaded square. The rectangle PQRS represents the box B, and the rectangle P'QQ'R'S’ represents the smaller
box B’. If t,(j) = 1, the corresponding B, (blue) intersects the lower boundary in the j-th dimension (the dotted
horizontal line at b1(j)). If ¢.(j) = 2, the corresponding B, (red) intersects the upper boundary in the j-th
dimension (the dotted horizontal line at bs(35)).

3.2.3 Cutting Our algorithm single_cut_2d chooses 8 € (b1(j*), b2(5*))\F using a method by Seymour [53]
based on Lemma [3.7 below. Recall that any choice of 6 defines a partition X7, X» of X and a partition Y7, Y5 of
Y as specified in (3.2)). It also defines X, X171, Xo2 as specified in (3.3 and (3.4]). We further define

M;=mvil+ > £,
r€ERoNX11
M; =ml|Ya| + Z Ei,
rERoNXao
M* = min{M (P)/2, M(P) — My, M(P) — M;}.

LEMMA 3.7. There exists 6 € (b1(5%),b2(j*))\F satisfying

(3.11) > L,L < 8M*log(M(P)/M*)loglog,(M(P)/m).
T€ERoNX ¢

Moreover, 8 can be computed in poly-time.

Proof. The fact that # can be computed in poly-time follows immediately from its existence, because there are at
most | X |+ |Y| choices of 8 € (b1(5*),b2(j*))\F that lead to distinct partitions (X7, X2) and (Y1, Y2). It only takes
poly-time to check for each of the choices using the representation of F' as a union of disjoint intervals.
Below we prove the existence of 6.

Define M = M(P). For every point x € Ry, define a function g, : (b1(j*),b2(j*)) — [0, +00) such that
0) = 2)|W,| if § € W,, and ¢,(0) = 0 otherwise. Define h(#) as the number of centroids y € Y with
j*) < 6. Define

Gz
y( ,
G(O) =mh(®) + > / g2(6")d0'.

R, Y 01(%)
It is clear that G is non-decreasing, and bounded between m and M — m for all 8 € (b1 (j*), b2(j*)). Moreover,
for every choice of 0, we have My < G(0) and My < M — G(f). Define I; = ({z(j*) : z € X} U{y(j*) : y €
Y1) N (b1(€7),b2(€%)). G is differentiable on (b1 (£*),b2(£*))\I1, where G'(0) =3 . 9(0).
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By Lemma the total length of the non-forbidden region is at least L/2. Therefore, we can find real
numbers aq,...,a, and B1,..., 3, such that

L0i(") <1 <B1<as<fo < <ay < By < ba(5%);
2. every (ay,3;) is disjoint from the forbidden region F
3. 2 (Bi — i) = L/2.

Define z; := > .,_,(By — ai). We define a bijection v from Ji, (zi—1,2;) to U;—,(as, ;) as follows: for all
z € (zi—1, %), define v(z) = a; + (2 — z;—1). It is clear that v is non-decreasing and has derivative v/(z) = 1 for
all z € Ui, (zi—1,2)-

Define I = {z1,...,2m-1} U {7y 1(0) : 0 € L nU;_,(e;,B:)}. I is a finite subset of (0,L/2). Define
Vi (0,L/2)\I — [m,M —m] by V(z) = G(y(z)). Then V is a non-decreasing function on (0, L/2)\I with
derivative V'(z) = G'(v(z)). By Lemma[A.2] we can find z € (0, L/2)\I such that

V'(2) < (4/L)M"log(M/M’)loglogy (M /m),

where M’ := min{V(z),M — V(z)}. Choose 6§ = 7(z). We have M’ < V(z) = G(0) < M — MJ and
M' <M —-V(z) =M —G(9) <M — M. Therefore, M’ < M*. By Claim[A.2] we have

G'(0) =V'(2) < (8/L)M* log(M/M™*)loglogy(M/m).

The lemma is proved by noting that

o)=Y 0> ¥ wo> Y b

x€Ry TERoNX 4 ZERQQX+

where the last inequality is by the easy fact that 6 € W, whenever x € X, and that ¢2/|W,| > £,. d

3.2.4 Updating Having computed the hyperplane (j*,6), we get the partions (X1, X2) and (Y7,Y3) by .
We now specify the new assignments o/, new lengths ¢/, new types t,. The two new subproblems P;, P> can
then be formed by (3.1)).

For every non-o-separated point z € X\X; we define o/, = 0, ¢/, = £, and t;, = t,. For every o-separated
irrelevant point x € X\ R, we define ¢, = {,, t}, = t,(= L), and define o, to be an arbitrary centroid in Y that
lies on the same side of the hyperplane (j*,6) with . Such a centroid exists because Y7, Y2 are both non-empty
since we choose 6 from (b1 (5*), b2(5*)).

It remains to consider relevant points that are o-separated, i.e. points x € RN X;. These points satisfy the
properties in Lemma [3.4] For these points, we define

(3.12) ¢ — 0, + 2 L(0, /L) @ ltelo)

and o, = n,. We define ¢/, to be equal to t,, except that we change t/,(j*) to either 1 or 2 from the original value
tz(j*) = 0 (Lemma[3.4] Item [2). Specifically, define t/,(j*) = 1 if z € X,, and t,(j*) =2 if z € X;.

This completes our definition of o/, ¢! and t/. The algorithm single_cut_2d returns the two subproblem
Py, P2 formed by together with the hyperplane (5*,6). Before we prove Lemma and Lemma we first
prove Lemma [3.8 below. Define R’ = {z € X : t/, # L}. For i = {0,1,2}, define R, = {x € R’ : |[t,,||o = i}. It is
clear from our update rules that ¢, = 1 if and only if ¢, = L, so R' = R.

LEMMA 3.8. We have the following equalities and inequalities:

(313) M(Pl) :Mik, and M(Pg) :MQ*,

(3.14) min{M;, My} < M*, and max{M;, M;}<M(P)— M".

Proof. According to our update rule, no point z € X has ||t;|][o = 0 because either z € X, \R and ¢/, = L,

or x € RN X4 and ||t}]jo > 1. Therefore, a point & € X; N Ry if and only if z € X3\Xy = X311, ¢, # L, and
ltz]lo = 0, or equivalently, x € Ry N X11. This implies

MP)=mYil+ 3 (@GP =mil+ 3 (@GR =mMil+ > =M

zEX1NRY T€RoNX11 r€RoNX11
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Similarly, M (P2) = M. This completes the proof of .

To prove (3.14), we assume w.lo.g. that M} < Mj. It is clear from definition that M7} + Mj < M(P).
Therefore, My < min{M(P)/2, M(P) — M}, M(P) — My} = M*. The definition of M* directly implies
M; < M(P)—M*. O

We conclude Section [3.2] by proving Lemma [3.1] and Lemma We first prove Lemma [3.1

Proof. Let P = (X,Y,(04)zex, (Ux)zex, (tz)zex) denote the valid subproblem after the preprocessing step.

We check every item in Definition Ttem [3] follows immediately from the validity of P and the fact that
ol = o, whenever x € X\R' = X\R.

Now we prove Item |1} All non-o-separated points z € X\ X, have o, = 0., and ¢, = {,, so they satisfy
Uy =1Ly > ||z — 04|00 = ||z —0%]|c. By Item[3] all points in X\R = X\ R’ also satisfy ¢, > ||z — 07 |cc. It remains
to check Item [l for o-separated relevant points z € RN X, . By Lemma these points satisfy

by =Ly + 211L(€m/L)1/(d7”tw”0) > Uy + 4z 2 |2 = 0ulloc + [0z = Nalloc 2 [[2 = Nalloc = [ = 0% o

We now move on to Item [2| It suffices to prove that max{M (Py), M(P2)} < M(P), which follows directly
from Lemma [3.8

Now we prove Item [4] We prove it for Py, and omit the similar proof for Ps. Define b/ (j),b5(j) similarly as
b1(4),b2(j) are defined in Definition [3.3| except that we replace Y by Y;.

Suppose € X3 N R has t/.(j) # 0. If j = j* and ¢,(j) = 2, then by Lemma it must be the case that
x € RNX,. We have o/, (j) < b5(j) < 0.(j), so

|2(7) = by(7)| < max{|z(j) — 07.(§)|, [2(j) — 02(4)[} < max{l;, b} = L.
If j # j* or t,,(j) # 2, we have t/,(j) = t,(j). Define i = t/,(j) = t,(j). If i = 1, we have b;(j) < b}(j) < o.(5); if
i =2, we have b;(j) > b;(j) > 0;,(j)- In both cases,
|2(7) = b5(5)| < max{|z(5) — o7 (7)], [2(j) — bi ()|} < max{l;, (e} = ...
O
Now we prove Lemma [3.2]

Proof. Since the preprocessing step preserves the validity of P and does not increase A(P), we assume w.l.o.g.
that P = (X,Y, (02)zex, (lz)zex, (tz)zex) is the subproblem after the preprocessing step. Define M = M(P).
We have

(3.15) A(P1) + A(P2) = F(M(P1)) + F(M(P2) +2% ) (47 +2° Y (4)* + Y (4)™

rER] zERY) reX\R

Moreover,

D)= ()P Y ()

zER zERINR] zERONR]

= D W+ > ()

r€R1NR] TERONX 4

(by (B12)) = > 24 ) (La+2"L(t,/L)?)?

zER1NR] zERoNX 1
2 23
§ 242 E 0, L
zERlﬂR/l rE€RoNX

Z 02 4+ 2% M* log(M/M*) loglog, (2k),
i€ER1NR]

IN

(3.16)

IN
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where the last inequality is by Lemma [3.7] and Definition [3.4 Item [2] Similarly,

Do)=Y )+ Y ()

zER), xER zERINR)
(by (3.12)) = Z Zi + Z (Ls +211€m>2
TER> zERINR)
(3.17) <> 2422 Y 2
r€R> xEer‘lRé

Applying Lemma [3.8
FM(Pr)) + f(M(P2)) +2°7M* log(M/M*) log log, (2k)
= f(M7) + f(M3) + 27" M* log(M/M™) log log, (2k)
< F(M*) + f(M — M*) + 257 M* log(M/M*) log log, (2k)
<257 (M*(l + log(M™/m))loglogs(2k) + (M — M*)(1 + log(M/m)) log log,(2k)
+ M*log(M/M™)loglog, (2k)>
(3.18) = f(M).

Combining the inequalities as ([3.16]) x 232+ (3.17) x 2° +(3.18)) and simplifying using (3.15]), we get A(P1)+A(P2) <
A(P), as desired. 0

3.3 Building a decision tree We prove Theorem [3.1]by describing the algorithm post-process_2d that takes
an arbitrary k-clustering C and turns it into a k-explainable clustering with respect to a decision tree T'.

As shown in Algorithm [1} our algorithm post-process_2d calls an algorithm decision_tree_2d that takes a
valid subproblem P = (XY, (04)zex, (lz)zex, (tz)zex) and produces a decision tree T and an assigned centroid
0, € Y for every z € X. Algorithm decision_tree_2d works recursively as follows: if the diameter L of P is
zero, which means that all centroids y € Y are at the same location, return ((d,)zex,T), where d, is identical
for all z and equals to an arbitrary centroid y € Y, and T is the tree with a single node; else, the algorithm
decision_tree_2d calls single_cut_2d on P, obtains a hyperplane (5*,6) and two subproblems P, P2. The
algorithm decision_tree_2d recursively calls itself on P; and Pa, and obtains ((0z)zex,,T1) and ((0z)zex,, T2)-
The algorithm constructs a tree T with root corresponding to (5%, 6) and its left and right sub-trees being 77 and
T5. The algorithm returns ((d;)zex,T).

LEMMA 3.9. Assuming the input P = (X,Y,(02)zex; (Ua)rex, (tz)zecx) to decision_tree 2d is walid. The
output ((0z)zex,T) of decision_tree_2d satisfies the following properties. The decision tree T has at most

|Y| leaves. For every leaf v of the decision tree T and every pair of points x,x’ € X in the region defined by v,
we have 6, = 6),. Moreover, . . |l — 6,12, < A(P).

Proof. We prove the lemma by induction on |Y|. When Y| = 1, we have L = 0 and thus decision_tree_2d
returns without calling single_cut_2d. The lemma is trivial in this case. Now suppose the lemma is true when
|Y| < w for an integer u > 1, and we prove the lemma for |Y| = u. If L = 0, then again the lemma is trivial;
otherwise, the algorithm decision_tree_2d calls single_cut_2d, and the lemma follows from the induction

hypothesis together with Lemma [3.1] and Lemma [3.2 0
Given a k-clustering C of points x1,...,z, consisting of centroids y1,...,yr, and an assignment mapping

¢ : [n] — [k], the algorithm post-process_2d computes an initial subproblem P by setting X = {x1,...,2,},Y =
{yi,- Uk} 0o, = Ye(iy le = || — 04|00, ta(j) = 0,Vj € [d]. Setting the centroid mass m = 4+ >y £2, we have
P is valid and A(P) = O(log k log log, (2k)) - cost(C). Algorithm post-process_2d then calls decision_tree_2d
on P and obtains (0z)zex and T. Algorithm post-process_2d returns the decision tree T and a clustering C’
with centroids y1, ...,y and assignment mapping &' : [n] — [k] such that ye ;) = d,.

Now we finish the proof of Theorem 3.1
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Algorithm 1: Algorithm post-process_2d via decision_tree_2d

Input : A k-clustering C of points x1,...,2, in d = 2 dimensions
Output: A k-clustering C’ of points z1,...,2,, a decision tree T'

Algorithm post-process_2d(z1,...,2,;C)

Let y1,...,yr be the centroids of C, and £ : [n] — [d] be the assignment mapping of C;

X —A{x,...,xn b, Y <~ {1, uk};

Vi € [n],Vo € X,Vj € [d], set ou, < Ye(i), be < | — O2lloos ta(j) < O;

ﬁ < (X7 Y7 (U.'L').'I;EX7 (éw)a:eXy (t.L).LEX)7 /* Initial subproblem */
m— 1Y ex b /* Centroid mass */
((0a)zex,T) < decision,tree,2d(75);

Let & : [n] — [d] be such that ye/(;) = dq, ;

Let C’ be the clustering with centroids y1, ..., ¥y, and assignment mapping &’;

return C', T}

Input : A valid subproblem P = (X,Y, (042)zexs (ba)zex, (tz)zex)
Output: An assigned centroid §, € Y for every point x € X, a decision tree T'

Algorithm decision tree_2d(P)

Let L be the diameter of P;

if L =0 then

Pick an arbitrary y € Y and set §, = y for all z € X;

Let T be the decision tree with a single node;

else

(P1,Pa,7*,0) + single_cut_2d(P);

((02)wex,,T1) < decision_tree 2d(P;);

((02)zexy, To) < decision_tree 2d(P;);

Define T to be the decision tree with root corresponding to hyperplane (5*,6) and its left and
right sub-trees being 77 and 75.;

| return (02)aex,T;

Proof. Since single_cut_2d computes 6 in polynomial time by Lemma the entire algorithm single_cut_2d
can be implemented in polynomial time. Consequently, decision_tree_2d and post-process_2d both run in
polynomial time. Let C’ and T be the output of algorithm post-process_2d. By Lemma we know C’ is
k-explainable w.r.t. T, and

cost(C') = D llzi — yerw I3 <2 Nl —yemli =2 i — 6%
i=1 i=1 i=1

< 2A(P) < O(log klog log,(2k))cost(C).

It is by definition that C’ uses the same centroids as C does. Choosing C as the output of a poly-time constant
factor approximation algorithm for k-means, e.g. [33] 2, 28], or since d = 2, a PTAS for k-means [23| (I8, 7], gives
the competitive ratio bound O(log k loglog, (2k)). ad

4 Explainable k-means in d > 2 dimensions

We now describe our algorithm for higher dimensions, i.e., d > 2. The algorithm also works for d = 2 despite
giving a worse bound than Theorem We follow the same structure as the previous section, and emphasize
the differences from it. Our goal is to prove the following high-dimensional analogue of Theorem

THEOREM 4.1. Assume k,d > 2. There exists a poly-time algorithm post-process that takes a k-clustering C of
n points in d dimensions, and outputs a clustering C' of the n points and a decision tree T with at most k leaves
such that
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1. C’ is k-explainable with respect to T';
2. cost(C’) < O(k'=%/4(log k)® (log log, (2k))3d*) - cost(C);
3. C' uses the same k centroids as C does.

Consequently, there exists a poly-time algorithm that takes n points in d dimensions and outputs a k-explainable
clustering with competitive ratio O (k'~%*/%(log k)®(log log,(2k))3d*).

The bound in Theorem [4.1] can be improved when combined with [43] 25 [21].

COROLLARY 4.1. (IN LIGHT oF [43 25|, 21]) Assume k,d > 2. There exists a poly-time algorithm that takes n
points in d dimensions and outputs a k-explainable clustering with competitive ratio k'=2/¢ polylog(k).

Proof. Use the following algorithm: when d < log k, invoke the algorithm in Theorem [4.1] to achieve competitive
ratio
O(k'~*/4(log k)% (log log, (2k))3d") = k'~*/“ polylog(k);

when d > log k, invoke the algorithm in [43], 25], [21] to achieve competitive ratio
kpolylog(k) = k¥ k'=%/ polylog(k) = O(1) - k'=2/% polylog(k) = k*~2/? polylog(k).
d

In the rest of the section, we assume k,d > 2.

4.1 Subproblem Compared to subproblems for d = 2 defined in Section subproblems for d > 2 contain
more information:

DEFINITION 4.1. (SUBPROBLEM FOR d > 2) Given points x1,...,z, € R and centroids y1,...,yp € R?, besides
what is included in Definition[3-1], a subproblem P consists of the following in addition:

1. A color ¢, € {—1,0,...,|logy k| — 1} for every point x € X.
2. A scale s, € [1,+00) for every point x € X ;
3. A potential p, € (0,+00) for every point x € X.

We fix a positive real number m as the centroid mass and define two quantities M(P) and A(P) for a
subproblem P with respect to the centroid mass m. This is similar to Definition [3.2] but we take the potentials
p, into account:

DEFINITION 4.2. Given a subproblem P, we define the following quantities:

M(P) :==m|Y|+ meﬁi (16(log(2k))? loglogQ(gk))Q—thHo,
zER

AP) == F(M(P) + Y put3,

z€X\R

where
F(M) = 16 M (M /m)'/ 120 (1 4 log(M/m)) log log, (2k).

We define subproblem boundaries in the same way as Definition[3.3] Our definition for valid subproblems includes
more requirements than Definition

DEFINITION 4.3. (VALID SUBPROBLEM) Given points x1,...,z, € R? and centroids yi, ...,y € R?, a subprob-
lem P = (X,Y,(02)eex, (la)rex, (te)eex, (Cz)rex,s (Sz)zex, (Pz)zex) s valid if in addition to the requirements
in Definition it satisfies all of the following:

1. For allx € R, ||tz]lo <2. (Thus, R= RyUR; UR3.)
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2. If x € Ry, then £, is either zero or a power of 2, i.e., £, =0 or £, = 2% for an integer a.
3. If v € Ry, then s, = k.
4. For every relevant point x € R, its color ¢, = —1 if and only if v € Ry.

5. For every color ¢ € {0,..., |logy k] — 1} and every relevant type t : [d] — {0,1,2}, define R.y = {x € R :
o =ty =t} and Yo = {0y : @ € Rey}. If Rey # 0, there exists scale sq¢ > 1 and length £.; > 0 such
that all points © € Rey have sy = Sct and £y = Loy Moreover, |Yei| < sci.

4.2 Making a single cut As in Section we describe an efficient algorithm single_cut that takes a
valid subproblem P = (X,Y, (04)zex, ({z)zex, (ts)zex, (Cz)zex, (Sz)zexs (Dz)zex), and produces two smaller
valid subproblems P; and Ps together with an axis-parallel hyperplane (5*,6) that separates them. The two
subproblems are defined by new assignments (¢.,),cx, new lengths (¢.).cx, new types (t.)zecx, new colors
(cl)zex, new scales (s!),ecx, and new potentials (p’,).cx as follows

P = (Xla Y, (J;)I€X1’ (E;)IEXU (t;)IGXU (C/m)IGXU (S/z)wGle (p/m)IGXl)v
(419) PQ - (XQ; }/27 (U;/c).’EEX27 (glaj)ﬂfGXza (t;)ZEEX27 (C;)$6X27 (S;)IL‘EX27 (p/m)xEXg)

Again, we choose j* = argmax;c(q(b2(j) — b1(j)), and define X1, Xo, Y1, Y2, X, X11, X220 as in (3.2), (3.3) and
(3.4). Throughout Section we assume that the input subproblem P is valid and has diameter L > 0 even
when we do not explicitly state so. At the end of the section, we prove the following lemmas for the algorithm
single_cut.

LEMMA 4.1. The two new subproblems P1, Pa output by single_cut are both valid.
LEMMA 4.2. The two new subproblems Py, P2 output by single_cut satisfy A(P1) + A(P2) < A(P).

We describe the algorithm single_cut step by step in the following subsections.

4.2.1 Preprocessing If x € R has £, > L/64, we replace £, by 65(,, replace p, by p,/65%, and set t, = L
(thus removing = from R). Similarly to Section m it is clear that the new subproblem is still valid, and in
the new subproblem every point « € R satisfies £, < L/64. Moreover, the value of A(P) does not increase. For
the rest of Section we use P = (X,Y, (02)eex, (Ce)zex, (tz)zex, (Cz)rex, (Sz)zex, (Pz)zecx) to denote the
subproblem after the preprocessing step.

4.2.2 Forbidding Similarly to Section we specify a subset F' of the interval (by(j*),b2(j*)) as the
forbidden region.

For all z € X, we define Y (), 0y, ¢z, Wy as in ,, and . We also define S, T as in .

For a point z € Ry with ¢, > L/32k, we change its color from ¢, = —1 (guaranteed by Item[d]in Definition [4.3)
to ¢ = [logy(€y/(L/32k))]. Our preprocessing guarantees that ¢, < L/64, so the new ¢, is an integer between 0
and |log, k| — 1. Moreover, points « € Ry have ¢, being a power of 2 by Item [2| in Definition This means
that if z, 2’ € Rg have ¢, = c¢,» > 0 after the color change, then £, = £,/. By Item [3|in Definition all points
T € Ry have s, = k, so Item [p|in Definition still holds with the new colors and the induced new definitions of
Ret,Ye s Sct; Zc,t-

For every color ¢ > 0 and every type t # L, if R.; = (), define H., = 0. If R.; # 0, we know Y., # 0, and we
define H,; as follows, where E. .(y) is the interval [y(5*) — let, y(5*) + £c¢] for every y € Y.+, and 1g(-) denotes
the indicator function of £ C R:

He.y =13 0¢€ (bi(5%),b2(5%)) : Z 1p, ) (0) >48- glitllo (|t||0> Se,tle(loga k) /L

yEYe t
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The entire forbidden region is

F=(b1(57),0:G") + L/321U [b2(57) — L/32,b2(57))

U w(G*) = L/32k,y(5*) + L/32K] N (b1(5%), b2(3™))
yey

UUWI

zeT

U |J He

e>0,t£ 1

Similarly to the d = 2 case, F' can be represented as a union of finitely many disjoint intervals, and the
representation can be computed in poly-time. The following lemma has essentially the same proof as Lemma [3.3

LEMMA 4.3. If we choose 6 € (b1(5%),b2(§*))\F, then every x € R with t,(5*) = 1 belongs to X11, and similarly
every x € R with t,(j*) = 2 belongs to Xa3. Consequently, every x € RN X satisfies t,,(5%) = 0.

Similarly to Lemma [3.4 and Lemma we prove Lemma [£.4) and Lemma [£.5] below.

LEMMA 4.4. If we choose 0 € (b1(5%),b2(§%))\F, then every o-separated relevant point v € RN X satisfies all
of the following:

1oa(5*) # 02(5%);

2. L, > L/64k (and thus ¢, > 0);

3. t.(j%) =0;

4. if x € RyU Ry, then %= < 211(%)1/@_”’&"””0)-

Moreover, for every color ¢ > 0 and every type t £ L,
d
(4:20) om0 € Resn X} < 482100 (1 Y iteallon 1)/

Proof. Ttem [3] follows directly from Lemma [£3] Item [I] and Item [ follow from the same argument in the proof
of Lemma [3.41

Assume for the sake of contradiction that Item [2| does not hold for x € RN X;. Then by Definition [3.4]
Item [T} |z(j*) — 04(j*)| < ||z — 0alloc < €x < L/64k. Therefore,

Wa € [02(57) — L/64k, 02(57) + L/64K] N (b1(57), b2(57)) € F.

However, the fact that x € X implies § € W, and thus 6 € F, a contradiction.

Assume for the sake of contradiction that does not hold for color ¢ > 0 and type t # L. For every
y € {{os:z € R, NXy}} C Yoy, we have § € E.4(y). Since is violated, this means § € H.; C F, a
contradiction. 0

LEMMA 4.5. The forbidden region F has length at most L/2.
Proof. Using a similar argument to the proof of Lemma we have |

[Ueso,1 Hetl < L/8.
For a uniform random 6 € (b1(j*), b2(j*)), we have E[lg,_ ¢, (0)] < [Ect(y)|/L = 2L.+/L. Therefore,

ser Wz| < L/4. Tt suffices to prove

E[ Z 1g, (@) < |Yeu|-20et/L <2504l L
YEY ¢
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By Markov’s inequality, [H.¢| < L/ (24 . 2lltllo (thﬂﬂ) log, k) Summing up over ¢, t, we have

> \Hct|<z > Uong 1L/ (24-2i<‘:> log2k>

€>0,t5# 1 i= Ol\t\lo i c=0

£ 3 u(es()

i=0 [|t]lo=

2
=> L/24
=0

= LJs.
O

4.2.3 Cutting We choose 0 € (b1(j*),b2(j*)) in a similar way as in Section based on Lemma [£.6] below.
For every choice of 6, define

M =mlYi|+ > pat3(16(log(2k))? loglogy(2k))* 11,
rzeERNX1,

M; =mlYal + > pat3(16(log(2k))? log logy(2k))* 11,
rERNXoo
M* = min{M(P)/2, M(P) — M, M(P)— M;}.

LEMMA 4.6. There exists 6 € (b1(5%),b2(5*))\F satisfying

Z palyL(16(log(2k))? log logQ(Qk))%thHO < 8M* log(M(P)/M*)loglogy (M (P)/m).
rcERNX 4

Moreover, 8 can be computed in poly-time.

We omit the proof as it is essentially the same as the proof of Lemma [3.7}

4.2.4 Updating Having computed the hyperplane (5*,6), we get the partions (X1, X2) and (Y1,Y3) by .
We now specify the new assignment o/, new lengths ¢/, new types t/,, new colors c,, new scales s,, and new
potentials p/,. The two new subproblems P;, Ps can then be formed by -

For every non-o-separated point € X\ X we define o), = 0, £, = ¢ = ty, S, = Sz, Py = D, and define
¢, = —1if x € Ry and ¢, = ¢, otherwise. For every o-separated 1rrelevant pomt x € X \R, we define ¢, = £,
th =t.(=1), s, = Sz, Py = pa, ¢, = ¢z, and define o7, to be an arbitrary centroid in Y that lies on the same side
of the hyperplane (j*,0) with «.

It remains to consider relevant points that are o-separated, i.e. points x € RN X,. We define

327;1;

d
(4.21) o =48 2ltlo (”t O)5$€z(10g2 k)/L.

It is clear that s/, > 1 because otherwise no point in R, , should be o-separated by Lemmaltemand .
Define ¢/, to be the centroid y € Y with the minimum ||y — 0|/ that lies on the same side of the hyperplane
(j*,0) with z. This ensures that points x € RN X NX; with the same o, have the same o7, which holds similarly
for points z € RN X N Xo. Since every centroid in Y (z) is a candidate for o, we have ||UﬂIj =0l loo < qz. We
define ¢/, = ¢,. The definition for ¢/, ¢/, p!. depends on whether x € Ry U R; or x € Ry as follows.

If £ € (Ry U Ry) N X, define ¢/, to be equal to t,, except that we change ¢/ (j*) to either 1 or 2 from the
original value t,(j*) =0 (Lemmam Item [3). Specifically, define t/,(j*) = 1 if z € X,, and t,,(j*) =2 if z € X;.

Define
(4.22) 0 =220, /L) (4= ltallo)
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Define p!, so that p,(¢,)? = p.{, L, or equivalently,
(4.23) Pl = pa(ly) L)1 2/ A= lltallo) /924,

If 2 € RoN X, define ¢, = | and ¢/, = 2L. Again, define p/, so that p’ (¢.)? = p.l. L, or equivalently,
(4.24) Py = pa(le/L)/4

This completes our definition of ol, ¢, " ¢/ s’ and p,. The algorithm single_cut outputs the two new

subproblems P; and P, formed according to (4.19) together with the hyperplane (j*,6). Before we prove
Lemma [{.1] and Lemma we need some inequalities about M (Py), M (Py), M, M, and M*.

LEMMA 4.7. We have the following inequalities:

(4.25) M(P) > M;, and M(Py) > M,
(4.26) min{M;, M3} < M*, and max{M;, M;} < M(P)— M".
Moreover,

(4.27) M(Py) + M(Pa) — M — My < M*/2log(2k).

Proof. Inequalities (4.26) follow from a similar argument to the proof of (3.14) in Lemma Inequalities (|4.25))

are proved as follows based on our update rules:

2—([t2llo

MPY-Mi= S p()? (1610g(2k) loglogy(2k)* 11 > 0,
z€(RoUR1)NX 1 NX1
M(Ps) — M{ = Z L (¢,)? (16 1og(2k) log 10g2(2k))27”t;”0 > 0.
z€(RoUR1)NX 1 NX2
Summing up the above inequalities, we get (4.27):
M(Py) + M (P2) — M — M,
= Z Pl (¢,)% (16 1og(2k) log log, (2/{))27'“;”0
z€(RoUR1)NX ¢
= Z palsL(1610g(2k) log 10g2(2k))27‘|t;"|0
z€(RoUR1)NX ¢
_ 3" putoL(161og(2k) loglogy(2k))*I*lo Y
z€(RoUR1)NX ¢
< (16(log(2k))* loglogy(2k)) " 3" put,L(161og(2k) loglog, (2k)) "1

Te€RNX ¢
< M*/2log(2k).

The last inequality uses Lemma M(P)/m < 2k by Definition Item [2, and M* > min{M;, M3} > m by
@26). O

We conclude Section [£.2] by proving Lemma [£.1] and Lemma We first prove Lemma

Proof. Let P = (X, Y. (0u)uex (ba)aex: (to)sexs (¢ )ex: (50)sexs (Pa)aex) demote the valid subproblem after
the preprocessing step.

We first check every item in Definition [3:4] Item [3]follows from a similar argument to the proof of Lemma [3.1]
The only difference is that we need to consider points © € Re N X separately. For these points, we have ¢}, = L.
By our preprocessing step, we have ¢, < L/64, and thus for all y € Y,

E; =2L2> L+Ly > |0z — Ylloo + |7 = 0alloc > |7 — Ylloo-
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Item [1| also follows from a similar argument to the proof of Lemma noting that for x € (Ry U Ry) N X4,
update rule (4.22)) implies

O > by + 27 L(0, /L) Nl0) > 0 4 gy >l + (|0 — lloo > |2 — 0% oo
Defining M = M (P), Item [2 holds because of Lemma [4.7}
max{M (P1), M(P2)} < max{M;, M} + M*/2log(2k) < M — M* + M*/2log(2k) < M < 2km.

Definition [3.4] Item [] follows from the same argument as the proof of Lemma [3.1]

We now check every item in Definition Item [1]is clear from our update rules. Item [2] Item [3] and Item
follow from the fact that [|t}]jo = 0 if and only if € Ro\X .

We prove Definition Item [5] for P;, and omit the similar proof for Py. For color ¢ > 0 and type ¢t # L,
define R;,, = {z € X; : ¢}, = ¢, t}, = t}.

If t(5%) # 2, we know R, , N X, =0, s0 R, ; € R.:\X,. Therefore, for x € R, ;, we have s}, = s, = sc,¢,}, =
Ly = Scy, 00, = 0. Definition Item [5|is trivial in this case. N

If t(j*) = 2, by Lemma 4.3} we know Rf, C (RoU R1) N X4, and Ry, C R_7, where t is equal to ¢ except

that £(5*) = 0. By the update rules ([@.21)) and (@.22), all points z € Ry, have
(4.28) 0 = 212L(gc7?/L)1/(det~Ho)7

7 d
(4.29) st =48 . 2litho (||t~0) s, 7l (logy k) /L.

Denote the right-hand-sides of and as £, and s, ;, respectively. We have
{oh e RLY < [{oh:we RpnXe N X1} < [{ow 0 € Rypn Xy N X1} < 80,
where the second inequality is because points in RN X N X; with the same o, have the same o/, and the last
inequality is by and . ]
Now we prove Lemma [1.2]

Proof. Since the preprocessing step preserves the validity of P and does not increase A(P), we assume w.l.o.g. that
P = (X7 K (Ux)wer (gz)z€X7 (tm)meXa (CI)IEXu (Sm)x€X7 (pz)IEX) is the SprrOblem after the preprocessing step.
Assume w.l.o.g. M7 < Mj. Define M = M(P), My = M* + M(P1) — M;, and My = (M — M*) + M(P3) — M.
By Lemma [£.7]

(4.30) M* < My < M* + M*/2log(2k) < 3M*/2 < 3M /4,
(4.31) M* < M — M* < Mo,

(4.32) m < M(Py) < M;, and

(4.33) m < M(Py) < M.

Lemma and give us

(4.34) M,y + My < M + M*/2log(2k) < M + min{M;, M5} /2log(2k).

Define R’ = {z € X : ¢/, # L}. We have

SToP )= > pli= > pit,)?

z€X\R’ z€X\R zER2NX 4

> pulal

c€R2NX
< 3" polaL(1610g(2k) loglogy(2k))* 1T
z€RNX 4+
(by Lemma < 8M™* log(M/M*)loglogy (M /m)
(by and Claim [A.2)) < 16 M log(M /M) loglog, (M /m)
(by Definition [3.4] Ttem < 16M log(M /M) log log, (2k).
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Therefore,

F(M(Py)) + f(M(P2)) + Z P (l,)? — Z P2
TEX\R’ z€X\R
(by ([£32), ([4.33)) < f(My) + f(Ma) + 16 My log(M /M, ) loglog, (2k)
< 16( My (M /m)Y/1°8CR) L Mo (My /m)Y 198CR)Y (1 4 log(M /m)) log log, (2k)

(by and Claim [A71)) < 16M (M /m)'/ °5CF) (1 4 log(M/m)) log log, (2k)
= f(M).

Rearranging the inequality above,

A(PL) + A(P2) = f(M(P) + f(M(P2)) + > pL(6)° < F(M)+ Y pa(te)’ = A(P).

z€X\R' z€X\R

d

4.3 Building a decision tree The algorithm post-process we use to prove Theorem is similar to
post-process_2d in Section [3.:3] We first construct an algorithm decision_tree similar to decision_tree_2d,
except that it takes a subproblem P in d > 2 dimensions and invokes the algorithm single_cut we developed in
Section 4.2 instead of single_cut_2d. The algorithm post-process calls decision_tree on an initial subproblem
P with centroid mass m, which we define as follows.

Given a k-clustering C of points x1,...,x, consisting of centroids y1,...,yx, and an assignment mapping
& i [n] — [k], the algorithm post-process computes the initial subproblem P by setting X = {z1,...,2,},Y =
{yla s ayk}aoxi = yﬁ(z)ataf(.]) = O,Vj € [dLSﬂC =k,c, = —1, and

. Mgz llo=aallecl = if |2 — 0|00 > 0;
=1 it o — oo = 0

(4.35) pe = 22412403 (48 log, k)®.
Set m = + 3 pxl2(16(log(2k))* log log, (2k))2 so that M(P)/m = 2k. It is clear that P is valid and
(4.36) A(P) = O(k'~%4(log k)® (log log, (2k))>d®) - cost(C).

After obtaining the output ((d;)zex,T) from decision_tree, post-process returns the decision tree T' and a
clustering C" with centroids y1, ..., y, and assignment mapping & : [n] — [k] such that ye ;) = dq,.

Before we prove Theorem we need the following lemma showing that the potential of a point never drops
below 1:

LEMMA 4.8. In the process of running algorithm post-process, whenever the algorithm decision_tree is called,
the input subproblem P = (X, Y, (02 )acxt> (e )aex, (r)acx, (€x)aex, (52)ecx, (Pa)rex) to decision tree is valid
and satisfies Vo € X, p, > 1.

Proof. The validity of P follows from an induction using the validity of P and Lemma Below we prove
Vere X,p, > 1.

Fix a point z, for v € [n]. For i € {0,1,2} consider the moments when decision_tree is called with a
subproblem P = (X, Y, (02)zex, (lz)eex; (tz)eex; (Cz)zex, (Sz)zex, (Pe)zex) that satisfy 2, € X and ||t,,
These moments may not exist, or there may be multiple such moments. However, as long as there is at least one
such moment, the tuple (s;,, Pz, , lz, , tz,) must be identical for all such moments, because algorithm single_cut
always keeps (s, pl, £, t,) equal to (Sz,Ps,lx,ts) except when t, = L # ¢, or ||[th|lo = |[tz]lo + 1. We use
(s(i),p(3),£(2)) to denote the identical tuple (ss,, Py, ,{x,) over all such moments. The diameter L of P may not
be identical over all such moments, so we use L(i) to denote the value of L for the last such moment. We define
u(i) = L(4)/€(i). Similarly, we use (s(L),p(L)) to denote the identical value of (s, ,ps,) Whenever ¢, = L.

Our goal is to show each of p(0), p(1),p(2),p(L), whenever exists, is at least 1.

0 =i.

2600 Copyright © 2022 by SIAM
Unauthorized reproduction of this article is prohibited



Downloaded 12/03/22 to 73.162.14.102 . Redistribution subject to SIAM license or copyright; see https://epubs.siam.org/terms-privacy

For i € {0,1,2}, whenever p(i) exists, by (4.23]) we have

sl 1-2/d
(4.37) /H 224y (i) 1=2/(1=1) >p(0)224i/<1'[u(i')> .

=0 /=0
By we have
1<s(i) <k H (48 2 < )(10g2 )/u(z")).

Therefore,

Hu <I<:H(48 21< >log2k).

=0 =0
Combining this with (4.35) and (4.37),
(4.38) p(0) = 27k =2/4q3 (48 1og, k) > 652 > 1,
p(1) > 23043 (481og, k)? > 65% > 1,
p(2) > 2°d*(48logy k) > 657 > 1.

Finally, we show p(L) > 1 whenever p(.L) exists. If the transition of ¢, to L happens at preprocessing, it is clear
that p(L) > min{p(0),p(1),p(2)}/65% > 1. Otherwise, by (4.23)) and (4.24) we have

1

(4.39) p(L) = p(0)/ <4U(2) H(224U(i)1_2/(d_“)> = p(0)27%/(w(0)' =/ Mu(1)' 2/ Vy(2)).

By (I:21), we have - 2
1<s(L) < kH (48 L2 (f) (log, )/u(i)) :

=0
Therefore,
(4.40) u(0)u(1)u(2) < 4kd?(481og, k)3.
From the update rule ( , we know
L(2)  L(1) (A1) B
9) — < — (1) (@D9=12 < 1)1/(d=1)

which implies
u(2)2/d < u(l)Z/(d(d—l)) _ u(l)Q/(d—l)—z/d_

Therefore,

(4.41) w(0) 2/ 4y (1)1 72/ Dy (2) < w(0) 2/ dyy (1)1 =2/ 4y (2)12/4 < 4k =2/443 (48 log, k)3,

where the last inequality is by (4.40). Plugging (4.38) and (4.41)) into (4.39)), we get p(L) > 1, as desired. O

LEMMA 4.9. In the process of running algorithm post-process, whenever decision_tree is called with input
b@ZTLg SprTOblem P = (X Y (Ux)meXa (£$)I6X7 (tw)wEXv (cw)wEXa (Sw)weX7 (pw)weX); th@ OUtpU't ((6x)x€X7 T) Of
decision_tree satisfies the following properties. The decision tree T has at most |Y| leaves. For every leaf v of
the decision tree T and every pair of points x,x’ € X in the region defined by v, we have 6, = 6.,. Moreover,

Yeex lz = dall3 < A(P).

Proof. The proof is essentially the same as the proof of Lemma The only difference is that when L = 0, to
prove >y ||z — 6,[|% < A(P), we need p, > 1 from Lemma O
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Now we finish the proof of Theorem

Proof. The proof is essentially the same as the proof of Theorem except that we use Lemma [4.6| instead of
Lemma |3.7} and Lemma [4.9| instead of Lemma In particular, the cost of the explainable clustering C’ is
bounded as follows:

cost(C') = > |z —yer@ 13 <4l —yemlle =d Y o — 6,12 < dA(P)
i=1 =1 =1
(by (4:36)) < O(k*~?/(log k)8 (log log, (2k))>d*)cost(C).
0

5 Lower Bound

We prove a lower bound of k'~2/¢ /polylog(k) on the competitive ratio for d-dimensional explainable k-means for
all k,d > 2 (Theorem [5.1). Our proof is based on a construction by [37] summarized in Lemma [5.1] below. For
brevity, we do not repeat its proof here. The construction allows us to show a competitive ratio lower bound
depending on two other parameters p and b in Lemma We then prove Theorem by specifying the values
of p and b.

LEMMA 5.1. ([87]) Let b,p be positive integers satisfying b > 3. There exists bP points in p dimensions with the
following properties:

1. For every j € [p], the j-th coordinate of the bP points form a permutation of {0,...,bP — 1}.

2. The {y distance between any two of the points is at least bP~1/2.

LEMMA 5.2. Given positive integers k,d,p,b satisfying p < d,b > 3,0P < k, there exists a set of points in d
dimensions for which any k-explainable clustering has competitive ratio Q(bP=2/p) for the k-means cost.

Proof. When p = 1, it is trivial to show a competitive ratio lower bound of 1 = Q(b?~2/p), so we assume p > 2.

Let Z denote the set of P points RP from Lemma Every point z € Z creates a point u(z) € R?, where
the first p coordinates of u(z) are equal to the p coordinates of z, and the remaining d — p coordinates of u(z) are
zeros. Let Y1 = {u(z) : 2 € Z} be the resulting set of b” points in R%. We construct a set Y, C R? consisting of
k — bP points that are sufficiently far away from each other and from the points in Y7.

For every y € Y7, we create a set X, consisting of 2p points in R? as follows: for every j € [p], X, contains
2 points y;-r, y; € R? by adding 2/3 and —2/3 to the j-th coordinate of y. For every y € Y, we define X, to be
the set containing only y itself.

Given the 2pb? + (k — V) points in [, ey, y, Xy, there exists a k-clustering C with cost(C) = O(pb”) by
choosing Y7 UY5 to be the centroids and assigning € X, to centroid y for every y € Y7 UY5. On the other hand,
by Lemma, Item |1} for any k-explainable clustering C’, there exist two points z € X, 2’ € X,/ assigned to the
same centroid in C' with distinct y,y’ € Y1 UY, (otherwise, since |Y; U Ys| = k, for every y € Y there exists a
centroid in C’ to which all points in X, are assigned, and by Lemma Item [I| and the explainability of C’, all
the points in Uer1 X, must be assigned to the same centroid in C’, a contradiction). By Lemma Ttem

lz —a'llz > lly —y'lla —4/3 2 P71 /2 = 4/3 > QP ).
Therefore, cost(C’) > ||z — 2'||3/2 > Q(b?P~2). The competitive ratio is thus lower bounded by Q(b?=2/p). |

THEOREM 5.1. For every k,d > 2, there exists a set of points in d dimensions for which any k-explainable
clustering has competitive ratio Q(k'=2/%(log k)~°/% loglog(2k)) for the k-means cost.

Proof. We can assume k > 3 w.l.o.g. because it is trivial to show a competitive ratio lower bound of 1.
We specify the integers b and p in Lemma to get concrete lower bounds for the competitive ratio.
When &Y/ > 3d, we choose p = d and b = |k'/P]. Tt is clear that b > 3p, so

W = (b+1)P/(1+ 1/b)P > k/exp(p/b) > Q(k).
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This implies that b»=2 = b7 /b%> > Q(k'~2/¢). Lemma [5.2] gives us a competitive ratio lower bound of
QP2 /p) > QK ¥/d) > Q(k'~**(log k)" loglog k),

where the last inequality is by Claim [A-4]
When (logk)?/3/loglogk < k'? < 3d, we choose p to be the maximum integer such that k'/? > 3p,
and choose b = |k'/?|. Again we have b > 3p, so b» > Q(k). We also have b < kY/P < (EY/@+D)1+1/p <

(p + 1)/P < O(p) = O(logk/loglogk), where the last inequality is by Claim This implies b?~2/p
b?/(b%p) > Q(k(log k)~ (loglog k)?). The competitive ratio lower bound from Lemma [5.2] is

QP2 /p) > Q(k(log k) ~3(loglog k)?) > Q(k'~*4(log k) /% log log k).

When 3 < kY7 < (logk)?/3/loglog k, we choose b = [k'/4] and p = |log, k|. We have b < 2k'/? and thus
b=2 =yl /b3 > k /b > k173/4/8. The competitive ratio lower bound from Lemma is

QP2 /p) > QK3 p) > Q34 d) > QE 3 log k) > Q(k Y (log k)73 log log k).

When k'/¢ < 3, we choose b = 3 and p = |logs k|. We have bP~2 = bP+1 /b3 > k/27. The competitive ratio
lower bound from Lemma [5.2] is

QP /p) = Qk/p) = Qk/logk) = QK> (log k) 7).
O

A Helper lemmas and claims

CLAIM A.1. Define a(z) = z'T2 for u € (0,1/2). Suppose non-negative real numbers z1,zs,z, /A satisfy
214+ 20 < z+ul, and A <min{zy, 20}. Then a(z1) + a(z2) < a(z).

Proof. Assume w.l.o.g. 21 < z5. By the monotonicity and convexity of «, we have

a(z1) + a(z2) < a(z1) +alz+ulA — z1) < a(A) + a(z + uA — A).
We only need to prove that
(A1) AR (= (1 —u) A2 < P2

Note that 0 < A < z/(2 — u) because 2A < z; + 25 < z 4+ uA. Since the left-hand-side is convex in A, we just

need to check (A.1) when A =0 and A = z/(2 — u). It reduces to checking 1 + 2u > logh(:‘QgEu)' This holds by a

standard calculation using our assumption u € (0,1/2). O
CLamM A.2. If 0 <u <wv < 3M/4, then ulog(M/u) < 2vlog(M/v).

Proof. The function a(z) = zlog(M/z) is non-decreasing when z < M /e, and non-increasing when z > M/e. We
just need to check the claim for v = M/e and v = 3M /4, which follows from a standard calculation. |

Cram A.3. Let I1,...,I, C R be intervals. There exists S C [n] such that I, N I, = O for all distinct u,v € S
and

U nl<3 Ll

u€[n] vES
This claim is a special form of the Vitali covering lemma. For completeness, we give a proof of it as follows.

Proof. Assume w.l.o.g. that |I;| > --- > |I,|. For u = 1,...,n, construct S, C [u] inductively as follows. We
set S = {1}, and for every u > 1, we set S, = S,_1 if there exists v € S,_1 such that I, NI, # (), and set
Sy = Su—1 U {u} otherwise. Define S = S,,. It is clear that I, N I, = () for all distinct u,v € S.

For every u € [n]\S, there exists a(u) € S such that a(u) < u and I, N1, # 0. We define a(u) = u when

u € S. Forevery v € S and u € a~!(v)\{v}, we have I,NI, # 0 and |I,| < |I,|. Therefore, | Unea-1(0) Lul < 3|1u.
We have
u€[n] vES uea—1(v) veES uea~1(v) veES vES
0
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LeMMA A.1. ([B3]) Let m, M be positive real numbers with M > 2m. Suppose U : (0, L) — [m,M/2] is a non-
decreasing function, and there is a finite set I C (0,L) such that U is differentiable over (0, L)\I. Then, there
exists z € (0, L)\I such that U'(z) < (1/L)U(z)log % log log, 2.

Proof. Consider the function a(z) := —loglog, % It is clear that a(z) is non-decreasing and differentiable over
(0, L)\I. The function has derivative
/ U'(z)
a'(z) = .
U(Z)log(M/U(z))
Suppose there does not exist such z € (0, L)\I that makes the desired inequality hold. This implies that the
derivative of a(z) exceeds (1/L)loglog, 2 whenever z € (0,L)\I. This contradicts with the fact that a(z) is
bounded between — loglog,(M/m) and 0. d

LemMA A.2. ([53]) Let m, M be positive real numbers with M > 2m. Suppose V : (0,L) — [m,M —m] is a
non-decreasing function, and there is a finite set I C (0,L) such that V is differentiable over (0, L)\I. Then,
there exists z € (0, L)\I such that V'(z) < (2/L)M’log 17 loglog, 2 where M’ = min{V (z), M — V(z)}.

Proof. When V(L/2) < M/2, the lemma follows from Lemma by setting U(z) = V(z/2). When
V(L/2) > M/2, the lemma follows from Lemma by setting U(z) = M — V(L — z/2). O

CLAIM A.4. For real numbers k >3 and p > 0, if k*/? > p, then p < 2log k/loglog k.
Proof. Assume for the sake of contradiction that p > 2log k/loglog k, then kP < (log k)l/z. Therefore,
p/kY? > 2(log k)12 /loglog k = (log k)% /log((log k)*/?) > 1,

a contradiction. u|
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