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the resulting cluster assignments. Moshkovitz, Dasgupta, Rashtchian, and Frost proposed an
elegant model of explainable k-means and k-median clustering in ICML 2020. In this model,
a decision tree with k leaves provides a straightforward characterization of the data set into

Keywords: clusters. o ) ) i ]

Explainable clustering We study two natural algorithmic questions about explainable clustering. (1) For a given
Clustering with outliers clustering, how to find the “best explanation” by using a decision tree with k leaves?
Multivariate analysis (2) For a given set of points, how to find a decision tree with k leaves minimizing the

k-means/median objective of the resulting explainable clustering? To address the first
question, we introduce a new model of explainable clustering. Our model, inspired by the
notion of outliers in robust statistics, is the following. We are seeking a small number
of points (outliers) whose removal makes the existing clustering well-explainable. For
addressing the second question, we initiate the study of the model of Moshkovitz et al.
from the perspective of multivariate complexity. Our rigorous algorithmic analysis sheds
some light on the influence of parameters like the input size, dimension of the data,
the number of outliers, the number of clusters, and the approximation ratio, on the

computational complexity of explainable clustering.
© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the
CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Interpretation or explanation of decisions produced by learning models, including clustering, is a significant direction in
machine learning (ML) and artificial intelligence (Al), and has given rise to the subfield of Explainable Al. Explainable Al
has attracted a lot of attention from researchers in recent years (see the surveys by Carvalho et al. [6] and Marcinkevics
and Vogt [39]). All these works can be divided into two main categories: pre-modeling [48,47,26,16,34] and post-modeling
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Fig. 1. (a) An example of an optimal solution to 5-means. (b) An explainable 5-means clustering and (c) the corresponding threshold tree. (For interpretation
of the colors in the figure(s), the reader is referred to the web version of this article.)

[43,45,4,46,35] explainability. While post-modeling explainability focuses on giving the reasoning behind decisions made by
black box models, pre-modeling explainability deals with ML systems that are inherently understandable or perceivable by
humans. One of the canonical approaches to pre-modeling explainability builds on decision trees [40,42]. In fact, a significant
amount of work on explainable clustering is based on unsupervised decision trees [3,19,23,24,33,41]. In each node of the
decision tree, the data is partitioned according to some feature’s threshold value. While such a threshold tree provides a clear
interpretation of the resulting clustering, its cost measured by the standard k-means/median objective can be significantly
worse than the cost of the optimal clustering. Thus, on the one hand, the efficient algorithms developed for k-means/median
clustering [1] are often challenging to explain. On the other hand, the easily explainable models could output very costly
clusterings. Subsequently, Moshkovitz et al. [41], in a fundamental work, posed the natural algorithmic question of whether
it is possible to kill two birds with one stone. To be precise, is it possible to design an efficient procedure for clustering that

e s explainable by a small decision tree; and
e Does not cost significantly more than the cost of an optimal k-means/median clustering?

To address this question, Moshkovitz et al. [41] introduced explainable k-means/median clustering. In this scheme, a
clustering is represented by a binary (threshold) tree whose leaves correspond to clusters, and each internal node corre-
sponds to partitioning a collection of points by a threshold on a fixed coordinate. Thus, the number of leaves in such a tree
is k, the number of clusters sought. Also, any cluster assignment can be explained by the thresholds along the corresponding
root-leaf path. For example, consider Fig. 1: Fig. 1a shows an optimal 5-means clustering of a 2D data set; Fig. 1b shows
an explainable 5-means clustering of the same data set; The threshold tree inducing the explainable clustering is shown in
Fig. 1c. The tree has five leaves, corresponding to 5 clusters. Note that in this model of explainability, any clustering has a
clear geometric interpretation, where each cluster is formed by a set of axis-aligned cuts defined by the tree. As Moshkovitz
et al. argue, the classical k-means clustering algorithm leads to more complicated clusters while the threshold tree leads
to an easy explanation. The advantage of the explainable approach becomes even more evident in higher dimensions when
many feature values in k-means contribute to the formation of the clusters.

Moshkovitz et al. [41] define the quality of any explainable clustering as the “cost of explainability”, that is the ratio of
the cost of the explainable clustering to the cost of an optimal clustering. Subsequently, they obtain efficient algorithms for
computing explainable clusterings whose “cost of explainability” is O(k) for k-median and O (k?) for k-means.

Our contributions In this work, we propose a new model for explaining a clustering, called CLUSTERING EXPLANATION. OQur
approach to explainability is inspired by the research on robustness in statistics and machine learning, especially the vast
field of outlier detection and removal in the context of clustering [10,20,17,9,7,25,30]. In this model, we are given a k-
means/median clustering and we would like to explain the clustering by a threshold tree after removing a subset of points. To
be precise, we are interested in finding a subset of points S (which are to be removed) and a threshold tree T such that
the explainable clustering induced by the leaves of T is exactly the same as the given clustering after removing the points
in S. For the given clustering, we define an optimal (or best) explainable clustering to be the one that minimizes the size
of S, i.e. for which the given clustering can be explained by removing the minimum number of points. Thus in CLUSTERING
EXPLANATION we measure the “explainability” as the number of outlying points whose removal turns the given clustering
into an explainable clustering. The reasoning behind the new measure of cluster explainability is the following. In certain
situations, we would be satisfied with a small decision tree explaining a clustering of all but a few outlying data points. We
note that for a given clustering that is already an explainable clustering, i.e. can be explained by a threshold tree, the size
of S is 0.

In Fig. 2, we provide an example of an optimal 5-means clustering of exactly the same data set as in Fig. 1. However, the
new explainable clustering is obtained in a different way. If we remove a small number of points (in Fig. 2b these are the 9
red larger points), then the explainable clustering is the same as the optimal clustering after removing those 9 points.
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Fig. 2. (a) An optimal 5-clustering and (b) an explainable clustering that fits this clustering after removing the larger (red) points.

We note that CLUSTERING EXPLANATION corresponds to the classical machine learning setting of interpreting a black-box
model, i.e. it lies within the scope of post-modeling explainability. Surprisingly, this area is widely unexplored when it
comes to the rigorous algorithmic analysis of clustering explanation. Consequently, we study CLUSTERING EXPLANATION from
the perspective of computational complexity. Our new model naturally raises the following algorithmic questions: (i) Given
a clustering, how efficiently can one decide whether the clustering can be explained by a threshold tree (without removing any points)?
and (ii) Given a clustering and an integer s, how efficiently can one decide whether the clustering can be explained by removing s
points?

In our work, we design a polynomial time algorithm that resolves the first question. Regarding the second question,
we give an algorithm that in time 22Mints:k} . p2d . (gn)©M decides whether a given clustering of n points in R? could be
explained by removing s points. We also give an n®® time (k — 1)-approximation algorithm for CLUSTERING EXPLANATION.
That is, we give a polynomial time algorithm that returns a solution set of at most s(k — 1) points that are to be removed,
whereas any best explainable clustering removes s points. Moreover, we provide an efficient data reduction procedure
that reduces an instance of CLUSTERING EXPLANATION to an equivalent instance with at most r = 2(s + 1)dk points in R¢
with integer coordinates within the range {1,...,r}. The procedure can be used to speed up any algorithm for CLUSTERING
EXPLANATION, as long as n > 2(s+1)dk. We complement our algorithms by showing a hardness lower bound. In particular, we
show that CLUSTERING EXPLANATION cannot be approximated within a factor of F(s) in time f(s)(nd)°®, for any computable
functions F and f, unless the Exponential Time Hypothesis (ETH) [28] fails. All these results appear in Section 3.

We also provide new insight into the computational complexity of the model of Moshkovitz et al. [41]. While the vanilla
k-median and k-means problems are NP-hard for k = 2 [2,14,12] or d = 2 [36], this is not the case for explainable clustering!
We design two simple algorithms computing optimal (best) explainable clustering with k-means/median objective that run
in time (4nd)*+OM and n2d.nOD | respectively. Hence for constant k or constant d, an optimal explainable clustering can be
computed in polynomial time. The research on approximation algorithms on the “cost of explainability” in [41,8,15,22,32,37]
implicitly assumes that solving the problem exactly is NP-hard. However, we did not find a proof of this fact in the literature.
To fill this gap, we obtain the following hardness lower bound: An optimal explainable clustering cannot be found in
fk) -n°® time for any computable function f(-), unless the Exponential Time Hypothesis (ETH) fails. This lower bound
demonstrates that asymptotically the running times of our simple algorithms are unlikely to be improved. Our reduction
also yields that the problem is NP-hard. These results are described in Section 4.

Finally, we combine the above two explainability models to obtain the Approximate Explainable Clustering model: For a
collection of n points in RY and a positive real constant & < 1, we seek whether we can identify at most en outliers, such
that the cost of explainable k-means/median of the remaining points does not exceed the optimal cost of an explainable
k-means/median clustering of the original data set. Thus, if we are allowed to remove a small number of points, can we
do as good as any original optimal solution? While our hardness result of Section 4 holds for explaining the whole dataset,
by “sacrificing” a small fraction of points it might be4 (?Jsrsi)ble to solve the problem more efficiently. And indeed, for this

K+€

model, we obtain an algorithm whose running time (T)k -n9M has a significantly better dependence on d and k. For

example, compare this with the above time bounds of (4nd)**©® and n2? . (dn)©®. This algorithm appears in Section 5.
See Table 1 for a summary of all our results.

Related work A recent series of work [8,15,22,32,37,38] have further investigated the “cost of explainability”, that is the
ratio of the cost of the explainable clustering to the cost of an optimal clustering. The work of these papers has significantly
improved the bound of O (k) for k-median and O (k?) for k-means, which were shown by Moshkovitz et al. [41]. The state-
of-the-art bound for k-median is O (polylogk) and for k-means O (k - poly logk). We note that all of these works are based
on the random sampling of orthogonal cuts and are different from the techniques we use. In another related work, Izza et
al. [29] studied the redundancy in explanations provided by decision trees and gave efficient algorithms to eliminate such
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Table 1

A summary of our results.
Model Algorithms/Upper bounds Hardness/Lower bounds
Clustering Explanation 22min{s.k}p2d, O(1) No F(s)-approx. in f(s)(nd)°®

(k — 1)-approximation

Reduction to O(sdk) points
Explainable Clustering (4nd)k+O M) p2d O f(k)-no®
Approximate Explainable Clustering ~ (2&t€ )k . 00

redundancy. We note that investigation of such redundancy is beyond the scope of our work. Finally, we mention the recent
survey of Cafiete-Sifuentes, Monroy, and Medina-Pérez [5] about experimental results for multivariate decision trees.

2. Preliminaries

k-means/median Given a collection X = {Xi, ..., Xy} of n points in R¢ and a positive integer k, the task of k-clustering is to
partition X into k parts Cy,..., C, called clusters, such that the cost of clustering is minimized. We follow the convention
in the previous work [41] for defining the cost. In particular, for k-means, we consider the Euclidean distance, and for
k-median, the Manhattan distance. For a collection of points X' of RY, we define

costy(X)=min Y  [lc—x|?, (1)
ceRd Z 2
xeX
and call the point ¢* € RY minimizing the sum in (1) the mean of X'. For a clustering {Cy, ..., C} of X C RY, its k-means
(or simply means) cost is costy(Cq,...,Cy) = 2?21 costy (C;). With respect to the Manhattan distance, we define analogously
cost; (X') = ming a Y yex II€ — Xll1, which is minimized at the median of X/, and cost; (Cy, ..., Cy) = Zle cost; (C;), which

we call the k-median (or simply median) cost of the clustering.

Explainable clustering For a vector x € RY, we use X[i] to denote the i-th element (coordinate) of the vector for i € {1, ..., d}.
Let X be a collection of points of R?. For i € {1,...,d} and 6 € R, we define Cut; o (X) = (X1, X2), where {X1,Xp} is a
partition of X with

X1 ={xeX|x[i] <0} and X; = {x € X | x[i] > 0}.

Then, given a collection X € R? and a positive integer k, we cluster X as follows. If k = 1, then X is the unique cluster.
If k=2, then we choose i € {1,...,d} and 6 € R and construct two clusters C; and Cz, where (Cq, Cz) = Cut; o(X). For
k > 2, we select i € {1,...,d} and 6 € R, and construct a partition (X1, X2) = Cut; ¢9(X) of X. Then clustering of X is defined
recursively as the union of a ki-clustering of X; and a ky-clustering of X, for some integers ki and ky such that k; +k, =k.
We say that a clustering {Cq, ..., C} is an explainable k-clustering of a collection of points X € RY if Cy,...,C; can be
constructed by the described procedure.

Threshold tree It is useful to represent an explainable k-clustering as a triple (T,k, @), called a threshold tree, where T
is a rooted binary tree with k leaves, where each nonleaf node has two children called left and right, respectively, and
¢:U—{1,...,d} x R, where U is the set of nonleaf nodes of T. For each node v of T, we define a collection of points
X, € X. For the root r, X, = X. Let v be a nonleaf node of T and let u and w be its left and right children, respectively, and
assume that X, is constructed. We set (Xy, Xw) = Cuty)(X). If v is a leaf, then X, is a cluster. A clustering {Cy, ..., C} is
an explainable k-clustering of a collection of points X € RY if there is a threshold tree (T, k, ¢) such that Cy, ..., Cy are the
clusters corresponding to the leaves of T. Note that T is a full binary tree with k leaves and the total number of such trees
is the (k — 1)-th Catalan number, which is upper bounded by 4. Note also that a full binary tree with k leaves has exactly
k — 1 nonleaf nodes.

For a collection X = {x1,...,X,} of n points and i € {1,...,d}, we denote by coord;(X) the set of distinct values of i-th
coordinates x;[i] for j e {1,...,n}. It is easy to observe that in the construction of a threshold tree for a set of points
X C RY, it is sufficient to consider cuts Cut; g with 6 € coord;(X); we call such values of 6 and cuts canonical. We say that
a threshold tree (T,k, ) for a collection of points X C R? is canonical, if for every nonleaf node u € V(T), ¢(u) = (i, 6)
where 6 € coord; (X). Throughout the paper, we consider only canonical threshold trees.

Parameterized complexity and ETH A parameterized problem TI is a subset of £* x N, where X is a finite alphabet. Thus, an
instance of IT is a pair (I, k), where I C X* and k is a nonnegative integer called a parameter. A parameterized problem IT
is fixed-parameter tractable (FPT) if it can be solved in f (k) - 1| time for some computable function f(-). Parameterized
complexity theory also provides tools to refute the existence of an FPT algorithm for a parameterized problem. The standard
way is to show that the considered problem is hard in the parameterized complexity classes W[1] or W[2]. We refer to the
book [11] for the formal definitions of the parameterized complexity classes. The basic complexity assumption of the theory

4
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Fig. 3. (a) An example 3-means clustering. (b) The first (vertical) cut. (c) The second (horizontal) cut.

is that for the class FPT, formed by all parameterized fixed-parameter tractable problems, FPT C W[1] C W[2]. The hardness
is proved by demonstrating a parameterized reduction from a problem known to be hard in the considered complexity class.
A parameterized reduction is a many-one reduction that takes an input (I, k) of the first problem, and in f(k)|I|°® time
outputs an equivalent instance (I’, k") of the second problem with k' < g(k), where f(-) and g(-) are computable functions.
Another way to obtain lower bounds is to use the Exponential Time Hypothesis (ETH) formulated by Impagliazzo, Paturi and
Zane [27,28]. For an integer k > 3, let §, be the infimum of the real numbers ¢ such that the k-SATISFIABILITY problem
can be solved in time O(2"), where n is the number of variables. The Exponential Time Hypothesis states that §3 > 0. In
particular, ETH implies that k-SATISFIABILITY cannot be solved in time 20™n®®,

A kernelization (or kernel) for a parametrized problem IT is a polynomial time algorithm that, given an instance (I, k) of
I, outputs an instance (I, k") of IT such that (i) (I, k) € IT if and only if (I, k) € IT and (ii) |I'| +k < f(k) for a computable
function f(-). The function f(-) is called the kernel size; a kernel is polynomial if f(-) is a polynomial. It can be shown that
every decidable FPT problem admits a kernel. However, it is unlikely that all FPT problems have polynomial kernels. We
refer to [11] and the recent book on kernelization of Fomin et al. [18] for details.

3. Clustering explanation

Clustering explanation In the CLUSTERING EXPLANATION problem, the input contains a k-clustering {Cy, ..., C;} of X< R and
a nonnegative integer s, and the task is to decide whether there is a collection of points W C X with |W| < s such that
{C1\W,...,C,\ W} is an explainable k-clustering. Note that some C; \ W may be empty here.

3.1. A polynomial-time (k — 1)-approximation

In the optimization version of CLUSTERING EXPLANATION, we are given a k-clustering C = {Cy, ..., C¢} of X in RY, and the
goal is to find a minimum-sized subset W C X such that {C; \ W, ..., C,\ W} is an explainable clustering. In the following,
we design an approximation algorithm for this problem based on a greedy scheme.

For any subset W C X, let C—W ={C;\ W, ..., C\ W}. Also, for any subset Y C X, define the clustering induced by Y as
C(Y)={CiNnY,...,C,NY}. Denote by OPT(Y) the size of the minimum-sized subset W such that the clustering C(Y) — W
is explainable. First, we have the following simple observation which follows trivially from the definition of OPT(.).

Observation 1. For any subset Y C X, OPT(Y) < OPT(X).
For any cut (i, 0) where i € {1,...,d} and 6 € coord;(X), let L(i, 8) = {x e R? | x[i] <6} and R(i, 9) = {x € R? | x[i] > 6}.

Lemma 1. Consider any subset Y € X such that C(Y) contains at least two non-empty clusters. It is possible to select a cut (i, 0) for
ie{l,...,d}and 6 € coord;(Y), and a subset W C Y, in polynomial time, such that (i) each cluster in C(Y) — W is fully contained in
either L(i, 0) orin R(i, 0), (ii) at least one cluster in C(Y) — W isin L(i, 0), (iii) at least one clusterin C(Y) — W isin R(i, 6) and (iv)
size of W is at most OPT(Y).

Before we prove this lemma, we show how to use it to design the desired approximation algorithm.

The algorithm We start with the set of all points X. We apply the algorithm in Lemma 1 with Y =X to find a cut (i, 6) and a
subset W1 C X such that each cluster in C(X) — Wy is fully contained in either L(i, 6) or in R(i, #). Let X; = X\ W1)NL(i,0)
and X; = (X\ W1) N R(i, 0). We recursively apply the above step on both X; and X, separately. If at some level the point
set is a subset of a single cluster, we simply return.

An illustration of the algorithm on an example with three clusters is shown in Fig. 3. Here any horizontal or vertical
cut separates at least one point of a cluster. We select the first cut to be the vertical one with the coordinate value 4.
W1 contains only the square (red) point in Fig. 3(b). After this cut, X; contains only one cluster, so we just return in
that recursive branch. X still contains two clusters. So, we further divide the point set by choosing a horizontal cut with

5
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coordinate value 4. This cut separates a point from the top cluster as shown in Fig. 3(c). Thus, in this case, W1 is this square
(red) point. After this cut, each part contains a single cluster, and thus we return on both branches. Hence, we obtain an
explainable clustering by removing only 2 points.

The correctness of the above algorithm trivially follows from Lemma 1. In particular, the recursion tree of the algorithm
gives rise to the desired threshold tree. Also, the algorithm runs in polynomial time, as each successful cut (i,6) can be
found in polynomial time and the algorithm finds only k — 1 such cuts that separate the clusters. The last claim follows due
to the properties (ii) and (iii) in Lemma 1.

Consider the threshold tree generated by the algorithm. For each internal node u, let X, be the corresponding points
and W, be the points removed from X, for finding an explainable clustering of the points in X, \ W,. Note that we have
at most k — 1 such nodes. The total number of points removed from X for finding the explainable clustering is »_, |[Wy|. By
Lemma 1,

[Wy| < OPT(Xuy).
Now, as X, C X, by Observation 1, OPT(Xy) < OPT(X). It follows that

> IWy| < (k—1) - OPT(X).

u

Theorem 1. There is a polynomial-time (k — 1)-approximation algorithm for the optimization version of CLUSTERING EXPLANATION.
By noting that OPT(X) = 0 if C is an explainable clustering, we obtain the following corollary.
Corollary 1. Explainability of any given k-clustering in R® can be tested in polynomial time.

Proof of Lemma 1. We probe all possible choices for cuts (i,0) with i € {1,...,d} and 6 € coord;(Y), and select one which
incurs the minimum cost. We also select a subset W of points to be removed w.r.t. each cut. The cost of such a cut is
exactly the size of W.

Fix a cut (i, #). We have the following three cases. In the first case, for all clusters in C(Y), strictly more than half of the
points are contained in L(i, #). In this case select a cluster C which has the minimum intersection with L(i, 8). Put all the
points in CN L(i, ) into W. Also, for any other cluster C' € C(Y), put the points in C' N\ R(i, ) into W. The second case is
symmetric to the first one - for all clusters in C(Y), strictly more than half of the points are contained in R(i, #). In this
case we again select a cluster C which has the minimum intersection with R(i, #). Put all the points in CN R(i, #) into W.
Also, for any other cluster C' € C(Y), put the points in C' N L(i,#) into W. In both of the above cases, the first three desired
properties are satisfied for C(Y) — W. In the third case, for each cluster C € C(Y), add the smaller part among CNL(i, #) and
CNR(,6) to W. In case |[CNL(3i,0)| = |CNR(,86)|, we break the tie in a way so that properties (ii) and (iii) are satisfied.
As C(Y) contains at least two clusters this can always be done. Moreover, property (i) is trivially satisfied.

In the above, we showed that for all the choices of the cuts, it is possible to select W so that the first three properties
are satisfied. Let w,; be the minimum size of the set W over all cuts. As we select a cut for which the size of W is
minimized, it is sufficient to show that wy, < OPT(Y).

Let k' be the number of clusters in C(Y). Consider any optimal set W* for Y such that C(Y) — W* is explainable. Let
(i*,0*) be the canonical cut corresponding to the root of the threshold tree corresponding to the explainable clustering
C(Y) — W*. Such a cut exists, as C(Y) contains at least two clusters. Let W be the set selected in our algorithm correspond-
ing to the cut (i*,0*). In the first of the above-mentioned three cases, suppose W* does not contain the part CN L(i*, 6*)
fully for any of the k’ clusters C € C(Y). In other words, C(Y) — W* contains points from each such part CN L(i*, 6*). But,
then even after choosing the root cut (i*, 8*) we still need k' more cuts to separate the points in (Y \ W*) N L(i*, 8*), which
contains points from all the k’ clusters. However, by definition, the threshold tree must use only k' cuts and hence we arrive
at a contradiction. Hence, C* N L(i*, 6*) must be fully contained in W* for some C* € C(Y). In this case, our algorithm adds
the points in CN L(i*, 6*) to W such that the size ICN L(@i*, 0%)| is minimized over all Ce C(Y) and for any other cluster
C' € C(Y), we put the points in C' N R(i*,6*) into W. Thus, |W| < |W*| = OPT(Y). The proof for the second case is the
same as the one for the first case. We discuss the proof for the third case. Consider the clusters C € C(Y) such that both
CNL@i* 6%) and CN R(i*,0*) are non-empty. Note that these are the only clusters whose points are put into W. But, then
W* must contain all the points from at least one of the parts CNL(i*, 6*) and CN R(i*, 6*). For each such cluster C, we add
the smaller part among CN L(i,0) and CNR(i, ) to W. Hence, in this case also |W| < |W*| = OPT(Y). The lemma follows
by noting that wy, < W|. O

3.2. Exact algorithm
Our 22minisk} . p2d . (gn)OM time algorithm is based on a novel dynamic programming scheme. Here, we briefly describe
the algorithm. Our first observation is that each subproblem can be defined w.r.t. a bounding box in R¢, as each cut used to

split a point set in any threshold tree is an axis-parallel hyperplane. The number of such distinct bounding boxes is at most

6
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Fig. 4. The collection X is in the interval (a, b], Z is outside (a, b], and (a, b] splits Y. Subfamilies {X, Y} and {X} are all (a, b]-proper subfamilies of {X,Y, Z}.
{X,Y,Z} is 1-feasible with respect to (a, b] since only Y is split by the interval.

n24, as in each dimension a box is specified by two bounding values. This explains the n2? factor in the running time. Now,
consider a fixed bounding box corresponding to a subproblem containing a number of given clusters, maybe partially. If a
new canonical cut splits a cluster, then one of the two resulting parts has to be removed, and this choice has to be passed
on along the dynamic programming. As we remove at most s points and the number of clusters is at most k, the number
of such distinct choices can be bounded by 22™inis:kl This roughly gives us the following theorem.

Theorem 2. CLUSTERING EXPLANATION can be solved in 22mints.k} . n2d . (gn)O) time,

Before we move to the formal proof of the theorem, let us introduce some specific notations (illustrated by Fig. 4). Let
a,b € R? be such that a <b. We denote (a,b]={x<cR?|a <x <b} and call (a,b] an interval. For a collection of points
X C R4, we say that X is in (a,b] if X C (a,b], X is outside (a,b] if X N (a,b] =@, and we say that (a,b] splits X if
XN(a,b]#¢ and X \ (a,b] #0.

Let X be a family of disjoint collections of points of RY. A subfamily ) € X’ is said to be (a, b]-proper if (i) every X € X
that is in (a,b] is in ), and (ii) every X € X" that is outside (a, b] is not included in ). Note that X C X’ that are split by
(a, b] may be either in )’ or not in ). The truncation of X with respect to (a, b], is the family

trap(X) = {X N @,b] | X € Xst. XN (a,b] £0)}.

For an integer s >0, X’ is s-feasible with respect to (a, b] if (a, b] splits at most s collections in X.

Proof of Theorem 2. Let (C, s) be an instance of CLUSTERING EXPLANATION, where C = {Cy, ..., C} for disjoint collections of
points C; of RY. Let X = Uff:] C;. We say that a vector z € (R U {xo0})? is canonical if z[i] € coord;(X) U {£oo} for every
ie{l,...,d}. Recall that it suffices to consider only canonical cuts for the construction of a decision tree; canonical vectors
represent sequences of canonical cuts along various dimensions.

For every pair of canonical vectors (a,b) such that a <b and C is s-feasible with respect to (a,b], and every (a, b]-
proper S ={S1,...,S¢} € C, we denote by w(a,b,S) the minimum size of a collection of points W C X N (a, b] such that
{S;\W,....S, \ W}, where (S},...,S,} =trap(S), is an explainable ¢-clustering. We assume that w(a,b,S) =0 if S is
empty. Intuitively, the tuple (a, b, S) defines a subproblem in the dynamic programming, bounded by the box (a,b] in
which the clusters of S have to be explained. That is why S is (a, b]-proper, as it necessarily contains all clusters in (a, b],
and some clusters that are split by (a, b]; those split clusters that are part of S are assumed to be contained in (a, b] after
removing the extra points. Clearly, S should be s-feasible with respect to (a, b], as otherwise simply accounting for clusters
split by (a, b] already exceeds the budget of s.

Now, instead of w(a, b, S), we compute the following slightly different value

w@b.S)=w@b.&+ Y IG\@bl+ Y [CGN@b. )
CieS CieC\S

Observe that w(a, b, S) additionally accounts for the cost of removing extra points from clusters that are split by (a, b],
while w(a, b, S) only computes the cost of explanation for the truncation of S in (a, b]. Since we are interested only in
clustering that can be obtained by deleting at most s points, we assume that w(a, b, §) = +oo if this value is bigger than s.
This slightly informal definition simplifies arguments. In particular, observe the two sums in (2) give a value that is bigger
than s if S is not s-feasible with respect to (a, b]. In fact, this is the reason why these sums are included in (2).

Notice that (C,s) is a yes-instance of CLUSTERING ExPLANATION if and only if w(a*,b*,C) <s, where a*[i] = —oo and
b*[i]=+o0 forie{l,...,d}.

We now proceed to define the computation. The values w(a, b, S) are computed in different ways depending on ¢ = |S|.
If ¢ =0, that is, S =, then w(a,b,S) =0 and w(a,b,S)= ) |C;N(a,b]|. If £=1, then w(a, b, S) =0 by definition. Then

CjEC

S ={C;} for some i € {1,...,k} such that C; N (a,b] # @ and

w@b,S)=ICG\@bll+ Y  IC;N@hb].
CjeC\{Gi}
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Assume that £ > 2, and the values of w(a’,b’, §’) are computed for |S’| < ¢. . ‘
Forie{1,...,d} and 6 € coord;(X) such that a[i] <6 < b[i], we define the vectors a"? and b"? by setting

o 0 ifj=i, o 0 if j=i,
afrji={" I anantepp =) DI
a[jl ifj#i, b[j] ifj#i.
That is, (a, b?] and (a'?, b] are the two intgrvals formed by splitting (a, b] along the cit (i, 6). We also say that (i, 6) is s-
feasible if C is s—feasib}e with respect to (a,b?] and (@, b]. For an s-feasible (i, 0), a partition (S1, S) of S is (i, 6)-proper
if S; and S, are (a,b"?] and (a'?, b]-proper, respectively. We define

8i.6(S8) = > IC; N @, bl
CieS: CiN(a, b0 1£p
and ¢;N(@"? b~
i.e., the total size of the clusters of C split by the cut (i, #) in (a, b].
We compute w(a, b, S) by the following recurrence.

w(@, b, S) = min{(xx), G+ %)}, 3)
where the right part is denoted by (x), and

() =min{|G\ @bl + Y G+ Y ICN@b]|CeS),
CjeS\{Ci} CjeC\S

(s % %) =min{w(a,b"?, S1) + w@"?, b, Sy) — 8 4(S) for 1 <i <d, 6 € coord;(X),
(81, S) is partition of S s.t. a[i] < 6 < b[i], (i, 0) is s-feasible, (S1, S) is (i, 0)-proper}.

We assume that (x * x) = +o0 if there is no triple (i, 8, (S1,S>)) satisfying the conditions in the definition of the set. We
also assume that (x) = +oo if its value proves to be bigger than s. Intuitively, the term (x % %) corresponds to trying all
feasible cuts at the top level of the subproblem and reducing to the two respective smaller subproblems. The term (xx)
then additionally covers the case where all except one of the remaining clusters are empty in the solution, which is not
covered by (* % %) since the following cuts do not play a role in this case.

We now prove the correctness of (3) by showing the inequalities between the left and the rights parts in both directions.

First, we show that w(a, b, S) > (x). This is trivial if w(a, b, S) = +o00. Assume that this is not the case. Then by our
assumption, w(a, b, S) <s. Recall that w(a,b,S) =w(@,b, S) + ZC,-GS |G \ (a,b]| + ZCieC\S |ICi N (a,b]]. Let r=w(a,b,S)
and let WC XN (a, b] be a collection of r points such that S’ = {S{ \ W, ..., S, \ W}, where {S],...,S;} =trp(S), is an
explainable ¢-clustering. Assume that S ={C;,,...,C;,} and S/j =GCi; N (@, b]. Let W;=Wn S; forie{l,...,¢}.

Notice that it may happen that W; = S; for some j e {1,...,¢}. Then Cj; N (a,b] = Wj. Observe, however, that C;; N
(a,b] =W; for at most £ —1 values of j. Suppose that there is h € {1, ..., £} such that C;, N (a, b] # W}, and Ci;N(a, bl =W;
for every h € {1, ..., £} such that j # h. In this case, we obtain that

®@b8= Y [N @,b]
CjeS\(Ciy}

and

w@,b,S)=IC,\@bll+ > G+ Y  IcjN(@b].
CjeS\Cy, C;eC\S
Then w(a, b, S) > (xx) > (%). Assume from now that this is not the case and S; \ W; # ¢ for at least two distinct indices
je{1,...,¢}. Then we show that w(a, b, S) > (% *).

Because we separate at least two nonempty collections of points, the definition of explainable clustering implies that
there are i € {1,...,d} and ¢ € coord;(X), such that a[i] <& < b[i] and there is a partition (I1, [3) of {1,...,¢} with the
property that (i) Sy ={S;\ W;j | j € I1} is an explainable ¢; = |I1|-clustering with the clusters in (a, bi?], and (ii) S; =
{S; \W; | j € I} is an explainable ¢; = |Iz|-clustering with the clusters in (a""’, b], where both 31 and S‘z contain nonempty
collections of points. Moreover, we assume that if S; \ W; =@ for some j € ({1,...,¢}, then S; \ W; is placed in 31 if S; has
a point in (a,b"?] and, otherwise, i.e. if S; has only points in (a“’, b], it is placed in S;.

We define &1 ={Cj; | j € I1} and S ={C;; | j € I2}. qu jel, let W} = (a, b1 nw;, apd let w? = @7 bl NW;. We
set W' = Jje;, W} and W? = ., W3, Let also Ry = @, b] N (Ue;, W) and Ry = @, b1 N (U1, W) Observe that
(W! Ry, W2 R;) is a partition of W where some sets may be empty. Denote by wq = |W!| and w, = |W?|, and let r; = |Ry|
and r; = |Ry|. Clearly, w1 +wy +r{+12=T.
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Notice that S| = {S;. \Ri|jeli}=trgypie)(S1) and S, = {S/j \ Rz | j € Iz} = tr4i0 p)(S2). Also, S1 and S are (a, bi?]
and (a"?, b]-proper, respectively. Furthermore, for h € {1, 2}, S‘h is obtained from S; by deleting the points of W! from the
clusters. Also we have that

D Ic\ @b = )" I\ @bl + Ry, (4)
CieSy CieSy
> 16\ @7 b= > ICj\ @b+ Ry, (5)
CjESz chSZ
and
> oIGn@b i+ Y Icin@bll= )Y 1€ N @ bll+[Ri| +[Ryl. (6)
C;ieC\S&1 CieC\Sy C;jeC\S

Note also that

3i,9(S) = [R1| + |Ra|. (7
Then by (4)-(7),

w@b,S)=wi+wa+r+r)+ Y |G\ @bll+ Y ;N (@b

CjeS CjeC\S
=Wi+w2+r+12)+ Y IC\ @bl + Y I\ @ bl
CieS CieSy
+ > 1GN@b I+ Y g N @, bl —2r —2r
CjeC\S1 CjeC\S,
=wi+ > IG\@blI+ Y |cin@ b
CjES] CjEC\S]
+wa+ Y IGAN@Y B+ Y16 N @, bl - 8i6(S). (8)
CjESz chC\SZ

Recall that w(a, b, S) <s. Note that
doIcin@b< Y Ic N @ bl + Ry,
CjeC\S CjeC\S
Using (4), we obtain that
doc\@b i+ > g n@b’l<w@b.S),
CjGS] c]’EC\S1
which is at most s. This means that S; is (a, b*-?]-proper. Similarly, we have that S, is (a*?, b]-proper. Therefore,
wit+ Y IG\@bYI+ > I¢iN @b > w@ b, S)
CjeSy C;eC\S1
and
wa+ Y IC\@ b+ Y I N@ 7, bl = w@™",b,Sy).
CieSy C;eC\S2

This allows us to extend (8) and conclude that

w(@,b,S) >w(@,b"? S)+w@"? b,Sy) > (x*x).

This shows that w(a, b, S) > (x * x) > (x) and concludes the proof of the first inequality.

Now we show that w(a, b, S) < (x). The inequality is trivial if (*) = +o00. Suppose that this is not the case. Then, by our
assumption about assigning the value to (x), (x) <s.

Suppose that the minimum in (%) is achieved in the first part, that is, (x*) < (% * *). Then

®=IG\@bl+ Y ¢+ Y ICiN(@.b]
C;eS\(Ci) CjeC\S
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for some C; € S. We define W= |J |C;N(a,b]|. We have that the family obtained from tr(, p;(S) by the deletion of the
CjeS\(q

points of W is an explainable £-clustering because we deleted the points in (a, b] of every Cj € S excepts C;. This implies

that w(a, b, S) < |W| and we obtain that

w@b,8) <|W|+ ) |G\ @bll+ ) [GN@bl=ICG\@bll+ > I+ > Icjn(@abll,

CeS GeC\S CjeS\{(Ci) CjeC\S

which is exactly (%), so w(a,b,S) < (*).

Assume from now that the minimum in (%) is achieved for the second part, that is, (x) = (* * *) < (**). Suppose that
iefl,...,d}, 8 € coord;(X) where a[i] <6 <bli] and (i, 0) is s-feasible, and a partition (S1,Sz) of S that is (i, 6)-proper
are chosen in such a way that (s) achieves the minimum value for them, that is, (x* %) = w(a,b"?, S;) + w@"? b, Sy) —
8i,0(S).

Let R; = @"?, bIN (ches1 Cj) and Ry = (a,b"?1N (chesz C;). Then we obtain that

D16\ @b = > ¢\ @bl + Ry, (9)
CieS CieS
> 16\ @ b= > ICj\ @b+ Ry, (10)
CieS CieSy
Y I6GN@bYY+ Y IGN@ b= Y I N @b+ [Ri|+[Ral, (1)
CjGC\S] CJ'EC\SZ C}EC\S
and

81.0(S) = Rq| + Ra]. (12)

Let w1 = w(a,b*?, S;) and wy = w(@?, b, Sy). Then there is a collection W; € (a, b*?]1N X such that the collection of
sets obtained from the collections of tr, 4i+)(S1) by the deletions of the points of Wy is an explainable |S1|-clustering. Sim-
ilarly, there is a collection W, C (ai-e, b] N X such that the family of collections obtained from the collections of traio b (S2)
by the deletions of the points of W5 is an explainable |S;|-clustering. Consider W = W; U W, UR; URj. The crucial obser-
vation is that the family obtained from the collections of tr(; p)(S) by the deletions of the points of W is an explainable
£-clustering, where the first cut is Cut; g. Using (9)-(12), we obtain that

(exx) = w(@, b, 81) + w@?’, b, &) = 8 p(S) =W+ Y |G\ @bl+ > IGNG@,b]l

CieS CieC\S
>w@b,S)+ Y G\ @bll+ ) IGN@b]=w@,b,s).
CiGS C,‘EC\S

Since (%) = (% * ), this completes the correctness proof of the recurrence (3).

In the final stage of the proof, we evaluate the running time. We construct the table of values of w(a,b, S) for pairs
(a, b) of canonical vectors such that a < b. The total number of such pairs is at most (1 + 2)%¢ and they can be constructed
in n24 . (dn)®® time. We are interested only in a and b such that C is s-feasible with respect to (a, b]. Clearly, for given
a and b, the s-feasibility can be checked in dm°D time. If C is s-feasible with respect to (a, b], then all (a, b]-proper
subfamilies S of C can be listed by brute force as follows. Observe that X = {C; € C | C; is in (a, b]} that can be constructed
in polynomial time is a subfamily of every (a,b]-proper S. Let } = {C; € C | C; is split by (a, b]}. Since C is s-feasible,
|V| < min{s, k}. We can construct ) in polynomial time and then generate at most 2™k sybfamilies Z of ) in total
2min{s.k} (@)@ time. Then the (a, b]-proper subfamilies S are exactly the families of the form Z U X. We obtain that
there are at most 2MnS:K} (3, b]-proper subfamilies that can be generated in time 2™k . (dn)©® time. Then we conclude
that the dynamic programming algorithm computes at most 2M{s:k} . n2d yalues of w(a, b, S).

The value of w(a,b,S) for |S| is constructed in (dn)®® time if £ < 1. If £ > 2, we are using the recurrence (3).
Computing (x*) can be done in polynomial time. To compute (x % *), we go through i € {1,...,d}, 6 € coord;(X), and
partitions (S, S) of S, where (S1, Sy) is required to be (i, 8)-proper. This implies that (« ) can be computed in 2Min{s:k}.
(@dm)©D time. Summarizing, we have that the total running time of the dynamic programming algorithm is 22minis.k} . p2d .
(dn)®D This concludes the proof. O

3.3. Data reduction
In this section, we prove that CLUSTERING EXPLANATION admits a polynomial kernel when parameterized by k+d +s. Thus,
we show that an instance of CLUSTERING EXPLANATION can be effectively compressed to an equivalent one of size polynomial

in k, d, and s, irrespective of the original number of points in the instance.

10
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Theorem 3. CLUSTERING EXPLANATION parameterized by k, d and s admits a kernel with r = 2(s + 1)dk points of {1, ..., r}¢.

Proof. Let (C,s) be an instance of CLUSTERING EXPLANATION, where C = {Cq, ..., C;} for disjoint collections of points C; of
RY Let X =5, C.

Our first aim is to reduce the number of points. For this, we use a procedure that marks essential points.

For every i € {1,...,k} and every je{1,...,d}, do the following:

e Order the points of C; in increasing order of their j-th coordinate; the ties are broken arbitrarily.
e Mark the first min{s + 1, |C;|} points and the last min{s + 1, |C;|} points in the ordering.

The procedure marks at most 2(s + 1)dk points. Then we delete the remaining unmarked points. Formally, we denote by
Y the collection of marked points and set S; = C;NY for all i € {1, ..., k}. Then we consider the instance (S, s) of CLUSTERING
EXPLANATION, where S = {Sq, ..., Sx}. We show the following claim.

Claim 3.1. (C, s) is a yes-instance of CLUSTERING EXPLANATION if and only if (S, s) is a yes-instance.

Proof of Claim 3.1. Trivially, if (C,s) is a yes-instance, then (S, s) is a yes-instance because we just deleted some points to
construct (S, s). We show that if (S, s) is a yes-instance, then (C, s) is a yes-instance.

Because (S,s) is a yes-instance, there is a collection of at most s points W C Y such that {S; \ W,...,S; \ W} is an
explainable k-clustering. In other words, there is an explainable clustering of Y\ W with a canonical threshold tree (T, k, ¢)
such that the clusters S; \ W, ..., S, \ W correspond to the leaves of the threshold tree. We claim that if we use the same
threshold tree for X\ W, then C; \ W, ..., C, \ W correspond to the leaves.

The proof is by contradiction. Assume that at least one collection of points corresponding to a leaf is distinct from every
Ci\W,...,Cc \ W. Then there is a node v € V(T) such that for some j e {1,...,k}, C; \ W is split by the cut Cut; 9 for
(i,6) = ¢(v), that is, for (A, B) =Cut; 9(X), AN (C; \ W) #0 and BN (C; \ W) # (. Observe that either AN (S; \ W) =9 or
BN (S; \ W) =¢. We assume without loss of generality that AN (S; \ W) = ¢ (the other case is symmetric). This means that
there is an unmarked point X € C; \ W in A and all the marked points of C; \ W are in B. Because C; has an unmarked
point, [Cj| > 2(s + 1) + 1. Following the marking procedure, we order the points of C; by the increase of the i-th coordinate
breaking ties exactly as in the marking procedure. Let L be the collection of the first s+ 1 points that are marked. Since
|[W| <s, there is y € L\ W. Because L\ W CS; \ W C B, we have that y[i] > 6. Then x[i] > y[i] > 6 and X € B; a contradiction.

We conclude that if we use (T, k, ¢) to cluster X\ W, then C; \ W, ..., C, \ W correspond to the leaves. This proves that
(C, s) is a yes-instance of CLUSTERING EXPLANATION. O

We obtained the instance (S, s), where Y = U?:l S; has ¢ < 2(s + 1)dk points, that is equivalent to the original instance.

Now we modify the points to ensure that they are in {1, ..., £}4. For this, we observe that for each i € {1,...,d}, the values
of the i-th coordinates can be changed if we maintain their order. Formally, we do the following. For every i € {1,...,d},
let coord;(Y) = {01i, R Grii}, where 9{ << G;i. For every y € Y, we construct a point z, by setting z[i] = j, where 9; =ylil,
for each i € {1,...,d}. Then for S; containing y, we replace y by z. Denote by Z the constructed collection of points, and let
R ={R1,...,Ry} be the family of the collections of points constructed from Sy, ..., S.

We have that (R, s) is a yes-instance of CLUSTERING EXPLANATION if and only if (S, s) is a yes-instance, and Z C {1, ..., £}4.

Then the data reduction algorithm returns (R, s). To complete the proof, it remains to observe that the marking procedure
is polynomial, and the coordinates replacement also can be done in polynomial time. O

3.4. Hardness of approximation

In Theorem 1, we proved that the optimization CLUSTERING EXPLANATION problem admits a polynomial (k — 1)-
approximation. Here we show that it is hard to approximate the minimum number of deleted points s within a factor
that depends on s. Specifically, we provide a parameter-preserving reduction from HITTING SET to CLUSTERING EXPLANATION
that transfers known results about the hardness of parameterized approximation for the HITTING SET problem to CLUSTERING
EXPLANATION. Recall that in the decision version of the HITTING SET problem, the input is a family of sets .4 over a universe
U together with a parameter ¢, and the goal is to decide whether there is a set H C U of size at most ¢ such that H has
non-empty intersection with each set in A. In the parameterized approximation variant, where ¢ is a parameter, the goal is
to find a hitting set of size at most F(£)¢ whenever G has a hitting set of size at most £.

The starting point of our reduction is the following result for HITTING SET by Karthik, Laekhanukit, and Manurangsi [44].

Theorem 4 (Theorem 1.4 in [44]). Assuming ETH, no f(¢)(|U||.A|)°© -time algorithm can approximate HITTING SET within a factor of
F(¢), for any computable functions f and F of €.

Note that Theorem 1.4 in [44] is stated for the DOMINATING SET problem, however by the standard parameter-preserving
reduction from DOMINATING SET to HITTING SET (see e.g. Theorem 13.28 in [11]), the statement above immediately follows.

11
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Now, intuitively, given an instance (U, A, £) of HITTING SET, where A = {S1, ..., Sp}, our reduction constructs clusters Co,
..., Cp in RXj=115il The clusters Cy, ..., Gy represent the sets Si,..., Sy in the family A, and Cy is a special cluster that
needs to be separated from each of Cq, ..., Gy so that the clustering is explainable. The separation can only be performed by

removing special points from Cy each of which corresponds to an element of the universe U. Removing such a point allows
for separation between Cy and each C; such that the corresponding set S; contains the corresponding universe element.
The two clusters can be separated along a special coordinate where only that special point “blocks” the separation. This is
the crux of the reduction, which results in the following theorem.

Theorem 5. For any computable functions f and F, there is no F(s)-approximation algorithm for the optimization version of CLUS-
TERING EXPLANATION with running time f(s)(nd)°®, unless ETH fails.

Proof. We show a reduction from HITTING SET. Consider an instance of HITTING SET over a universe U with a family of sets
A and the size of the target hitting set £. We construct the following instance of CLUSTERING EXPLANATION, denote |A| =m.
The target dimension d is equal to the sum of set sizes in the family A, d =) . 4 |S|. The number of clusters in the
constructed instance is m + 1, and for clarity, we denote them by C, ..., Cp. The target parameter s, that is, the number of
points to remove from the cluster, is set exactly to £.

Now we describe how the clusters are composed. Intuitively, the clusters Cy, ..., Cy represent the sets in the family
A, and Cp is a special cluster that needs to be separated from each of Cy, ..., Gy so that the clustering is explainable.
The separation can only be performed by removing special points from Cy that correspond to an element of the universe
U. Removing such a point allows for separation between Co and each C; such that the corresponding set S; contains the
corresponding universe element. The two clusters can be separated along a special coordinate where only that special point
“blocks” the separation. This is the crux of the reduction.

Formally, we define point sets Cg, ..., Gy in terms of coordinates in R?. The constructed instance is binary, that is,
only values zero and one are used in the vectors. Order arbitrarily the sets in the family A, ie. A= {Sq1,...,Sn}, for
each j e {1,...,m}, the cluster C; corresponds to the set S;. The d coordinates are partitioned between the m sets in
the following way. For each j e {1,...,m}, denote I; = [Zj/q- [Syl+1, Zj/ﬁj |Sj/\] C{1,...,d}. That is, the first range of
coordinates I is the first |S1| coordinates, I, are the following |S,| coordinates, and so on. Now, for j € {1,...,m}, the set
C; consists of F(£) - £+ 1 identical points w;, where w;[i]=1 for j e I; and w;[i] =0 for j ¢ I;. The set Co consists of
two parts, Co = O U V. First, there are F(£) - £ + 1 identical zero vectors in Cy, we denote this set by 0. Second, for each
element u in the universe U, there is a point v, in V. The coordinates of v, are set so that for every j € {1,...,m} such
that u € S, there is exactly one coordinate in I; where v, is set to one, and this coordinate is unique for each u € S;.
If for je{1,...,m}, u ¢ Sj, then vu[i]=0 for all i € I;. More specifically, for each S; € A, order arbitrarily the elements
of Sj, Sj={u1,...,us;} For i e[|S;l], Vui[Zj’<j |Sjl +1i] = 1. After performing the above for each j e {1,...,m}, set the
remaining coordinates of each vector v, to zero. This concludes the construction.

Now we show that an F(s)-approximate solution to the constructed CLUSTERING EXPLANATION instance would imply an
F (£)-approximate solution to the original HITTING SET instance. Specifically, we prove the following.

Claim 3.2. Whenever there exists a set W C X of size at most F(s) - s such that {Co \ W, ..., C; \ W} is an explainable clustering, there
also exists a set H C U that is a hitting set of A and |H| < |W/|. On the other hand, for any hitting set H C U there exists a solution W
to the CLUSTERING EXPLANATION instance such that |W| = |H|.

Proof. In the forward direction, consider such a set W € X. We may assume that WN C; = for each je({1,...,m} and
WN O =, since these sets consist of F(s)-s+ 1 identical points, and replacing W by a smaller set not intersecting the sets
above is still a solution. Thus, W C V. Recall that each of the points in V corresponds to an element of the universe U in
the HITTING SET instance. Denote by H the subset of U corresponding to W, that is, H={u € U : v, € W}. Clearly |H| < |W]|,
we claim that H is a solution to the HITTING SET instance.

Consider a threshold tree that provides an explanation for {Co \ W, ..., Cy, \ W}. By the above, all these clusters are
non-empty. For j € {0, ..., m}, denote C;. = C; \ W. Recall that we assume C; = C} for all j € {1,...,m}. We now show that
for any j e {1,...,m}, the set H has a non-empty intersection with the set S;. Since the tree represents the clustering, for
each je{1,...,mj}, there exists a cut in the tree that separates C} and CB. That is, there exists a cut Cut; o(X) = (X’,X/z)
in the tree for X' C X such that C; UCy S X, and C;. CX], € S X, (w.lo.g). The dimension of the cut i necessarily belongs
to I}, since in all other coordinates C/j is indistinguishable from 0. For i € I}, there exists a point v, € V such that v,[i] =1
and u € §;. Since the points in C;. are set to one in this coordinate and the points in O to zero, v, has to be in W. Thus, by
construction, u € H, and the set S; is hit by H.

In the other direction, assume that there exists a hitting set H for .A. We set W to be the corresponding to H subset of
V, |W| = [H|. For every j € {1, ..., m}, there exists an element u € H such that u € S;. Consider the corresponding element
vy of W, and the coordinate i € I; where v,[i] = 1. By construction, v, is the only element of Co that has one in the i-th
coordinate, and for any j’' # j, the elements of Cj have zero in these coordinate. Thus, cutting over the dimension i with
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the threshold 6 set to zero separates C; from all the other clusters. Finally, the threshold tree for {Co \ W, ..., Cy \ W} is
constructed by separating out each C; one by one via the corresponding cut. O

The theorem follows easily from Claim 3.2. Namely, assume there exists an F(s)-approximate algorithm for CLUSTERING
EXPLANATION with running time f(s)(nd)°®, that is, an algorithm that correctly decides either that the input instance has
a solution of size at most F(s) - s, or that it has no solution of size at most s. We construct an F(£)-approximate algorithm
for HITTING SET as follows. First, construct a CLUSTERING EXPLANATION instance via the reduction above. Second, run the
CLUSTERING EXPLANATION algorithm on that instance and output its answer. If it returns that there is a solution W of size at
most F(s)-s, by Claim 3.2 there is a solution H to the original HITTING SET instance of size at most F(s)-s = F({) - £. If there
is no solution to the CLUSTERING EXPLANATION instance of size at most s, by Claim 3.2 there also cannot be a solution to the
HITTING SET instance of size at most s = £. This shows that the constructed algorithm provides indeed an F(¢)-approximation
for the HITTING SET problem. Finally, its running time can be bounded as f(s)(nd)°® = f(£)(F(£)|U|m)°®, which contradicts
Theorem 4 unless ETH fails. O

4. Explainable clustering

Explainable k-means/median clustering We consider the EXPLAINABLE k-MEANS (resp. EXPLAINABLE k-MEDIAN) problem where
given a collection X € RY of n > k points, the task is to find an explainable k-clustering {Ci,...,Cy} of X of minimum
k-means (resp. k-median) cost.

4.1. Exact algorithms

our (nd)**°M time algorithm is indeed very simple and based on a branching technique. At each non-leaf node of
a threshold tree, we would like to find an optimal cut. As we focus on canonical threshold trees, the number of distinct
choices for branching is at most nd. Also as the number of non-leaf nodes in a threshold binary tree is k — 1, we have the
following theorem.

Theorem 6. EXPLAINABLE k-MEANS and EXPLAINABLE k-MEDIAN can be solved in (nd)¥t©® time.

Our n . (dn)©® time algorithm is based on dynamic programming, which we describe in the following. For two vectors
x,y € R4, we write X <y (x <y, respectively) to denote that X[i] < y[i] (x[i] < y[i], respectively) for every i € {1,...,d}. We
highlight that when we write X <y, we require the strict inequality for every coordinate.

Theorem 7. EXPLAINABLE k-MEANS and EXPLAINABLE k-MEDIAN can be solved in n?? - (dn)©® time.

Proof. The algorithms for both problems are almost the same. Hence, we demonstrate it for EXPLAINABLE k-MEANS. For
simplicity, we only show how to find the minimum cost of clustering but the algorithm can be easily modified to produce
an optimal clustering as well by standard arguments.

Let (X, k) be an instance of the problem with X = {Xy,...,X,} and X C RY. Following the proof of Theorem 2, we say
that a vector z € (R U {£oo})? is canonical if z[i] € coord;(X) U {#o0} for every i € {1,...,d}. For every pair of canonical
vectors (a,b) such that a < b and every positive integer s <k, we compute the minimum means cost of an explainable
s-clustering of X;p = {Xi € X|a < X; < b} and denote this value w(a,b,s). We assume that w(a, b, s) = +oo if X, does
not admit an explainable s-clustering. It is also convenient to assume that w(a, b, s) = 400 if X, , = @ because we are not
interested in empty clusters. Notice that the minimum means cost of an explainable k-clustering of X is w(a*, b*, k), where
a*[i] = —oo and b*[i] = +o0 for i € {1,...,d}. We compute the table of values of w(a, b, s) consecutively for s=1,2,... k.

If s =1, then by definition,

costz(Xap) ifXap #D,

a,b,s) =
@(@.b.s) {+oo if Xa.p = 0,

and this value can be computed in polynomial time. Let s > 2 and assume that the tables are already constructed for
the lesser values of s. Consider a pair (a,b) of canonical vectors of (R U {£oco})? such that a <b. For i € {1,...,d} and
6 e coord;(X) such that a[i] < 6 < b[i], we define the vectors a"? and b"? by setting

a[jl ifj#i, b[j] if j#i.

Then we compute w(a, b, s) using the following recurrence

' i ' i
a"e[j]z[e CTEh and b = o itj=i
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(@, b, s) = min{w@,b"?,s1) + w@?, b, s5)
for1<i<d,# € coord;(X),
afi] <06 < bli],
S1,52 > 1, and s1 + sy =s}. (13)

The correctness of (13) follows from the definition of the explainable clustering. It is sufficient to observe that to compute
the optimum means cost of an explainable s-clustering of X, , we have to take the minimum over the sums of optimum
costs of explainable si-clusterings and sp-clusterings of X; and X», respectively, where (X1, X2) = Cuti 9(Xap) for some
iefl,...,d}, 6 ecoord;(X, p) and s; + sz =s, and this is exactly what is done in (13).

To evaluate the running time, observe that to compute w(a, b, s) using (13), we consider d values of i, at most n values
of 6 and at most k <n values of s; and sy, that is, we go over at most dn® choices. Thus, computing w(a, b, s) for s > 2 and
fixed a and b can be done in O(dn?) time. Since there are at most (1 + 2)2¢ pairs of canonical vectors a and b, we obtain
that the time to compute the table of values of X, for all pairs of vectors is n?d . (dn)©D. Since the table for s =1 can be
constructed in n2? . (dn)©™® and we iterate using (13) k — 1 <n times, the total running time is n?? . (dn)®®. o

4.2. Hardness

In this section, we show our hardness results for EXPLAINABLE k-MEANS and EXPLAINABLE k-MEDIAN: the problems are
NP-complete, W[2]-hard when parameterized by k, and cannot be solved in f (k) -n°® time for a computable function f(-)
unless ETH fails. Moreover, the hardness holds even if the input points are binary. More precisely, we prove the following
theorem.

Theorem 8. Given a collection of n points X C {0, 1}%, a positive integer k < n, and a nonnengative integer B, it is W[2]-hard to decide
whether X admits an explainable k-clustering of mean (median, respectively) cost at most B, when the problem is parameterized by k.
Moreover, the problems are NP-complete and cannot be solved in f (k) - n°® time for a computable function f(-) unless ETH fails.

Proof. We show the theorem for the means costs and then briefly explain how the proof is modified for medians. The case
of median cost is easier due to the fact that for a collection of binary points, its median is also a binary vector.

We reduce from the HITTING SET problem. The task of the problem is, given a family of sets W = {W,..., Wn} over
universe U = {u1, ..., uy}, and a positive integer k, decide whether there is S C U of size at most k that is a hitting set for
W, i.e. such that SN W; # @ for every i € {1, ..., m}. This problem is well-known to be W[2]-complete when parameterized
by k even if the input is restricted to families of sets of the same size (see [13]).

Let W = {W1q,..., Wy} be a family of sets over U = {uq,...,u,} with |Wy|=---=|Wy|=r, and let k be a positive
integer. We construct the following points.

e Let s =8nm?. For each i € {1,...,n}, we construct a vector u; € {0, 1}" by setting

. 1 ifj=i,
u;[j]=
ilJ] {O otherwise.

We also define U; to be the collection of s points identical to u;.
e For each i € {1,...,m}, let w; be the characteristic vector of W;. That is,

. 1 ifu;eW;,
wiljl= .
0 otherwise.
We define W= {wq, ..., wp}.
e For t = 16ns2 = 1024n>m> we construct a collection Z of t zero points.

Finally, we define

e X= (UL u)uwuz,
e k'=k+1, and
e B=m(r—1)+sm—k)=m( — 1)+ 8nm%(n — k).

Clearly, X, k' and B can be constructed from the considered instance of HITTING SET in polynomial time. We claim that
W has a hitting set S of size at most k if and only if X has an explainable k’-clustering of means cost at most B.

For the forward direction, assume that S is a hitting set of size at most k. Without loss of generality, we assume that
IS| =k. Let S ={u;,,...,u;}. We define the k’-clustering {Cq,...,Ccy1} as follows. We set C; = {x € X|x[i;] =1} and for
j=2,...,k+1,
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Cj=(xeX|xlijl=1}\

Observe that the constructed clustering is explainable. To see this, let Xo =X and set X; =X\ Uﬁ: Cp. Then (X,Cj) =
Cuti; 0(Xj—1) for je{1,...,k+1}. Notice that U;; € C; for every j e {1,...,k}, and we have that Z C Cxy1 and Up C Cryq

forall he{1,...,m}\{i1,...,ix}. Moreover, because S is a hitting set, each w; € W is included in some cluster C; for some
he{l,....k}, that is, Cy.1 =ZUR, where R= (1, mpiiy.....ip) Un-

For every j e {1,...,k}, we define ¢; = u;;, and we set ¢yy1 be the zero vector. Clearly, for every j e {1,...,k + 1},
costy (Cj) < ercj ||x—cj||%. Let W; =WNC; for je{l,...,k}. Note that C; =W; U, for je{1,...,k}. Because X[ij]=1
for every x e Cj for j e {1,...,k} and x has exactly r nonzero elements, we have that ||x — cj||§ =r—1 for every x e W; for

je{l,....k}. If xR, then ||X — ¢x41]|3 = 1. We obtain that

k+1 k
costy(C1,..., Cp) < DD IX=¢lE=D_ Y IXx—¢il5+ D Ix— a3 =m@ — 1) + s —k) =
j=1xeC; J=1XeW; xeR
Thus, {Cy,...,Cry1} is an explainable k’-clustering of means cost at most B.
For the opposite direction, let {Cj,...,Cr+q} be an explainable k’-clustering with costy(Cy,...,Cks1) < B. Let also

(T,K', ) be a canonical threshold tree for this clustering. Notice that because every point of X is binary, for every nonleaf
veV(T), ¢(v) =(i,0) for some ie{l,...,d}.

We show the following property of (T, k', ¢): for every nonleaf node v € V(T), its right child is a leaf. Suppose that this
is not the case. Denote by x the root of T and let P =x; ---x, be the root-leaf path, where x; =x and x; is the left child
of x;_1 forie{2,...,p}, thatis, P is constructed starting from the root and following the left children until we achieve the
leftmost leaf. Because T has k’ leaves and at least one right child is not a leaf, we have that p <k’ — 1 =k. Denote by C,
the cluster corresponding to the leaf x, of T. Notice that Z < C; and n — (p — 1) collections U; are included in C; for some

ief{l,...,n}. Letiq,...,in—p41 €{1,...,n} be the distinct indices such that U;; € C;. Denote by ¢ the mean of Cq. Observe
that for each j e {1,...,n}, the multiset of the j-th coordinates of the points of C; contains at most s +m ones and at least
t zeros. Then for every je{1,...,n},

cljl= =

m+s m+4+s 2s 1 1
< < — — < —,
Gl — t —t 8ns — 2s

and we obtain that

n—p+1 n—p+1
costz (Cq) > Z Z Ix —cl|3 =s Z luj, —cll3
j=1 er,

1 1
>s(n—k+1)(1— 2—5)2 >s(n—k+1)(1— E)
>sm—k)+s—n>s(n—k)+2nm—n
>mn —1) +sn —k) > B,

contradicting that costy(Cy, ..., Cky1) < B.
Because for every nonleaf node v € V(T), its right child is a leaf, we have that the clustering is obtained by consecutive
cutting each cluster from the set of points. Then we can assume without loss of generality that there are k-tuple of distinct

indices (i, ..., i) from {1,...,n} such that C; = {x € X|x[i1] =1} and
j—1
Cj=xeX|xlijl=1}\J
h=1

for j=2,...,k+1. We claim that S = {u;,,...,u;,} is a hitting set for W.

The proof is by contradiction. Suppose that S is not a hitting set. For every i € {1,...,k+ 1}, let W; = C; "W. Notice that
because S is not a hitting set, Wy # ¢J. We analyze the structure of clusters and upper bound their means costs. For this,
denote by c1, ..., k1 the means of Cq, ..., Ciiq.

Let je({1,...,k} and consider C; w1th the mean c;. We have that C; =U;; UWj. Then ¢;[ij]=1. Let h € {1,...,n} be
distinct from lj lf xeU;, then x[h] = 0. Then the multiset of the h-th coordmates of the points of C; contains at most
|[W;| <m ones and at least s zeros, and we have that
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Recall that X € W has exactly r elements that are equal to one. This implies, that for every x e W,

1 1
Ix— ¢l > r—1)(1 - %)2 = -D(1-5 )

and, therefore,
costa(Cj) = (r—1)(1 — 4;—”)|Wj| > (= 1DIWj| - ﬁlel, (14)
because r <n.
Now we consider Cy,i; and the corresponding mean c¢y1. Notice that Cy 1 = Z U Wy, U R, where R =
Uhe(t,...m\(is,....ix) Un- Let h € {1,...,n}. We have that x[h] =0 for x € Z. Hence, the multiset of h-th coordinates of the
points of Cy1 contains at most |Wj1|+ s <m+ s ones and at least t zeros. Therefore,

m+s 2s 1
ck+1[h] < <—=<—.
|Ck+1] — t ~ 8sn

Since x € W has exactly r <n elements that are equal to one, for every x € Wy 1,

1 12 1 2 1 1
2
X—C >r(l——) 2rf(l——) >r1 ——)>r— —.
I kalla = ( Ssn) - ( 8mn) - ( 4mn) - 4m
For every x € R, X contains a unique nonzero element and, therefore,
1 2 1
IX—cepalls = (1- 2=) " =1- —

8sn 4sn’
Note that R contains exactly s(n — k) points. Then

2 2
costy(Cer1) = D X —Cop1ll3 + D IX— €113

XeWj 1 xeR

1 1
> (r— %)|Wk+l| +sn—k)(1- H)

1 1
> r|Wigq| +s(n —k) — R|Wk+1| 7 (15)

Recall that |Wq| + - -- + |Wgy1| =m. Then combining (14) and (15), we obtain that

k+1
1 1
costy(C1, ..., Ceyr) = Y costy(Cj) = m(r — 1) + 5 —K) + Wiea| = 5 > B+ -
j=1
because Wy 1 # . However, this contradicts that the means cost of {Cq, ..., Cy} is at most B. This means that S is a hitting

set for W.

This concludes the hardness proof for EXPLAINABLE k-MEANS. For the median cost, we use exactly the same reduction from
HITTING SET. Then we show that YV has a hitting set S of size at most k if and only if X has an explainable k’-clustering of
median cost at most B. The proof for the forward direction is identical to the proof for the means up to the replacement of
costy by cost; and of || - ||§ by | - ||1. For the opposite direction, the proof follows the same lines as the above proof for means
but gets simplified because we can assume that medians are binary. In particular, if the multiset of h-th coordinates of the
points of a cluster C; contains more zeros than ones, then c;[h] =0 for the median c;. Notice that the crucial part of the
proof for the means is obtaining upper bounds for the values ¢;[h]. Now we can immediately assume that ¢;[h] =0 in all
considered cases whenever we upper bound c;j[h], and the lower bounds for the costs in the proof become straightforward.

To see the second part of the theorem, note that our reduction from HITTING SET is polynomial. This immediately implies
NP-hardness of the considered problems for both measures. For the lower bound up to ETH, we use the well-known fact
(see, e.g. [11, Chapter 14]) that HITTING SET does not admit an algorithm with running time f(k) - (n + m)°® for any
computable function f(-) assuming ETH. Because our reduction is polynomial and, moreover, the value of the parameter in
the constructed instance is k' =k + 1, we obtain that an algorithm with running time f(k) - (n +m)°® for our problems
would contradict ETH. O

5. Approximate explainable clustering

Approximate explainable k-means/median clustering In APPROXIMATE EXPLAINABLE k-MEANS, we are given a collection of n
points X € RY, a positive integer k <n, and a positive real constant & < 1. Then the task is to find a collection of points
Y C X with |Y| > (1 — ¢)|X| and an explainable k-clustering of Y whose k-median cost does not exceed the optimum k-
median cost of an explainable k-clustering for the original collection of points X. Note that we ask about the construction
of Y and the corresponding clustering as the decision variant is trivial. Observe also that the optimum cost is unknown a
priori. APPROXIMATE EXPLAINABLE k-MEDIAN differs only by the clustering measure.
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Zy

Fig. 5. An example of the definition of a set Z, for a node u € T. The points X are partitioned into stripes containing n’ = L%J (6 in the figure) points. The
set Z, is the stripe containing the optimal cut, represented in red. Any cut inside that stripe gives the same partition of X\ Z, as the optimal one. This
means that by removing n’ points, the algorithm essentially reduces the numbers of different cuts from n to O(é).

Theorem 9. APPROXIMATE EXPLAINABLE k-MEANS and APPROXIMATE EXPLAINABLE k-MEDIAN are solvable in (%)" 090 time,

Proof. As the proofs for both problems are identical, we describe only the algorithm for APPROXIMATE EXPLAINABLE k-MEANS.

Let X € RY be an instance of APPROXIMATE EXPLAINABLE k-MEANS with |X| =n and let (T, k, @) be the optimal canoni-
cal threshold tree for explainable k-means clustering and (Cy, ..., Cy) the clustering induced by (T,k, ¢). The goal of the
algorithm will be to guess an approximation of (T, k, ¢). Recall that the total number of full binary trees with k leaves is
the (k — 1)-th Catalan number C,_1 = %(22":11)) <4k Since T is a full binary tree with k leaves, guessing T only requires at

most 4% tries. Guessing ¢ is more complicated however, as there is d - (1 — 1) choices at each node u of T because we have
d possibilities to choose a coordinate i and |coord;(X)| — 1 possibilities to select the threshold value. This gives potentially
(d(n — 1))k~ possibilities for k — 1 nonleaf nodes of T. The idea here will be to guess for every nonleaf node u of T the
second element of ¢ (u) up to a precision of (’)(%”), which gives only O(d - ’g‘) choices at each nonleaf node.

Formally, let " = | §!] and note first that if n’ =0, then § <1 and thus n < é This means that if " = 0, then the
algorithm trying all the possible values of T and ¢, and computing the value of the obtained clustering, runs in time
4k(&yk. nOM)  which ends the proof. From now on, let us assume that n’ > 1.

Let U denote the set of nonleaf nodes of T. Let ¢’: U — {1,...,d} x R be the function obtained from ¢ by the fol-
lowing rounding. Consider u € U and assume that ¢(u) = (j, 6). Denote by X1, ...,X; the points of X assuming that they
are sorted by their j-th coordinate, that is, X{[j] <--- < Xp[j]. Recall that because (T,k, ¢) is canonical, 6 € coord;(X) =
{x1[j1, ..., Xal[j1}. We define ¢’'(u) = (j, 6’), where 6’ = X;yy11[j] for the largest nonnegative integer i such that X, 1[j] <6.

Consider now the clustering obtained from the threshold tree (T,k,¢’). At each node u € U such that ¢(u) = (j,0)
and ¢'(u) = (j,6") for 6’ =Xy 11, the points x of X that can be misplaced by Cutr(,)(X) are exactly the points such that
0" < x[j] < 6. By the choice of i, we have that 6 <X(t1)y. This means that, if Z, denotes the set of all the points x;, such that
i-n’ <h < (i+1n’, then the partitions Cuty,)(X\Z,) and Cuty)(X\Z,) are identical (see Fig. 5). Therefore, if Z=J, ¢y Zu.,
then (T,k, ¢’) and (T, k, ¢) induce the exact same clustering on X\ Z. Because |Z,| <n’, we have that |Z| <kn’ <en.

Our algorithm is based on these observations. The algorithm tries all possible choices for T. Given T with the set of
nonleaf nodes U, it tries all possible choices of ¢'(u) = (j,#’) for u € U as follows. For each u, we first pick a coordinate
je{l,...,d}. Then we sort X by the j-th coordinate of the points and assume that X = {X1,...,X,} and X1[j] <--- <xu[j].
We consider all possible values of 6’ = Xj4q for 0 <i < § Furthermore, the algorithm constructs the set of points
Z,={xp|in <h<(@{+Dn'}.

For each choice T and ¢, the algorithm constructs Z = |,y Zu, removes Z and computes the value of the clustering
induced by (T, k, ¢") on Y= X\ Z. Finally, it outputs the set Y as well as the threshold tree (T, k, ¢’) which minimizes the
value of the clustering.

We have that the value of the clustering for (T, k, ¢’) on Y does not exceed the value of the clustering for an optimum
threshold tree on Y. Therefore, we obtain an explainable k-clustering of Y whose cost is upper bounded by the minimum
cost of an explainable k-clustering of X. Because for every set of choices of T and ¢’, the set Z has size at most k-n’ < en,
the algorithm outputs the set Y such that |Y| > (1 —€)|X|. This concludes the description of the algorithm and its correctness
proof.

Since there are at most 4 possible choices of T and d - (é + 1) possible choices of ¢’(u) for every nonleaf node of the

tree, we conclude that the total number of possible choices of T and ¢’ is at most 4% (d(’e—‘ + 1))k7l < (%)k. This implies

Akte) k. nO(M, This concludes the proof. O

that the running time of the algorithm is (
6. Conclusion

In this paper, we initiated the study of the computational complexity of several variants of explainable clustering. Con-
cluding, we discuss some limitations of our approach, outline further research directions, and state a number of open
problems.
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EXPLAINABLE k-MEANS and EXPLAINABLE k-MEDIAN Our first question concerns FPT-approximability of EXPLAINABLE k-MEANS
and EXPLAINABLE k-MEDIAN. Recall that by Theorem 8, both problems are W[2]-hard being parameterized by k. The reduction
also rules out algorithms with running time f(k) - (nd)°® for both of these problems up to a widely believed assumption
in the complexity theory. Theorem 6 indicates that this lower bound is tight since the naive brute force algorithm solves
each of the problems in time (nd)*©™ However, our hardness reduction does not exclude the possibility of the existence
of efficient FPT approximation algorithms. Such algorithms exist for vanilla clustering. Particularly, for k-MEANS, an (1 + €)-
approximation in 2%/ 9" nd time was demonstrated by Kumar, Sabharwal, and Sen [31]. The same techniques can be used
for k-MEDIAN [31]. Our question is: Is it possible to find a (1 + &)-approximation for EXPLAINABLE k-MEANS or EXPLAINABLE
k-MEDIAN in time 2/®/) . (nd)© M7

In Theorem 7, we give an algorithm solving EXPLAINABLE k-MEANs and EXPLAINABLE k-MEDIAN in time n2? - (nd)©®. The
exponential dependence on d makes an algorithm with such a running time unsuitable for instances with large dimension d
(number of features). Due to our lower bound, the exponential dependence on d is unavoidable. However, it is plausible that
the problem is FPT parameterized by d. In other words, the question is whether it is possible to obtain an f(d) - (dn)®®
time algorithm solving EXPLAINABLE k-MEANS or EXPLAINABLE k-MEDIAN for some function f(-)? The question about FPT-
approximation is also open. In particular, the existence of an (1 + ¢)-approximation for EXPLAINABLE k-MEANS or EXPLAINABLE
k-MEDIAN in time 2£@/2) . (nk)®® remains open. Observe that the standard dimension reduction tools seem to be inappli-
cable for explainable clusterings because a specific dimension could be crucial for separating clusters even when it does not
contribute significantly to the distance, and it is very unclear how to distinguish such dimensions.

The same question is valid for approximation under the “stronger” parameterization by k + d, that is, (1 + &)-
approximation for EXPLAINABLE k-MEANS or EXPLAINABLE k-MEDIAN in time 2f(@+K/&) . nOM Our Theorem 9 shows that
an approximation can be done in (8%)" -n9M time, if we are allowed to sacrifice en of the input points in order to con-
struct an explainable clustering (in fact, we obtain an explainable k-clustering without increasing the cost). Simultaneously,
this theorem indicates the main technical difficulty for the approximation which is the fact that a small fraction of points
can drastically increase the clustering cost (see also the bounds in the paper Moshkovitz et al. [41] for the cost of the
explanation of an optimal k-means (medians) clustering).

In Theorem 1, we show that CLUSTERING EXPLANATION admits a polynomial-time approximation with a factor of (k —
1). We do not know whether there exist polynomial time algorithms providing a better ratio. The concrete question we
leave open for further research is whether the approximation ratio logk for CLUSTERING EXPLANATION is achievable by some
polynomial time algorithm.

CLUSTERING EXPLANATION Further in the paper, we obtained a number of results about the CLUSTERING EXPLANATION problem,
where the aim is to explain a given k-clustering by the cost of deletion of a bounded number of points. Theorem 5 shows
that it is unlikely that the minimum number s of deleted points may be approximated in f(s)-n°® time within F(s) factor
for any computable functions f(-) and F(-). However, Theorem 1 shows that CLUSTERING EXPLANATION admits a polynomial-
time approximation with a factor of (k — 1). The concrete question we leave open for further research is whether the
approximation ratio logk for CLUSTERING EXPLANATION is achievable by some polynomial time algorithm.

The complexity lower bound from Theorem 5 leads to the questions about the parameterized complexity of CLUSTERING
EXPLANATION for various parameterizations by k, d, and s and their combinations. In particular, is CLUSTERING EXPLANATION
FPT when parameterized by k or d, or for the combined parameterizations by k + d, s +d, or s 4+ k? Note also that in
CLUSTERING EXPLANATION, we do not make any assumptions about the input clustering {Cq, ..., C;} except that it is a partition
of the input points. However, in a more practical setting, it may be assumed that Cq, ..., C; are “real” clusters. For example,
{Cq,...,C} can be an optimum k-means or k-medians clustering. Would such an assumption make CLUSTERING EXPLANATION
more tractable?

Non-unary conditions and other generalizations From a high-level perspective, the idea of Moshkovitz et al. [41], which we
adapt in our work, is to design an efficient procedure for clustering that is explainable by a small decision tree and whose
quality is close to an optimal k-clustering. In this model, the conditions in the decision tree are unary (in the form x < a and
y < b) and a natural research direction here is to investigate more general linear conditions (like x + y < a). An interesting
question here is what is the right balance here between the complexity of the conditions of the decision tree and the
human ability to grasp such explanations? But in certain situations, it is plausible to assume that a decision tree with non-
unary conditions could have a reasonable interpretation for the purposes of clustering. From mathematical and algorithmic
perspectives, such trees are also interesting objects. It is easy to construct examples when decision trees with a linear
combination of two coordinates provide a much better “price of explainability” than trees with unary conditions. However,
providing quantitative bounds as well as efficient algorithms for computing such trees seems to be way more challenging.
Another interesting research direction is to study decision trees that allow more than k leaves. In this case, one
cluster may be assigned to several different leaves. How helpful is it to introduce more leaves? Frost, Moshkovitz, and
Rashtchian [21] proposed a heuristic algorithm that constructs a decision tree with a given number k’ > k of leaves and
analyzed its performance empirically. Makarychev and Shan [38] took a theoretical approach to this problem and designed
for a parameter § € (0,1) a polynomial-time randomized algorithm constructing a threshold decision tree with (1 + §)k
leaves. The constructed tree induces an explainable clustering whose cost is within 1/8 - polylog(k) the cost of an optimal
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k-clustering. However, to the best of our knowledge, the parameterized complexity of constructing such types of decision
trees remains completely unexplored.
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