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Abstract

The two most popular unsupervised learning problems are k-Clustering and Low-
Rank Approximation. Consider a set of n datapoints, in the k-Clustering problem,
the objective is to partition these points into k clusters and select k centers such
that each cluster is represented well by its center. In the Low-Rank Approximation
problem, the task is to find an r-dimensional subspace that minimizes the sum of
deviations from each point to the subspace. Both problems are of utmost importance
for the modern data-driven applications, and both can be thought of as structured
representation problems.

In this thesis, we provide a thorough study of the multivariate complexity of k-
Clustering and Low-Rank Approximation. We focus on extensions of these problems,
such as robust and constrained versions, that reach beyond the well-studied standard
setting. The main body of the thesis is divided into three parts. In the first part, we
study parameterized complexity of exact algorithms, where the parameter is the total
cost of the clustering. Problems that constitute the main focus of this part are k-
Clustering in L,-norm for p € [0, o], and Categorical Clustering with Row/Column
Outliers. We provide a number of fixed-parameter tractable algorithms based on
hypergraph enumeration, and a number of hardness results. The second part can
be summarized as employing sampling methods to provide (1 + £)-approximation in
FPT time. We show a space-efficient coreset for the Fair Clustering problem, and an
FPT approximation scheme for the problem of clustering points with missing entries,
where the number of missing entries in each point is bounded. Finally, in the third
part we deal with the Low-Rank Approximation problem, and its robust variant, Low-
Rank Approximation with Outliers. For the latter, we employ algebraic geometry
methods to provide an n®("® exact algorithm that is nearly tight even for arbitrary-
factor approximation, and its dimensionality reduction-based improvements. We
also present a PTAS for Low-Rank Approximation of binary matrices in column-sum
norm.
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Introduction

The modern world is dominated by data. The sheer spread of powerful computa-
tional devices allows for collection of megabytes of information from each particular
individual. In turn, this data is used to determine a multitude of things in our life,
ranging from our social network feed and streaming service suggestions, to credit
card approval and our credibility in the eyes of law enforcement. All these automatic
decisions are achieved by machine learning solutions. By now, there exists a vast
multitude of machine learning primitives and approaches that skillful engineers pick,
calibrate and combine with each other into convoluted pipelines to maximize the
utility of decisions with respect to underlying data. As the power and the outreach
of such systems grows, together with their internal complexity, so does the concern
about explainability and transparency of these systems. One side is assessing the
credibility of a particular solution on the market as a whole, which is a very gen-
eral affair, requiring deep domain knowledge extending to legal and ethic aspects.
However, this work is in the line of the opposite approach, where the main objec-
tive is to shed more light on the basic building blocks of data analysis, which can
be rigorously studied as mathematical objects. Specifically, the main goal of this
thesis is to study computational complexity and performance guarantees of the key
unsupervised learning primitives.

To be more concrete, let us consider a particular problem. Suppose we have a set
of n data points in R?, that we want to partition into k clusters while minimizing
the dissimilarity of points in the same cluster. Denote the resulting clusters by C1,
..., Cy and let the objective in this context be

k
> min Y [lx—ciff3,
o1 SER T,

that is, minimize the sum of the squared Euclidean distances from the points of the
cluster to its optimal center, summed over all clusters. This problem is the renowned
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k-MEANS, and it is arguably the most prevalent unsupervised learning primitive. The
k-MEANS problem also showcases perfectly the discrepancy between the practical
usage and the theoretical analysis. In practice, the common thing is to apply a
heuristic algorithm to obtain some locally optimal clustering. Consider for instance
the most classical Lloyd’s heuristic [147], that often produces good clusterings on real
datasets, yet in general the cost of the clustering can be arbitrarily bad compared
to the optimal value. There also exists a multitude of other heuristic algorithms for
clustering, that further improve the performance in a number of ways. However,
from the classical complexity viewpoint, the situation is quite baffling: k-MEANS is
NP-hard even for k = 2 [9], and even for d = 2 [151]. Moreover, it is also known to
be NP-hard to approximate the k-MEANS objective better than a certain constant
factor [14].

Seeing such a gap between the theoretical complexity and the practical perfor-
mance, it is natural to go for “beyond the worst-case” kind of analysis. Therefore,
in this work we adopt the idea of multivariate analysis for the problems in question.
The philosophy in this case, derived from the field of parameterized complexity, is
to consider a secondary measure of the input apart from the input size, and express
the running time of algorithms in terms of both measures. In particular, a central
concept is a fixed-parameter tractable algorithm, that has the running time of f(k)n®
for some function f of k£ and some constant ¢, where n is the size of the input, and k
is the selected parameter. While f can be exponential or in fact any function, for any
fixed value of k£ the running time is the same polynomial of n. Thus, the general-case
NP-hardness might be circumvented for structured instances where the value of the
parameter is small, without any loss in the quality of the solution. In particular, as
a part of this thesis, we conduct an extensive study of the complexity of clustering
problems depending on the parameter D, the cost of the optimal clustering’.

However, the classical parameterized complexity approach is still very limiting,
as finding exact solutions often turns out to be hard even in the multivariate setting.
This is highlighted by the results on the parameter D mentioned above, that are
often negative even for such a humble parameterization. On the other hand, for the
continuous kind of problems like clustering it is even less principal to have an exact
solution, as opposed to a very good approximate one. Note that some discretization
and approximation necessary occurs even by representing real-valued data on a fixed
word-size machine. Thus for the next part of the thesis we move to FPT approzima-
tion schemes, that is, (1 + ¢)-approximation algorithms with running time f(k,&)n¢
for some function f of the parameter k and e, and some constant c. FPT approx-
imation schemes combine the power of approximation and parameterization, and a
vast body of results of this form has been already formed for clustering and low-rank
approximation problems. Techniques such as dimensionality reduction and sampling
in order to obtain good approximate centers or coresets, are closely tied to this area

IProvided that the coordinates of the points are integral, otherwise the magnitude of D plays no
role because of scaling.



of research, as they allow to reduce the search space to something that depends only
on the number of centers k and . Moreover, both dimensionality reduction and core-
sets are also of independent interest, as they lead to more efficient data processing
in a variety of settings, be it streaming or parallel computations, and for variety of
purposes, from theoretical algorithms with provable guarantees to practical routines
that reduce storage or simplify datasets. We extend the outreach of this approaches
by showing small-sized coresets for a variety of clustering problems, where clusters
have to satisfy certain size constraints with respect to a predetermined coloring of
the points. In particular, this holds for (a,8)-FAIR CLUSTERING, where the goal
is to compute optimal clustering of the given points subject to a fairness condition,
i.e. each of the given protected groups must not be underrepresented in any of the
resulting clusters. Studying the («, §)-FAIR CLUSTERING problem is also very much
in line with the general goal of increasing accountability of machine learning primi-
tives, as it has been consistently shown that bluntly optimizing the performance of
a decision-making system can make it biased or discriminatory towards traditionally
underrepresented groups [13, 73, 98].

Going back to designing FPT approximation schemes, one of the most renowned
examples is the algorithm of Kumar, Sabharwal, and Sen [137] for the already men-
tioned k-MEANS. This algorithm provides (1+¢) approximation in time Q(k/a)o(l)no(l),
and is crucially based on a sampling lemma ensuring that a uniform sample of size
O(1/e) from a cluster approximates its optimal center well, with good probability.
This lemma is very powerful tool for tackling k-MEANS, yet also very specific for
this objective. Take, however, a similar problem where the objects to cluster are not
points in R%, but axis-parallel subspaces of small dimension. Or, equivalently, points
in R? with few missing entries, that could be completed arbitrarily. This corresponds
to a very natural problem of clustering a dataset where some entries are not known:
imagine a movie rating database where not every user has a rating for every movie.
The approach of [137] is not directly applicable in this case, as neither the sampling
lemma holds, nor even the triangle inequality for distances between such objects,
making the problem geometrically very different from k-MEANS. In fact, for years a
comparable algorithm for this problem eluded researchers. We take a step forward
and present an FPT approximation scheme for clustering of points with few missing
entries, parameterized by both the number of clusters k and the maximum number
A of missing entries per point.

For the final example, consider the problem of low-rank approximation, where the
task is to construct a matrix of given rank that approximates the given matrix best.
Reducing in this fashion the rank of the dataset, also known as principal component
analysis (PCA), is a ubiquitous routine for compressing and simplifying data given
in matrix form. Computationally, it is not as challenging as the previous examples,
since there exists a polynomial-time algorithm for computing the optimal low-rank
approximation, that proceeds via singular value decomposition (SVD). However, one
weakness of PCA is that it is highly susceptible to outliers: even one corrupted row
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can arbitrarily change the approximation subspace. Motivated by this, we introduce
the PCA wiTH OUTLIERS problem, where the task it to remove a given number of
outliers in such a way that allows for the best possible low-rank approximation for
the remaining matrix. In contrast to the usual approaches that deal with outliers by,
for instance, placing strong assumptions on the distribution of outliers, an algorithm
for PCA wiTH OUTLIERS always finds the best possible set of outliers in terms of
the cost. This makes our formulation very flexible with respect to arbitrary models
of what is considered to be an outlier, and in particular resistant to any adversarially
placed outliers. However, the price for such flexibility is the increased computational
complexity of the problem, as we show that there cannot exist an n°(®-time algorithm
solving PCA wiTH OUTLIERS, where n is the number of rows and d the number
of columns in the matrix, under a suitable complexity assumption. In fact, even
designing an algorithm matching this lower bound is not trivial, and we employ
involved results from computational algebraic geometry in order to design an n®(%
algorithm for PCA wiTH OUTLIERS, where r is the target rank. Together with
some additional results on dimensionality reduction, and an approximation scheme
for binary low-rank approximation, this comprises the final technical part of this
thesis. It is worthy to note that these results follow the general approach of studying
robustness of data-driven algorithms, that is, how robust is the algorithm in question
when run on ill-generated or adversarial data. The study of robustness can be seen
as yet another step towards algorithmic accountability, as the highly desired outcome
is that an algorithm in charge of making decisions could not be failed by accident or
fooled by purpose with a small portion of unexpected data.

All in all, we believe that the main contribution of this thesis is providing novel
algorithms with provable guarantees for clustering and low-rank approximation prob-
lems parameterized by one or several structural characteristics of the input, and the
corresponding conditional lower bounds. Moreover, we emphasize on conjunction
with other means of achieving accountability of algorithms, such as fairness and
robustness. Next, we outline the structure of the thesis.

Outline of the Thesis. In Part I, we start with introducing fundamental con-
cepts and previous work relevant for our technical results. In Chapter 2 we define
common preliminaries and notation for the following parts, and introduce some stan-
dard background in algorithmic complexity. Then in Chapter 3 we introduce formally
our main problems of interest, and in Chapter 4 we give basics on the key tools from
the literature that we rely on. In both Chapter 3 and Chapter 4 we give also a brief
survey of the relevant previous works. The rest of the thesis is divided into three
main parts.

In Part II, we consider exact parameterized complexity of clustering problems
parameterized by the cost. Intuitively, this is a “structural editing” point of view on
the problem, where we assume that the instance is already close to be clustered, and
thus the cost of clustering is reasonably small. In Chapter 5, we consider a gener-
alization of k-MEANS to L,-distances, and draw a wide complexity landscape with



respect to the cost parameterization for various values of p. This chapter is based on
the work [FGS21]. We move to robust clustering of categorical data in Chapter 6,
that is, datapoints with entries from a fixed-size set equipped with the Hamming
distance. We show an interesting dichotomy between the following two robust ver-
sions: removing column outliers, corresponding to corrupted datapoints, and row
outliers, corresponding to corrupted features, or dimensions. The algorithm for the
latter extends to robust variants of various other problems, such as binary low-rank
approximation, and these results are featured in [BFGS21].

We focus on FPT approximation schemes in Part III. In Chapter 7, based on the
work [BFS20], we present an efficient coreset construction for clustering problems
with color-sized constraints, and a variety of novel algorithms based on that coreset,
in particular for (o, 8)-FAIR CLUSTERING. In Chapter 8, we show the approxima-
tion scheme for clustering of points with missing entries, this result is published
as [EFGT21].

In Part IV, we deal with low-rank approximation problems. The main focus is
PCA wiTH OUTLIERS and the algebraic geometry approach, that we first introduce
in Chapter 9, together with the n®"®_-time algorithm and the n°® lower bound.
Then we proceed to improve this approach by designing specific dimensionality re-
duction methods in Chapter 10 that allow to reduce the running time for sublinear
number of outliers, and we also provide a general polynomial-time approximation
scheme when the target rank is fixed. These two chapters are based on the arti-
cles [SFGP19, DFPS21]. In Chapter 11, we make one further step in the study of
the low-rank approximation problem, and show the first polynomial-time approxi-
mation scheme for binary matrices equipped with GF(2)-rank and column-sum norm.
This setting is radically different from the usual Euclidean space and rank, and thus
requires developing a very special pipeline. This result is published in [FGPS20].

Finally, we conclude with future research directions in Part V. Next we give the
list of publications to which the author of this thesis has contributed. Out of these,
the publications [FGS21, FGPS20, EFG*21, SFGP19] and the manuscripts [BFGS21,
BFS20, DFPS21] serve as the basis for the main body of this work.
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Basic Concepts






Preliminaries

In this chapter we fix some basic notation and terminology, concerning numbers and
sets, linear algebra, graphs, and probability. We also recall the fundamental concepts
of several aspects of algorithmic complexity.

2.1 Notation

Numbers and sets. For a set .S, we denote the size of S by |S|, and the set of
all subsets of S by 2° (called also the power set of S). For an integer k < |S|, we
denote by (i) the set of all k-sized subsets of S. For two sets A and B we use A\ B
and A — B interchangeably to denote the set difference of A and B, e.g. the set of
elements of A that are not present in B.

For any integer n > 0, we denote be [n] the set of integers between 1 and n, that
is, {1,...,n}. We denote the set of real numbers by R, the set of integers by Z, and
the set of natural numbers by N. By R>(, we denote the set of nonnegative real
numbers, and by R~ the set of positive real numbers. Respectively, Z>( denotes the
set of nonnegative integers, that is, Z>o = NU{0}. For non-negative real numbers a
and b, we use the notation a = (1 £ e)bif a € [(1 —¢)b, (1 + €)b].

Linear algebra. Throughout the thesis, we use extensively matrix notations. We
use bold lowercase, e.g. x = (x[i]), to denote a vector and bold uppercase, e.g.
A = (Ajj), to denote a matrix. For an element x of d-dimensional space X¢, we
denote its coordinates by x = (x[1],...,x[d]), where ¥ is the underlying field or
alphabet. For a matrix A, we conventionally denote its i-th row by a;, and the
element at the intersection of the i-th row and the j-th column by A;;. By AT we
denote the transpose of a matrix A. We denote the identity matrix of size n x n by
I,,, and the zero vector by 0. For a matrix A € £"*% and a matrix B € ©7%%
[A|B] € 2n*(d1+d2) denotes the column-wise matrix concatenation of A and B. For

11
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a matrix A € ¥"*? and a set of row indices I C [n], let A[I :] denote the matrix
composed by selecting the rows of A corresponding to the indices in I.
For a vector x € R?, ||x||, denotes the Euclidean norm of x, that is,

Respectively, for two vectors x,y € R?, ||x — y||, denotes the Euclidean distance
between x and y. For a matrix A € R"*¢, its Frobenius norm is given by

For two vectors x,y € R%, we denote their dot product by

x-y =3 xli] - ylil

i=1

For a vector x € R? and an r-dimensional linear subspace U of R?, where the basis of
U is given by the rows of U € R"™? we denote by proj,, x the orthogonal projection
of x on U, that is, the vector

T

projy x = Z(x Su;)uy,
i=1

where uy, ..., u, are the rows of U, assuming that the rows of U are pairwise
orthogonal and of length one. For a matrix A € R"*¢ and an r-dimensional linear
subspace U of R?, given by U € R™*% let dist?(A, U) (and dist*(A,U)) represent
the sum of squares of the Euclidean distances of the rows of A from U, which is equal
to miny e gnxr || A — XU||%. For A € R™*? the column and row spaces of a matrix
are denoted by col(A) and row(A) respectively.

Graphs. In this work, we use standard graph notations. For a graph G, V(G)
denotes its vertex set, and E(G) C (V(2G)) denotes its edge set. We often associate
V(G) with the set of numbers [V (G)], and use the name of a vertex interchangeably
with its number. Unless stated otherwise, a graph is finite, undirected and simple.
For a vertex set X C V(G), G[X] is the subgraph of G induced by X. For a vertex
v € V(G), we denote its degree by deg(v), its open neighborhood by Ng(v), and
its closed neighborhood by Ng[v].
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Probability. For an event A, we denote its probability by Pr[A]. We denote ran-
dom variables by uppercase letters, e.g. X. For a random variable X, we denote its
expectation by E[X]. Throughout the thesis, we use versions of Chernoff bound for
probability estimates. Unless stated otherwise, by “Chernoff bound” we mean the
following statement.

Proposition 2.1 ([12]). Let X, Xo, ..., X, be independent 0-1 random variables.
Denote X =31 | X; and = E[X]. Then for 0 < <1,

PIX < (1= B)p] < exp(—B2p/2),
PIX > (1+ B)p] < exp(—B%p/3).

Real computations. Since we deal with the problem concerning real-valued ma-
trices, we express the running time of algorithms in terms of number of operations
over the reals. However, the results for exact algorithms over integers or categorical
data, and approximation algorithms, hold in the bit complexity model as well.

2.2 Complexity

In this section, we recall the necessary complexity background, discussing parame-
terized complexity and hardness assumptions commonly used to show lower bounds,
such as Exponential Time Hypothesis, as well as some basic definitions regarding
approximation algorithms.

2.2.1 Parameterized Complexity

Consider an NP-hard combinatorial problem, such as VERTEX COVER, where the
input is a graph GG and an integer k, and the task is to decide whether there is a subset
C of vertices such that each edge in G has at least one endpoint in C'. Unless P = NP,
there is generally no polynomial-time algorithm for VERTEX COVER; however, when
k is bounded by a constant, a trivial algorithm that in time O(|V(G)|*|E(G)|) tries
all possible k-sized subsets C of V(G) and checks whether each subset is a vertex
cover, runs in polynomial time. There is another, smarter, algorithm that starts with
an empty C, and recursively picks an arbitrary edge e that is yet uncovered by C.
Then the algorithm tries to put each of its endpoints into C, branching into two new
subproblems and processing each of them recursively. When the size of C' is already k,
the algorithm checks whether there is any other uncovered edge, and if not, returns C'
as the vertex cover. Clearly, the algorithm follows a recursive binary tree of depth k,
thus its running time is bounded by O(2*|E(G)|). Now compare the two algorithms,
from the classical complexity point of view, they have the same properties: both are
not polynomial-time in the general case, and when k is constant, the running time of
both becomes polynomial. However, the running times of these two algorithms grow
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very differently as k and |V (G)| increase: while the first one would be completely
unfeasible on a moderately large graph even for very small values of k, the second
could easily find a vertex cover of size a couple of dozens in a graph with thousand
vertices. Moreover, in the running time of the second algorithm, & and |V (G)| are
in a sense separated: as k grows, the dependence on the size of the graph is always
the same polynomial. In short, the primary objective of parameterized complexity
is to distinguish problems that allow these two kinds of algorithms, allowing for a
more fine-grained study of the complexity of an NP-complete problem in the regime
where a certain parameter of the input is small. Now we give basics of the field
formally, while for the detailed introduction to parameterized complexity, we refer to
the books [70, 78].

A parameterized problem is a language @@ C X* x N where X* is the set of strings
over a finite alphabet X. Respectively, an input of @ is a pair (I, k) where I C %*
and k € N; k is the parameter of the problem. A parameterized problem Q is
fized-parameter tractable (FPT) if it can be decided whether (I,k) € @ in time
f(k)-1I|°M for some function f that depends of the parameter k only. Respectively,
the parameterized complexity class FPT is composed of fixed-parameter tractable
problems. On the other hand, the class XP contains problems solvable in time |I|9),
for some function g of k. Going back to the VERTEX COVER example, the trivial
enumeration algorithm with running time O(|V(G)|*¥|E(G)]|) is thus called an XP
algorithm, while the recursive O(2¥| E(G)|)-time algorithm is an FPT algorithm. One
of the main goals of the field of parameterized complexity is to identify parameterized
problems that allow FPT algorithms.

Naturally, the theory of parameterized complexity admits also a way to conclude
the parameterized hardness of a problem. Similarly to the polynomial hierarchy,
a collection of parameterized complexity classes is defined, called the W-hierarchy.
We omit the formal definitions here, as they are rather technical, and refer to the
book [70] instead. The following relation is known amongst the classes in the W-
hierarchy: FPT = W[0] € W[1] C W[2] C ... C W[P]. It is widely believed that
FPT £ W[1], playing a role as the working hypothesis of parameterized complexity,
similarly to P # NP. Hence if a problem is hard for the class W[i] (for any ¢ > 1)
then it is considered to be fixed-parameter intractable, i.e. it is unlikely that the
problem admits an FPT algorithm. For the purpose of this work, it suffices to know
that CLIQUE is W[1]-hard. Here CLIQUE is the problem of finding a k-clique in the
graph: given a graph G, and an integer k, the task is to determine whether G has
a clique of size k as a subgraph. The hardness of other problems may be concluded
via a parameterized reduction from a problem known to be W([i]-hard. Parameterized
reductions provide an analogue of polynomial-time reductions which also do not blow
up the parameter by too much.

Definition 2.2 (Parameterized Reduction [70]). A parameterized reduction from a
parameterized problem Q to a parameterized problem P is an algorithm that trans-
forms each instance (I, k) of Q into an instance (I', k") of P such that
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(i) (I,k) is a yes-instance of Q if and only if (I' k') is a yes-instance of P,
(i1) k' < g(k) for some computable function g of k, and

(iii) the running time of the algorihtm is f(k)-|I|°(") for some computable function

f of k.

We observe that the definition of a parameterized reduction above works indeed
as intended. First, if there is a parameterized reduction from @ to P, and P admits
an FPT algorithm, then @ also admits an FPT algorithm. To see this, given an
instance (I, k) of @, run the reduction algorithm to compute an equivalent instance
(I', k") of P, then run the FPT algorithm of P on (I’, k") and return its output. The
property (i) of a parameterized reduction ensures that the algorithm above correctly
identifies yes- and no-instances of ). The property (iii) ensures that the reduction
runs in FPT time, and the property (ii) ensures that the new parameter &’ is bounded
by a function of k, thus the FPT algorithm for P runs in FPT time in terms of k as
well.

On the other hand, if there is a parameterized reduction from @ to P, and @
is W[i]-hard, then P is also W[i]-hard; in fact, the classes of the W-hierarchy are
defined as closed under parameterized reductions. All in all, this allows us to transfer
hardness from a problem known to be W[i]-hard, like CLIQUE. This is the primary
method of deriving parameterized hardness, and we employ it in this work extensively
as well.

Finally we note that all definitions above may be easily extended to the case of
several parameters, by introducing a single parameter that is the sum of the param-
eters of interest. Thus, we say that a problem is FPT/XP/W][i]-hard parameterized
by x and y if it is FPT/XP/W([i]-hard parameterized by x + y.

2.2.2 Approximation Algorithms

Another way to deal with NP-hardness of a problem lies in designing approximation
algorithms. Intuitively, while a classical exact algorithm has to correctly determine
whether an input is a yes- or no-instance of a decision problem, an approximation
algorithm is allowed some slack in the objective function. In this section we introduce
the standard terminology for approximation algorithms that we use extensively in
the text. For the in-depth introduction to the area of approximation algorithms,
we refer to the classical book by Vazirani [184], and the more recent textbook by
Williamson and Shmoys [187].

Formally, for a minimization problem ) and a value «, an a-approximation algo-
rithm outputs a solution that has an objective value of at most a - OPT, where OPT
is the objective value of the optimal solution. Symmetrically, for a maximization
problem an a-approximation algorithm outputs a solution with the objective value
at least a- OPT. One important direction of research is identifying polynomial-time



16 2 | Preliminaries

constant-factor approximation for various NP-hard problems. The complexity class
that contains problems admitting such algorithms is called APX.

For some problems in APX, it is possible to design polynomial-time algorithms
with approximation factor arbitrarily close to one. Formally, for a minimization prob-
lem @, a polynomial-time approzimation scheme (PTAS) is a family of polynomial-
time algorithms {A.} such that for each £ > 0 there is an algorithm 4. that is a
(1 + e)-approximation algorithm for ). We measure the running time of a PTAS as
a function of n and e, and for each € > 0 we put the running time of the respec-
tive algorithm A.. Note that the running time of a PTAS may have an arbitrary
dependence on ¢, i.e a PTAS in general has a running time of \I\Q(E) where g is some
function of €, similarly to XP algorithms in parameterized complexity. Just as in
the case of the FPT-XP dichotomy, one can define an efficient version of PTAS. An
efficient polynomial-time approzimation scheme (EPTAS) is a PTAS that has the
running time of f(£)[I|°") for some function f of . In other words, in the running
time of an EPTAS, ¢ influences only the constant factor, but not the degree of the
polynomial.

An equivalent of NP-hardness or W[1]-hardness for approximation problems is
APX-hardness. An optimization problem is APX-hard if there is a PTAS reduction
from every problem in APX to that problem. Here, a PTAS reduction is, intuitively,
a natural object preserving the approximation factor. A PTAS reduction from @ to
P consists of three maps f, g, and «, such that f transforms an instance I of A to
an instance of B, and g lifts the solution from B back to A, i.e. if a solution S to
f(I) is (1 4 a(e))-approximate, then g(I,S,¢) is an (1 + ¢)-approximate solution to
I. Under the P # NP assumption, any APX-hard problem does not admit a PTAS.

The ideas of parameterized complexity and approximation algorithms can be
applied simultaneously: we can measure the running time of a (1 + €)-approximate
algorithm both in terms of the error parameter ¢ and a structural parameter k,
defined for the particular instance. For the purpose of this work, we denote by an FPT
approzimation scheme (FPT-AS) a PTAS that has the running time of f(k,e)n®™).
Recently, this kind of results for clustering problems became very common. To name
a few, Kumar, Sabharwal, and Sen [137] gave an (1 + ¢)-approximation algorithm
for Euclidean k-median and k-means that runs in time 2%/9)°" nd. Fomin et al. [88]
designed an FPT approximation scheme for a variety of low-rank approximation and
clustering problems on binary matrices. Another notable approach is to employ
FPT time to design approximation algorithms with improved approximation factors,
compared to the best known polynomial-time approximation. For instance, Cohen-
Addad et al. [64] showed a (14 2/e+¢)-factor approximation algorithm for k-median
clustering in general metric spaces that runs in time f(k,&)n®® for some function f.
We give a more detailed overview of the relevant literature in Chapter 3. Part III of
this work is dedicated to FPT-time approximation for variants of clustering problems.
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2.2.3 Exponential Time Hypothesis

One source of “coarseness” in the theory of parameterized complexity is the fact that
technically the dependence on the parameter k can be any computable function,

be it a slow-growing quasipolynomial or a very fast-growing tower of exponents like
k

22 A way to obtain more precise lower bounds is to replace the working hypothesis
FPT # WI1] by a stronger one, and in this section we discuss the widely-believed
Exponential Time Hypothesis (ETH), along with its stronger variants.

First, recall that in the classical CNF-SAT problem, given a Boolean formula
in conjunctive normal form (CNF), the task is to determine whether the formula
has any satisfying assignment. For a positive integer ¢, the ¢-SAT problem is the
restriction of CNF-SAT to CNF-formulas where clauses contain at most ¢ literals.
By the famous Cook-Levin theorem [67] from 1971, CNF-SAT, and even the special
case 3-SAT, is NP-hard. In 2001, Impagliazzo, Paturi, and Zane [117] introduced two
new conjectures about the complexity of ¢-SAT, formalizing a barrier to devising
better algorithms for ¢-SAT that researchers were unable to bypass for so many
years since the dawn of the complexity theory. We state these conjectures next; for
an in-depth introduction to the topic we refer to Chapter 14 of [70].

Conjecture 2.3 (Exponential Time Hypothesis (ETH) [117]). There is a positive
real number € such that 3-SAT with n variables and m clauses cannot be solved in
time 25" (n +m)©M).

Conjecture 2.4 (Strongly Exponential Time Hypothesis (SETH) [117]). For every
positive real number €, there is an integer ¢ = O(1) such that ¢-SAT with n variables
and m clauses cannot be solved in time (2 — &)™ (n + m)°W,

We note that SETH is strictly stronger than ETH, for the proof we refer to [70].
Out of the two, ETH bears the crucial importance for this work and parameterized
complexity in general. The main usage for us is through the following theorem due
to Chen et al. [51].

Theorem 2.5. Assuming ETH, there is no f(k)n°®)-time algorithm for CLIQUE
for any computable function f of k.

By Theorem 2.5, any parameterized reduction from CLIQUE to another parame-
terized problem not only shows that the latter is W[1]-hard. Such a reduction also
provides a more precise algorithmic lower bound assuming ETH, that there is no
f(k:)n"(gfl(k))—time algorithm for the target problem, where g is the function from
the property (ii) in Definition 2.2. In particular, if the reduction transforms the pa-
rameter k into O(k), then the bound of Theorem 2.5 holds for the target problem
as well, i.e. there is no f(k)no(k)—time algorithm. In this way, we state most of the
algorithmic lower bounds in this work as ETH-lower bounds.

For the design of lower bounds for approximation algorithms, the following strength-
ening of ETH is often used, due to [76]. Intuitively, this variant conjectures that it
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is not only hard to solve 3-SAT in subexponential time, but hard even to determine
whether nearly all clauses can be satisfied simultaneously.

Conjecture 2.6 (Gap-ETH [76]). There are positive real numbers € and D such
that any algorithm that, given a 3-SAT formula ® with n variables and at most
Dn clauses, can distinguish between the events “there is an assignment satisfying all
clauses of ®”7 and “no assignment can satisfy a 9/10 fraction of the clauses of 7,
must run in time at least time 25T,

Such an extension of ETH creates a gap that can be transferred to the target
problem by a reduction, showing that it is hard to approximate the objective function
in subexponential time.



Problem Models

Here we define our main problems of interest, clustering and low-rank approximation,
together with their variants that we consider in this work, and give an overview of
the current state of research concerning these problems.

3.1 Clustering

In this section, we discuss basic definitions and results concerning clustering prob-
lems. In its most general version, the unrestricted k-CLUSTERING problem is defined
as follows. We are given a set of points P in a space X equipped with a distance
measure dist : X x & — R>o, where dist is not necessarily a metric. Additionally,
we are given a description of a set F' C & of possible cluster centers, and an integer

k. The goal is to partition the set P into k clusters C1, ..., Cy and select k centers
c1, ..., ¢, from F such that
k
Z Z dist(p, ¢;)
i=1 peC;
is minimized. Observe that it suffices to pick only the set of centers C' = {c1,..., ¢},

since to minimize the quantity above, it is always better to assign a point to the
closest center. Then the objective becomes to minimize

Z dist(p, C),
peP

where we use the notation dist(p, C) for min.c¢ dist(p, ¢).
A multitude of settings for k-CLUSTERING is studied in the literature. In this
work, our primary interest lies in the following cases.

- In the discrete metric k-MEDIAN, (X, dist) is a finite metric space and both
sets P and F are given in the input. We assume that dist is given as an oracle

19
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that in constant time returns dist(z, y) for any z,y € X. Recall that a function
dist : X x X — R>¢ is a metric when it satisfies the following three properties
hold for any x,y € X:

(i) dist(z,y) = 0 if and only if x = y,
(ii) dist(z,y) = dist(y, x),
(iii) triangle inequality, that is, for any point z € X

dist(z,y) < dist(zx, 2) + dist(z, y).

The discrete metric k-MEANS is defined analogously, except that the objective
to minimize is

Z dist?(p, C),

peP

that is, the sum of squared distances from each point to the closest center.

- In the Euclidean k-MEDIAN problem, X is the d-dimensional Euclidean space

R?, dist is the Euclidean distance, also denoted by ||x — y/||,, and F is the whole
space R%. Recall that

d

Ix =yl = | > (x[d] = y[d)>2.

i=1

The FEuclidean k-MEANS problem is defined analogously, only the objective to
minimize is

E min ||p — c||2
ceC 22
pPEP

In other words, in the case of k-MEANS, dist(x,y) = ||x — y||§

- We consider also a generalization of the Euclidean k-MEANS to L, distances

that we call L,-k-CLUSTERING. Here, the space X is still R?, but dist is defined
by the p-th power of the Minkowski L,-norm, that is

d
dist(x,y) = disty(x,y) = |Ix —yllf = > x[i] - y[i]”-

i=1

Clearly, for p = 2 we get k-MEANS, and for p = 1 we get k-MEDIAN with the
rectilinear (Manhattan) distance. The definition above holds for p € (0, c0),
we also use the natural definitions in the extreme cases,

disto(x,y) = du(x,y) = {i € {1,....d} | x[i] # y[i]}|
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o

Figure 3.1: Optimal clusterings of the same set of vectors with different distances: dist;
in the left subfigure, dist,/4 in the right subfigure. Shapes denote clusters, crosses denote
cluster centers.

for p = 0, also called the Hamming distance, and

disteo(x,y) = ie}ﬁlaxd} |x[i] — y[i]|

for p = co. We define the Lg-k-CLUSTERING and L.-k-CLUSTERING problems
as k-CLUSTERING on R? with disty and dist., respectively. In Figure 3.1, we
present an example of optimal clusterings with respect to different values of p.
Note that increasing p penalizes less the number of coordinates where points
differ, and more the absolute value of the difference. Smaller values of p, on
the other hand, are less susceptible to distortion from outlier points, especially
when the “noisy” part is restricted to few columns, leading to a more robust
clustering. Thus, the choice of p allows to pick the right trade-off of this form,
motivating the study of L,-k-CLUSTERING.

- We consider also a variation of Lg-k-CLUSTERING that we call CATEGORICAL
k-CLUSTERING, where the metric space is the set of strings of length d over
alphabet ¥, equipped with the Hamming distance. The problem is trivially
equivalent to Lg-k-CLUSTERING when 3 is of size at least n, as the Hamming
distance cares only about whether values are equal or distinct for each coordi-
nate. Viewing points as strings is however very natural with respect to dg, and
specially interesting is the case where 3 is small, for example binary. We refer
to the binary version of CATEGORICAL k-CLUSTERING by the name BINARY
k-CLUSTERING.

The name CATEGORICAL k-CLUSTERING stems from statistics, where a cate-
gorical variable is a variable that can admit a fixed number of possible values,
as well as the motivation to study this problem. A categorical variable could be
gender, blood type, political orientation, etc. A prominent example of categor-
ical data is binary data where the points are vectors each of whose coordinates
can take value either 0 or 1. Binary data arise in several important applica-
tions. For example, in electronic commerce, each transaction can be modeled as
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a binary vector (known as market basket data), where each of the coordinates
denotes whether a particular item is purchased or not [193, 146].

- Another generalization of k-MEANS is the following problem of clustering points
with missing entries. Instead of R consider the space H%, the set of d-dimensional
vectors that in each coordinate take either an arbitrary real value or the special
value “7”. The only difference to the normal k-MEANS with Euclidean distance
is that values “?” do not contribute to the distance, i.e. for any x,y € H%,

dist(x,y) = Y. (xli] - yli)*
1€[d]
x[i]#7,y[i]#7?

This problem models the situation of a dataset with incomplete or corrupted
entries, commonly occurring in practice. Imagine a movie rating database,
where each datapoint corresponds to a user and each coordinate to a movie;
clearly it is infeasible that the rating for each user-movie pair is known, however
the known ratings might still contain a lot of useful information. A number of
methods in various domains have been proposed to deal with missing data. We
refer to the books [8], [185], and the Wikipedia entry! for an introduction to
the topic.

The k-CLUSTERING problem defined above covers most of the variants of k-
median and k-means studied in the literature. Another problem that is traditionally
receiving a lot of attention is the k-center problem, where the minimization objective
is

max dist(p, C),

max dist(p, ')
over all possible sets of k centers C'. However, the results presented in this thesis are
falling under the k-CLUSTERING formulation above, so we mention k-center problems
primarily as a point of reference when discussing relevant work.

3.1.1 Cluster Notations

Here we fix some common notations related to clustering problems. Throughout
the text, we use n to denote the size of the given point set P, while in the discrete
metric case we denote n = |P U F|. By a cluster we always mean a subset of the
input points P. Note that in vector spaces such as R?, the input set might contain
repeated vectors, i.e. P might be a multiset in R?. The cost of a given cluster C
with respect to a center ¢ € F is the total distance from all vectors in the cluster to
¢,
cost(C, ¢) = Z dist(z, ¢).

zeC

Thttps://en.wikipedia.org/wiki/Missing data
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An optimal cluster center for a given cluster C'is any ¢ € F minimizing ) . dist(z, c),
we also use cost(C) to denote the cost of the cluster C' with respect to an optimal
cluster center for C, i.e.

cost(C) = min » dist(z,c).
ceF
zeC

For a clustering C = (C4,...,Ck) of X, we say that the cost of the clustering is the
sum of the costs of each cluster,

k
cost(C) = Z cost(C;).

For a number of spaces that we consider, the optimal cluster center has a natural
characterization. Notably, for Euclidean k-MEANS, the optimal cluster center is the
coordinate-wise mean of the cluster points, called also the center of mass. Moreover,
the following well-known observation holds.

Proposition 3.1 (Claim 3.2, [137]). For the Euclidean k-MEANS problem, given a
cluster C C P and a vector ¢ € R? it holds that

cost(C, ¢) = cost(C, u(C)) + |C] - |le — u(O)]3,

where u(C) is the point Z‘I’ac P

For CATEGORICAL k-CLUSTERING/Lg-k-CLUSTERING, it can be trivially noted
that the optimal center can be computed as the coordinate-wise majority of the
cluster points, and for L;-k-CLUSTERING it is the coordinate-wise median. We
prove these facts, and a number of other statements about optimal centers for L,-k-
CLUSTERING in Chapter 5.

Matrix notations. Observe also that in the spaces where the elements are rep-
resented by a vector of coordinates, k-CLUSTERING can be naturally seen as a
matrix approximation problem. For example, consider an instance of k-MEANS
in the d-dimensional Euclidean space R?. We associate the input set of points
P = {p1,...,pn} with the matrix A € R"*¢ such that its rows are the coordi-
nate vectors of the respective points. Specifically, the rows of A are ay, ..., a,, and
for each ¢ € [n],j € [d], a;[j] is a real number representing the j-th coordinate of the
point p; in the standard basis of the space R?. Thus, k-MEANS can be phrased as
the following optimization problem.
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Euclidean k-MEANS

Input: A matrix A € R"*¢, and a positive integer k.
Task: Find the matrix B € R™*? with at most & distinct rows that
minimizes
2
A - BJ%.

Recall that the Frobenius norm of a matrix A € R"*¢ is the sum of its squared

entries, that is,

n d

Al = Z Z A,

i=1 j=1
where A; ; is the entry of A at the intersection of the i-th row and the j-th column.
The equivalence to the Euclidean k-MEANS problem defined above holds because of
the following. Any set of centers C' = {cy,...,c;} and a clustering C, ..., Cy of
the given points P correspond naturally to a matrix B that has the rows from C
and gives the same value of |A — BH; as the cost of the clustering. For each i € [n],
suppose that the point p; € P gets assigned into the cluster C;, for some ¢ € [k], then
the i-th row of B is the vector c;. Then the cost of the clustering can be expressed
as

n d

k k d
YooY lai—eals=>" > Y (@lil-cliD®=>"> (Ay;-By)* = |A - B|;.

t=14i€[n] s.t. t=1p;eCy j=1 i=1 j=1

pi€Ct
Going backwards, we also obtain naturally the clustering that corresponds to a given
matrix B with at most k distinct rows, having the same cost as ||A — B||7..

3.1.2 Previous Work

Having listed the various spaces that k-CLUSTERING can be defined on, we move to
discussing the current state of research of these problems. Clustering problems, and
especially Euclidean k-MEANS, are among the most prevalent problems occurring in
virtually every subarea of data science. We refer to the survey of Jain [121] for an
extensive overview. While in practice the most common approaches to clustering are
based on different variations of Lloyd’s heuristic [147], the problem is interesting from
the theoretical perspective as well. In particular, there is a vast amount of literature
on approximation algorithms for k-CLUSTERING whose behavior can be analyzed rig-
orously. One long line of results concerns designing polynomial-time constant-factor
approximation algorithms for various clustering problems. As polynomial-time ap-
proximation is not the main focus of this work, we only mention briefly the key
results. For a Euclidean space of arbitrary dimension, a 6.357-approximation and
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a 2.633-approximation is the current state-of-the-art for k-MEANS and k-MEDIAN
respectively [4]. On the other hand, starting from APX-hardness [14], the best cur-
rently known lower bound is that k-MEANS and k-MEDIAN are hard to approximate
within a factor of 1.17 and 1.06 under Unique Games Conjecture, respectively [65].
In general metric spaces, the best known algorithms have approximation factors of
9 for k-MEANS and 2.67 for k-MEDIAN [40, 4], while the corresponding NP-hardness
results hold for approximation up to a factor of 3.94 and 1.73, respectively [106].

In the recent years, there have also appeared a number of results providing FPT-
time (1 + ¢)-approximation when parameterized by the number of clusters k. From
this line of work, we first mention the seminal paper of Kumar, Sabharwal, and
Sen [137]. In that work, Kumar et al. gave an (1 + ¢)-approximation algorithm for
Euclidean k&-MEDIAN and k-MEANS that runs in time 2%/9°% nd. In Chapter 8, we
provide a natural extension of this result to clustering points with missing entries,
when the number of missing entries per point is bounded by a parameter. For another
problem of our interest, BINARY k-CLUSTERING, Ostrovsky and Rabani [165] gave
a randomized (nd)f*)-time algorithm for a certain function f of k and e. This
result is recently improved to running time of the form g(k,e)nd in [88, 17], for
some function g of k and €. Approximation schemes for non-binary CATEGORICAL
k-CLUSTERING are given by Ban et al. in [17]. For k-MEDIAN and k-MEANS in
general metric spaces, analogous results are not possible, however FPT time still
allows for a better approximation factor. Recently, Cohen-Addad et al. [64] showed
a (1+2/e+ ¢)-factor approximation (respectively, (14 8/e + ¢)-factor) in FPT time
when parameterized by k. Note that this matches NP-hardness lower bounds of [106],
and this hardness was further strengthened in [64] to the following. There exists a
function f of € such that any (1+2/e — ¢)-approximation algorithm for k-MEDIAN in
general metric spaces (respectively, (1 + 8/e — ¢)-approximation for k-MEANS) must
run in time at least nkf(a)7 assuming Gap-ETH.

For approximation algorithms that perform well when the number of clusters k is
small, tools that received immense attention and usage recently, are dimensionality
reduction and coresets. In short, they allow to replace the original dataset by a
smaller one, while preserving approximately the clustering objective. Respectively,
the number of dimensions is reduced to a certain function of k and e, or the number
of distinct points. We discuss more about this concepts and the body of work behind
them later in the respective sections.

When it comes to exact solutions, we observe the following phenomena. While
heuristic algorithms for k-CLUSTERING work surprisingly well in practice, and there
exist powerful approximation algorithms, from the perspective of exact parameter-
ized complexity, k-CLUSTERING is practically intractable for all previously studied
parameterizations. The k-CLUSTERING problem is naturally “multivariate”: in ad-
dition to the number of points n, there are also parameters like space dimension d,
number of clusters k or the cost of clustering D. Even the special cases, Euclidean k-
MEANS and BINARY k-CLUSTERING, are known to be NP-complete for k = 2 [9, 82]
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and for d = 2 [157, 151]. By the classical work of Inaba et al. [118], in the case
when both d and k are constants, Euclidean k-MEANS is solvable in polynomial time
O(nd+1). 1t is a long-standing open problem whether k-MEANS is FPT parameter-
ized by d + k. Under ETH, the lower bound of n®*) | even when d = 4, was shown
by Cohen-Addad et al. in [63] for the settings where the set of potential candidate
centers is explicitly given as input. However the lower bound of Cohen-Addad et al.
does not generalize to the general continuous setting, where any point in Euclidean
space can serve as a center. In the case of CATEGORICAL k-CLUSTERING on binary
vectors, the problem is solvable in time 2P 198 D) (nd)©(1) [90], where D is the opti-
mal cost of the clustering. In fact, the work [90] is the departure point for our study
of the parameterized complexity of L,-k-CLUSTERING, presented in Chapter 5. For
some Ly,-norms we show an analogue of the FPT algorithm of [90], while for others
we show negative results.

3.1.3 Robustness

One extension of k-CLUSTERING that we study in this work is motivated by the
following. A major drawback of k-MEDIAN and k-MEANS is that beyond capturing
the most basic scenarios, none of them is suitable for modeling complex applications.
For example, all of the algorithms for these problems fail to retrieve the natural
clustering in the presence of noise or outliers. To address the issue of finding a
generic model of clustering, researchers have taken the approach of studying the basic
clustering problems with additional constraints. For example, to deal with the issue of
noisy data, the most common model used is robust clustering [52, 94, 87, 49, 136]. In
robust clustering, the clustering objective remains the same, however in addition it is
allowed to discard a subset of data points from the input. The idea is that ignoring
the discarded points (also called outliers) would allow the clustering algorithm to
focus on correctly partitioning the remaining uncorrupted data.

Another considerable challenge to k-means (or k-median) clustering approaches is
the high dimensionality of modern datasets. When the data contains many irrelevant
features (or attributes), an application of cluster analysis with a complete set of
features could significantly decrease the solution’s quality. The typical approach
to overcome this challenge in practice is feature selection. The method is based on
selecting a small subset of relevant features from the data and applying the clustering
algorithm only on the selected features. The survey of Alelyani et al. [7] provides a
comprehensive overview on methods for feature selection in clustering. Due to the
significance of feature selection, there is a multitude of heuristic methods addressing
the problem. However, very few provably correct methods are known [34, 35, 60].

Kim et al. [130] introduced a model of feature selection in the context of k-means
clustering. We use their motivating example here. Decision-making based on market
surveys is a pragmatic marketing strategy used by manufacturers to increase cus-
tomer satisfaction. The respondents of a survey are segmented into similar-interest
groups so that each group of customers can be treated in a similar way. Consider



3.1. Clustering 27

such a market survey data that typically contains responses of customers to a set
of questions regarding their demographic and psychographic information, shopping
experience, attitude towards new products and expectations from the business. The
standard practice used by market managers to segment customers is to apply clus-
tering techniques w.r.t. the whole set of features. However, depending on the ap-
plication, responses corresponding to some of the features might not be relevant to
find the target set of market segments. Also, some of the responses might contain
incomplete or spurious information. To address this issue, Kim et al. [130] consid-
ered several quality criteria to return pareto optimal (or non-dominated) solutions
that optimize one or more criteria. One such solution removes a suitable subset of
features and cluster the data w.r.t. the remaining features.

In Chapter 6, we study a theoretical model of feature selection and cluster analysis
with respect to CATEGORICAL k-CLUSTERING. In particular, we define the best
subset of features (of a given size) as the subset that minimizes the corresponding cost
of clustering. The goal is again to compute such a subset and the respective clusters.
We provide the first parameterized algorithmic and complexity results for cluster
analyses of categorical data in two situations: (i) a subset of data points (outliers)
is to be removed, and (ii) a subset of features is to be removed. To compare with
the first case of clustering involving traditional (row) outliers, in the first case, we
refer to the irrelevant features as column outliers. Thus we arrive to the definitions
of the following two problems. First, we define the extension of CATEGORICAL k-
CLUSTERING with row outliers, where it is allowed to remove a certain number of
points from the dataset to minimize the cost of the clustering. We state the problem
in the matrix form and as a decision problem, as we will use this definition extensively
in Chapter 6.

CATEGORICAL k-CLUSTERING WITH Row OUTLIERS

Input: An alphabet 3, an nx d matrix A with rows a1, as, ..., a, such
that @; € £ for all 1 < i < n, a positive integer k, non-negative
integers D and /.

Task: Decide whether there is a subset O C {1,2,...,n} of size at
most ¢, a partition of {1,2,...,n}\O into k sets {I1,Is,..., I}
called clusters, and vectors ci,co,...,cr € X™ such that the
cost of clustering is at most D, that is,

k
Z Z dg(ai,er) < D.

t=114i€l;

Now we define the feature selection variant, and for that we need the following
notation. For a set of indices S C {1,2,...,d} and an n x d matrix A, let A~ be
the matrix obtained from A by removing the columns with indices in S. We denote
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the rows of A=% by ai_s for1<i<n.

CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS

Input: An alphabet X, an n x d matrix A with rows ai,as,...,a,
such that a; € X% for all 1 < i < n, a positive integer k,
non-negative integers D and /.

Task: Decide whether there is a subset O C {1,2,...,d} of size at
most £, a partition {I1,Is,..., I} of {1,2,...,n}, and vectors
ci1,Co, ..., cp € 24100 guch that

k
Z Z di(a; %, ¢) < D.
t=14cl;

In other words, we want to identify m — ¢ features that are suited best for the
clustering objective. Even though the cost function in our problem is basically the
k-median cost function, we call our problem by a different name. This is because
categorical data is in general unordered and hence the median of a set of points
is not defined in our case. While CATEGORICAL k-CLUSTERING WITH COLUMN
OUTLIERS looks very similar to the one with row outliers, it appears that the former
is computationally much more challenging.

3.1.4 Constrained Clustering

Another weakness of the basic model of k-CLUSTERING is that it allows no control
over the composition of the clusters, apart from the global cost minimization. This
spurred researchers to consider various variants of constrained clustering, where in
addition to the clustering objective there is also a constraint on which clusterings
are allowed. More formally, for any fixed version of the k-CLUSTERING problem, its
C-constrained version is defined as follows, given a family C of the allowed partitions

of the points. The objective is again to pick k centers ¢y, ..., ¢y and partition the
input points P into k clusters Cq, ..., Ck in order to minimize
k
Z Z dist(p, ¢;),
i=1 peC;

but only the partitions belonging to C are allowed, i.e. the tuple (C1,...,Cf) must
belong to the family C. One of the most studied problems of this form is capacitated
clustering that we use here as an example. In the simplest variant of capacitated clus-
tering, in addition to the clustering input, a uniform upper bound U on the cluster
size is given, and the task is to find the clustering that has at most U points in each
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cluster, and has the lowest cost among those. Observe that even such a simple con-
strained version of k-CLUSTERING is already very different from the unconstrained
version, and the existing algorithms for k-CLUSTERING cannot be applied immedi-
ately. For instance, the property of k-CLUSTERING that each point p € P is assigned
to the closest center does not hold, as such an assignment could violate the constraint
arbitrarily. This alone is a crucial requirement for a number of unconstrained clus-
tering algorithms. For the capacitated version of k-MEDIAN and k-MEANS in general
metric spaces, no polynomial-time O(1)-approximation is known, in contrast to the
unconstrained variants. However, bicriteria constant-approximations are known that
violate either the capacity constraints or the constraint on the number of clusters, by
an O(1) factor [41, 39, 48, 58, 74, 145]. Recently, Cohen-Addad and Li [66] designed
(3+¢)- and (9+¢)-approximation in FPT time parameterized by k for the capacitated
version of k-MEDIAN and k-MEANS, respectively.

For Euclidean k-MEANS and FPT-time (1 + ¢)-approximation, the situation is
more fortunate. Ding and Xu [75] gave a unified framework with running time
2poly(k/¢) (1og n)*+1nd that generates a collection of 2€(#/¢) candidate sets of centers?,
such that for any partition of points at least one of these sets provides (1+¢) approx-
imation to the cost of the respective partition. Thus, this algorithm allows to solve
Euclidean k-MEANS with any given constraint C, provided that a good assignment
to a given set of centers can be found reasonably fast. Subsequently, Bhattacharya et
al. [27] improved this result to the running time of 2°*/¢)nd, where O hides factors
logarithmic in k& and 7!, and Feng et al. [86] later improved the constant under
O. All in all, this makes the case of Euclidean k-MEANS with constraints similar
to the unconstrained version where the FPT approximation scheme of Kumar et al.
works [137]. Note that the latter algorithm does not extend to the constrained case
automatically as it relies heavily on the fact that a point is assigned to the closest
center, and thus the framework discussed above is a highly non-trivial generalization
of [137].

Fair Clustering

Apart from capacitated clustering, many other clustering constraints have been stud-
ied in the literature, e.g. lower bounds [179], matroid [50], fault tolerance [129], chro-
matic clustering [75] and diversity [143]. We introduce some of these problems later,
for now, let us focus on clustering problems with fairness constraints, which received
a lot of attention recently, and is central to Chapter 7 of this work. Clustering with
fairness constraints or fair clustering was introduced by Chierichetti et al. [56] in a
seminal work. The notion became widely popular within a short period triggering
a large body of new work [173, 23, 24, 115, 15, 30, 54, 3, 134]. The idea of fair
clustering is to enforce additional (fairness) constraints to remove the inherent bias
or discrimination from vanilla (unconstrained) clustering. For example, suppose we

2@ hides factors polylogarithmic in k and e~1.
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have a sensitive feature (e.g, race or gender). We want to find a clustering where
the fraction of points from a traditionally underrepresented group in every cluster is
more or less equal to the fraction of points from this group in the dataset. Indeed,
the work of Chierichetti et al. [56] shows that clustering computed by classical vanilla
algorithms can lead to widely varied ratios for a particular group, especially when
the number of clusters is large enough.

There are many settings where machine learning algorithms, trained on datasets
of past instances, play a crucial role in decision-making [77, 128, 154, 169]. These
algorithms are sophisticated and time-efficient and produce accurate results most
of the time. However, there has been a growing concern that these algorithms are
biased or discriminatory towards traditionally underrepresented groups [13, 73, 98].
One example that stands out and has generated substantial controversy in recent
years is concerning the COMPAS risk tool, which is a widely used statistical method
for assigning risk scores in the criminal justice system. Angwin et al. argued that
this tool was biased against African-American defendants [13, 140]. Most of the au-
tomated decision-making systems are highly influenced by human players, especially
during the training procedure. Importantly, clustering also plays a crucial role in
this training part. For example, a widely used technique called feature engineering
[124, 101] labels samples with their cluster id to enhance the expressive power of
learning methods. Hence, the study of biases and discriminatory practices in the
context of clustering is well-motivated.

Over the past few years, researchers have put a lot of effort into understanding
and resolving the issues of biases in machine learning. This research has led towards
different notions of fairness [42, 69, 79]. Kleinberg et al. [132] formalized three fair-
ness conditions and showed that it is not possible to satisfy them simultaneously,
except in very special cases (see also [57] for a similar treatment). The notion of
fairness studied by Chierichetti et al. [56] is based on the concept of disparate im-
pact (DI) [85]. Roughly, the DI doctrine articulates that the protected attributes
should not be explicitly used in decision-making, and the decisions taken should not
be disproportionately different for members in different protected groups.

Following the DI doctrine, Chierichetti et al. [56] considered the model where
there is a single sensitive or protected attribute called color that can take only two
values: red and blue. The coordinates of the points are unprotected; that is, they
do not take part in the fairness constraints. For any integer ¢ > 1, Chierichetti et
al. defined the (t, k)-fair clustering problem where in each cluster the ratio of the
number of red points to the number of blue points must be at most ¢ and at least
1/t. Thus in their case, the notion of fairness is captured by the balance parameter
t.

Rosner and Schmidt [171] studied a multicolored version of the above problem,
where a clustering is fair if the ratios between points of different colors are the same
in every cluster. Subsequently, Bercea et al. [24] and Bera et al. [23] independently
formulated a model generalizing the problems studied in [56] and [171]. In this model,
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we are given ¢ groups Py, ..., Py of points in a metric space and balance parameters
a;, B; € [0,1] for each group 1 < i < £. A clustering is fair if the fraction of points
from group 4 in every cluster is at least 3; and at most «;. Additionally, in [23], the
groups are allowed to overlap, i.e, a point can belong to multiple protected classes.
Note that this assumption is needed to model many applications, e.g, consider clus-
tering of individuals where a subset of the individuals are African-American women.
In fact, the experiments in [23] show that imposing fairness concerning one sensitive
attribute (say gender) might lead to unfairness to another (say race) if not protected.
We refer to the fair clustering problem with overlapping groups as (a, §)-fair clus-
tering. We note that this is the most general version of fair clustering considered in
the literature, and this is the notion of fairness we adopt in Chapter 7. Both [24]
and [23] obtain polynomial time O(1)-approximation for this problem that violates
the fairness constraints by at most small additive factors that depend on I'. Here T’
is the number of distinct collections of groups to which a point may belong. If all
the groups are disjoint, then I' = £. Note that if a point can belong to at most A
groups, then I' is at most £*. As noted in [23] and [115], while A can very well be
more than 1, it is usually a constant in most of the applications. Thus, in this case,
I' = (9 which is expected to be much smaller compared to n, the total number of
points in the union of the groups. Apart from the above, a number of works related
to fair clustering were devoted to scalability and coresets, as well as our main result
of Chapter 7, we discuss this more later in this chapter. As well as the number of
clusters k and the error parameter ¢, the sizes of the coresets typically depend on T'.

Other Color-constrained Problems

In fact, our results hold in a more general setting, for any kind of constraints that can
be stated in terms of how many points from each group are assigned to each cluster,
which we call color constraints. Note that any kind of constraint can be expressed
in this way if every point belongs to its own group, however we are interested in the
case where the number of colors/groups is small compared to the input size. Both
capacitated clustering, which is a special case where all points belong to a single
group, and (a,3)-fair clustering belong to this category, as well as several other
well-studied problems that we introduce next.

- In the lower-bounded clustering problem, we are given a lower bound parameter
L and the size of each cluster must be at least L. This constraint is essentially
a counterpart of the capacitated clustering, and falls also into the class of
color constraints, where all points belong to a single group. Polynomial time
constant-approximations for lower-bounded k-MEDIAN in general metric spaces
follow from [179, 5]. Also, an FPT O(1)-approximation with parameter k is
known for this problem [23].

- In the clustering with diversity problem, P = UlePi is a set of n colored points
such that all points in P; have the same color, and each cluster must have no
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more than a fraction 1/t (for some given constant ¢ > 1) of its points sharing
the same color. Thus, for each cluster C' and ¢ € [¢], |C'N P;| < |C]/¢. We note
that each point can have only one color. We note that the t-diversity clustering
is a special case of («, 8)-fair clustering without the lower bound constraints
involving parameter 8, and « = 1/t.

- In chromatic clustering, again P = U‘_, P; is a set of n colored points such that
all points in P; have the same color. The constraint is that each cluster must
contain at most one point from each P;. Naturally, this problem a;so falls into
the category of color-constrained clustering problems.

For more discussion about various constraint problems and the formal definitions of
fairness constraints and general color constraints, we refer to Chapter 7.

3.2 Low-Rank Approximation

Classical principal component analysis (PCA) is one of the most popular and success-
ful techniques used for dimension reduction in data analysis and machine learning
[167, 114, 80]. In PCA one seeks the best low-rank approximation of data matrix A
by solving

minimize |A — L|% (3.1)
subject to rank(L) < r.

By the Eckart-Young-Mirsky theorem [80, 160], PCA is efficiently solvable via Sin-
gular Value Decomposition (SVD). Recall that the singular value decomposition of
a matrix A € R"*? is given by A = USRSV ', where U € R™" and V € R4*d
are real orthogonal matrices, and ¥ € R"*¢ is a rectangular diagonal matrix with
non-negative real numbers on the diagonal, known as the singular values of A. The
Eckart-Young-Mirsky theorem states that truncating the SVD of A to its first r sin-
gular values yields the best possible r-rank approximation of A. That is, the solution
to (3.2) is the matrix A, = U, X, V,[, where U, € R"*" are the first r columns of
U, V, € R are the first » columns of V, and X, € R™*" is the diagonal matrix
containing the first r singular values. Since SVD of A can be found in polynomial
time, the same holds for the matrix A,. PCA is used as a preprocessing step in a
great variety of modern applications including face recognition, data classification,
and analysis of social networks.

As mentioned above, contrary to k-CLUSTERING, the basic version of the low-
rank approximation problem is long known to be efficiently solvable. However, just
as in the case of clustering, various extensions of the problem arise wherever there
is a need to go beyond the most basic scenarios, and the algorithmic complexity
of these extensions is not as simple anymore. In what follows, we first consider
robust extensions of PCA, specifically the version with outliers. Second, we discuss
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extending PCA from the Frobenius norm to operator norms, and from real-valued
data to categorical data.

3.2.1 Outliers

The key interest of Part IV of this work is a variant of PCA with outliers, proposed
in [190, 191, 55, 176]. Suppose that we have n points (observations) in d-dimensional
space. We know that a part of the points are arbitrarily located (say, produced by
corrupted observations) while the remaining points are close to an r-dimensional true
subspace. We do not have any information about the true subspace and about the
corrupted observations. Our task is to learn the true subspace and to identify the
outliers. As a common practice, we collect the points into n x d matrix A, thus each
of the rows of A is a point and the columns of A are the coordinates. However, it
is very likely that PCA of A will not reveal any reasonable information about non-
corrupted observations — a well-documented drawback of PCA is its vulnerability
to even a very small number of outliers, an example is shown in Figure 3.2.

Figure 3.2: An illustration on how outliers impact PCA. The optimal approximation line
(in dashed) of the given set of points without the evident outlier shows the linear structure
of the dataset. However, when the outlier is present, the principal component (in solid)
changes drastically.

Matrix formulation suggests the following interpretation: we seek a low-rank
matrix L that, with an exception in few rows, approximates A best.
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PCA wiTH OUTLIERS

Input: Data matrix A € R"*?, integer parameters r and k.
Task:

minimize |A-L-N|%
subject to L, N e R"*4,
rank(L) < r, and

N has at most k non-zero rows.

PCA wiTH OUTLIERS has a natural geometric interpretation. Given m points
in R?, represented by the rows of A, we seek for a set of k outliers, represented by
the non-zero rows of N, whose removal leaves the remaining n — k inliers as close as
possible to an r-dimensional subspace. The matrix L contains then the orthogonal
projections of the inliers to this subspace.

An important special case of PCA wWITH OUTLIERS is the ROBUST SUBSPACE
RECOVERY problem, where the task is to decide whether for an instance of PCA
WITH OUTLIERS the value of the optimal solution is 0 or not. Equivalently, the input
to ROBUST SUBSPACE RECOVERY is an instance (A, r, k) of PCA wiTH OUTLIERS,
and the task is to decide whether there exist matrices L and IN such that A = L+ N,
the rank of L is at most r, and N has at most k£ non-zero rows.

PCA wiTH OUTLIERS belongs to the large class of extensively studied robust
PCA problems, see e.g. [183, 191, 36]. In the robust PCA setting we observe a noisy
version A of data matrix L whose principal components we have to discover. In the
case when A is a “slightly” disturbed version of L, PCA performed on M provides a
reasonable approximation for L. However, when A is very “noisy” version of L, like
being corrupted by a few outliers, even one corrupted outlier can arbitrarily alter the
quality of the approximation.

One of the approaches to robust PCA, which is relevant to our work, is to model
outliers as an additive sparse matrix. Thus we have a data d x n matrix A, which
is the superposition of a low-rank component L and a sparse component N. That
is, A = L + N. This approach became popular after the works of Candes et al. [43],
Wright et al. [190], and Chandrasekaran et al. [47]. The study of the following
natural, and seemingly more difficult extension of (3.2) to the PCA with outliers,
was initiated by Xu et al. [191].

minimize rank(L) + A||N||o (3.3)
subject to A=L+N.

Here ||N||p denotes the number of non-zero columns in matrix N and A is a regu-
larizing parameter. Xu et al. [191] approached this problem by building its convex
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surrogate and applying efficient convex optimization-based algorithm for the surro-
gate. Chen et al. [55] studied the variant of the problem with the partially observed
data.

The problem strongly related to (3.2) was studied in computational complexity
under the name MATRIX RIGIDITY [105, 182]. Here, for a given matrix A, and
integers 7 and k, the task is to decide whether at most k entries of A can be changed
so that the rank of the resulting matrix is at most r. Equivalently, this is the
problem to decide whether a given matrix A = L + N, where rank(L) < r and
[IN]lo,0 < k. Fomin et al. [91] gave an algorithm solving MATRIX RIGIDITY in time
20(rk-log(rk)) . (nd)©(). On the other hand, they show that the problem is W([1]-hard
parameterized by k. In particular, this implies that an algorithm of running time
f(E) - (rnd)®™ for this problem is highly unlikely for any function f of k only.

A natural extension of the robust PCA approach (3.3) is to consider the noisy
version of robust PCA: Given A = L + N + A, where L, N, and A are unknown,
but L is known to be low rank, N is known to have a few non-zero rows, and the
noise matrix A is of small Frobenius norm, recover L. Wright et al. [190] studied
the following model of noisy robust PCA:

minimize rank(L) + A||IN||o (3.4)
subject to |A-L-N|%<e.

Thus (3.4) models the situations when we want to learn the principal components
of n points in d-dimensional space under the assumption that a small number of
coordinates is corrupted.

Much less is known about algorithms with guaranteed performance for PCA
WITH OUTLIERS and ROBUST SUBSPACE RECOVERY. Hardt and Moitra [111] used
the Small Set Expansion conjecture (SSE) to show that for ROBUST SUBSPACE RE-
COVERY, even if one allows to select (1+4§)k outliers, for some ¢ > 0, it is still unlikely
that a polynomial time algorithm can find a c¢- r-dimensional subspace containing all
remaining n — (1 + )k points for any ¢ > 0. [26] used the smallest edge r-subgraph
conjecture to show that, there is exists a constant ¢ > 0, such that no polynomial
time algorithm can find a rn®-dimensional subspace that results in a multiplicative
approximation to the objective cost. By using the hardness of the rank reduction
problem for matroids [89, Proposition 8.1], it is possible to show that ROBUST SuUB-
SPACE RECOVERY is W[1]-hard parameterized by k.

For PCA wiTH OUTLIERS, [26] provides two (1 + ¢)-approximation bicriteria
algorithms. While the cost of their solution is preserved within (1 + ¢) factor, the
number of outliers k£ and the dimension of the subspace r in the solution are also
approximated.
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3.2.2 Beyond the Frobenius Norm

In fact, Eckart-Young-Mirsky theorem guarantees that PCA is not only efficiently
solvable for the Frobenius norm, but also in the spectral norm, given by ||A|2 =
SUPx£0 ”l‘ﬁ:ﬂlzb . The spectral norm is an “extremal” norm — it measures the worst-case
stretch of the matrix. On the other hand, the Frobenius norm is “averaging” in this
sense. Spectral norm is usually applied in situations when one is interested in actual
columns for the subspaces they define and is of greater interest in scientific computing
and numerical linear algebra. The Frobenius norm is widely used in statistics and
machine learning, see the survey of Mahoney [152] for further discussions.

Recently there has been considerable interest in developing algorithms for low-
rank matrix approximation problems for binary (categorical) data. Such variants
of dimension reduction for high-dimensional data sets with binary attributes arise
naturally in applications involving binary data sets, like latent semantic analysis
[25], pattern discovery for gene expression [174], or web search models [133], see [72,
123, 107, 135, 166, 192] for other applications. In many such applications it is much
more desirable to approximate a binary matrix A with a binary matrix L of small
(GF(2) or Boolean) rank because it could provide a deeper insight into the semantics
associated with the original matrix. There is a big body of work done on binary and
Boolean low-rank matrix approximation, see [18, 21, 72, 149, 158, 159, 161, 181, 180]
for further discussions.

Unfortunately, SVD is not applicable for the binary case which makes such prob-
lems computationally much more challenging. For a binary matrix, its squared Frobe-
nius norm is equal to the number of its l-entries, that is [|[A||% = > i, ijl A
Thus, the value || A—L||% measures the total Hamming distance from points (columns)
of A to the subspace spanned by the columns of L. For this variant of the low-rank bi-
nary matrix approximation, a number of approximation algorithms were developed,
resulting in efficient polynomial time approximation schemes obtained in [17, 88].
However, the algorithmic complexity of the problem for any vector-induced norm,
including the spectral norm, remained open.

For binary matrices, the natural “extremal” norm to consider is the || - ||; norm,
also known as column-sum norm, operator 1-norm, or Holder matrix 1-norm. That
is, for a matrix A,

(Al = sup 1A% S Ay
o [Ixlh 1si=d

In other words, the column-sum norm is the maximum number of l-entries in a
column in A, whereas the Frobenius norm is the total number of 1-entries in A. The
column-sum norm is analogous to the spectral norm, only it is induced by the ¢;
vector norm, not the £5 vector norm.

We consider the problem, where for an n x d binary data matrix A and a positive



3.2. Low-Rank Approximation 37

integer constant r, one seeks a binary matrix L optimizing

minimize ||A — L||;
subject to rank(L) < r.

Here, by the rank of the binary matrix L we mean its GF(2)-rank. We refer to the
problem defined above by the name L;-RANK-r APPROXIMATION OVER GF(2). The
value ||A — L||; is the maximum Hamming distance from each of the columns of A
to the subspace spanned by columns of L and thus, compared to approximation with
the Frobenius norm, it could provide a more accurate dimension reduction.

It is easy to see by the reduction from the CLOSEST STRING problem, that already
for r = 1, L;-RANK-r APPROXIMATION OVER GF(2) is NP-hard. In Chapter 11
we show that L;-RANK-r APPROXIMATION OVER GF(2) admits a polynomial time
approximation scheme (PTAS). Next we discuss other related work.

The variant of low-rank approximation with both matrices A and L binary, and
the objective being the Frobenius norm, is known as Low GF(2)-RANK APPROXI-
MATION. Due to numerous applications, various heuristic algorithms for Low GF(2)-
RANK APPROXIMATION can be found in the literature [122, 123, 95, 135, 174].

When it concerns rigorous algorithmic analysis of Low GF(2)-RANK APPROXI-
MATION, Gillis and Vavasis [100] and Dan et al. [72] have shown that Low GF(2)-
RANK APPROXIMATION is NP-complete for every » > 1. Fomin et al. studied
parameterized algorithms for Low GF(2)-RANK APPROXIMATION in [90]. The first
approximation algorithm for Low GF(2)-RANK APPROXIMATION is due to Shen et
al. [174], who gave a 2-approximation algorithm for the special case of r = 1. For
rank r > 1, Dan et al. [72] have shown that a (/2414 m)—approximate solution
can be formed from r columns of the input matrix A. Recently, these algorithms
were significantly improved in [17, 88], where efficient polynomial time approximation
schemes were obtained.

Also note that for general (non-binary) matrices a significant amount of work
is devoted to L1-PCA, where one seeks a low-rank matrix L approximating given
matrix A in entrywise ¢; norm, see e.g. [178].

While the main motivation to study L;-RANK-r APPROXIMATION OVER GF(2)
stems from low-rank matrix approximation problems, this problem also generalizes
CLOSEST STRING, very well-studied problem about strings. Given a set of binary
strings S = {s1, 82,...,8n}, each of length m, the CLOSEST STRING problem is to
find the smallest d and a string s of length m which is within Hamming distance d
to each s; € S. Let us note that CLOSEST STRING can be seen as a special case of
L;-RANK-r APPROXIMATION OVER GF(2) for » = 1. Indeed, CLOSEST STRING is
exactly the variant of L;-RANK-r APPROXIMATION OVER GF(2), where columns of A
are strings of S and the approximation matrix L is required to have all columns equal.
Note that in a binary matrix L of rank 1 all non-zero columns are equal. However, it
is easy to construct an equivalent instance of CLOSEST STRING by attaching to each
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string of S a string 1™*!, such that the solution to L;-RANK-r APPROXIMATION
OVER GF(2) for r = 1 does not have zero columns.

A long history of algorithmic improvements for CLOSEST STRING was concluded
by the PTAS of running time n®™") by Li, Ma, and Wang [144], and this run-
ning time was later improved to n®¢ ") [150]. Cygan et al. [71] proved that the
existence of an EPTAS for CLOSEST STRING, that is (1 4 €)-approximation in time
nPW . f (€), for any computable function f, is unlikely, as it would imply that FPT
=W(/1], a highly unexpected collapse in the hierarchy of parameterized complexity
classes. They also showed that the existence of a PTAS for CLOSEST STRING with
running time f()n°(/¥), for any computable function f, would contradict the Ex-
ponential Time Hypothesis. The result of Cygan et al. implies that L;-RANK-r
APPROXIMATION OVER GF(2) also does not admit EPTAS (unless FPT =W][1]) al-
ready for r = 1.

A generalization of CLOSEST STRING, k-CLOSEST STRINGS is also known to admit
a PTAS [125, 99]. This problem corresponds to the variant of L;-RANK-r APPROX-
IMATION OVER GF(2), where approximating matrix L is required to have at most k
different columns. However, it is not clear how solution to this special case can be
adopted to solve L1-RANK-r APPROXIMATION OVER GF(2).
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In this chapter we give a brief survey of the fundamental techniques that the main
body of this thesis relies on. These include dimensionality reduction, coresets and
computational algebraic geometry methods.

4.1 Dimensionality Reduction

Dimensionality reduction is a ubiquitous tool for preprocessing matrix data. The
motivation behind it is that the input data lies often in a high-dimensional space,
however for the purpose of computing approximately, say, a k-means clustering or a k-
low rank approximation, working with the original vectors is not necessary. In fact,
it is possible to project the original high-dimensional matrix into a much smaller
space by multiplying it with a simple randomized sketch matrix, while preserving
the objective value up to a factor of (1 4 ¢). The current state-of-the-art results
allow for just O(k/e) dimensions [60] for preserving approximately the cost of any
orthogonal k-rank projection of the given matrix A € R™*? which in particular
preserves the best k-low rank approximation, and just O(log(k/e)/c?) dimensions
for preserving the cost of every k-means clustering [153]. Designing dimensionality
reduction routines is a long line of work, where many variants of sketch matrices were
studied, allowing for different trade-offs between the approximation guarantee, the
target dimension, and the cost of computing the sketch. Moreover, dimensionality
reduction was studied for various objectives and norms. The sheer volume of the field
does not allow us to give an extensive overview in this work; we refer the reader to the
surveys of Woodruff [188] and Mahoney [152] for an overview of this area. Next we
give a few definitions and results that we use in our work. Specifically, we explore the
applicability of dimensionality reduction methods in Chapter 7 for color-constrained
k-MEANS, where the size of the coreset depends on dimension, and in Chapter 10
for PCA wiTH OUTLIERS, where the dimension enters the exponential part of the
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running time.

Definition 4.1 (c-embedding). Given a subset W C RY and ¢ € (0,1), an e-
embedding is a matric S € R™* for some s > 0 such that for all x € W, we
have )
2
HXTSH2 =(1=xe)|x]5.

When W is a linear subspace we call S an e-subspace embedding.

Essentially, an e-embedding S is a linear transform, with small s << d, provid-
ing an approximate isometry over the embedded space W C R?. Observe that in
this language, the classical Johnson-Lindenstrauss Lemma states that for any set W
of cardinality n, a random rank-k projection achieves an e-embedding of dimension
s = O(logn/e?). However, in this work we will require embeddings for linear sub-
spaces, preserving approximately the distances between arbitrary points in the same
low-dimensional subspace, where the embedding dimension depends only on the di-
mension of the preserved subspace (and the error parameter ). To the best of our
knowledge, the notion of subspace embedding in numerical linear algebra appeared
for the first time due to Sarlos [172], and since then it has emerged as a powerful
tool for accelerating various statistical learning procedure like £,-regression, low-rank
approximation, and PCA. The theorem of Indyk and Motwani [120] below provides
the bound on embedding dimension s of a Normal Transform for it to be a subspace
embedding

Theorem 4.2 (Normal Transform [120]). Let 0 <¢e,0 <1 and S = ﬁG € RIxs
where the entries of matriz G are independent standard normal random variables.
Then if s = O((r + log(1/8))e~2), then for any fived r-dimensional linear subspace
U C R4, with probability at least 1 — &, S is an e-subspace embedding.

The following theorem, observed in [172], says that the solution to an embedded
{5-regression problem provides a good approximate solution to the original regression
problem. The proof is an immediate application of ¢5-subspace embedding to the /5-
regression problem; for completeness, we give the proof here.

Theorem 4.3 ([172]). Given a matriz V € R™*¢ and a € R%, we have
(1 —¢)dist’(a’, V) < dist>(a’S, VS) < (1 + ) dist*(a’, V).
where 8 € R¥® is an e-subspace embedding for subspace spanned by row(V) and a.

Here dist®(a’, V) denotes miny ||a” — xTVH;7 which is why we refer to this as
an {y-regression problem. Observe that when V is an orthonormal basis of an r
dimensional subspace of R¢, dist2(a—r7 V) gives precisely the squared Euclidean dis-
tance for the point a to this subspace. This is why Theorem 4.3 is of key importance
for the low-rank approximation problem, as we can for example guarantee that the
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distance from a point to the optimal subspace is preserved under the embedding.
Additionally, if the embedding is, like a normal transform matrix, oblivious, i.e. does
not depend on the particular matrix V, then for this kind of argument we do not
need to know the actual optimal subspace.
Proof. Let (a) X; = argmin, |[a’S — xTVSH§ and (b) X; = argmin, |ja’ — xTVH;.
Since S is a e-embedding for col([VT|a]), we have
2/ T T TvlI?
(1-e)dist*@", V) = (1-¢) [a" =%, V|
2
2

<(l1-¢) HaT - i:VH2 (By (b))

2
s
= dist’(a’S, VS).

Similarly, we have

2
dist?(a”S, VS) = HaTS - ijvs”
2

<[aTs %S| By (@)
<(1+¢) HaT - XTVHz
= (1+¢)dist*(a’, V).
which gives us
(1—e)dist>(a”, V) < dist*>(a’S, VS)
< (1+e)dist*(a’, V).
O

In fact, one can go further and achieve the same guarantee for all vectors x € R",
i.e. all potential solutions to the regression problem. Next we introduce the concept
of Affine Embeddings from [59] that defines this idea formally, and also extends it to
multiple regression problems simultaneously.

Definition 4.4 (Affine embedding). Let U € R™*4 and A € R"*?, then S € R¥** is
an e-affine embedding for (U, A) if for every X € R™*", we have

I(A =XU)S|; = (1<) |A - XU
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Surprisingly, even for such a strong kind of a guarantee, it is possible to achieve
the embedding dimension of ©(rlog(1/8)e~2). We defer the technical discussion of
this construction to Chapter 10, where this notion will be used. The precise result
on e-affine embeddings is stated in Theorem 10.14.

In Chapter 7, we show how to apply dimensionality reduction tools to effectively
replace the dimension d by O(k/e) for color-constrained k-MEANS in order to achieve
a reduction to an instance of size independent of d. For that we require slightly
different properties than above, we do not need that the embedding is oblivious,
therefore we can use an SVD-based dimensionality reduction instead of a normal
transform embedding. To deal with clustering, it is helpful to employ the notion of
a projection-cost preserving sketch, defined next. In what follows, we use the results
and notation of Cohen et al. [60].

Definition 4.5 (Definition 2 in [60]). For a matriz A € R"*¢ S € R"** is a rank
k projection-cost preserving sketch with one-sided error 0 < e < 1 if for all rank k
orthogonal projection matrices P € R™*"

1A~ PA|[% < [[(A = PA)S|[E +c < (1+¢)]|A - PA|[Z,

for some fixed non-negative constant c that may depend on A and S but is independent
of P.

Before we move on to discussing constructions of projection-cost preserving sketches,
let us clarify why this object is of great use for clustering problems. It is well-known
that, for a data matrix A, any k-means clustering of the rows of A may be rep-
resented by a particular orthogonal projection matrix P, such that the cost of the
clustering is equal to ||A — PA||%, see e.g. Section 2.3 in [60]. Specifically, for any
clustering C = {Cy,...,Ck} of the rows of A € R"*? that has rows ay, ..., a,,
consider the cluster indicator matriz X¢ € R"** where

j

XC. — 1/4/1C;],  if the row a; is assigned to the cluster Cj,
B 0, otherwise,

for i € [n], j € [k]. Now consider the projection matrix P¢ = X¢(X¢) T, by definition
of X¢, PCA = X¢(XC)T A has its i-th row equal to the mean of all the rows belonging
to the cluster that the i-th row of A belongs to. Thus,

1A —PCAllE =) llai —cll3,

i=1

where c; is the mean of the cluster C; such that a; € C;, which is exactly the cost of
the clustering C provided that the centers are selected optimally as the means of the
respective clusters. To see that PC is a rank k orthogonal projection matrix, observe
that the matrix X¢ consists of k columns that have disjoint support and norm one.
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From the discussion above we get that, if S is a projection-cost preserving sketch
for A with one-sided error €, then for any clustering C1, ..., Cy of the rows of A,
and the corresponding clustering C1, ..., C of the rows of AS, it holds that

cost(Cy,...,Ck) < cost(Cy,...,Cp) + ¢ < (14¢)cost(Cy,...,Ch).

In particular, this holds for any clustering that is subject to a given clustering
constraint, for example fair clustering or capacitated clustering. Thus, in fact,
projection-cost preserving sketches allow readily to reduce dimension for any con-
strained variant of Euclidean k-MEANS, which we will use in Chapter 7.

A variety of constructions provide a projection-cost preserving sketch, with dif-
ferent values of embedding dimension. In particular, it suffices to take a random
projection matrix with the embedding dimension s = ©(k/e?) (Theorem 12 in [60]).
For a better dependence on ¢, we will employ a dimensionality reduction scheme
based on approximate singular value decomposition, the key result is stated next.

Proposition 4.6 (Theorem 8 in [60]). Let s = [k/c]. For any A € R"*? and any
orthonormal matriz S € R¥** satisfying

|A — ASST|[5 < (1+¢)]|A - AdlF,

the sketching matriz S satisfies the conditions of Definition 4.5 with error (¢ + €').
Here A is the matriz A projected onto its top s singular vectors.

There is a long line of work providing algorithms to compute this sort of relative
approximation to the SVD, we use the algorithm of Boutsidis et al. [33], stating the
version appearing in [35].

Proposition 4.7 (Lemma 4 in [35]). Given A € R™*< of rank p, a target rank
2<s<p, and 0 < e <1, there exists a randomized algorithm that computes an
orthonormal matriz S € R¥™® such that

E[|[A -~ ASST|[} < (1+¢)[|A - Al[%.
The proposed algorithm runs in time O(nds/e).

Together, Proposition 4.6 and Proposition 4.7 provide the following theorem,
that we will use for dimensionality reduction in our study of constrained clustering
problems.

Theorem 4.8. There is a polynomial-time algorithm that, given a matriz A € R™*?,
an integer k and an error parameter 0 < £ < 1, computes a matriz S € R*® that is a
rank k projection-cost preserving sketch of A with one-sided error e, where s = [k/e].
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4.2 Coresets

Similarly to dimensionality reduction, constructing a coreset from the input data
allows to reduce the size of the input while preserving approximately the desired
objective. With respect to a clustering problem, informally, given a set of points, its
coreset is a small weighted set of points in the same space that for any set of k centers
has approximately the same cost of clustering as the original points. This idea can
also be extended to low-rank approximation and other matrix problems, by requiring
to replace the input matrix by a matrix with few weighted rows, that approximates
the original matrix well. However, at least for the standard low-rank approximation
problem in Frobenius norm, reducing the number of rows (i.e. constructing a coreset)
is equivalent to reducing the number of columns (i.e. performing dimensionality
reduction), as the objective is indifferent to transposing the input matrix. While
for a clustering problem rows and columns are not interchangeable, thus a task
of constructing a small-sized coreset cannot be directly reduced to dimensionality
reduction, although we note that dimensionality reduction is in fact used in a number
of coreset constructions as an intermediate step. For this section, we focus on coresets
for clustering problems.

Now we proceed to the formal definition of a coreset. We are interested in coresets
for both Euclidean space and general metric spaces, thus we use the notations of the
general k-CLUSTERING problem. Recall that we denote the space by (X, dist), where
the set of the input points P C X is given, and the set of potential centers is denoted
as F' C X. Additionally, consider a weight function w : P — R>¢, then the weighted
set of points W C P X R>( given by the weight function w is the set

{(p,w(p)) | p € P and w(p) > 0}.

Now, for a set of centers C' C F, recall that
cost(P,C) = Z dist(p, C),
peP
and we use similar notation for weighted points,
weost(W, C) = Z w - dist(p, C).
(p,w)eW
Now we are ready to define a coreset.

Definition 4.9 (Coreset for k-CLUSTERING). A coreset for a given instance of k-
CLUSTERING is a set of weighted points W C P x R>q such that for every set of
centers C' C I of size k,

(1—¢) - cost(P,C) < weost(W,C) < (14¢) - cost(P,C).

We say that the size of a coreset is the cardinality of the set W.
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Observe that if w(p) = 1 for all p € P, then for the weighted set W given by
w, weost(W, C') = cost(P, C) for all sets of centers C, in this way the original set of
points is a trivial coreset for itself. Also note that a coreset for a general discrete
metric space does not immediately give a coreset for the Euclidean variant of k-
CLUSTERING, as in the former the set of potential centers is finite and given in the
input, while in the latter the set of potential centers is the whole space RY.

Apart from the advantage that any clustering algorithm can be applied to the
coreset to efficiently retrieve a nearly optimal clustering, coresets are also vital in the
streaming setting for the following reasons. First, they take less space compared to
the original data, and most coreset constructions are simple and require only a few
passes over the data. Second, an important property of the coresets is that they are
composable: If the input P is partitioned into subsets P, ..., P, and for each subset
P; a coreset W; is computed, then the union of the coresets Ule W, is a coreset for
the whole input P. From Definition 4.9, this can be trivially seen to be true; although
in the literature there are other definitions of coresets that not necessarily have this
property. Composability allows to split a large body of data that cannot be handled
at one place to several machines, such that each machine computes the coreset of its
portion independently, and then just collecting the outputs from each machine gives
an accurate summary of the whole input. Additionally, a coreset that is composable
can be computed in the merge-and-reduce fashion, allowing for one-pass computation
of the coreset in streaming. This concept goes back to [22], and to the best of our
knowledge was first used for the design of geometrical algorithms in the streaming
model in [2]. First, the coreset for a small portion of the input that fits into the small
memory is computed. Then the coreset for the second small portion is computed.
Then these two coresets are merged and reduced by computing a smaller coreset
from their union. In this way, the algorithm proceeds along the corresponding tree,
such that at each node only a small-sized coreset, resulting from the direct applica-
tion of the coreset construction algorithm, is stored. The MapReduce programming
model used for processing big data is strongly related to the above input partitioning
methods, as well as its popular implementations, e.g. [186].

Over the years, researchers have paid increasing attention to the design of coreset
construction algorithms to optimize the coreset size. Many different schemes have
been proposed for coreset construction. In the earlier works considering the Euclidean
space, exponential grids and similar structures have been used that led to coresets
with size depending exponentially on the dimension d [110, 109, 92]. To give the
intuition to [110], the work that coined the term “coreset”, consider an instance of
Euclidean k-MEANS and a set of centers C' that achieves a constant approximation
of the k-MEANS objective. Around each center ¢ from C, construct the exponential
grid: it partitions the space around the center C' into cubes of side length that grows
exponentially as the cubes become further from ¢, in such a way that the side length
is approximately € times the distance to ¢. Then, because of the triangle inequality,
all points of P inside the particular cube can be condensed into a single point, and
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the error resulting from that can be attributed to the error that each point pays in
the approximate solution, i.e. its distance to ¢, times €. By carefully cutting the grid
at the close and far ranges of ¢, one can get an order of logn levels of the grid. In
the end, this results in O(¢~?logn) cells around each center, and the total coreset
size is O(ke~%logn).

We note that the majority of known coreset constructions partitions in a way
the space around the centers of an approximate solution, however more advanced
coreset constructions use sampling inside the resulting regions to avoid exponential
dependence on d. The first construction of this form was given by Chen [53], who
showed a coreset of size polynomial in &, d, €, logn in the Euclidean space, and also
a coreset of size polynomial in k, € and logn in general discrete metric spaces. Our
coreset result in Chapter 7 stems, in fact, from this construction, and more details
about it are given in that chapter. Subsequently, the size of the coreset has been
further improved [139, 83]. Finally, the dependence on d was removed for both k-
MEANS and k-MEDIAN in R? in [84] and [177], respectively, resulting in coresets of
size (k/e)?M). See also [20, 37, 116] for recent improvements. For general discrete
metric spaces, the best-known upper bound on coreset size is O((klogn)/c?) [83] and
the lower bound is known to be Q((klogn)/e) [16]. Thus, in this case the dependence
on logn is unavoidable.

4.2.1 Coresets for Constrained Clustering

The above covers the situation with coresets for unconstrained clustering problems,
however, when we move to constrained clustering, the story is different. First of all,
none of the results for the unconstrained problem are immediately applicable as, per
Definition 4.9, a coreset preserves the cost with respect to every possible set of centers,
where cost is computed as the sum of distances from every point to its closest center.
Since a constrained version of the clustering problem allows only certain partitions
of the points into clusters, the cost in this version might be very different than in
the unconstrained assignment to the closest centers. Second, even if we try to tweak
Definition 4.9 to represent the cost only of the allowed clusterings, some issues arise
with the definition itself. Specifically, given a family C of the allowed partitions of the
points, it would be natural to replace cost(P, C') in Definition 4.9 with its constrained
variant, coste(P,C) that only allows assignments from P to C that are allowed by
C. However, doing the same thing with the definition of weighted cost wcost(W, C')
would not be sound, as replacing points of P by a few weighted points of W might
lose the information required to check that an assignment satisfies C. Moreover,
even if for a particular C, a weighted subset W has enough information to check
whether C is satisfied, an important property that the coresets are composable will
not necessarily hold. Take for an example a special case of (a, §)-FAIR CLUSTERING,
where the input points are colored in two colors, red and blue, and each cluster must
have exactly the same number of red and blue points. Then it might be the case
that even if the whole input has a very low cost of clustering with a given set C,
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partitioning it into two parts might not yield any feasible clustering at all, if the
parts do not contain the same number of red and blue points. Even if we demand
that the parts must be balanced too, failing to keep the whole cluster in the same
part might lead to the optimal cost of clustering in one part being very high for the
need to balance the resulting cluster by merging parts of two different clusters in the
optimal solution. And if the cost of clustering with respect to C is high in a part,
the e-factor error will also be too high compared to the cost of the optimal clustering
as a whole. For the details of the last example, see [173].

Thus we arrive to a stronger definition of a coreset for constrained clustering
problems, introduced in [173]. First, we make formal the intuition of a coloring
constraint, introduced in Subsection 3.1.4. For a clustering problem with k centers

and ¢ groups Pp, ..., P, identified among the whole set of points P, a coloring
constraint is a k x ¢ matrix M having non-negative integer entries. We say that a
clustering C1, ..., Cj of P satisfies the coloring constraint M if for each i € [k], j € [{],

|C; N P;| = M,;, that is, exactly M;; points from the group P; are assigned into the
cluster C;. Next, we have the following observation, which was noted in [173, 115].

Proposition 4.10. For an instance of («,)-FAIR CLUSTERING and a fized set C
of k centers, there exists a collection of coloring constraints M with the following
property. A clustering C1, ..., Cy of P is («, 8)-fair if and only if there exists a
coloring constraint M € M such that the clustering C1, ..., Ci satisfies M.

The proof is by simply observing that knowing how many points from each group
ends up in each cluster, which is exactly represented by a coloring constraint, allows
us to verify that the clustering is fair. Thus listing all corresponding k& x ¢ matrices
M represents exactly the fairness conditions, in the sense of Proposition 4.10. In
fact, capacitated clustering can also be reduced to a collection of coloring constraints
in the same fashion. Given an upper bound U on cluster size, we simply set ¢ = 1,
P, = P, and the collection of those matrices M € Z’%l where each entry is at
most U. Similarly, all constraints listed under Subsection 3.1.4 can be expressed by
coloring constraints.

Now, in the stronger definition, a coreset is required to preserve the optimal
clustering cost w.r.t. all coloring constraints. Hence, it also preserves the optimal fair
clustering cost, the optimal capacitated clustering cost, or any other color constraint.
Next, we formally define the cost of a clustering w.r.t. a set of centers and a coloring
constraint. Suppose we are given a weight function w : P — R>g. Let W C P x R
be the set of pairs {(p,w(p)) | p € P and w(p) > 0}. For a set of centers C =
{c¢1,...,cx} and a coloring constraint M, wcost(W, M, C) is the minimum value
ZpeP,cieCd’(p’ ¢;) - dist(p, ¢;) over all assignments ¢ : P x C'— Rx( such that

(i) For each p € P, Zc,;ec Y(p, i) = w(p).

(ii) For each ¢; € C and group 1 < j < ¢, Zper Y(p, ci) = M.
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For k-means, wcost(W, M, C) is defined in the same way except it is the minimum
value 3 p . oo ¥(p; c;)-dist(p, ¢;)?. If there is no such assignment 1, weost(W, M, C)
0o. When w(p) =1 for all p € P, we simply denote W by P and wcost(IW, M, C)
by cost(P,M, C). From the above definitions of cost and wcost, we derive a general-
ization of Definition 4.9. We call this object a universal coreset, as it is required to
preserve optimal clustering cost w.r.t. all coloring constraints.

Definition 4.11 (Universal coreset). A universal coreset for a clustering objective
1s a set of weighted points W C P X R such that for every set of centers C' of size k
and any coloring constraint M,

(1 =¢)-cost(P,M,C) < wecost(W,M,C) < (1+¢)- cost(P,M,C).

Schmidt et al. [173] and subsequently Huang et al. [115] designed deterministic al-
gorithms in R? that construct universal coresets whose sizes exponentially depend on
d, employing the exponential grid construction by [110]. To remove this exponential
dependency on d, Schmidt et al. [173] proposed an interesting open question whether
it is possible to use random sampling for construction of fair coresets. Huang et
al. [115] also suggested the same open question. Besides, Huang et al. asked whether
it is possible to achieve a similar size bound as in the vanilla setting. In Chapter 7
we resolve this question affirmatively, and provide a novel analysis of the construc-
tion by Chen [53] that achieves a coreset for any color constrained clustering of size
poly(¢, k,logn, ), where ¢ is the number of groups/colors (in the case the groups are
disjoint), in general discrete metric spaces. For Euclidean k-MEDIAN and k-MEANS,
the size of the coreset also depends polynomially on the dimension d, although for
k-MEANS we show how to employ dimensionality reduction to get rid of the depen-
dence on d. Specifically for capacitated clustering, Cohen-Addad and Li [66] gave
earlier similar results, our analysis for the general color constrained clustering prob-
lem follows their approach.

4.3 Algebraic Geometry

In Chapters 9 and 10, we study the PCA wiTH OUTLIERS problem using heavily the
tools of computational algebraic geometry, and we outline the basics of the approach
in this section. On the highest level, the idea is to bound the inherent geometric
complexity of the problem, which is much smaller in small-dimensional spaces than
the space-oblivious combinatorial complexity. To the best of our knowledge, the
first similar usage of these tools for the design of geometrical algorithms is due to
Inaba et al. [118], who presented a n®(@)_time algorithm for k-MEANS in R?. The
intuition of this approach is as follows, on the example of the k-MEANS algorithm
of [118]. We parameterize the unknown object by real-valued variables, in this case,
we take a variable for each coordinate of each unknown cluster center, dk variables
in total. Then, we introduce a family of polynomial conditions such that their signs
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characterize completely the desired object: for each input point p and each pair of
the unknown centers c; and c;, we write the condition that ||p—c;||3 < ||[p—c;][3, i-e.
that p is closer to c¢; than to c;. Knowing the signs of these conditions for all pairs of
centers gives uniquely the index of the closest center to p, and when we know this for
all points, we know the actual clustering. Thus, for any given values of signs of these
polynomials, we can construct the corresponding clustering and compute its cost.
Finally, a generic algebraic geometry theorem bounds the number of different values
of signs of the polynomial family, based on the number of variables and the number
of polynomial conditions. This provides the bound of n®(@) possible clusterings
to consider. In what follows, we give technical definitions and the statement of
the above-mentioned theorem, that allow to formalize the intuition above. We use
notations and results from the seminal book of Basu et al. [19].

We denote the ring of polynomials in variables X1, ..., Xy with coefficients in R
by R[X1, ..., X4]. By saying that an algebraic set V in R? is defined by a polynomial
Q € R[X1,...,Xq4], we mean that V = {x € R | Q(x[1],...,x[d]) = 0}. For a set
of s polynomials P = {P,...,Ps} C R[Xy,...,Xy4], a sign condition is specified by
a sign vector o € {—1,0,4+1}*, and the sign condition is non-empty over V with
respect to P if there is a point x € V such that

o= (sign(P1(X))7 cee ,sign(PS(X))),

where sign(z) is the sign function on real numbers defined as

1, if z >0,
sign(z) =40, if 2 =0,
1, if2 <0

for z € R.
The realization space of o € {—1,0,+1}* over V is the set

R(o) ={x | x € V,o = (sign(P;(x)), . ..,sign(Ps(x)))}.

If R(o) is not empty then each of its non-empty semi-algebraically connected (which
is equivalent to just connected on semi-algebraic sets as proven in [19], Theorem 5.22)
components is a cell of P over V.

For an algebraic set V its real dimension is the maximal integer d’ such that there
is a homeomorphism of [0,1]% in V. Naturally, if V C R%, then d’ < d.

The following theorem from [19] gives an algorithm to compute a point in each
cell of P over V.

Theorem 4.12 ([19], Theorem 13.22). Let V be an algebraic set in R of real di-
mension d’ defined by Q(X1,...,Xq) =0, where Q is a polynomial in R[X1, ..., Xq]
of degree at most b, and let P C R[X1,...,X4| be a finite set of s polynomials with
each P € P also of degree at most b. Let D be a ring generated by the coefficients
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of Q and the polynomials in P. There is an algorithm which takes as input Q, d’
and P and computes a set of points meeting every non-empty cell of V. over P. The
algorithm uses at most s* b°4D arithmetic operations in D.

Going back to the k-MEANS algorithm, the algebraic set V is simply RF*¢, so @ is
a zero polynomial. Consider variables X7, ..., X4, where the first d variables denote
the coordinates of the center c1, the next d variables are the coordinates of co, and so
on. Then the set of polynomials P C R consists of polynomials P/ (X1,..., Xqx)
for each input point p and each pair 1 <i < j < k, where

d d
P (X1, Xag) = Y (Pl = X(i-nyare)” — >_(Plt] = X(j-1ya+1)*

t=1 t=1

corresponding to the value ||p — Cz||§ —lp- Cj”;. The size of P is n(’;), and each
polynomial has degree two. Thus, by Theorem 4.12, there is an algorithm running
in time (n(g))dk2o(d) = n9(@%) that outputs a point from each non-empty cell of
V over P. Thus, evaluating P on each of these points provides all non-empty sign
conditions of P, from which we can construct all possible clusterings where each
point goes to the closest center, resulting in an n°(@)_-time algorithm for k-MEANS.
Our parameterization for PCA wiTH OUTLIERS presented in Chapter 9 follows a
similar approach, although the polynomial system and the underlying algebraic set is
somewhat more complicated, as we parameterize all possible r-dimensional subspaces.

On the practical side, we note that a number of routines from [19] is implemented
in the SARAG library [44].
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Parameterized L,-k-Clustering

In this chapter we investigate how the complexity of L,-k-CLUSTERING depends on
the cost of clustering D. First we recall the problem’s definition.

L,-k-CLUSTERING

Input: A multiset X of n vectors in Z¢, a positive integer k, and a
nonnegative number D.
Task: Decide whether there is a partition of X into k clusters {C;}%_,
and k vectors {c;}¥_; in R? such that
k
D> disty(x,¢) < D.
i=1 xeC;

Note that the vector set X (like the row set of a matrix) can contain many equal
vectors. Here for 0 < p < oo, dist,, is the p-th power of the Minkowsky L,-norm, i.e.

d
distp (x,y) = [[x =y} = Z Ix[i] = y[i]|”

We also consider the natural extension of the above to the cases p = 0 and p = oo,

disto(x,y) = [{i € {1,...d} | x[i] # ylil};

disteo (x,y) = ie?llaxd} |x[i] — yle]].

Let us remark that we consider the situation where the given vectors X have inte-
gral coordinates, while cluster centers are not necessarily from X. Moreover, coordi-
nates of the centers can be any real values. Thus, in the case p = 2, L,-k-CLUSTERING

53
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is exactly the well-known k-MEANS problem, restricted to integer-valued instances.
We believe restricting the input to integral values is the most natural model for study-
ing complexity of L,-k-CLUSTERING with respect to the parameter D. Considering
D as a parameter only makes sense if the input values are suitably discretized. Imag-
ine input vectors could have arbitrary real-valued (or rational-valued) entries, then
for a given instance it is always possible to scale the values down by the same factor
such that the cost of an optimal clustering is arbitrarily small, but the structure of
the instance is completely preserved. Thus the restriction to integer values in our
study is a natural discretization of the problem. It allows the parameter D to bear
deep structural significance, as our results demonstrate.

It might be noted that the regime where the cost of clustering D is small compared
to the number of points n, is quite special. Indeed, if the cost of clustering is at most
D, then there are but a few points that are not equal to the respective cluster centers.
Thus, the problem we study has the spirit of an editing problem: check whether
a given instance is close to a “structured” one, where in our case a “structured”
instance has at most k distinct points, and closeness is measured via the sum of L,-
distances. Editing problems are extensively studied in the parameterized algorithms
literature, ranging from the vast area of graph modification (see e.g. a recent survey
by [68]) to studies very close to ours, like the CONSENSUS PATTERNS algorithm by
Marx [156], and the study of BINARY r-MEANS by Fomin et al. [90] that is essentially
a special case of our Lgy-k-CLUSTERING problem, where the input is binary. And still,
even in this highly structured regime, our results show a very intricate picture: for
instance, for L,-k-CLUSTERING parameterized just by D, we provide a non-trivial
FPT algorithm in the case 0 < p < 1. While on the other hand, conditionally, the
same scheme could not lead to an analogous algorithm in the case p = 2, and there
could not be any FPT algorithm at all in the cases p = 0 and p = oo, under the
widely believed assumption FPT # WJ[1]. Finally we believe that studying L,-k-
CLUSTERING with respect to the parameter D is an essential question provided the
notorious hardness of the problem. Recall that for the combination of the two other
natural parameters, the dimension d and the number of clusters k, only a O(n@*+1)
algorithm of Inaba et al. is known [118], and the hardness result by Cohen-Addad
et al. in [63] serves as a strong indication that a better algorithm might not exist.

The main algorithmic result of this chapter is the following theorem.

Theorem 5.1. L,-k-CLUSTERING is solvable in time 2°(P108 D) (nd)O() for every
pe(0,1].

Thus L,-k-CLUSTERING when parameterized by D is fixed-parameter tractable
(FPT) for Minkowski distance dist, of order 0 < p < 1. In the first step of our
algorithm we use color coding to reduce solution of the problem to the L,-CLUSTER
SELECTION problem, which we find interesting on its own. In L,-CLUSTER SELEC-
TION we have t groups of weighted vectors and the task is to select exactly one vector
from each group such that the weighted cost of the composite cluster is at most D.
More formally, the problem is defined as follows.
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L,-CLUSTER SELECTION

Input: A set of m vectors X C Z¢ given together with a partition
X = XjU---UX; into ¢t disjoint sets, a weight function w :
X — Z-, and a nonnegative number D.

Task: Decide whether it is possible to select exactly one vector x;
from each set X; such that the total cost of the composite
cluster formed by x1, ..., x; is at most D:

¢
min » w(x;) - disty(x;,¢) < D.

R
ce =1

The L,-CLUSTER SELECTION problem is closely related to variants of the well-
known CONSENSUS PATTERN problem. Namely, for the Hamming distance, the def-
inition of Ly-CLUSTER SELECTION nearly coincides with the COLORED CONSENSUS
STRINGS WITH OUTLIERS problem studied in [31], only in the latter the alphabet is
assumed to be of constant size.

Informally (see Theorem 5.10 for the precise statement), our reduction shows
that if the distance norm satisfies some specific properties (which dist, satisfies for
all p) and if L,-CLUSTER SELECTION is FPT parameterized by D, then so is L,-k-
CLUSTERING. Therefore, in order to prove Theorem 5.1, all we need is to show that
L,-CLUSTER SELECTION is FPT parameterized by D when p € (0,1]. This is the
most difficult part of the proof. Here we invoke the theorem of Marx [156] on the
number of subhypergraphs in hypergraphs of bounded fractional edge cover.

Superficially, the general idea of the proof of Theorem 5.1 is similar to the idea
behind the algorithm for BINARY r-MEANS by [90]. In both cases, the classical color
coding technique of Alon et al. [10] is used as a preprocessing step. However, the
further steps in [90] strongly exploit the fact that the data is binary. As we will see
in Theorem 5.2, the existence of an FPT algorithm for Ly-k-CLUSTERING is highly
unlikely. Thus the reductions from [90] cannot be applied in our case, and we need
a new approach.

More precisely, for clustering in Ly we prove the following theorem.

Theorem 5.2. Ly-k-CLUSTERING parameterized by d + D and Lo-CLUSTER SE-
LECTION parameterized by d +t+ D are W[1]-hard.

In particular, this means that up to a widely-believed assumption in complexity
that FPT # W(1], Theorem 5.2 rules out algorithms solving Lo-k-CLUSTERING in
time f(d, D)-n®") and algorithms solving Lo-CLUSTER SELECTION in time g(, d, D)-
n®W for any functions f(d, D) and g(t,d, D). A similar hardness result holds for the
dists, version.
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dist, Lp-k-CLUSTERING Lp-CLUSTER SELECTION
B W(1]-hard param. d + D [Thm 5.2]
p=20 NP-c for k = 2 [82] WI(1]-hard param. d +t + D [Thm 5.2]
0<p<l1 20(D1og D) (nd)O) [Thm 5.1] 20D 1og D) (nd)O() [Thm 5.14]
B NP-c for k = 2 [82]
p=1 NP-c for d — 2 [157] W(1]-hard param. ¢t + d [Thm 5.19]
1<p<+oo W/[1]-hard param. ¢t + D [Thm 5.5]
FPT param. d + D [Thm 5.4]
p=2 NP-c for k =2 [9] FPT param. d + D [Thm 5.4]

NP-c for d = 2 [151]
W/[1]-hard param. D [Thm 5.3]
NP-c for k = 2 [Thm 5.29]

p =00 W(1]-hard param. ¢ + D [Thm 5.3]

Table 5.1: Complexity of L,-k-CLUSTERING and L,-CLUSTER SELECTION.

Theorem 5.3. L..-k-CLUSTERING parameterized by D and L.,-CLUSTER SELEC-
TION parameterized by t + D are W[1]-hard.

This naturally brings us to the question: What happens with L,-k-CLUSTERING
for p € (1,00), especially for the Euclidean distance, that is, the case p = 2. Un-
fortunately, we are not able to answer this question when the parameter is D only.
However, we can prove the following.

Theorem 5.4. Lo-k-CLUSTERING and Lo-CLUSTER SELECTION are FPT when pa-
rameterized by d + D.

Thus in particular, Theorem 5.4 implies that Lo-k-CLUSTERING is FPT parame-
terized by d + D. On the other hand, we prove that

Theorem 5.5. L,-CLUSTER SELECTION is WI[1]-hard for every p € (1,00) when
parameterized by t + D.

In particular, Theorem 5.5 yields that the approach we used to establish the
tractability (with parameter D) of L,-k-CLUSTERING for p = 1 will not work for
p> 1

We summarize our and previously known algorithmic and hardness results for L,-
k-CLUSTERING and L,-CLUSTER SELECTION with different values of p in Table 5.1.
Observe that Theorem 5.10 works also in the setting where possible cluster centers
are restricted to be from a set given in the input, and so do our algorithmic The-
orems 5.1 and 5.4 since L,-CLUSTER SELECTION is trivially solvable in polynomial
time in this setting.

The remaining part of this chapter is organized as follows. In Section 5.1 we prove
Theorem 5.10 which provides us with FPT Turing reduction from L,,-k-CLUSTERING
to L,-CLUSTER SELECTION. Theorem 5.10 appears to be a handy tool to establish
tractability of L,-k-CLUSTERING. In Section 5.2 we collect the results on clustering
with the distance dist, for p € (0,1]. In particular, in Subsection 5.2.1, we prove
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Theorem 5.1, the main algorithmic result of this work, stating that when p € (0, 1],
Lp-k-CLUSTERING and L,-CLUSTER SELECTION admit FPT algorithms with param-
eter D. In Subsection 5.2.2 we complement the algorithmic upper bounds with lower
bounds by proving that L;-CLUSTER SELECTION is W][1]-hard when parameterized
by t + d (Theorem 5.19). In Section 5.3, we consider the case p = 0 and prove
Theorem 5.2 establishing W[1]-hardness of Ly-k-CLUSTERING and Lo-CLUSTER SE-
LECTION. Section 5.4 is devoted to the case p = co. Here we establish two hardness
results about Loo-k-CLUSTERING: W([1]-hardness when parameterized by D and NP-
hardness in the case k = 2. In Section 5.5, we look at the case p € (1,00), with the
particular emphasis on the most classical case p = 2. We show that when d + D is
the parameter, then Lo-CLUSTER SELECTION and Lo-k-CLUSTERING are FPT. We
also show that L,-CLUSTER SELECTION is W[1]-hard when parameterized by t + D
for all p € (1,00). We conclude with open problems in Section 5.6.

5.1 From L, -k-Clustering to Cluster Selection

In this section we present a general scheme for obtaining an FPT algorithm param-
eterized by D, which is later applied to various L,-distances. Note that the results
of this section hold in fact for any spaces and distances. However, we state them
primarily for vectors in Z? under dist,, as we aim to use the results specifically for
this case in the following sections.

First, we formalize the following intuition: there is no reason to assign equal
vectors to different clusters.

Definition 5.6 (Initial cluster and regular partition). For a multiset of vectors X,
an inclusion-wise mazximal multiset I C X such that all vectors in I are equal is
called an initial cluster.

We say that a clustering {Cy,...,Cy} of X is regular if for every initial cluster
I there is ai € {1,...,k} such that I C C;.

Now we prove that it suffices to look only for regular solutions.

Proposition 5.7. Let (X, k, D) be a yes-instance to L,-k-CLUSTERING. Then there
exists a solution for (X, k, D) which is a regular clustering.

Proof. Let us assume that the instance (X, k, D) has a solution. There are k clusters
{Ci}k_| and k vectors {c;}¥_; in R? such that Ele > wec, dist(x,¢;) < D. Note
that for every x € C, dist(x,¢;) > minj<;<j dist(x,¢c;). So if we consider a new
clustering {C1,...,C}} with the same centers, where C} are all vectors from X for
which c; is the closest center, the total distance does not increase. If we also break
ties in favor of the lower index, then for any initial cluster I the same center c; will
be the closest, and all vectors from I will end up in C}, so {C{,...,C}.} is a regular
clustering. O
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From now on, we consider only regular solutions.

Definition 5.8 (Simple and composite clusters). We say that a cluster C is simple
if it is an initial cluster. Otherwise, the cluster is composite.

Next we state a property of k-CLUSTERING with a particular distance, which is
required for the algorithm. Intuitively, each unique vector adds at least some constant
to the cluster cost.

Definition 5.9 («a-property). We say that a distance has the a-property for some
a > 0 if for any s the cost of any composite cluster which consists of s initial clusters
is at least a(s —1).

In the subsequent sections we show that the a-property holds for all the distance
measures for which we present algorithmic results. Namely, dist,, has the a-property
with a certain constant « for each p € [0,1]U {2, 00}. Analogously to the case p = 2,
one can show that it holds for all other values of p between 1 and co as well, although
we will not require this fact for the results of this chapter.

The L,-CLUSTER SELECTION problem defined in the introduction is a key sub-
routine in our algorithm. In some cases the problem is solvable trivially, but it
presents the main challenge for our main algorithmic result in the L, distance. The
intuition to the weight function in the definition of L,-CLUSTER SELECTION is that
it represents sizes of initial clusters, that is, how many equal vectors are there in each
if the initial clusters.

We also need a procedure to enumerate all values of the possible cluster costs that
are at most D, with respect to an optimally selected cluster center. It may not be
straightforward since not all distances in our consideration are integral. So for the
purpose of stating Theorem 5.10 in the general case, we assume that the set of all
possible optimal cluster costs which are less than D is also given in the input. For
the L,-distances we consider, in the respective algorithmic theorems we show how to
provide this set without raising any additional assumptions or increasing the running
time. Now we are ready to state the result formally.

Theorem 5.10. Assume that the a-property holds, L,-CLUSTER SELECTION is solv-
able in time ®(m, d,t, D), where ® is a non-decreasing function of its arguments, and
we are given the set D of all possible optimal cluster costs which are at most D. Then
L,-k-CLUSTERING is solvable in time

20(P1og D) (1, )OW) | D|®(n, d, 2D /cv, D).

Proof. By the a-property, in any solution there are at most D/« composite clusters,
since each contains at least two initial clusters. Moreover, there are at most 2D/«
initial clusters in all composite clusters.
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Thus by Proposition 5.7, solving L,-k-CLUSTERING is equivalent to selecting
at most T := [2D/«] initial clusters and grouping them into composite clusters
such that the total cost of these clusters is at most D. We design an algorithm
which, taking as a subroutine an algorithm for L,-CLUSTER SELECTION, solves L,-
k-CLUSTERING. The algorithm is sketched in Figure 5.2, and an example is shown
in Figure 5.1.

f A random coloring \
. N ﬁ/p—CLUSTER SELECTION on @, A and )
*
° A
* u ’
o n [ ] A
- J A
& - %
4 Lp-CLUSTER SELECTION on ® and B I ¥
- f The resulting clustering \
[ ]
. @ @
e -

N Jk@@(@J

Figure 5.1: An illustration to the algorithm in Theorem 5.10. We start with a particular
random coloring and a particular partition of colors P = {Pi, P>}, where P; = {e,m} and
P, = {#,4,%}. We make two calls to L,-CLUSTER SELECTION with respect to P; and P»
and construct the resulting clustering. In the example, all input vectors are distinct.

To perform the selection and grouping, our algorithm uses the color coding tech-
nique of Alon, Yuster, and Zwick from [10]. Consider the input as a family of initial
clusters Z. We color initial clusters from Z independently and uniformly at random
by T colors 1, 2, ..., T. Consider any solution, and the particular set of at most
T initial clusters which are included into composite clusters in this solution. These
initial clusters are colored by distinct colors with probability at least TLT' >e 7. Now
we construct an algorithm for finding a colorful solution.

We consider all possible ways to split colors between clusters (some colors may
be unused). Hence we consider all possible families P = {Py,..., Py} of pairwise
disjoint non-empty subsets of {¢ € {1,...,T} : there exists J € T colored by c}.
Each family P corresponds to a partition of the set of colors {1,...,T} if we add one
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L,-k-CLUSTERING (X, k, D, a, D)
Input : A multiset X C Z%, a positive integer k, real nonnegative values D
and o, a set D, an algorithm A for L,~-CLUSTER SELECTION
Output: Yes or No
1 T+ [2D/a]
2 7 < initial clusters of X
3 for [T iterations do

4 Fix a random coloring ¢ of Z with colors {1,...,T}
5 for valid partitions P of {1,...,T} do
6 for i =1 to [P| do
7 Pi:{il,...,it}
8 for j=1tot do
9 Xj < @
10 for J€eZ:¢(J)=1i; do
11 X < a point from J
12 Xj — Xj @] {X}
13 w(x) « |J|
14 di <~ D+1
15 foreach d € D do
16 if A(Xy, ..., X;, w, d) then
17 dl «—d
18 BREAK
19 if Y!_, d; < D then
20 | Yes, STOP
21 No, STOP

Figure 5.2: L,-k-CLUSTERING algorithm from Theorem 5.10

fictitious subset for colors which are not used in the composite clusters. The total
number of partitions does not exceed T7T = 20(Plog D)

When partition P is fixed, we form clusters by solving instances of L,-CLUSTER
SELECTION: For each i € {1,...,h}, we take initial clusters colored by elements of
P;, bundle together those with the same color, and pass the resulting family to the
L,-CLUSTER SELECTION algorithm. First note that there cannot be P € P of size at
most one, since then L,-CLUSTER SELECTION has to make a simple cluster while we
assume that all clusters obtained from P are composite. Second, the total number
of clusters has to be k, the number of clusters is |Z| — > pcp |P| + |P|. For each P
we check that both conditions hold, and if not, we discard the choice of P and move
to the next one, before calling the L,-CLUSTER SELECTION subroutine.

Next, we formalize how we call the L,-CLUSTER SELECTION algorithm. We fix
the set of colors P; = {c1, ..., ¢}, then take the sets I; = {J € Z : J is colored by ¢;}
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for j € {1,...,t}. We turn each set of initial clusters I; into a set of weighted vectors
X, naturally: For each J € I;, we put one vector x € J into X, and w(x) := |J|.
The family of sets of vectors X7, ..., X; and the weight function w are the input
for L,-CLUSTER SELECTION. Then we search for the minimum cluster cost bound
d; < D from D, for which the instance (X1,...,X;,d;) of L,-CLUSTER SELECTION
is a yes-instance, running each time the algorithm for L,-CLUSTER SELECTION.

If for some i setting d; to D leads to a no-instance, or if Zle d; > D, then we
discard the choice of the partition P and move to the next one. Otherwise, we report
that L,-k-CLUSTERING has a solution and stop. Next, we prove that in this case the
solution indeed exists.

We reconstruct the solution to L,-k-CLUSTERING as follows: For eachi € {1,...,h}
the corresponding to P; = {c1,..., ¢} instance of L,-CLUSTER SELECTION has a so-
lution {x1,...,x¢}. Foreach j € {1,...,t}, consider the corresponding initial cluster
J; consisting of w(x;) vectors equal to x;. For each i € {1,...,h} we obtain a com-
posite cluster U;Zle, all other clusters are simple. So the total cost is Z?Zl d;, which
is at most D. Thus, if the algorithm finds a solution, then (X, d, D) is a yes-instance.

In the opposite direction. If there is a solution to L,-k-CLUSTERING, then there
is a regular solution, and with probability at least e~ initial clusters which are parts
of composite clusters in this solution are colored by distinct colors. Then, there is
a partition P = {Py,..., P,} which corresponds to this solution. This partition is
obtained as follows: put into P; colors from the first composite cluster, into P, from
the second and so on. At some point our algorithm checks the partition P, and as
it finds the optimal cost value for each cluster, then it is at most the cost of the
corresponding cluster of the solution from which we started.

To analyze the running time, we consider 20?102 D) partitions P, for each P we

|P| = O(D) times search for optimal d;. And for each of |D| possible values ' of
d; we make one call to the L,-CLUSTER SELECTION algorithm, which takes time at
most ®(n,d, T, D).

To amplify the error probability to be at most 1/e, we do N = [el] iterations
of the algorithm, each time with a new random coloring. As each iteration succeeds
with probability at least e~ T, the probability of not finding a colorful solution after N
iterations is at most (1 — e’T)eT < e~ ! < 1. So the total running time is 20(P 108 D).
(nd)°M|D|®(n,d, 2D/, D).

The algorithm could be derandomized by the standard derandomization technique
using perfect hash families [10, 162]. So L,-k-CLUSTERING is solvable in the same
deterministic time. O

We could also binary search for the optimal d; € D instead, thus replacing |D| by log |D| in the
running time. However, for all choices of D we consider this does not make a difference.
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5.2 Algorithms and Lower Bounds for p € (0, 1]

The main motivation for the results in this section is the study of k-CLUSTERING
with the L; distance, the natural variant of Euclidean k-MEDIAN with the recti-
linear/Manhattan distance. However, our main algorithmic result also extends to
distances of order p € (0,1) since in some sense they behave similarly to the L
distance.

5.2.1 FPT Parameterized by D

In this subsection, we prove Theorem 5.1: when p € (0, 1], L,-k-CLUSTERING admits
an FPT algorithm with parameter D. First we state basic geometrical observations
for cases p =1 and p € (0, 1), Then we propose a general algorithm for L,-CLUSTER
SELECTION which relies only on these properties. Finally, we show how Theorem
5.10 could be applied.

The next two claims deal with the structure of optimal cluster centers. We state
and prove them in the case of weighted vectors where each vector has a positive
integer weight given by a weight function w. The unweighted case is just a special
case when the weight of each vector is one.

First, we show that coordinates of cluster centers could always be selected among
the values present in the input, which helps greatly in enumerating cluster centers
that may be optimal.

Claim 5.11. Assumep € (0,1], let C = {x1,...,x:} be a cluster and w : {x1, -+ , X}
Z~o be a weight function. There is an optimal (subject to the weighted distance
w(x;) - disty(x;,¢)) center ¢ for the cluster C such that for each i € {1,...,d}, the
i-th coordinate c[i] of the center ¢ is from the values present in the input in this
coordinate, that is cli] € {x1]i],...,x¢[i]}. Moreover, for p =1 we may assume that
the optimal value is a weighted median of the values present in the i-th coordinate.

Proof. For cluster C, consider the corresponding multiset of unweighted vectors C/ =
{x1,..., %}, where each vector x € C is repeated w(x) times. We define y; = x;,[i]
for j € {1,...,t}. Assume that y; < yo < .-+ < g;. Let us consider an optimal
cluster center ¢ for C' and denote z = cli]. Figure 5.3 shows how the cluster cost
behaves with respect to z on a concrete set of values {y;} for p =1 and p = 1/2.

For the formal proof, we start with the case p = 1. The total cost of C' contributed
by the i-the coordinate is

1 — 2l 4 [y2 = 2[4+ lye — 2|
If z € (yi,yi41) for ¢ € {1,...,¢t — 1}, then the derivative with respect to z is

(=) 4o+ (=) + (e = 2) bk (= 2)) == (=)
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Figure 5.3: Graphs of cluster cost over different values of z: dist; in the left plot, dist, /> in
the right plot. The set of coordinate values is given as y1 = 2, yo = 3, y3 = 6, ya = 8.

Analogously, when z = y; for ¢ € {1,...,t}, the derivative is i — 1 — (¢t — i). When
z < yp the derivative is —t, and when z > y; the derivative is t. So if ¢ is odd, then
the derivative is zero at yr, /o1, strictly negative before and strictly positive after, so
Yre/21, which is the only median, is the optimal value for z. If ¢ is even, then the
derivative is zero on [y /2, Yt /241], strictly negative before and strictly positive after.
So any value from [y;/2,¥4/241] is optimal, and we may assume that it is one of the
two medians y /2, Yi/241-
Now to the case p € (0, 1), the contribution of the coordinate 4 is

ly1 — 2|7 + lya — 2[P + -+ + [y — 2|7

When z is between y; and y;41, then the derivative of the above with respect to z is
equal to

po((z=y)’ e ey T = (i = 2P = (= 2P

It is monotone on (y;, ¥;+1): when z increases, the sum decreases, as terms of the form
(z — y;)P~ ! decrease and terms of the form (y; — z)P~! increase, because p — 1 < 0.
Thus, the optimal value on this interval is achieved at one of its ends. Doing the same
for all intervals, we conclude that the optimal value for z must be in {y1,...,y:}. O

In particular, by Claim 5.11 we may assume that the coordinates of optimal
cluster centers are integers. Then, the a-property holds with o = 1 since at most one
of the initial clusters could have distance zero to the cluster center, and all others

10
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have distance at least one since the cluster center is integral. Namely, let x be a
vector in the cluster, and c be the cluster center, if x # ¢, then there is a coordinate
J where x and c differ, and since they are both integral, |x[j] — c[j]] > 1, and

d

dist, (x,€) = > [x[il = eli]}” > [x[j] — e[j[" = 17 = 1.

In what follows, the expression half of vectors by weight means that the total
weight of the corresponding set of vectors is at least half of the total weight of C.

Claim 5.12. If at least half of the vectors by weight in the cluster C' have the same
value z in some coordinate t, then the optimal cluster center is also equal to z in this
coordinate.

Proof. Let S be the weight-respecting multiset of values which vectors from C' have in
the i-th coordinate: S = {x[i] : x € C, w(x) times}. Consider the difference between
selecting z and some other value z’ as the i-th coordinate of the center:

Doly—2P =D ly—21P< D (y—z —ly—21"—|== ")

yeS yes yES,y#z

The inequality holds since at least half of the elements of S are equal to z, and so
for any value y # 2 there is a term [z — 2'|P in 3 5|y — 2[P corresponding to one
of the values from S equal to z. The last sum is non-positive because in every term

ly— 2P <ly—2"1P+12 = 2P,
as p € (0,1]. This concludes the proof. O

In order to apply Theorem 5.10, we need an FPT algorithm for L,-CLUSTER
SELECTION. Before obtaining it, we state some properties of hypergraphs, which we
need for the algorithm. Intuitively, our algorithm reduces selecting a center in a L,-
CLUSTER SELECTION instance to finding a subhypergraph with certain properties.

A hypergraph G is a set of vertices V(G) and a collection of hyperedges F(G),
each hyperedge is a subset of V(G). If G and H are hypergraphs, we say that H
appears at V! C V(G) as a subhypergraph if there is a bijection 7 : V(H) — V' with
a property that for any F € FE(H) there is £’ € E(G) such that 7(E) = E'NnV'.
Here we consider that the action of 7 is extended to subsets of V(H) in a natural
way, 7(E) = {r(v)}yer for E C V(H).

A fractional edge cover of a hypergraph H is an assignment ¢ : E(H) — [0,1]
such that for every v € V(H), 3 pepmyver V(E) = 1. The fractional cover number
p*(H) is the minimum of ZEeE(H) ¥ (F) taken over all fractional edge covers .

We need the following result of Marx [156] about finding occurrences of one hy-
pergraph in another.
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Theorem 5.13 ([156]). Let H be a hypergraph with fractional cover number p*(H),
and let G be a hypergraph where each hyperedge has size at most £. There is an
algorithm that enumerates in time |V (H)|CUVED . gVE)p"(H)+1 0 p(G)|p"(H)+1 .
[V(G)|? every subset V! C V(G) where H appears in G as a subhypergraph.

We are ready to proceed with the proof that L,-CLUSTER SELECTION with p €
(0,1] is FPT when parameterized by D.

Theorem 5.14. For every p € (0,1], L,-CLUSTER SELECTION is solvable in time
20(D log D) (md)O(l)

Proof. First we check if any of the given vectors could be the center of the resulting
composite cluster. When the center is fixed, we find the optimal solution in poly-
nomial time by just selecting the cheapest vector with respect to this center from
each set. If at some point we find a suitable center, then we return that the solution
exists. If not, we may assume that the center is not equal to any of the given vectors.
As a consequence, any vector x selected into the solution cluster contributes at least
w(x) to the total distance, since the center must be integral by Claim 5.11. So we
may now consider only vectors of weight at most D and, moreover, the total weight
of the resulting cluster is at most D.

Consider a resulting cluster C' with the center c¢. There is some x; in C' from
X1, and dist,(x1,¢) < D. So if we try all possible x; from X; (there are at most
m of them), any feasible center is at distance at most D from at least one of them.
Since x; and c are integral, they could be different in at most D coordinates, as
dist, (x1,¢) = 31, pali] - c[i]|P < D.

We try all possible x; € X;. After x; is fixed, we enumerate all subsets P of
coordinates {1,...,d} where x; and ¢ could differ, we show how to do it efficiently
afterwards. When the subset of coordinates P is fixed, we consider all possible
centers, which are integral, equal to x; in all coordinates except P, and differ from
x; by at most D'/P in each of coordinates from P. If |x;[i*] — c[i*]] > D'/P for
some coordinate ¢*, then dist,(x1,c) = E?Zl |x1[¢] — c[i]|P > [x1[i*] — c[i*]|P > D, so
¢ cannot be a center. With restrictions stated above, there are at most 2°(Plog D)
possible centers.

It remains to show that we could enumerate all possible coordinate subsets effi-
ciently. We reduce this task to the task of finding a specific subhypergraph and then
apply Theorem 5.13.

Claim 5.15. There are 2°(P198 D) coordinate subsets where x1 and an optimal cluster

center ¢ could differ. There exists an algorithm which enumerates all of them in time
2(9(D log D) (md)O(l) .

Proof. Let G be a hypergraph with V(G) = {1,...,d}, one vertex for each coordinate,
and for each vector x in U§»=1X ; we take w(x) multiple hyperedges Fx which contains
exactly the coordinates where x and x; differ. We add an edge only if there are at
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Figure 5.4: An illustration of the hypergraph construction in Claim 5.15. On the left, the
vector x; and other input vectors X2, ..., X5 are given. On the right, the corresponding
hypergraph G. The solution is marked in red on both sides: on the left, the resulting
cluster {x1,x4, X5} of cost 2; on the right, the corresponding to {x1,x4, x5} subhypergraph
H. Note that in H the hyperedge x5 is restricted to the only vertex 3, so its size is one.

most D such coordinates, otherwise x can not be in the same cluster as x;. So
hyperedges in G are of size at most D. Since we consider only vectors of weight at
most D, |E(G)| < Dm.

For a solution, let x; be the vector selected from the corresponding Xj, for j €
{1,...,t}, C = {x1,...,%¢} be the solution cluster and c be the center. All vectors
in C are identical in all coordinates except at most D, since if there are different
values in at least D + 1 coordinates, the cost is at least D + 1. Denote this subset
of coordinates as @, c could also differ from x; only at Q. Denote the subset of
coordinates where c differs from x; as P, P C @ and so |P| < D. The solution
(C, ¢) induces a subhypergraph H of G in the following way. Leave only hyperedges
corresponding to the vectors in C, and restrict them to vertices in P. There are at
most D vertices and at most D hyperedges in H, since the total weight is at most D.
An example of the correspondence between input vectors and hypergraphs is given
in Figure 5.4.

The next claim shows that the fractional cover number of H is bounded by a
constant.

Claim 5.16. Each vertex in H is covered by at least half of the hyperedges of H,
and p*(H) < 2.

Proof. Consider a vertex p € P, and assume that less than half of the hyperedges
cover p. It means that in the p-th coordinate the center ¢ differs from x;, but less than
half of the vectors in C' by weight differ from x; in this coordinate. This contradicts
Claim 5.12.

So each vertex is covered by at least half of the hyperedges, and setting ) = %

leads to p*(H) < 2. O



5.2. Algorithms and Lower Bounds for p € (0, 1] 67

In order to enumerate all possible subsets of coordinates P, we try all hypergraphs
H with at most D vertices and at most D hyperedges, and if each vertex is covered
by at least half of the hyperedges, we find all places where H appears in G by
Theorem 5.13. The last step is done in 202108 P) . (1nd)®(1) time. However, the
number of possible H could be up to 22(P *). The following claim, which is analogous
to Proposition 6.3 in [156], shows that we could consider only hypergraphs with a

logarithmic number of hyperedges.

Claim 5.17. If D > 2, it is possible to delete all except at most 1601In D hyperedges
from H so that in the resulting hypergraph H* each vertex is covered by at least 1/4
of the hyperedges, and p*(H*) < 4.

Proof. Denote s = |E(H)|, construct a new hypergraph H* on the same vertex set
V(H) by independently selecting each hyperedge of H with probability (1201n D)/s.
Applying Proposition 11.14 with 8 = 1/3, probability of selecting more than 1601n D
hyperedges is at most exp((—1201n D)/27) < 1/D?. By Claim 5.16, each vertex v of
H is covered by at least s/2 hyperedges, and the expected number of hyperedges cov-
ering v in H* is at least 601n D. By Proposition 11.14 with 8 = 1/3, the probability
that v is covered by less than 40 1n D hyperedges in H* is at most exp(—601n D/18) <
1/D3. By the union bound, with probability at least 1 —1/D? — D -1/D? > 0 we
select at most 1601n D hyperedges and each vertex is covered by at least 40In D

hyperedges. So the claim holds, and p*(H*) < 4 by setting ¢ = m. O

Thus, if there is a subhypergraph H in G corresponding to a solution, then there
is also a subhypergraph H* in G appearing at the same subset of V(G) with at
most 1601n D hyperedges and where each vertex is covered by at least 1/4 of the
hyperedges. Since we only need to enumerate possible coordinate subsets, in our
algorithm we try all hypergraphs of this form and apply Theorem 5.13 for each
of them. Since there are at most 29(P1°2 D) hypergraphs with at most 1601n D
hyperedges and since the fractional cover number is still bounded by a constant, the
total running time is 20(P 102 D) . (1md)O(M) a5 desired. O

With Claim 5.15 proven, the proof of the theorem is complete. The pseudocode
given in Figure 5.5 summarizes the main steps of the algorithm. O

Combining Theorem 5.10 and Theorem 5.14, we obtain an FPT algorithm for
Lp-k-CLUSTERING. This proves Theorem 5.1, which we recall here.

Theorem 5.1. L,-k-CLUSTERING is solvable in time 202108 D) (nd)OM) for every
p € (0,1].

Proof. We have an algorithm for L,-CLUSTER SELECTION whose running time is
specified by Theorem 5.14. By Claim 5.11, the a-property holds. The only missing
part is to describe the way of producing the set D of all possible cluster costs which
are at most D.
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L,-CLUSTER SELECTION (X1, ..., Xy, w, D)
Input : Sets of vectors X, ..., X;, a weight function w, a nonnegative
integer D

Output: Yes or No

1 for wector c in the input do
2 if 3! miny,ex, w(x;) dist,(xi,¢) < D then
3 ‘ Yes, STOP
4 for x; € X; do
5 G <+ hypergraph with V(G) = {1,...,d}, E(G) =
{positions where x; and x differ : x € Uj_; X, w(x) times}
6 for hypergraph H with at most D wvertices and at most 1601n D
hyperedges do
if each vertex of H is covered by at least 1/4 of its hyperedges then
for place P where H appears in G as subhypergraph do
for integer vector ¢ which differs from x1 only at P by at most

D'/? do
10 if S°'_, miny,ex, w(x;) dist,(x;,¢) < D then
11 ‘ Yes, STOP

12 No, STOP
Figure 5.5: L,-CLUSTER SELECTION algorithm from Theorem 5.14

In the case p = 1 all distances are integral since optimal centers have integral
coordinates by Claim 5.11, and we can take D = {0,...,D}.

For the general case, let B = {b” : b € {1,...,[D'/?]}}. Consider a cluster
C = {x1,...,%¢} and the corresponding optimal cluster center c. For any x; € C,
dist,(x;,¢) = Z?zl |x;[i] — c[¢]|? is a combination of elements of B with nonnegative
integer coefficients. This is because x; and c are integral and the cluster cost is at
most D, hence |x;[i] — c[i]| < D'/? for each i € {1,...,d}. Since weights are also
integral, the whole cluster cost is a combination of distances between cluster vectors
and the center with nonnegative integer coefficients, and so also a combination of
elements of B with nonnegative integer coefficients. This means that we can take

D= {Zab-b:abez,abzo,ZabgD},
beB beB

where a is a vector indexed by the set B. The sum of coefficients a; is at most D
since all elements of B are at least 1. The size of D is at most |[B|P = 20(Ples D) ]

Another widely studied version of k-CLUSTERING is where the centers c; could
be selected only among the set of given vectors, this version is usually referred to as
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discrete k-CLUSTERING. Naturally, Theorem 5.1 also holds in this setting since L,,-
CLUSTER SELECTION is then trivially solvable in polynomial time. As was observed
in the proof of Theorem 5.14, if the cluster center is fixed, we can pick the cheapest
vector from each of the sets given to a L,-CLUSTER SELECTION algorithm, and there
are now only polynomially many candidates for the cluster center.

Note that Claim 5.11 and Claim 5.12 do not hold in the case 1 < p < 0o, and our
algorithm relies heavily on the structure provided by these claims. Therefore, it does
not seem that the algorithm could be extended to the case 1 < p < co. Moreover, in
Theorem 5.5 we formally prove that L,-CLUSTER SELECTION parameterized by D
is W[1]-hard for 1 < p < cc.

In the cases p = 0 and p = oo there are different obstacles for the algorithm
above. In Ly-CLUSTER SELECTION, even knowing the center that differs in at most &
positions from an optimal one, is not enough, as any distinct value in the coordinate
would incur the same cost of one. For p = oo, it simply does not hold that the
number of coordinates where points and the center can differ is small: any number
of coordinates might differ as long as the absolute difference is at most D. To
formalize this intuition we later prove Theorem 5.2 and Theorem 5.3, showing that
L,-k-CLUSTERING parameterized by D is W[1]-hard for both p = 0 and p = oc.

5.2.2 W]1]-hardness Parameterized by t + d for L,

In this subsection, we restrict our attention to the p = 1 case. What happens when
D is not bounded, but the dimension d and the number of clusters k are parameters?
There is a trivial XP-algorithm in time n@*%  as by Claim 5.11 it suffices to try all
possible combinations of the values present in coordinates as possible cluster centers.
There are at most n distinct values in each coordinate, so at most n® candidates for
a cluster center. After the cluster centers are fixed, each vector goes to the cluster
with the closest center. The next observation is the result of this discussion.

Observation 5.18. L;-k-CLUSTERING is solvable in time n©*4)

We do not know of a lower bound for L;-k-CLUSTERING complementing Obser-
vation 5.18. However, we are able to show the hardness of L;-CLUSTER SELECTION
with respect to the dimension.

Theorem 5.19. L;-CLUSTER SELECTION is W[1]-hard when parameterized by t+d.

Proof. We construct a reduction from MULTICOLORED CLIQUE with the input G and
k. We set d to k, for each pair of colors 1 < i < j < k and each e = {u,v} between
a vertex u of color 7 and a vertex v of color j we add a vector x. to the set X; ;,
such that x.[i] = u, x.[j] = v and all other coordinates are set to zero, and a vector
Ye to the set Y; ; which is the same as x., only coordinates other that ¢ and j are
set to |V(G)| 4+ 1. We will refer to 0 and |V (G)| + 1 as boundary values. The sets
X ; and Y; ; are the input to L;-CLUSTER SELECTION, so t is 2(’;), and we set D to
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Figure 5.6: An example illustrating the reduction in Theorem 5.19: an input graph G with
vertices colored in three colors, the sets of vectors produced by the reduction, and the
resulting optimal cluster, corresponding to the clique on {1,2,4}.

E(V(G) +1) (kgl). Intuitively, the set X; ; corresponds to the choice of the clique
edge between i-th and j-th color, and Y; ; mirrors it. All vectors have weight one.
An example is given in Figure 5.6.

Note that in any feasible cluster, each coordinate i has exactly 2(k — 1) values in
[1,|V(G)]], one from each of the sets X; ; and Y; ; for j # i. Out of all 2((2) —k+1) =
2 kil) other values, exactly half are zero and half are |V(G)| + 1. So the median
is always in [1, |V(G)|], and the boundary values in each column contribute exactly
(V@] +1) (kgl) to the total distance.

Assume there is a colorful k-clique in G, with vertices vy, va, ..., vg. We form the
resulting cluster by choosing the vector corresponding to the clique’s edge between
its 4-th and j-th vertices from X ;, and also from Y; ;, for all 1 < ¢ < j < k. For
this cluster, in the i-th coordinate we have all non-boundary values equal to v;. So
the median is also v;, and the total distance is D, since non-boundary values do not
contribute anything.

In the other direction, if we are able to select a cluster of cost exactly D, then all
non-boundary values in each coordinate must be equal, denote this common value
in the i-th coordinate as v;. We claim that vertices v, va, ..., vg form a colorful
clique in G. Indeed, since we have 2(k — 1) times v; in the é-th column, then we
have (k — 1) of them from the sets X; ;, one from each, and in the j-th column the
only non-boundary value is v;. So v; must have an edge to each v; for j # i. By
construction, vertices in the i-th coordinate are of color i. O

5.3 The Ly Distance

In this section, we consider the case of the disty distance. It is a natural measure of
difference to consider since observation parameters are often incomparable, and we
very well may be interested in counting only the number of different entries. From
another point of view, the Ly distance gives the k-CLUSTERING problem a more
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combinatorial flavor, since the input vectors could be viewed as strings and we are
interested about how close they are according to the Hamming distance. However, in
comparison to a number of problems on strings, the size of the alphabet is unbounded.

First, note that there is a simple rule for finding the optimal cluster center for a
given cluster.

Observation 5.20. For a given cluster C, the coordinates of the optimal cluster
center ¢ could be set as

c[i] = the most frequent element of the multiset {x[i|}xec, 1 <1i < d,

breaking ties in favor of the lowest values.

By Observation 5.20, we may assume that optimal cluster centers could never
have values not present in the input, and in particular that they are integral.

We prove W[1]-hardness of Ly-k-CLUSTERING by showing a reduction from CLIQUE.
The reduction also shows hardness of Lo-CLUSTER SELECTION.

Note that when d is fixed, we could apply Theorem 5.10 to obtain an FPT al-
gorithm: Lo-CLUSTER SELECTION can be solved trivially by trying every present
value in each coordinate as a value for the center, there are only n? variants. The
a-property holds for Ly distance with o = 1 since at most one initial cluster could
coincide with the cluster center, and all others have distance at least one. We state
this formally in the next observation.

Observation 5.21. L,-CLUSTER SELECTION is solvable in time n®®, and Ly-k-
CLUSTERING is solvable in time 20(PlogD)p0(d)

Next we restate and prove Theorem 5.2. Note that Theorem 5.2 essentially com-
plements the trivial algorithms given by Observation 5.21.

Theorem 5.2. Ly-k-CLUSTERING parameterized by d + D and Lo-CLUSTER SE-
LECTION parameterized by d 4+t + D are W[1]-hard.

Proof. First we show how to obtain an FPT reduction from CLIQUE parameterized
by the clique size to Lg-k-CLUSTERING.

Given an instance (G, k) of CLIQUE, for each pair of indices {i,5}, 1 <14 < j <k,
we make |E(G)| vectors in Z*, assume k > 3. For each e = {u,v} € E(G), we add a
vector x; j .: two coordinates are set to vertex values, x; j .[i] = u, X; j[j] = v, and
in all other coordinates x; ;. is set to the special padding value ¢; ; . = |V(G)| + (k-
i+7)|E(G)| +e. In total, there are n = (§)|E(G)| vectors and |V (G)| + (§)|E(G)|
different values, since there are |V(G)| vertex values, all padding values are distinct
from vertex values and from each other.

Finally, we set k' = n — (g) +1land D = (g) (k—2). An example of the reduction
is shown in Figure 5.7.

Now we prove that the original instance has a k-clique iff the transformed instance
has a k’-clustering of cost at most D.
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Figure 5.7: An example illustrating the reduction in Theorem 5.2: an input graph G, the
vectors produced by the reduction (for clarity, they are separated over corresponding pairs
{i,7}, and padding values are replaced by dots), and the only composite cluster in the
resulting optimal clustering of cost 3, corresponding to the clique on {1,2,4}.

If there is a k-clique, there is a clustering with cost D: we take one nontrivial
cluster of size (’2“) and all other clusters are of size 1. Let vq,..., vx be the vertices
of the clique, for each {i,j}, 1 <14 < j <k we take X; j (4, 0,} into the cluster. The
cluster center is (v1,...,vg), each vector in the cluster has distance to the center of
exactly (k — 2).

Now to the opposite direction. Assume that there is a clustering of cost at most
D, and there are t composite clusters: C1, ..., C;. In each cluster and each coordinate,
by Observation 5.20 we may assume that we select the most frequent vertex there as
the value of the center, since all padding values are distinct. If there are no vertex
values in this cluster in this coordinate, we may assume that we select any of the
occurring padding values. For a cluster C, denote the number of vertex-containing
coordinates as B(C), and the total number of vertex-valued entries which do not
match with the center value in the corresponding coordinate as v(C). We could
write the total cost of the clustering as

Z Ci|(k = 2) — (k — B(Cy)) +7(Cy)) -

That holds since in each cluster C; each of the |C;|(k — 2) padding values is not
matched with the cluster center and increases the total distance by one, except for
the (k — B(C;)) vertex-free coordinates, where exactly one of the padding values
is selected as the value of the center. Also each vertex-valued entry which is not
matched with the center increases the total distance by one, there are v(C;) of them.

There are n — (’;) + 1 clusters in total, n — (g) 41—t of them are simple. We may
assume that in the optimal clustering there are no empty clusters, since we could
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always move a vector from a composite cluster to an empty one without increasing
the cost. So there are n — (n — (12“) +1-t)=t+ (’;) — 1 vectors in the composite

clusters, which is equal to Zle |Ci|]. We could rewrite the total cost as

t

(t+ (g) —1)(k=2)—tk+Y_(B(Ci)+(Ci)) = (;‘C) (k=2)—(k=2)+> _(B(Cy)—2+7(Cy)).
i=1

i=1

Now we show that for any clustering the value SX!_, (8(Ci) —2+~(Cy)) is at least
(k —2), and it is equal to (k — 2) only in the k-clique clustering. It suffices to prove
the following lemma.

Lemma 5.22. For any cluster C' such that 2 < |C] < (g), W > K, where

k=2 __

K= 1 = kiﬂf and the equality holds only when C' is a k-clique.
2

The lemma implies

>o(3(Ch) — 2-4(0) = 3 A oy -y

7 7 2&2(@—1)25((2)—1)216—27

and also that the equality holds only when each term is equal to k, so each Cj is a
k-clique, but then ¢ = 1 since S¢_, (|G| —1) = (g) —1. So G must contain a k-clique
if there is a clustering of cost at most D, and the reduction is correct. Note that
none of the C; could have size larger than (]2“) since there are n — (g) + 1 clusters in

total.

Proof of Lemma 5.22. First, we consider the case v(C) = 0, so in each coordinate all
vertex values are equal.

Claim 5.23. If C is a cluster of vectors obtained by applying the reduction described
in the proof of Theorem 5.2 to any graph H, v(C) =0, and (S) < |C|, then B(C) >
¢+ 1.

Proof. The proof is by induction on ¢. The base is £ = 1, and each non-empty cluster
contains at least one vector and so at least 2 coordinates with vertices, we assume
(=0

For the general case, if there are at least £ occurrences of a vertex v in a coordinate
i, then there are at least (¢ 4+ 1) coordinates with vertices. Each vector with v in
the i-th coordinate has also some other vertex in some other coordinate. As in each
coordinate all vertex values are equal, it could not be that two of the vectors with
the value v in the i-th coordinate share the second vertex-valued coordinate, since

then they would represent the same edge.
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So each coordinate has at most (¢ — 1) vertex occurrences, otherwise the claim
holds. Select a coordinate j which contains some vertex value u and remove the
j-th coordinate and all vectors which have the value u in the j-th coordinate. That
corresponds to the natural restriction C’ of the cluster C to a subgraph H — u. The
size of C" is at least (&) +1— (£—1) = (“3') +1, and by induction there are at least
¢ coordinates which contain vertex values, so the original cluster C has at least £+ 1
such coordinates, since there is also the j-th coordinate with the vertex value u. [

Now consider a cluster C' with v(C) = 0. Let £ be the largest value with (é) +1<
|C], so0 |C] < (“2'1). Since |C| < (g), £+ 1 < k. By Claim 5.23, 3(C) > £+ 1, then

B(C) -2 (-1 2 2
> = > =
Cl-1 = (4 -1 £+2 7 k+1

Ky

and so if £+ 1 < k, the inequality is strict. It is also strict if /+1 =k and |C| < (’;),
as the denominator becomes larger in the first step. Thus the only possibility of
getting exactly & is when |C| = (g)

But then we have exactly k - (k — 1) vertex values across k coordinates, and each
coordinate has at most (k — 1) vertex values by the argument in Claim 5.23, so each
coordinate must have exactly (k — 1) vertex values. Since y(C) = 0, they must
be all equal. Denote the common vertex value in the i-th coordinate as v;. Since
each occurrence of v; in the ¢-th coordinate corresponds to an edge to a different v;,
vertices vy, ..., vg form a clique in G.

In the case v(C) > 0, consider a new cluster C’ which is obtained from C' by
removing all vectors which have a vertex-valued entry not equal to the center value.

Assume for now that |C’| > 2. By the proof above, 6|(CC/7/|):12 > K, since 7(C’) = 0. The
value 2E)-247(C) ¢qy1d be obtained from 2()=2 by adding v(C) + (8(C) — B(C")

o1 CT—1
to the numerator and |C| — |C’| to the denominator. Removing vectors could not
increase 3, so B(C) — 5(C") > 0, and v(C) > |C| — |C’] since each of the removed

vectors has at least one vertex value not equal to the center value. If ﬁl(g/l):f > 1,

then the new fraction is also at least 1 and so strictly greater than x. If |C']| < 1,

then W > 1 since S(C) > 2 and v(C) > |C| - |C']. If 5‘(06:/‘):12 < 1, then
the new fraction became strictly larger, and so strictly larger than . In all cases,

the inequality is strict when v(C) > 0. O

Now to Lo-CLUSTER SELECTION: the reduction is almost the same, only we start
from MULTICOLORED CLIQUE, and for each pair of indices {7,j}, 1 <i < j < k we
obtain the set of vectors X; ; from edges in G starting in color 7 and ending in color
j. The vectors are constructed in the same way as in the previous reduction. All
weights are set to one. The value of D is the same, D = (’;) (k—2).

Since vectors are constructed in the same way, all statements about the cost of
grouping them remain valid, in particular Lemma 5.22. Only now the statement of
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Ly-CLUSTER SELECTION already guarantees that we select exactly one cluster and
exactly one vector from each X ;, so exactly one edge between each pair of colors.
And by Lemma 5.22 only the proper k-clique has the optimal cost. O

Note that Lo-CLUSTER SELECTION is very similar to the known problem CON-
SENSUS STRING WITH OUTLIERS, studied e.g. in [32]. The only difference of CLUS-
TER SELECTION [0] is that we have to select one point from each of the given sets,
whereas in CONSENSUS STRING WITH OUTLIERS the goal is to select the arbitrary
subset of size (n — k). The construction from Theorem 5.2 also shows W/[1]-hardness
of CONSENSUS STRING WITH OUTLIERS with respect to (d+ D +n — k) in the case
of unbounded alphabet.

5.4 The L, Distance

In this section, we consider the case p = oco. We prove two hardness results for
Loo-k-CLUSTERING: W([1]-hardness when parameterized by D and NP-hardness in
the case k = 2.

First, we prove some useful facts about the structure of optimal cluster centers.
The one thing, in which the L., distance is harder than all other distances in our
consideration, is that even when the cluster is given, we cannot simply find the
optimal cluster center by optimizing the value in each coordinate independently. So
there seems to be no simple rule of finding the optimal cluster center of a given cluster.
However, one could still do that in polynomial time by solving a linear program, as
we show in the next claim.

Claim 5.24. Given a multiset C of vectors in Z%, there is a polynomial time algo-
rithm to find ¢ € RY minimizing

Z disteo (%, €).

xeC

Proof. We reduce to solving a linear program, which we define next. Denote C =
{X1,...,Xn}, introduce variables ¢j, ..., ¢g corresponding to coordinates of the un-
known cluster center and variables dy, ..., d,, where d; corresponds to the value
disteo (x4, ¢). Consider the following linear program.

n
Zdi—nnin
i=1
xi[jl—¢; <d; Vi,j:1<i<n,1<j<d
¢j—xilj] <di Vi, j:1<i<n1<j<d

Clearly, solving this linear program provides an optimal cluster center by the values
Cly ves C4- O
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The next claim shows that we could only consider half-integral cluster centers.

Claim 5.25. For any multiset C' of vectors in 7%, the vector ¢ € R? which minimizes

D distog (%, €)

xeC
could always be chosen from %Zd (coordinates are either integer or half-integer).

Proof. Assume that we have an optimal solution c¢ that has at least one coordinate
not of the form z/2, z € Z. For a € R we denote frac(a) = a — |a], and

rem(a) =
(@ 1 —frac(a), otherwise

{frae(a), if frac(a) < 1/2
calling this value the remainder of a.

We could partition all coordinates into equivalence classes by remainder of c.
One could also define a partition of all vectors by the remainder of the distance to c.
These two partitions are related in the following sense: if diste(x,c¢) has remainder
¢ then each coordinate j where |x[j] — c[j]| = disteo(x, c) also has remainder &, and
vice versa. Now we take one particular remainder and show that we can shift it
without losing optimality.

There are two kinds of vectors with the particular remainder &: call bottom those
vectors 2 for which frac(diste(x,c)) = &, and call top those vectors x for which
frac(disteo (x,¢)) = 1 — £. Similarly, there are also two kinds of coordinates of c,
which we also call bottom and top depending of the value of frac(c[j]).

Consider a bottom coordinate j. Increasing c[j] increases |x[j] — c[j]| for all
bottom vectors x, and decreases |x[j] —c[j]| for all top vectors z. Decreasing c[j] does
the opposite, as well as increasing a top coordinate. So if we take some sufficiently
small value 8 and simultaneously increase all bottom coordinates and decrease all top
coordinates by S then for all bottom vectors their distance will become larger by g,
and for all top vectors — smaller by 8. An if we do the opposite, the bottom vectors
will cost less and the top vectors will cost more. Then, we could just take the group
which has more vectors (bottom or top) and choose that action which decreases the
distance for these vectors. The larger group has at least as many vectors as the
smaller group, so the total distance does not increase.

It remains to see which value of § we could take. We could safely shift until we
either reach a value in %Z or another remainder. In any case, we reduce the number
of distinct remainders by one, and so we conclude the proof by doing this inductively
over the number of distinct remainders. O

By Claim 5.25, the a-property holds with @ = 1/2, since at most one vector
could be equal to the cluster center, and all others have distance at least 1/2 due to
half-integrality. We can also see that when the problem is parameterized by d + D,
it admits an FPT algorithm..
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Claim 5.26. L.,-k-CLUSTERING distance is FPT when parameterized by d + D.

Proof. We use Theorem 5.10. We have the a-property, and for the set D of all possible
cluster costs not exceeding D we could take all half-integral values not exceeding D
by Claim 5.25. All that remains is to solve L,,-CLUSTER SELECTION in FPT time.

For that, we try all possible x; € X7, and then try each possible resulting cluster
center c. Since dist.(x1,¢) < D and c is half-integral by Claim 5.25, we can try
only vectors c of this form, and that is done in time (2D + 1)< O

5.4.1 W]l]-hardness Parameterized by D

Knowing that L.,-k-CLUSTERING is in FPT when parameterized by d + D, the next
natural question is, is the problem FPT or W[1]-hard when parameterized only by
D? We show that W[1]-hardness is the case, proving Theorem 5.3, which we recall
here for convenience.

Theorem 5.3. L-k-CLUSTERING parameterized by D and L.,-CLUSTER SELEC-
TION parameterized by t + D are W[1]-hard.

Proof. First, we show a reduction from CLIQUE to L,-k-CLUSTERING. Given a
graph G and a clique size k, we construct the following instance of the clustering
problem.

We set the dimension to |[V(G)| + (‘V(QG”) — |E(GQ)|. We take |V(G)| vectors

{xi}i‘;(le)‘ corresponding to vertices. For the vertex v, first |V(G)| coordinates are
set to zero, except v-th coordinate, which is set to 2.

The last (‘V(QG)‘) —|E(G)| coordinates correspond to non-edges, vertex pairs which
are not connected by an edge. For each vertex pair {u,v} ¢ E(G) in the coordinate
{u,v} we set x,, to 2, x,, to —2, the order on u, v is chosen arbitrarily, and all other
vectors to zero.

Finally, we set the number of clusters to |V(G)| — k + 1 and the total distance to
k. We show an example on how the reduction works in Figure 5.8.

If there is a clique of size k in G, then we have a solution of cost k: take k vectors
corresponding to the clique vertices in one cluster, and make all other clusters trivial.
For the only nontrivial cluster C, we can always choose ¢ so that |x[j] —c[j]| < 1 for
any x € C and for any coordinate j. Fach vertex coordinate has only 0 and 2, so
setting ¢ to 1 there suffices. As in C' we have an edge between any two vertices, in
any non-edge coordinate j there are either all zeros, or zeros and 2, or zeros and —2.
In each of the cases there is a suitable value for c[j]: 0, 1 or —1 correspondingly.

Next, we prove that any solution has cost at least k, and any solution which is
not a k-clique has strictly larger cost. For that, we prove the following claim.

Claim 5.27. In the instance above, the cost of any cluster C' containing at least two
vectors is at least |C|. If there is at least one non-edge in C, then the cost is at least
|C] + 1.
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1 2 3 4 5|23 34 15 25
x1[2 0 0 0 0 O 0 2 0
x2 |0 2 0 0 0] 2 0 0 2
x3 /0 0 2 0 O0|-2 2 0 0
xx[0 0 0 2 00 -2 0 0
xs 0 0 0 0 2|0 0o -2 =2
x3/2 0 0 0 0] O 0 2 0
x2/0 2 0 0 0| 2 0 0 2
x40 0 0 2 00 -2 0 0

c|1 1 0 1 01 -1 1 1

Figure 5.8: An example illustrating the reduction in Theorem 5.3: an input graph G, the
vectors produced by the reduction (for clarity, the coordinates corresponding to vertices
and to non-edges are separated), and the only composite cluster in the resulting optimal
clustering of cost 3, corresponding to the clique on {1,2,4}. Note that distes(x1,¢) =
distoo (X2, ¢) = disteo (x4,¢) = 1.

Proof. Denote the cluster center as c. If each vector x in C' has disto(x,c) > 1,
the first statement is trivial. So assume that there is a vector x* in C such that
disteo (x*,¢) = £ < 1. Consider the coordinate j* which corresponds to the same
vertex as the vector x*, x*[j*] = 2, and all other vectors are zero in the coordinate j*.
As distoo (x*,¢) = &, c[j*] > 2—&. Then, for any other x € C| distoo(x,¢) > 2-€ > 1.
The total cost of the cluster is at least £+ (|C|—1)(2—¢&) =2+ (|C|—2)(2-¢) > |C]|,
as2—¢> 1.

Now to the second part of the claim. Assume there are only two vectors in C' and
they do not have an edge, there is a coordinate j* where one is 2 and the other is —2.
No matter what we choose for ¢[j*], the cost is at least |2 —c[j*]| +| —2 —c[j*]| > 4,
and the statement follows. So assume that |C| > 3 and there is a coordinate j*
corresponding to a non-edge in C'. One vector from C has 2 in the coordinate j*,
another —2, and all others have 0. Then there is a vector in C' with distance to ¢ of
at least 2, as either c[j*] > 0 and | — 2 — c[j*]| > 2 or c[j*] < 0 and |2 — c[j*]| > 2.
Let us just forget about this vector and consider all other vectors in C. There are
|C] — 1 > 2 of them, and by the reasoning in the proof of the first statement, their
cost is at least |C| — 1. In this proof we considered only vertex coordinates, so the
vector we forgot and the j*-th coordinate (which is a non-edge coordinate) does not
affect it. So, the total cost is at least |C| —1+2 = |C| + 1. O

Assume that we have [ > 1 nontrivial clusters of sizes {t;}!_,, nontrivial means
that the size is at least two, t; > 2 for i € {1,...,l}. By Claim 5.27, the total cost is
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at least

l
S ti=k+1-1>k,
i=1

as there are |V (G)| — k + 1 clusters in total, |[V(G)| — k + 1 — [ trivial clusters, and
the total number of vectors is [V (G)| = 22:1 ti +|V(G)| — k+ 1 — 1, from which it
follows that Zi:l t; = k41— 1. So no solution has cost less than k.

Also, if there are at least two nontrivial clusters, then k +1—-1>k+ 1. Soif a
solution has cost k, it must have only one nontrivial cluster, and its size must be k.

Finally, assume that the solution indeed has only one nontrivial cluster, but there
is a non-edge in it. Then, as the size is k, by Claim 5.27 its cost is at least k + 1. So
only a k-clique has cost k, which proves the correctness of the reduction.

Now, to Lo,-CLUSTER SELECTION. We consider essentially the same reduction,
only we start from MULTICOLORED CLIQUE. We obtain sets of vectors Xq, ..., X
in the same way as X in the reduction above, only vectors obtained from vertices of
color j are put into X;. The total distance parameter is also set to k. So parameters
t and D of the obtained instance have the same value as the starting parameter k.

Since vectors are constructed in the same way, Claim 5.27 still works. And now
the statement of L..-CLUSTER SELECTION enforces that exactly one cluster of k
vectors is selected. By Claim 5.27 it could be done with the cost k if and only if
there is a colorful k-clique in the original graph. O

5.4.2 NP-hardness for £ = 2

In this subsection we prove NP-hardness of L..-k-CLUSTERING when k& = 2. Intu-
itively, if we consider the previous reduction, partitioning the vectors optimally into
two clusters loosely corresponds to partitioning the vertices into two sets such that
there are as many as possible vertices having no edges inside their set. Which, in
turn, is ODD CYCLE TRANSVERSAL: the problem of removing the smallest number
of vertices so that the remaining graph is bipartite. However, to make everything
really work, we need to consider a modified version of ODD CYCLE TRANSVERSAL
which we call HALF-INTEGRAL ODD CYCLE TRANSVERSAL.
HALF-INTEGRAL ODD CYCLE TRANSVERSAL

Input: An undirected graph G, an integer t.

Task: Is there an assignment 6 : V(G) — {0,1,2}, such that
> vev(e) 0(v) < tand G — S is bipartite, where S = {{u,v} €
E(G):6(u) +6(v) > 2}7?

The definition of HALF-INTEGRAL ODD CYCLE TRANSVERSAL is illustrated in Fig-
ure 5.9.

First we show that HALF-INTEGRAL ODD CYCLE TRANSVERSAL is also NP-hard
by constructing a reduction from 3-SAT.
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(a) A graph G. (b) An optimal assignment ¢ (c) A different choice of §.
of cost 3. The set S, ie. This assignment models the
“deleted” edges, is in dashed. optimal solution for OpD Cy-
CLE TRANSVERSAL on the
1 same graph, and has the cost

of 4.

0
0 0

Figure 5.9: An illustration to HALF-INTEGRAL ODD CYCLE TRANSVERSAL.

Lemma 5.28. There is a polynomial time reduction from 3-SAT to HALF-INTEGRAL
ODD CYCLE TRANSVERSAL.

Proof. Given an instance of 3-SAT with n variables and m clauses, make a graph G
as follows. The example of the reduction is given in Figure 5.10. For each variable x;,
introduce two vertices x; and 7}, connect them with an edge. Also introduce 2n + 1
vertices y; ; connect them to both z; and 7.

For each clause C; introduce four vertices Cj 1,...,C; 4. Consider following seven
vertices: Cj 1, ..., Cj 4, and three variable vertices which are present in C;: if z; € C}
then we consider the vertex x;, and if -~x; € C; then we consider the vertex x7.
Connect all these seven vertices in a cycle such that each variable vertex is adjacent
to two clause vertices. Finally, set ¢ to 2n.

First, assume there is a satisfying assignment. Consider the following ¢ : V(G) —
{0,1,2}: if x; is true, 6(x;) = 2, otherwise §(z;) = 2, on all other vertices § = 0.
Clearly, 3~ ,cyv () 0(v) = 2n.

Since ¢ does not take value 1, deleting edges {w,v} with 6(u) + d(v) > 2 is
equivalent to deleting vertices on which ¢ is 2. From each vertex gadget we deleted
either z; or ), so the remaining part is a star with leaves y; ; and center z; or .
Since the assignment we started from is satisfying, from each clause cycle we deleted
at least one vertex. So each cycle present in G lost at least one vertex, and what
remains is bipartite.

Now assume there is a solution § to the HALF-INTEGRAL ODD CYCLE TRANSVER-
SAL instance. We claim that §(x;) + d(x}) > 2 for each variable x;. Consider a
2-coloring of G — S: either x; and 2 have the same color or not. In the former case,
0(x;) + d(x;) > 2 since the edge {x;, z}} must be removed.
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Figure 5.10: A graph obtained from the 3CNF-formula (21 V —z2 V z3) by the reduction
from Lemma 5.28. A 7-cycle corresponding to the only clause of the formula is highlighted
in blue.

If z; and z have different colors, assume that d(z;) < 1 and 6(z}) < 1. Then,
each of the 2n 4 1 vertices y; ; takes one of the two colors, and so has an incident
edge to x; or x; which needs to be deleted. But then, d(y; ;) > 1 for each j, and the
total cost on these vertices is already 2n + 1. Then either §(x;) = 2 or 6(z}) = 2.

So we have n variables and § is at least 2 on each pair of variable vertices, and in
total ¢ is at most 2n. Then & has to be exactly 2 on each variable pair, and zero on
all other vertices. Now we claim that on each clause cycle there is a variable vertex
v with 6(v) = 2. If not, then none of the cycle edges gets deleted, as 4 is equal to
zero on clause vertices. But then the remaining graph could not be bipartite, since
it contains an odd cycle.

To get a satisfying assignment, set x; to true if d(z;) = 2, or to false otherwise.
In particular, if 6(z}) = 2, z; is set to false, since d(z1) + d(x}) = 2. Each clause
is satisfied since each clause cycle contains a variable vertex on which § is equal to
2. O

Now we prove NP-hardness of L..-k-CLUSTERING when k = 2 by constructing a
reduction from HALF-INTEGRAL ODD CYCLE TRANSVERSAL.

Theorem 5.29. L,.-k-CLUSTERING is NP-hard when k = 2.

Proof. Consider an instance (G,t) of HALF-INTEGRAL ODD CYCLE TRANSVERSAL,
if t > |V(G)|, we have a yes-instance since § = 1 deletes all edges from the graph,
so we may assume ¢t < |V(G)|. Remove all isolated vertices in G and add t + 5
isolated edges to G, it clearly does not change the type of the instance. The number
of clusters k is 2, set the dimension d to |E(G)|, each coordinate corresponds to an
edge. For each vertex v € V(G) add a vector x, to X with all coordinates set to
zero. Then, for each edge {u,v} € E(G) set xy[u,v] to 2 and x,[u,v] to —2, the
order on u,v is chosen arbitrarily. Finally, set D to |V (G)| 4 ¢. An example is given
in Figure 5.11, additional isolated edges are dropped out for clarity.
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(a) A starting graph G, t = 2. (b) The obtained instance: set of vectors X =

{x1,x2,x3,%4}, D = 6.

Qv@ edges: 12 13 14 23 24

X
X
X

1
2
3 =
4

(¢) A possible solution: §(1) =
5(3) = 6(4) = 0, §(2) = 2. Edges (d) The corresponding clustering of cost 6, C1 = {x1,x2},
from S are dashed, a 2-coloring of C2 = {Xa,x4}, and optimal centers c1, c2.

G — S is in red and blue.

x1=( 2, 2, 2, 0, 0), disteo(x1,c1)=1
Xo = (—2, O7 0, 2, 2), diStoo(XQ,C1) =3
Co = ( Oaf]-v 1; 1771)

s=( 0,-2, 0,-2, 0), disteo(xs,c1)=1
xg=( 0, 0,-2, 0,-2), disteo(x4,c1)=1

Figure 5.11: An illustration of the reduction from Theorem 5.29.

If (G,t) is a yes-instance of HALF-INTEGRAL ODD CYCLE TRANSVERSAL, con-
sider the solution 6. Split vectors into clusters according to any proper 2-coloring
of G — S. Now we show the way to select cluster centers so that each vertex v has
distance at most 1 4 d(v) to the corresponding center. We consider separately each
of two clusters and each coordinate, indexed by an edge {u,v} € E(G). For a cluster
C, there are three cases on how u and v are present in the cluster, for each of them
we assign a particular value to the cluster center ¢ in the coordinate {u,v}.

- If w and v are both not in C, for vectors in C' all entries in the coordinate {u, v}
are zero, and we set clu, v] also to zero. Each vector is at distance zero to the
center in this coordinate.

- If only one of u and v are in C, for vectors in C' all entries in the corresponding
coordinate are zero, except one entry corresponding to the edge’s endpoint
belonging to C, which is either 2 or —2. Set c[u,v] to 1 or —1, correspondingly,
then each vector is at distance 1 in this coordinate.

- If both w and v are in C, w.l.o.g. x,[u,v] is 2 and x,[u, v] is —2, and all other
points are zero. It must hold that §(u) + 6(v) > 2, either §(u) = d(v) =1 or
w.lo.g 6(u) = 2 and 6(v) = 0. In the former case, set c[u,v] to zero, then all
vectors have distance zero, x,, and x, have distance 2 in this coordinate. In
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the latter case, set c[u,v] to —1, then u is at distance 3, and all other vectors,
including v, are at distance 1.

For any v € V(G), since it holds for all coordinates that distance from x, to the
corresponding cluster center is at most 1+ 0(v), then the Lo, distance is also at most
1+ d(v), and the total cost of the clustering defined above is at most

> 146) = V(G)| +t.

veV(G)

In the other direction, assume there is a clustering Cy, Cs with centers ¢, co
such that the total cost is at most D. By Claim 5.25 we may assume that centers
are integral, and for any vector the distance to the nearest center is also an integer.
We also may assume that centers are between —2 and 2 in each coordinate since all
the input vectors have entries in this range, and so we could move the centers to the
same range without increasing distances.

So, each vector has distance in {0,1,2,3,4} to the closest center. We claim that
it could not be that a vector x,, has distance zero: in this case w.l.0.g x,, = ¢1, and so
¢y is equal to 2 or —2 in some coordinate, since each vertex has at least one incident
edge. But then each vector in C has distance at least 2 to ¢;. And since at most
two vectors could be equal to the centers, each of the remaining |V (G)| — 2 vectors
has distance at least 1. Consider ¢ + 5 isolated edges, at least ¢t 4+ 3 of them do not
have any endpoint equal to one of ¢; and cy. For these edges, the total distance of
their endpoints is at least 3: either their endpoints are in different clusters, and so
the endpoint in C; costs at least 2, or both endpoints are in the same cluster, and
in total they cost 4 since there are simultaneously values 2 and —2 in the coordinate
corresponding to this edge. So each of the ¢+ 3 edges increases the cost by additional
1, and the total cost is at least |V(G)| —2+t+3 > |[V(G)| + 1.

Since each vector has distance at least 1, we may assume that the centers are
in {-1,0,1}4. If we have 2 (or —2) we could change it to 1 (or —1), all vectors
which could become farther from the centers have 2 in this coordinate. But then the
distance for these vectors is still at most 1. We also may assume that distances are
in {1, 2,3}, since distance 4 could be only from 2 to —2.

We claim that if we set §(v) := min?_; disteo(X,,¢;), 6 is a solution to HALF-
INTEGRAL ODD CYCLE TRANSVERSAL. Remove all edges {u, v} with é(u)+d(v) > 2,
and consider 2-coloring of G induced by the partition {C7,C2}. Assume that we
have an edge {u,v} such that §(u) + 6(v) < 1 and v and v are in the same cluster
(w.lo.g C1). Then we have a coordinate {u,v} such that w.l.o.g x,[u,v] = 2 and
Xp|t, v] = =2, but disteo(Xy, €1) + disteo (X4, ¢1) < 3 due to d(u) + d(v) < 1 and so
|y [u, v] — €1]u, v]| + |xp[u,v] — c1[u, v]| < 3, which is a contradiction. So (G,t) is
also a yes-instance. O

Note that the reduction from the proof of Theorem 5.29 also implements k-
COLORING, if we set k to the number of colors and D to |V(G)]|, since with such
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a small budget we can not allow any same-colored neighbors in the optimal cluster-
ing. However, k-COLORING is only known to be NP-hard for 3 or colors. Thus in
Theorem 5.29 we show a reduction from HALF-INTEGRAL ODD CYCLE TRANSVER-
SAL to show the hardness of L.,-k-CLUSTERING even for two clusters.

5.5 The Case p € (1,00)

In this section we consider the case p € (1,00), with the particular emphasis on the
most commonly used case p = 2. With the Ly distance, the k-CLUSTERING problem
is widely studied under the name k-MEANS.

5.5.1 FPT Parameterized by d + D for L,

When we consider both d and D as the parameters, Lo-CLUSTER SELECTION becomes
FPT, and so Lo-k-CLUSTERING is also FPT by Theorem 5.10.

Note that in any composite cluster, each vector except at most one is at distance
at least 1/4 from the center, so the a-property holds with « = 1/4. Counsider two
different vectors, they have different values in some coordinate, and in this coordinate
at least one of them is at distance at least (1/2)% = 1/4 from the center.

Now we prove Theorem 5.4, which we restate here.

Theorem 5.4. Lo-k-CLUSTERING and Lo-CLUSTER SELECTION are FPT when pa-
rameterized by d + D.

Proof. We start with the proof that Lo-CLUSTER SELECTION is FPT. The distance
disto satisfies the a-property. Hence if t > 4D + 1 then any composite cluster costs
more than D and the instance is clearly a no-instance. So we may assume that
t<4D +1.

We claim that there are at most 4mtD possible total weights of the resulting
composite cluster. First, in the resulting cluster there could be at most one vector
with weight strictly larger than 4D. Otherwise, let us consider two such vectors and
the coordinate in which they differ. No matter which value the center has there, it is
at distance of at least 1/2 from at least one of the vectors, so the total cost is larger
than 4D(1/2)? > D. So there are at most m possibilities for the largest weight, and
all of the other (f — 1) weights are at most 4D.

We fix the total resulting cluster weight W, the vector in the resulting cluster
with the largest weight x;« € X+, and the coordinate i. Since the center c is the
mean of the vectors in the resulting cluster, c[4] is of form >, where y € Z. We claim
that the distance from y to W - x;«[i] is bounded by a function of D, and so each
possible y could be enumerated in FPT time. Moreover, all possible centers could
also be enumerated in FPT time since d is a parameter.
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Let {x1,...,x¢} be the resulting cluster, x; € X; for all j € {1,...,t}. The
difference between c[i] and x;-[i] could be written as

t _ t . )
0 . w(x;)xli] oo w(xy) (i) — x;i])
xj*[Z]—c[z]zxj*[Z]—; {/Vj == W :
The absolute value of the numerator is O(D?) since t = O(D), w(x;~) gets multiplied
by zero, and all other weights are at most 4D. Also, for any j € {1,...,t}, |x;+[i] —
x;[i]| < 4D, since

AD > 4 ((xj+[1] = li])* + (x;[d] = cli])?) = (x5 [i] = x;[d])* =[x 1] — x5[d]].
The total running time is at most
dmtd - m - O(D*)? - m,

since we try all possible cluster weights, all possible x;- out of the input vectors,
then all possible centers which differ from x;- by O(D?) in each coordinate. And
then for each center we check whether the optimal cluster for it has cost at most D
by selecting the best x; € X for each j € {1,...,t}. This concludes the proof that
Lo-CLUSTER SELECTION is FPT when parameterized by d + D.

Now we proceed with showing that Lo-k-CLUSTERING is FPT parameterized by
d + D. For that we employ Theorem 5.10. We already have the a-property and
an FPT algorithm for Lo-CLUSTER SELECTION. Hence the only thing left is to
enumerate the set D of all possible optimal cluster costs not exceeding D.

Since there are n vectors in total, each cluster contains from 1 to n vectors. For
each possible cluster size s the center is of the form ¥, where y € Z. Since input
vectors have integer coordinates, the cost of any cluster of size s is of form %, where
z € 7. And since the cost is at most D, z € {0,..., Ds*}. We enumerate all possible
cluster sizes in {1,...,n}, and for each cluster size s all possible cluster costs in
{0/s%,...,Ds?/s?}. In this way we obtain D, and |D| = O(Dn?). O

5.5.2 WIJ[l]-hardness Parameterized by ¢+ D

In our setting, La-k-CLUSTERING seems to be harder than L;-k-CLUSTERING, since
we do not have the nice property that if many vectors have the same value in some
coordinate then the center must also have this value. On the contrary, even if only one
vector diverges from the rest, the optimal center also diverges. So the approach with
enumerating nontrivial coordinate sets, which we successfully used in the p € (0, 1]
case, is not likely to work.

We are able to prove that L,-CLUSTER SELECTION for p € (1, 00) is W[1]-hard
parameterized by t + D. It remains open whether L,-k-CLUSTERING for p € (1, 00)
or specifically for p = 2 is W[1]-hard or not, but our result shows that at least the
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approach we used to obtain an FPT algorithm in the p € (0, 1] case would not yield
an FPT algorithm for p € (1, 00).

First we state and prove two technical claims about the geometrical properties of
clustering zero-one valued vectors in the p € (1,00) case.

Claim 5.30. If we have a cluster of size a+b where a vectors have zero and b vectors
have one in the coordinate i, then the optimal center value in this coordinate is equal
to L
br—7
I 1>
ar-T + b1

and the coordinate i contributes

ab
1 1 \P D
o)

to the total cost.

Proof. Assume that the center value in the coordinate i is equal to ¢, then the cost
is
ac? +b(1 — c)P.

It is easy to see that ¢ < 0 is worse than ¢ = 0, and similarly ¢ > 1 is worse than
¢ =1, so we could restrict ¢ to [0, 1]. The derivative with respect to ¢ is

placP™ —b(1 — )P,
as p > 1, the derivative is zero if and only if

ac?™t =b(1 — )P !

c pflié
1—c¢ T a

c

14 ()7 e b

The derivative increases monotonically: when we increase ¢, cP~! increases and (1 —
c)P~! decreases as p— 1 > 0. So the optimal value must be at its unique root defined
by the expression above. Thus, the optimal cost is equal to

br-T1 ar-1 ab
a - — » +0 =

p —1>
(a7 +677) (av* 407"

finishing the proof. O
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Now we prove that it is optimal to have as many ones in the same coordinate as
possible. For that, we calculate how much each one adds to the total cost depending
on how many ones are there in a coordinate.

Claim 5.31. Consider a cluster of s zero-one valued vectors, denote as f(b) the
contribution of a coordinate in which there are b ones and s — b zeros. The function
f(b)/b is strictly decreasing for 0 < b < s.

Proof. Denote the number of zeros in the coordinate as a := s — b. By Claim 5.30,
the contribution of the coordinate per each one is

f(b) ab

B a/s

(7 +0) T (@)t = e )

Let us denote z = a/s, 0 < x < 1, the derivative of the above with respect to x is
equal to

S| =

d T

1 1 71
dz (xpj +(1- x)ﬁy)

- (xf . x)ril)_(p_m : ((1 Y x)ﬁlj_l) ,

which is strictly positive for 0 < x < 1, hence proving the claim. O

Now we are ready to prove the hardness result, which was stated in the introduc-
tion as Theorem 5.5. We recall the statement here.

Theorem 5.5. L,-CLUSTER SELECTION is W[1]-hard for every p € (1,00) when
parameterized by t + D.

Proof. We construct a reduction from MULTICOLORED CLIQUE. Given a graph G
and a clique size k, we construct the following instance of L,-CLUSTER SELECTION.

We set t to (’;), each input set of vectors represents a choice of an edge of the clique
between two particular colors, so we number them by unordered pairs of indices from
1 to k. We set the dimension d to |[V(G)], coordinates are numbered by vertices.

The set X ; consists of the following vectors: for each edge {u,v} € E(G) between
a vertex u of color ¢ and vertex v of color j, we add a vector with 1 in the coordinate
u and 1 in the coordinate v, all other coordinates are set to zero. All vectors have
weight one. Finally, we set

Dk (k- 1)(*3")
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i ? 5’6 (L,22] 1 1 0 0
X2 | oo 4 2,4y 0 1 0
{1,y | 1 0 0
Xo5] 0 1 0 —
Xis] 1 0 0 c [ 3 30

Figure 5.12: An example illustrating the reduction in Theorem 5.5: an input graph G
colored in three colors, the vector sets produced by the reduction, and the resulting optimal
cluster of cost 2, corresponding to the clique on {1,2,4}. Note that in the resulting cluster,
each non-zero coordinate has the maximal number of ones, (k — 1).

In Figure 5.12, we show the intuition behind the reduction by considering a simple
example.

If there is a colorful k-clique in GG then we construct a solution to our instance
of L,-CLUSTER SELECTION. Assume the clique is formed by vertices vi, va, ...,
vy, for each i € {1,---,1} vertex v; is of color i. From each X;; choose the vector
corresponding to the edge {v;,v;} € E(G). Among the chosen vectors, in every
coordinate of the form v; there are (k — 1) ones from edges to v; and (g) —(k-1)=
(kgl) zeros. All other coordinates are zeros in the chosen vectors, so they do not
contribute anything to the total distance. By Claim 5.30, the total distance is

Bonfy)
((k—l)p%ﬂk;)pll)p—

In the other direction, we prove that only the solution described above could
have the cost D, all others have strictly larger cost. First notice that in any resulting
cluster there are at most (k — 1) ones in each coordinate, since for any vertex v €
V(G), if we denote its color by i, only vectors from (k — 1) sets of the form X ;
(7 € {1,...,k}\{i}) have ones in the coordinate v, and we take one vector from each
set by the definition of L,-CLUSTER SELECTION.

Each vector has exactly two ones, so in any resulting cluster there are 2 - (g) ones
in total. By Claim 5.31, any resulting cluster which does not have (k — 1) ones in k
coordinates has strictly larger cost, since only coordinates with exactly (k — 1) ones
have the optimal cost per each one.

So, if the resulting cluster has the cost D, then there are k coordinates such that
in each of them exactly (k — 1) of the chosen vectors have one. We show that in
this case the original instance of CLIQUE has a k-clique. For any color ¢ € {1,...,k}
there are at most (kK — 1) ones in all coordinates indexed by vertices of color i in
the resulting cluster. So all of these ones are in the same coordinate v; for some v;.

k- =D.
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We claim that the vertices vy, ..., vx form a clique. Consider vertices v; and vj,
we have taken some vector from Xj ;, and this vector must have added a one to the
coordinates v; and v;, then by construction the edge {v;,v;} is in E(G). O

5.6 Conclusion and Open Problems

In this chapter, we presented an FPT algorithm for L,-k-CLUSTERING with p €
(0,1] parameterized by D. However, for the case p € (1,00) we were only able to
show the W([1]-hardness of L,-CLUSTER SELECTION. While intractability of L,-
CLUSTER SELECTION does not exclude that L,-k-CLUSTERING could be FPT with
p € (1,00), it indicates that the proof of this (if it is true at all) would require an
approach completely different from ours. Thus an interesting open question concerns
the parameterized complexity of L,-k-CLUSTERING with p € (1,00) and parameter
D.

Another open question is about the fine-grained complexity of L,-k-CLUSTERING
when parameterized by k£ + d. For several distances, we know XP-algorithms: an
O(ndk+1) algorithm by Inaba et. al. [118] for p = 2, as well as trivial algorithms for
p € [0,1]. For the case when the possible cluster centers are given in the input, the
matching lower bound is shown in [63]. However, we are not aware of a lower bound
complementing the algorithmic results in the case when any point in Euclidean space
can serve as a center.

Finally, let us note that our W[1]-hardness reductions could be easily adapted
to obtain ETH-hardness results. Our reductions are from CLIQUE and, assuming
ETH, there is no n°(®) algorithm for CLIQUE. In most of our results, the ETH lower
bounds derived from our reductions, can be complemented by matching upper bounds
through a trivial algorithm for L,-CLUSTER SELECTION in time n@ or n®® and,
consequently, an algorithm for L,-k-CLUSTERING obtained by Theorem 5.10. How-

ever, the reduction in Theorem 5.5 excludes only an (nd)o(tl/erD %) algorithm for
L,-CLUSTER SELECTION with p € (1,00) under ETH. Both the trivial algorithm in
time n®® and the algorithm from Theorem 5.4 in time D@ (which could also be
turned into a d°(P)-time algorithm) fail to match this lower bound. So, another open
question is, whether there exists a better reduction or a subexponential algorithm
could be obtained in this case.
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Robust Categorical Clustering

In this chapter, we are interested in studying clustering problems on categorical data.
Naturally, the most common similarity (or dissimilarity) measure for categorical data
objects is the Hamming distance, which is basically the number of mismatched at-
tributes of the objects. As Hamming distance is a metric, the existing constant
approximations for clustering problems in general metrics can be easily adapted for
categorical data. However, these algorithms need the whole metric space (points,
potential centers and all-pair distances) as input, whose size depends exponentially
on the dimension of the Hamming space. By increasing the cost by a constant fac-
tor, one can assume that the potential centers are the input points. This leads to
polynomial time approximations, albeit with large constant approximation factors.
Consequently, researchers have focused on obtaining clustering algorithms with bet-
ter performance guarantees tailored for Hamming spaces. While a large number of
such algorithms have been proposed in recent years, the development of provably
good algorithms remains an intriguing challenge [11]. Among these results, the most
relevant to our work is the one in [90], which shows that the k-median clustering
problem on binary data is FPT parameterized by the cost of clustering. While the
previous chapter covers the generalization of this work to integer-valued vectors under
various L,-norms, here we consider a different extension. As discussed in Chapter 3,
our main interest for categorical clustering lies in the study of robust variants of the
problem. Specifically, we are interested in CATEGORICAL k-CLUSTERING WITH ROwW
OUTLIERS, where it is allowed to remove a given number of points from the dataset,
and CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS, where instead we re-
move a predefined number of features. In both variants, the removed rows/columns
do not contribute to the cost of clustering. Thus the task in both problems can be
thought of as to remove the noisy part of data so that the remaining part fits the
CATEGORICAL k-CLUSTERING objective the best. Again, we are primary interest in
the exact parameterized complexity of these problems with the respect to the pa-
rameter D, representing the cost of the target clustering. We refer to Chapter 5 for

91
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the discussion on the choice of the parameter; here we note that in the robust setting
parameterizing by D becomes more powerful, as the removed rows/columns do not
contribute to the cost. We recall the formal definitions of the two problems next.
Let X be a finite set of non-negative integers. We refer to ¥ as the alphabet and we
denote the d-dimensional space over ¥ by %¢.

CATEGORICAL k-CLUSTERING WITH ROW OUTLIERS

Input: An alphabet X, an n x d matrix A with rows aj, as, ..., a, such
that a; € X4 for all 1 < i < n, a positive integer k, non-negative
integers D and ¢.

Task: Decide whether there is a subset O C {1,2,...,n} of size at
most £, a partition of {1,2,...,n}\O into k sets {I1,Ia,..., I}
called clusters, and vectors ¢, co,...,c; € X such that the
cost of clustering is at most D, that is,

k

Z Z dH(ai, Ct) S D.

t=11€l;

Now we recall the feature selection variant. For a set of indices S C {1,2,...,d}
and an n x d matrix A, A~° is the matrix obtained from A by removing the columns
with indices in S.

CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS

Input: An alphabet ¥, an n x d matrix A with rows aj, as, ..., a, such

that a; € Y4 for all 1 < i < n, a positive integer k, non-negative
integers D and ¢.

Task: Decide whether there is a subset O C {1,2,...,d} of size at
most £, a partition {I1,Is,..., I} of {1,2,...,n}, and vectors
ci1, ¢, ..., cp € 294100 guch that

k
Z Z di(a;,¢) < D.
t=14€l;

For a set of indices S C {1,2,...,m} and an m x n matrix A, let A~ be the
matrix obtained from A by removing the rows with indices in S. We denote the rows
of A= by a;® for 1 < j <n.

While CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS looks very simi-
lar to the one with row outliers, it appears that the former is computationally much
more challenging. Later, we will discuss more about this. Our first result is the
following theorem.
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Theorem 6.1. CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS is solvable
in time f(k,D,|%|) - d9®1=D . n? where f and g are computable functions.

In particular, this implies that for fixed k& and |X|, the problem is FPT parame-
terized by D. Note that the running time of the algorithm does not depend on the
number of irrelevant features ¢. In particular, for fixed k, D, and |X|, it runs in
polynomial time even when ¢ = Q(d). Also, the theorem could be used to identify
the minimum number of irrelevant features £ such that the cost of k-clustering on the
remaining features does not exceed D. Note that our time complexity also exponen-
tially depends on the number of clusters k. In this regard, one can compare our result
with the result in [90] that shows that the binary version of the problem without the
row outliers is FPT parameterized by only D. However, in the presence of the row
outliers the dependence on k is unavoidable as we state in our next theorem.

Theorem 6.2. CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS is W[1]-
hard parameterized by

- either k4 (d — £)
- or/

even when D = 0 and X = {0,1}. Moreover, assuming the Exponential Time Hypoth-
esis (ETH), the problem cannot be solved in time f(k)-d°*) -n®M) for any function
f, even when D =0 and the alphabet 3 is binary.

Note that when D = 0 and ¥ = {0,1}, from Theorem 6.1 it follows that
CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS can be solved in time
f(k) -d9*) .n2. Theorem 6.2 shows that the dependence on such a function g on k is
inevitable, unless W[1] = FPT, and g(k) is unlikely to be sublinear up to ETH. Theo-
rem 6.1 follows from a more general algorithm for CONSTRAINED CLUSTERING WITH
OUTLIERS. In this problem, one seeks a clustering with centers of clusters satisfying
the property imposed by a set of relations. Constrained clustering was introduced
in [88] as the tool in the design of approximation algorithms for binary low-rank ap-
proximation problems. The CONSTRAINED CLUSTERING WITH OUTLIERS problem
is basically the robust variant of this problem. This problem encompasses a number
of well-studied problems related to robust clustering and dimensionality reduction,
and our algorithm for constrained clustering implies fixed-parameter tractability for
all these problems. Now we move to define CONSTRAINED CLUSTERING WITH OUT-
LIERS formally.

A p-ary relation on X is a collection of p-tuples whose elements are in X. For
example, R = {(0,1,0),(1,1,0)} is a 3-ary relation on {0, 1}.

Definition 6.3 (Vectors satisfying R). An ordered set C = {c1,¢a,...,¢,} of
d-dimensional vectors in X9 is said to satisfy a set R = {R1, Ra,..., Ry} of p-ary
relations on X if for all 1 < ¢ < d, the p-tuple formed by the i-th coordinates of
vectors from C, that is (¢1i], cali],. .., ¢pli]), belongs to R;.
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For example, consider ¥ = {0,1}, d = 2, p = 3, and relation R = {R;, R2}, where
R, ={(0,1,0),(1,1,0)}, Ry = {(1,0,0),(1,1,1)}. Then the set with

0= () o= () =)

satisfies R, as (e1[1], e2[1], es[1]) = (0,1,0) € Ry and (c1[2], e2[2], e3]2]) = (1,0,0) €
R5. On the other hand, the set with

= (§).er= (0) = §)

does not satisfy R, because (c1[1], e2[1], e3[1]) = (0,0,0) & R;.
We define the following constrained variant of robust categorical clustering.

CONSTRAINED CLUSTERING WITH OUTLIERS

Input: An alphabet ¥, an n x d matrix A with rows aj,as,...,a,
such that a; € 4 for all 1 < j < n, a positive integer k, non-
negative integers D and ¢, a set R = {R1, Ra,..., R4} of k-ary
relations on 3.

Task: Decide whether there is a subset O C {1,2,...,n} of size at
most ¢, a partition Z = {I1,Io,..., I} of {1,2,...,n}\ O, and
aset C = {ey,cy,...,c} of d-dimensional vectors in ¥ such

that C satisfies R and

k
Z Z dH(aj,ci) S D.

i=1j€l;

Thus in CONSTRAINED CLUSTERING WITH OUTLIERS we want to identify a set
of outliers a;,i € O, such that the remaining n — ¢ vectors could be partitioned into
k clusters {I1, I, ...,I}. Each cluster I; could be identified by its center c; € X4
as the set of vectors that are closer to ¢; € X¢ than to any other center (ties are
broken arbitrarily). Then the cost of each cluster I; is the sum of the Hamming
distances between its vectors and the corresponding center c; € 4. However, there
is an additional condition that the set of cluster centers C' = {cj,ca,...,c;} must
satisfy the set of k-ary relations R. And, the total sum of costs of all clusters must
not exceed D.

We prove the following theorem.

Theorem 6.4. CONSTRAINED CLUSTERING WITH OUTLIERS is solvable in time
(kD)OkD) | |FP . Ok . g2,
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Note that CATEGORICAL k-CLUSTERING WITH Row OUTLIERS is also a re-
stricted version of CONSTRAINED CLUSTERING WITH OUTLIERS corresponding to
the case when every relation R; € R contains all possible k-tuples over X, that is,
there are no constraints on the centers. Hence, by Theorem 6.4, we readily obtain
the same result for this problem. However, in this special case we show that it is
possible to obtain an improved result that matches the result without outliers.

Theorem 6.5. CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS s solvable
in time 202108 D) || P (ng)O0M),

In particular, the theorem implies that the problem is FPT parameterized by D
and |X|. We note that the running time of Theorem 6.5 matches the running time
in [90] obtained for the (vanilla) k-median clustering problem without outliers on
binary data. The interesting feature of the theorem is that the running time of the
algorithm does not depend on the number of outliers ¢, matching the bound of the
problem without outliers. Most of the clustering procedures in robust statistics, data
mining and machine learning perform well only for small number of outliers. Our
theorem implies that if all of the inlier points could be naturally partitioned into k&
distinct clusters with small cost, then such a clustering could be efficiently recovered
even after arbitrarily many outliers are added. Indeed, the time complexity in all
of our results are independent of the number of outliers ¢, which essentially portray
the same kind of behavior. One of our main contributions is to design algorithms
that return exact solutions and are insensitive to the amount of noise and irrelevant
features as well.

Beyond the proof of Theorem 6.1, Theorem 6.4 has a number of interesting appli-
cations on low-rank approximation type problems. In particular, it implies a number
of FPT algorithms for ROBUST Ly-Low RANK APPROXIMATION, ROBUST Low
BOOLEAN-RANK APPROXIMATION and ROBUST PROJECTIVE CLUSTERING. We
define these problems and explain the connections with Theorem 6.4 later in this
chapter.

Both of our algorithmic results, Theorems 6.4 and 6.5, have at their core the sub-
hypergraph enumeration technique introduced by Marx [156]. This is fairly natural,
since our algorithms solve generalized versions of the vanilla binary clustering prob-
lem, and the only known FPT algorithm [90] for the latter problem parameterized by
D relies on the hypergraph enumeration as well. In fact, our algorithm for CATEGOR-
ICAL k-CLUSTERING WITH ROW OUTLIERS closely follows this established approach
of applying the hypergraph construction to clustering problems, presented in the pre-
vious chapter for L,-k-CLUSTERING. However, for the CONSTRAINED CLUSTERING
WITH OUTLIERS problem the existing techniques do not work immediately. To deal
with this, we generalize the previously used hypergraph construction.

In what remains of this chapter, we present the algorithms and lower bounds
discussed above. We begin with the simpler case of CATEGORICAL k-CLUSTERING
WITH ROwW OUTLIERS in Section 6.1. In Section 6.2 we discuss implications of the
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CONSTRAINED CLUSTERING WITH OUTLIERS algorithm for other problems, includ-
ing CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS and several low-rank
approximation problems. Then in Section 6.3 we move on to the main result, the
FPT algorithm for CONSTRAINED CLUSTERING WITH OUTLIERS. We present the
hardness result for CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS in Sec-
tion 6.4. Finally, in Section 6.5, we conclude this chapter with some open problems.

6.1 Categorical k-Clustering with Row Outliers

In this section we give a proof of Theorem 6.5. Let us recall that the theorem
states that CATEGORICAL k-CLUSTERING WITH ROW OUTLIERS és solvable in time
20(D logD)‘Z|D(nd)O(l).

First, we briefly discuss the intuition of the algorithm. Given an instance (A, k,
D, ¢) of CATEGORICAL k-CLUSTERING WITH ROW OUTLIERS, we note that at most
2D distinct rows can belong to “nontrivial” clusters (with at least 2 distinct rows),
exactly like in the case without the outliers. So we employ a color-coding scheme
to partition the rows in a way so that every row belonging to a nontrivial cluster of
a fixed feasible solution is colored with its own color. Thus we reduce to multiple
instances of the problem we call CLUSTER SELECTION. In CLUSTER SELECTION,
we are given sets of rows Uy, Us,...,U, and a parameter D. The goal is to select
p rows by, ba,...,b, and a cluster center s such that b, € U; for 1 <t < p and
> du(be,s) < D. Up to the change to categorical data, this is the same problem
as defined in [90] under the same name, and as Lo-CLUSTER SELECTION defined in
the previous chapter. The hypergraph-based algorithm for it is essentially the same
too, although we present it for completeness in this section.

A specific issue we need to deal with in the CATEGORICAL k-CLUSTERING WITH
Row OUTLIERS problem is the following. If we encounter a number of identical rows,
we need to treat them as an indivisible set (initial cluster), as only a cluster with
sufficiently many different rows can have large cost. However, a potential flaw of this
approach is that in an optimal solution, identical rows can belong to different clusters
and to the set of outliers. To handle this, we prove that the optimal solution can
always be “normalized”. Namely, we can rearrange clusters of the optimal solution
in a way that at most one initial cluster is split between a solution cluster and the
set of outliers, and every other initial cluster is completely contained in either one
of the resulting clusters or the set of outliers. Then, guessing the one initial cluster
being split solves the issue. After the color-coding and solving Restricted Clustering,
each remaining initial cluster is either a trivial cluster in the solution, or belongs to
the outliers. This can be decided greedily.

Now we move to the formal proof of Theorem 6.5. Let (A, k, D, ¢) be the input to
CATEGORICAL k-CLUSTERING WITH ROW OUTLIERS, where A is an n X d matrix, k
is the number of clusters, D is the cost of the solution and ¢ is the number of outliers.

Let 8 be the number of pairwise distinct rows in A. We start with partitioning
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the rows of A into sets of identical rows J = {J1,J2,...,J3}. That is, all rows in
each J; are equal. We refer to such a set J; as an initial cluster.

We show that for any yes-instance, there is a feasible solution such that the rows
of at most one initial cluster are “split” by the solution. More formally, consider a
clustering C = {I1,Is,..., I} of {1,2,...,n} \ O. Then each of the initial clusters
J; is exactly one of the following types with respect to C.

(i) {Ji} such that there is ¢t with J; C I,

(i) {Ji} such that J; is not of type (i), and J; € U¥_, I},

)

)
(iii) {J;} such that J; C O,
(iv) {J;} such that J; U;?:llj, J; € O, and there is t with J; C I; U O, and
)

(v) {J;} such that J; € U;‘?:lfj, J; € O, and there is no t with J; C I; UO.

Lemma 6.6. Let (A, k,D,l) be a yes-instance of CATEGORICAL k-CLUSTERING
WITH ROW OUTLIERS. Then there is a set O C {1,2,... ,n} of size £ and k-clustering
C of {1,2,...,n}\O of cost at most D such that every initial cluster of A with respect
to C is of type (i), (i) or (iv). Moreover, there is at most one initial cluster of type

(iv).

Proof. Because (A, k,D,¥) is a yes-instance, there is a set of outliers O and a k-
clustering of the remaining vectors of cost at most D. Among all such clusterings,
we select a clustering C = {I1,I5,..., It} of {1,2,...,n}\ O of cost at most D such
that with respect to C

the number of initial clusters of type (ii) is minimum, (6.1)
subject to (6.1)

the number of initial clusters of type (v) is minimum, (6.2)
and subject to (6.1) and (6.2),

the number of initial clusters of type (iv) is minimum. (6.3)

We claim that C is the required clustering. Targeting towards a contradiction, assume
first that there is an initial cluster of J of type (ii) with respect to C. Without loss
of generality, let this cluster be J;. Then Jj is not fully contained in any cluster of
C, but it is fully contained in the union of all clusters. We convert J; into a type
(i) initial cluster by the following modification of C. Let ¢; be the center of cluster
I; for i € {1,...,k}. Also, let a be the unique row corresponding to J; (the whole
initial cluster consists of rows equal to a). Let ¢, be a center that minimizes the cost
dp(a, ;) over all centers ¢;. We construct a new clustering C’ by reassigning the
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rows of Jy to the cluster I,. Thus in the new clustering J; becomes of type (i). The
assignment of all other initial clusters remains the same. Since dg(a,¢q) < du(a, c1),
we have that the cost of the new clustering C’ is at most D, thus contradicting
assumption (6.1). Hence, there are no initial clusters of J of type (ii) with respect
to C.

By applying the same arguments to the non-outlier part of a type (v) initial cluster
with respect to C. The only difference that now type (v) initial cluster becomes type
(iv) thus contradicting assumption (6.2).

Finally, we already know that there are no types (ii) and (v) initial clusters with
respect to C. Assume that there are at least two, say Ji and Jo, initial clusters of
type (iv) with respect to C. Then, there are clusters C;; and C;, in C such that
J1 CC;, UO and Jy C C;, UO. (We do not exclude the possibility of iy = is here.)
Let c;, and c;, be the centers of C;, and C;, respectively. Let also a; and az be
the unique rows corresponding to J; and J,. Without loss of generality, we assume
that dg(ai,c;,)) < du(az,c;y)). There are two cases: (1) |J2 N Cyy| < |J1 N O|, and
(2) |J2 N Cyy| > |J1 NOJ. In the first case, we can assign additional |Jo N C;,| rows
of J; to C;,, and move |J; N C;,| rows of Jy from C;, to O. The cost increase is
|Jo N Cyy| - (du(ar, ciy) — du(az, cy)) < 0. Also, type of Jo is now changed to (iii)
with respect to the new clustering. Thus, the number of type (iv) initial clusters has
decreased by at least 1 and no type (ii) or (iv) clusters were created. For the second
case, assign the |J; NO| rows of J; from O to Cj,, and move |J; N O| more rows of J,
from C;, to O. The cost increase is |J; N O] - (dg (a1, ¢;,) — du(az, c;,)) < 0. Also,
type of Jy is now changed to (i) with respect to the new clustering. Thus, in this case
also, the number of type (iv) initial clusters has decreased by 1. In both cases we
constructed clusterings contradicting (6.3). Hence there is at most one initial cluster
of type (iv) with respect to C. O

Now, we describe our algorithm. The algorithm tries to find a feasible clustering
(if any) that satisfies the property of Lemma 6.6. As there is at most one initial
cluster that can get split, we can guess it in advance. Suppose J; be this initial
cluster. We can also guess the number of rows ¢ of J; that would be part of the
outliers set. We construct a new instance of the problem which contains all the rows
in J; for 1 <4 < g and i # t, and exactly |J;| — ¢/ rows of J;. Let A’ be the matrix
A containing these rows. Then, our new instance is (A’, k, D, ¢ —¢'). The advantage
of working with this instance is that in the desired clustering no initial cluster gets
split. Next, we show how to find such a clustering for this instance.

For simplicity of notations, let us denote the input instance by (A, k, D, {). As no
initial cluster in the desired clustering gets split, an initial cluster can either form its
own cluster, or becomes part of the outliers, or gets merged with other initial clusters
to form a new cluster. We refer to the last type of clusters as composite clusters.
Now, we have the following simple observation.

Observation 6.7. In a feasible clustering, the total number of initial clusters that
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can be part of the composite clusters is at most 2D. The total number of composite
clusters is at most D.

Next, we use the color coding technique of [10] to randomly color the initial clus-
ters by one of the colors in {1,2,...,2D}. This is done analogously to Section 5.1,
where we reduced L,-k-CLUSTERING to L,-CLUSTER SELECTION in the case of clus-
tering integer-valued points with the distance dist,. The idea is that with good
probability the initial clusters that form the composite clusters get colored by pair-
wise distinct colors. Thus, assuming this event occurs, it is sufficient to select only
one initial cluster from each color class to find out such initial clusters. However, we
do not know how to combine those initial clusters. Nevertheless, we can guess such
combination by trying all possible partitions of {1,2,...,2D} that contains at most
D parts. For each part, we can also guess the cost of the corresponding composite
cluster. By Observation 6.7, the selected initial clusters corresponding to each part
form a composite cluster. Each initial cluster which is not selected would either form
its own cluster or become part of the outliers. However, an initial cluster that forms
its own cluster does not incur any cost. Hence, any subsets of the appropriate num-
ber of non-selected initial clusters can form their own clusters without incurring any
extra cost. However, we need to ensure that the number of outliers is at most £. To
ensure this, we assign the non-selected initial clusters to the outliers set O in non-
decreasing order of their cardinalities. This makes sure that we can pack maximum
number of initial clusters into O.

In the light of the above discussion, the problem boils down to the CLUSTER
SELECTION problem with exactly one cluster that we recall here. Let S; be the
set of indices of the initial clusters colored by the color j for all 1 < j < 2D.
Also, denote the unique row in J; by b; for 1 < j < 3, and let the weight of b;,
w; = |J;|. Fix a partition Th,Ts,...,T; of {1,2,...,2D}. Also, guess T positive
integers D1, Da, ..., D, such that 22:1 D; = D. D; is the guess for the cost of the
it" composite cluster.

Fix a part ¢ of the partition, where 1 < i < 7. Let the set of color indices
T; = {i1,42,...,ip}. Foreach 1 <t <p, let U = Ujes;, by, i.e the set of unique rows
of the initial clusters which are colored by color i;. The CLUSTER SELECTION problem
that we need to solve is the following. We are given the sets of rows Ui, U4, ..., U;
and a parameter D;. The goal is to select p rows bj,, bj,,...,b;, and a cluster center
s' such that b;, € U} for 1 <t <pand >r_ wj, -du(bj,,s') < D;.

Solving CLUSTER SELECTION for categorical data equipped with the Hamming
distance is practically identical to the case of Theorem 5.14. The only difference is
that when we obtain a candidate center and coordinates where its value needs to be
changed, we do a bruteforce enumeration of all possible values in time ||, Thus, we
obtain an algorithm for CLUSTER SELECTION with running time 20(Pilos Di)|53|Pi .
(nd)o(l). For completeness, we present the detailed proof next.
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Solving Cluster Selection for categorical data

For simplicity, we drop the suffix ¢ from all the notations. Thus, now we are given
the sets of rows Uy, Us,...,U, and a parameter D. Let ¢ be a center corresponding
to an optimum feasible clustering Z with the set B = {bj,,bj,,...,b;, } of chosen
rows. Also, let U = U}_,U,.

Suppose « is a vector such that there are at most D positions h with x[h] # c[h].
Consider the hypergraph H defined in the following way with respect to . The
labels of the vertices of H are in {1,2,...,d}. For each b;, € B, we add wj, copies
of the edge S C {1,2,...,d} such that h € S if x[h] # ylh].

Lemma 6.8. Suppose the input is a yes-instance. Consider a vector x such that
there is at most D positions h where x[h| # c[h]. Also, consider the hypergraph H
defined in the above with respect to x. There exists a subhypergraph H§ of H with
the following properties.

(1) [V(Hg)| < D.

(ii) |E(Hg)| <200In D.
(i1i) The indices in V(H) are the exact positions h such that x[h] # c[h].
(iv) The fractional cover number of Hf is at most 4.

To prove the above lemma, first, we show the existence of a subhypergraph that
satisfies all the properties except the second one. Let P be the set of positions h such
that x[h] # c[h]. Let Hy be the subhypergraph of H induced by P. We show that
H satisfies the first, third and fourth properties mentioned in Lemma 6.8.

By definition of @, P contains at most D indices. The first property follows
immediately. Next, we show that the third property also follows for Hy. As V(Hy) C
P, in every position h € V(Hy), x[h] # c[h]. It is sufficient to show that for any
position h with x[h] # c[h], h € V(H,). Consider any such position h. Then, if there
is at least one y € B such that x[h] # y[h], there is an edge e in H that contains h.
Now, h € P by definition. Thus, the edge ¢/ = eN P € Hy also contains h. Hence,
h € V(Hp). In the other case, for all y € B, x[h] = y[h]. However, this case does
not occur. Otherwise, we can replace the value ¢[h] by x[h]. The new center ¢ would
incur lesser cost, as now c[h] = y[h] for all y € B and previously c[h] # y[h] for all
y € B. Next, we show that the fourth property holds for Hy.

Lemma 6.9. The fractional cover number of Hy is at most 2.

Proof. Note that the total number of edges of Hy is 7 = Y 7_, wj,. We claim that
each vertex of Hy is contained in at least 7/2 edges.

Consider any vertex h of Hy. Let h be contained in d7 edges. Thus, by definition,
(1 — &)1 vectors of B (with multiplicity equal to their weights) do not differ from
at location h. Consider replacing c[h] by x[h] at position h of ¢. Next, we analyze
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the change in cost of the clustering Z. Note that the cost corresponding to positions
other than h remains same. As c[h] # «x[h], previously each of the (1 — §)7 rows
were paying a cost of at least 1 corresponding to position h. Now, as c[h] is replaced
by x[h] and consequently c[h] = x[h], for these rows, the cost decrease is at least
(1 — 6)T. Now, the cost increase for the remaining é7 rows is at most 7.

As 7 is an optimum feasible clustering, the cost decrease must be at most the
cost increase. It follows that 6 > 1/2. O

So far we have proved the existence of a subhypergraph that satisfies all the
properties except the second. Next, we prove the existence of a subhypergraph that
satisfies all the properties. The proof of the following lemma is very similar to the
proof of Lemma 6.20.

Lemma 6.10. Let D > 2. Consider the subhypergraph Hy that satisfies all the
properties of Lemma 6.8 except (2). It is possible to select at most 2001In D edges
from Hy such that the subhypergraph H{ obtained by removing all the other edges
from Hy satisfies all the properties of Lemma 6.8.

The Algorithm

We consider all possible rows @ € U and for each of them construct a hypergraph
G whose vertices are in {1,2,...,m}. For each row b; € U, we add w; copies of
the edge S C {1,2,...,m} such that h € S if x[h] # b;[h]. For all hypergraphs Hy
having at most D vertices and at most 200 In D edges, we check if each vertex of Hy is
contained in at least 1/4 fraction of the edges. If that is the case, we use the algorithm
of Theorem 5.13 to find every place P’ where Hy appears in G as subhypergraph.
For each such set P’, we perform all possible D’ < D edits in  at the locations in
P'. After each such edit, we retrieve the edited vector & and construct a clustering
considering x as its center in the following way. For each 1 < ¢ < p, we select a
vector b; from U; such that dg(x,b;) is the minimum over all b; € U;. If the cost of
this clustering is at most D, we output « as a candidate center. If no such vector is
output as a candidate center, we return “NO”.
Next, we analyze the correctness and time complexity of this algorithm.

The Analysis.
Lemma 6.11. The above algorithm successfully outputs ¢ as a candidate center.

Proof. Consider any vector * € B. Note that there is at most D positions h where
x[h] # c[h]. Consider the hypergraph G constructed by the algorithm corresponding
to . Note that the hypergraph H defined in Lemma 6.8 is a partial subgraph of G.
Thus, the subhypergraph Hj of H is also a subhypergraph of G. As we enumerate
all hypergraphs having at most D vertices, at most 2001In D edges and at most 4
fractional covering number, Hj must be considered by the algorithm. Let P’ be the
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place in G where H{ appears. By the third property of Lemma 6.8, the locations in P’
are the exact positions h such that x[h] # ¢[h]. It follows that an edit corresponding
to P’ generates the vector ¢, as dy(x,c) < D. Hence, ¢ must be an output of the
algorithm. O

Time Complexity. Next, we discuss the time complexity of our algorithm. For
each choice of @, the hypergraph G can be constructed in n°(") time. The number
of distinct hypergraphs Hy with at most D vertices and at most 2001n D edges is
20(Dlog D) " since there are 2P possibilities for each edge. Now we analyze the time
needed for locating a particular Hy in G. For any vector y € B, dy(y,c) < D. By
triangle inequality, dg(x,y) < 2D. Thus, the size of any edge in H is at most 2D,
and we can remove any edge of G of size more than 2D. From Theorem 5.13, it
follows that every occurrence of Hy in G can be found in DO(P). (2D)4DJr1 n®-m? =
DOP)pOMm? time. If Hy appears at some place in G, it would take O((D|])P)
time to edit z. Hence, in total the algorithm runs in 20218 D)|2[P (nm)OM) time.
Finally, Theorem 6.5 is proven. We restate it here for convenience.

Theorem 6.5. CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS is solvable
in time 20(P1os D) || P ()0 (1)

6.2 Constrained Clustering Applications

Before showing the algorithm for CONSTRAINED CLUSTERING WITH OUTLIERS, we
discuss the implications of solving this general problem. This section is dedicated to
two applications of CONSTRAINED CLUSTERING WITH OUTLIERS, the CATEGORI-
CAL k-CLUSTERING WITH COLUMN OUTLIERS problem, and several binary low-rank
approximation problems.

6.2.1 Categorical k-Clustering with Column Outliers

Here we show that CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS is a
special case of CONSTRAINED CLUSTERING WITH OUTLIERS. Observe that for CAT-
EGORICAL k-CLUSTERING WITH COLUMN OUTLIERS, the approach of Section 6.1 for
CATEGORICAL k-CLUSTERING WITH ROwW OUTLIERS is not applicable, for several
reasons. Most crucially, it does not seem that one can partition the problem into &
independent instances of a simpler single-center selection problem, in a way that we
reduce CATEGORICAL k-CLUSTERING WITH ROW OUTLIERS to k instances of CLUS-
TER SELECTION (for a fixed coloring). Intuitively, the possibility to remove outlier
rows does not allow such a partition as all the clusters depend simultaneously on the
choice of the outlier rows. Moreover, our hardness result shows that for CATEGORI-
CAL k-CLUSTERING WITH COLUMN OUTLIERS the running time cannot match with
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CATEGORICAL k-CLUSTERING WITH ROW OUTLIERS, as no n°*) time algorithm is
possible for constant D, assuming ETH.

Intuitively, the hardness of CATEGORICAL k-CLUSTERING WITH COLUMN OUT-
LIERS lies in the fact that we have to select the outlier rows and to group columns
into clusters at the same time. Thus, to make the problem more accessible, it is nat-
ural to give a reduction to CONSTRAINED CLUSTERING WITH OUTLIERS, where both
partitioning into clusters and removing the outliers are with respect to the columns,
at the cost of having arbitrary row-wise constraints on the cluster centers.

The general idea of the reduction from CATEGORICAL k-CLUSTERING WITH COL-
UMN OUTLIERS to CONSTRAINED CLUSTERING WITH OUTLIERS is as follows. For
any matrix, a set of row outliers can be treated as column outliers of the transposed
matrix. Similarly, a clustering of the columns of the transposed matrix induces a
clustering of the rows of the original matrix. However, we want to find a clustering
of the columns of the original matrix. To do this, one can add extra constraints
on the cluster centers so that a clustering of the columns of the transposed matrix
implicitly induces also a clustering of its rows. Essentially, grouping rows into k clus-
ters corresponds to grouping columns into |X|* clusters such that the centers of these
column clusters can be “read off” from the k row centers. Simply by transposing,
the clustering of the columns of the transposed matrix induces a clustering of the
rows of the original matrix, which is our desired clustering. This is the crux of our
reduction. The next lemma shows this reduction formally.

Lemma 6.12. For any instance (A,k, D,{) of CATEGORICAL k-CLUSTERING WITH
CoLUMN OUTLIERS, one can construct in time O(nd+k-|S|*) an equivalent instance
(B,k', D', ¢/, R) of CONSTRAINED CLUSTERING WITH OUTLIERS such that B is the

transpose of A, k' = |E\k, D'=D and V' = /.

Proof. Given an instance I = (A, k,D,¢) of CATEGORICAL k-CLUSTERING WITH
CoLuMN OUTLIERS, we construct an instance I’ = (B, k', D', ¢', R) of CONSTRAINED
CLUSTERING WITH OUTLIERS such that B is the transpose of A, k' = |E|k, D'=D
and ¢/ = . The set of constraints R is defined as follows. Let S = {s1, $2,. .., Slz‘k}

be the lexicographic ordered collection of all |Z|k strings of length & on alphabet 3.
Also, let @ be the |Z\k x k matrix such that the i-th row of @Q is the i-th string of
S. Thus, each element of @) is in ¥. For each column g; of @ with 1 < j < k, we
construct a tuple z; = (q;[1],q,[2], .. .,qj[|2|k]). Let R be the set of these tuples.
To construct R we set R; = R for all 7. This finishes our construction.

Next, we prove that I is a yes-instance of CATEGORICAL k-CLUSTERING WITH
CoLuMN OUTLIERS if and only if I’ is a yes-instance of CONSTRAINED CLUSTERING
WITH OUTLIERS. The lemma follows immediately.

First, suppose I’ is a yes-instance of CONSTRAINED CLUSTERING WITH OUT-
LIERS. Let X = {X1, Xo,... ,X‘Elk} be a feasible clustering of the rows of B\ O,
the matrix B after removing the rows in O, where O is the set of outliers. Also, let
C1,C2,. .., Cpyk be the corresponding centers. Note that as this clustering satisfies
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the constraints in R, each tuple (c1[j],c2[j], ..., ¢ [j]) is one of the k tuples of
R. Let Y = {Y1,Ys,...,Y%} be the partition of the columns of B\ O, such that
Y; contains all the indices j such that (c1[j],c2[j], ..., epplj]) = 2 for 1 <t < k.

We reorder the columns of matrix B \ O based on this partition. In particular, we
modify the column numbers in a way so that the columns in Y; become the first |Y7|
columns, the columns in Y2 become the next |Ys2| columns, and so on (see Figure 6.1).
Now, let us go back to the clustering {X;, Xs, ... ,X‘Elk}. Note that this is still a
clustering of the new matrix B \ O with cost at most D with columns of the centers
reordered in the same way. Indeed, by construction, the reordering of the centers
ensures that the center of X; is the row vector (z1[i], ... |Y1| times , 23], ... |Y2| times
seoos 2k[i], .. |Yg| times) (see Figure 6.1). Now, note that {¥7,Ys,...,Y:} is a clus-
tering of the rows in A=Y, We claim that its cost is at most D. As |O] < I, it follows
that I is a yes-instance of CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS.
Note that some clusters might be empty. But, as they do not incur any cost, we
keep them for simplicity. To analyze the cost, set the center of Y} to the row vector
(z;[1],...|X1| times , 2;[2],...|X2| times , ... ,zj[\2|k], .| X5y | times) (see Figure
6.1). Now, because of the symmetry between the two clusterings X and Y, their
costs are the same. Hence, the claim follows.

Now, suppose [ is a yes-instance of CATEGORICAL k-CLUSTERING WITH COLUMN
OUTLIERS and consider a feasible clustering Y = {¥1,Y5,...,Y:}. Let O be the
set of indices of the outliers. Also, let ¢1,co,...,c, be the corresponding centers.
Note that each string of the form e¢;[jles[j] ... cx[j] € S. For a string s € S, we
say column j is of type s if e1ljlea[j] ... cx[j] = s. Let {X1,Xo,..., X5} be the
partition of the columns of A=Y based on their types. In particular, for the i-th
string s € S, X; contains all columns of type s. Note that {X;, Xo,... ,X‘Elk} is
also a clustering of the rows of B\ O. We show that the cost of this clustering is at
most D. To analyze the cost, choose the row vector (s;[1],...|Y1| times , s;[2],...|Ys|
times , ..., s;[k],...|Y%| times) as the center vector of the cluster X; of the columns
of B\ O. Note that the centers chosen in this way satisfy the constraints in R, as
the center tuple (s1[j], s2[j], ..., 8,5 [j]) = (g;(1},q;[2],..-, qj[|2|k]) corresponding
to index j is in R. It follows that the cost of this clustering is at most D, as it is
induced by the clustering Y and the centers ¢y, ca, ..., Ck. O

Lemma 6.12 together with Theorem 6.4 immediately give us Theorem 6.1 with
f(k,D,|3)) = (K'D)O*D)sFP and g(k,|2|) = O(K'), where k' = |S|*. The theo-
rem is restated here.

Theorem 6.1. CATEGORICAL k-CLUSTERING WITH COLUMN OQUTLIERS is solvable
in time f(k, D,|%]) - d9®12D . n2 where f and g are computable functions.
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Figure 6.1: Figure showing the clustering X of D\ O and Y of A=, The common center
coordinate values are shown inside submatrices.

6.2.2 Low Rank Approximation

Now we show that CONSTRAINED CLUSTERING WITH OUTLIERS encapsulates not
only CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS, but also robust vari-
ants of binary/finite field low-rank approximations problems, and projective cluster-
ing. We give the formal definitions next.

Robust Ly-Low Rank Approximation. The vanilla case of the Ly-Low
RANK APPROXIMATION problem is the following. Given an n x d matrix A over
GF(p) (a finite field of order p), the task is to find an n x d matrix B over GF(p)
of GF(p)-rank at most r which is closest to A in the Lg-entrywise norm. Thus, the
goal is to minimize |A — B||o,0, the number of different entries in A and B. In the
robust version of this problem some of the rows of A could be outliers, which brings
us to the following problem.
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ROBUST Lg-LOW RANK APPROXIMATION

Input: An nxd matrix A over GF(p), a positive integer r, non-negative
integers D and /.

Task: Decide whether there is a matrix B of GF(p)-rank at most r,
and a matrix C over GF(p) with at most ¢ non-zero rows such
that

|A =B —Clloo <D

Note that in this definition the non-zero rows of C can take any values. However, it
is easy to see that the problem would be equivalent if the rows of C were constrained
to be either zero rows or the respective rows of A. This holds since if C contains a
non-zero row, it could be replaced by the respective row of A, and the respective row
of B can be replaced by a zero row. This does not increase the cost nor the rank of
B. Thus any of the two formulations allows to restore the row outliers in A from C.

The following lemma gives a reduction from CONSTRAINED CLUSTERING WITH
OUTLIERS.

Lemma 6.13. For any instance (A,r,D,?) of ROBUST Lo-LOW RANK APPROXI-
MATION, one can construct in time O(n+d+p®")) an equivalent instance (X, k', D’,
£,R) of CONSTRAINED CLUSTERING WITH OUTLIERS, where X = A, k' = p",
D' =D and R is a set of constraints.

(By equivalent instances we mean that (A,r, D, /) is a yes-instance if and only
if (X,k',D',¢,R) is a yes-instance and solution corresponding to a yes-instance
(X,k',D',£,R) can be used to construct a solution for the yes-instance (A, r, D, ¢).)
The proof of Lemma 6.13 is almost identical to the proof of [88, Lemma 1] and we
omit it here. By Lemma 6.13 and Theorem 6.4, we derive the following corollary.

Theorem 6.14. ROBUST Lo-LOw RANK APPROXIMATION is FPT parameterized by
D when p and r are constants.

Robust Low Boolean-Rank Approximation is a variant of the robust low-
rank approximation problem when the approximation matrix B is of low Boolean
rank. More precisely, let A be a binary n x d matrix. Now we consider the elements
of A to be Boolean variables. The Boolean rank of A is the minimum r such that
A = UAYV for a Boolean n x r matrix U and a Boolean r x d matrix V, where
the product is Boolean, that is, the logical A plays the role of multiplication and V
the role of sum. Here 0A0=0,0A1=0,1A1=1,0v0=0,0Vv1 =1, and
1V 1= 1. Thus the matrix product is over the Boolean semi-ring (0,1, A, V). This
can be equivalently expressed as the normal matrix product with addition defined as
1+ 1 = 1. Binary matrices equipped with such algebra are called Boolean matrices.
The variant of the low Boolean-rank matrix approximation is the following problem.
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RoBUST Low BOOLEAN-RANK APPROXIMATION

Input: A binary n x d matrix A a positive integer r, non-negative
integers D and /.

Task: Decide whether there is a binary matrix B of Boolean-rank at
most 7, and a binary matrix C with at most ¢ non-zero rows
such that

|[A-B-Clo<D

By Theorem 6.4 and reduction from constrained clustering to the Boolean-rank
matrix approximation identical to [88, Lemma 2], we derive the following corollary.

Theorem 6.15. ROBUST LOW BOOLEAN-RANK APPROXIMATION is FPT parame-
terized by D when r is a constant.

Robust Projective Clustering generalizes CATEGORICAL k-CLUSTERING WITH
Row OUTLIERS and ROBUST Low GF(P)-RANK APPROXIMATION. Here the cen-
ters of clusters are linear subspaces of bounded dimension r. More precisely, in
ROBUST PROJECTIVE CLUSTERING we are given a set X C %% of n d-dimensional
vectors over GF(p) and positive integers k,r, D and ¢. The task is to decide whether
there is a family of r-dimensional linear subspaces C = {C1,...,Cy} over GF(p) and
a set of outliers O C X of size at most ¢, such that

The proof of the following lemma is similar to the proof of [88, Lemma 3].

Lemma 6.16. For any instance (X, k,r, D,¢) of ROBUST PROJECTIVE CLUSTER-
ING, one can construct in time O(n+d+p*™) an equivalent instance (X, k', D', {,R)
with X = X, k¥ =p*", D' = D, and ¢' = ¢ of CONSTRAINED CLUSTERING WITH
OUTLIERS.

Then by Theorem 6.4, we obtain the following.

Theorem 6.17. ROBUST PROJECTIVE CLUSTERING is FPT parameterized by D
when k, r and p are constants.

Related work. To give more context on the problems introduced above, here we
survey briefly relevant literature. For the general introduction to robust variants of
the low-rank approximation problem, we refer to Chapter 3 of this work; here we
focus on the results concerning finite fields/Boolean rank.
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For robust variants of categorical low-rank matrix approximation, we are not
aware of any approximation or parameterized algorithms. For the vanilla variant,
Lo-Low RANK APPROXIMATION, a number of parameterized and approximation
algorithms were developed. Ban et al. [17] gave a PTAS for Lo-Low RANK APp-
PROXIMATION when the rank r of matrix B is a constant. For the case when the field
is GF(2), faster EPTAS was obtained in [17] and [88], see also [138]. When the rank
r is not bounded, Ban et al. [17] proved that assuming P#NP, there is no constant
factor approximation in polynomial time for the problem. Moreover, assuming ETH,
for every a > 1 there is § > 0 such that no a-approximate solution could be found
in time 2" (mn)°),

Lo-Low RANK APPROXIMATION is strongly related to the problem of finding the
rigidity of a matrix. (For a target rank r, the rigidity of a matrix A over field GF(p)
is the minimum ¢y-distance between A and a matrix of rank at most r.) Rigidity is a
classical concept in Computational Complexity Theory studied due to its connections
with lower bounds for arithmetic circuits [105, 182, 170]. We refer to [148] for an
extensive survey on this topic. Most of the known results about the parameterized
complexity of Lo-LOw RANK APPROXIMATION follows from the results for MATRIX
RicipITY. Fomin et al. have proved in [91] that for every finite field, Lo-Low
RANK APPROXIMATION is W([1]-hard being parameterized by D. However, when
parameterized by D and r, the problem becomes fixed-parameter tractable. The
result of Fomin et al. [91] also implies that Ly-LOw RANK APPROXIMATION admits
a polynomial kernel of size O(r?D?). For the special case of the binary field GF(2),

algorithm of running time 29"V P108(rD) (n4)O(1) was given in [90].

Low BOOLEAN-RANK APPROXIMATION has attracted much attention, especially
in the data mining and knowledge discovery communities. In data mining, matrix
decompositions are often used to produce concise representations of data. Since much
of the real data is binary or even Boolean in nature, Boolean low-rank approximation
could provide a deeper insight into the semantics associated with the original matrix.
There is a big body of work done on LOw BOOLEAN-RANK APPROXIMATION, see e.g.
[18, 21, 72, 149, 158, 159, 180]. While computing GF(2)-rank (or rank over any other
field) of a matrix can be performed in polynomial time, deciding whether the Boolean
rank of a given matrix is at most r is already an NP-complete problem. Thus, Low
BOOLEAN-RANK APPROXIMATION is NP-complete already for D = 0. This follows
from the well-known relation between the Boolean rank and covering edges of a
bipartite graph by bicliques [104]. The latter BICLIQUE COVER problem is known to
be NP-complete [164]. BICLIQUE COVER is solvable in 22°” - (nm)©®) time [103]

and unless Exponential Time Hypothesis (ETH) fails, it cannot be solved in 227"
(nm)© time [46]. For the special case r = 1 and D < ||A||o/240, an exact algorithm
of running time 2P/VI4lo . (m)©M) for Low BOOLEAN-RANK APPROXIMATION
was given in [38]. EPTAS for this problem were obtained in [17] and [88]. Finally,
parameterized algorithm for Low BOOLEAN-RANK APPROXIMATION of running time
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202"V D1og D) (1) O (1) ig known [90].

6.3 Solving Constrained Clustering with Outliers

In this section we prove Theorem 6.4 by giving an algorithm for CONSTRAINED
CLUSTERING WITH OUTLIERS that runs in (kD)O*P)nO®) g2|x*P time.

Clearly, the approach used for CATEGORICAL k-CLUSTERING WITH Row OuT-
LIERS fails for CONSTRAINED CLUSTERING WITH OUTLIERS, as the constraints on
the centers do not allow to form clusters independently. Instead, we generalize the
hypergraph construction used for CLUSTER SELECTION to handle the choice of all
k centers simultaneously, as opposed to just one center at a time. This is the most
technical part of this chapter, and we will now sketch the generalized construction
briefly. The main idea is to base the hypergraph on k-tuples of rows instead of just
single rows.

Fix an optimal solution: a subset of outlier rows O C {1,2,...,n}, a partition
T =A{hL,I,...,Ix} of {1,2,...,n} \ O, and a k-tuple C = (c1,ca,...,ck) of d-
dimensional vectors representing the centers. First, pick a k-tuple z = (1, ..., xk)

such that it is at distance at most D to the optimal k-tuple of centers C. This can be
done by guessing a row x; from each of the optimal clusters I;, in total time nOk) .
To obtain the desired set C, it is sufficient to know in which rows z is different from
C, that is, positions h € {1,...,d} such that (z1[h],...,xzk[h]) # (c1[h],...,cklh]).
Denote this set of positions by P, which is a subset of {1,...,d}. There can be at
most D such rows, since z is at distance at most D from C, so |P| < D. As there
are |S|* choices for a row, we can try all the |X|*P possible choices for C' once the
set of row positions P is identified.

If = does not satisfy the constraints at a position h € {1,...,d}, meaning that
x[h] = (x1]h],...,xk[h]) ¢ Ry, then definitely x[h] # C[h]. For each such h, replace
the row x[h] with any tuple from Rj, this does not increase the number of rows
where C' and z are different. From now on we assume that all rows of x satisfy the
constraints.

To identify the deviating rows, construct a hypergraph H in the following way.
Vertices of H are labeled by {1,...,d} representing row indices, like in the CLUSTER
SELECTION construction. However, the edges correspond to k-tuples of rows now.
For each k-tuple y = (y1,...,yr) of rows of A, we add an edge S C {1,2,...,d}
containing the rows where y and = are not equal. That is, h € {1,2,...,d} belongs
to S if (a1[h], ..., zx[h]) # (y1[h],...,yx[h]). Now observe that the set of positions
P and the optimal clustering Z correspond to the following subhypergraph Hy of
H. The vertex set V(Hp) is exactly P. As for the edges, we have to carefully
select the subset of E(H). Recall that to apply Theorem 5.13 we crucially need
that the fractional edge cover number of Hj is bounded by a constant. It turns out
that restricting all edges of E(H) to V(Hy) does not provide us with such a bound.
Instead, let T be the set of all k-tuples a = (a;,,...,a;, ) such that i; € I; for all
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1 < j < k. The hyperedge set F(Hy) is the subset of E(H) corresponding to the
tuples in 7', and restricted to the vertices in V(Hp). Intuitively, the tuples in T are
those that are relevant for the optimal clustering, and as we show next this gives us
the required fractional edge cover bound.

We claim that the fractional edge cover number of Hy is at most 2. Surprisingly,
the choice of T allows us to essentially lift the single-row argument to k-tuples of
rows as well. It suffices to show that for every vertex h in V(Hp), at least half of
edges in E(Hy) cover h. Or equivalently, at least for half of tuples y in T it holds
that y[h] # z[h]. Fix h, assume there is a cluster I; such that there are at least
[11;]/2] elements a in I; with alh] # x;[h]. Then at least half of tuples in 7" do not
agree with = in the row h, since T' is the Cartesian product of all optimal clusters
I;. Otherwise, for every cluster I; there are strictly less than [|I;|/2] elements a in
I; such that a[h] # x;[h]. This contradicts the optimality of C. Replace C[h] by
x[h], since the tuple = can be assumed to satisfy the constraints, the clustering is
still valid. If ¢;[h] = x;[h] for j € {1,...,7}, the cost for the j-th cluster does not
change. If ¢;[h] # x;[h], then the cost decreases as x;[h] matches more than half of
the elements of I, while ¢;[h] could only match at most the remaining portion of
the elements.

By Theorem 5.13, we can enumerate all possible locations where H, appears in
H in FPT time, as the fractional edge cover number of Hj is bounded. Since we can
also enumerate all possible hypergraphs on k vertices in FPT time (and even in k©*)
time by repeating the proof of Lemma 6.20), we can enumerate all possible sets of
row positions where z differs from C, and Theorem 6.4 follows.

Now we move to the detailed proof. First, we show a structural lemma that would
be useful for analysis of the algorithm.

6.3.1 Structural Lemma

In this section, we prove a structural lemma that shows the existence of a “good”
subhypergraph. Consider a feasible clustering Z = {I1, I2,...,I;} having the min-
imum cost. Let {c1,ca,...,¢;} be a fixed set of centers corresponding to Z. Also,
let T be the set of all tuples of the form (a;,,a;,, ...,a;,) such that i; € I; for all
j. Note that we do not actually need to know the set T — we just introduce the
notation for the sake of analysis. For a k-tuple x = (x4, ..., xy), we denote the tuple
(x1[4], z2[4], - - ., ®k[j]) by z[j]. Two k-tuples z and y are said to differ from each
other at location j if x[j] # y[j].

Let C be the k-tuple such that C = (ey, ¢a,. .., ¢x). Suppose & = (x1,...,xy) is
such that there are at most D positions h where z[h] # Ch], and for each 1 < j < d,
z[j] € R;. Consider the hypergraph H defined in the following way with respect to x.
The labels of the vertices of H are in {1,2,...,d}. For each k-tuple y = (y1,...,yx)
of T, we add an edge S C {1,2,...,d} such that h € S if z[h] # y[h].

In the following lemma, we show that the hypergraph H has a “good” subhyper-
graph.
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Lemma 6.18. (Structural Lemma) Suppose the input is a yes-instance. Consider a
k-tuple x = (x1,. .., ) such that there are at most D positions h where x[h] # C[h]
and for each 1 < j < d, z[j] € R;. Also, consider the hypergraph H defined in the
above with respect to x. There exists a subhypergraph H* of H with the following
properties.

(i) V(H")| < D.
(i1) |E(H*)| <2001InD.

(iii) The indices in V(H*) are the exact positions h such that x[h] # C[h].
(iv) The fractional cover number of H* is at most 4.

To prove the above lemma, first, we show the existence of a subhypergraph that
satisfies all the properties except the second one. Let P be the set of positions h such
that z[h] # C[h]. Let Hy be the subhypergraph of H induced by P. We show that
Hj satisfies the first, third and fourth properties mentioned in Lemma 6.18.

By definition of x, P contains at most D indices. The first property follows
immediately. Next, we show that the third property also follows for Hy. As V(Hy) C
P, in every position h € V(Hy), x[h] # C[h]. Tt is sufficient to show that for any
position h with z[h] # C[h], h € V(Hp). Consider any such position h. Then, if
there is at least one tuple y € T such that x[h] # y[h], there is an edge e in H that
contains h. Now, h € P by definition. Thus, the edge ¢/ = eN P € Hy also contains
h. Hence, h € V(Hp). In the other case, for all tuples y in T', z[h] = y[h]. We show
that this case does not occur. For the sake of contradiction, suppose this case does
occur. This implies, for 1 < j <k, all rows in I; contains the value x;[h] at location
h. Now, by definition of z, there is a k-tuple z in Ry such that z = z[h]. Replace
C[h] by z at position h of C. Let us compute the change in cost of the clustering Z.
Note that the cost corresponding to positions other than h remains same. Previously
C[h] # z[h]. Thus, there is at least one 1 < j < k such that ¢;[h] # x;[h]. As all
rows in I; contains the value x;[h] at location h, the previous cost corresponding to
location h is at least 1. However, after replacement the cost corresponding to location
h is exactly 0. Thus, the cost decrease is at least 1, which contradicts the optimality
of the previously chosen centers. Thus, the current case cannot occur, and hence the
third property follows.

Next, we show that the fourth property holds for Hy. Indeed, we show a stronger
bound of 2.

Lemma 6.19. The fractional cover number of Hy is at most 2.

Proof. Note that the total number of edges of Hy is 7 = |T|. We claim that each
vertex of Hy is contained in at least 7/2 edges.

Consider any vertex h of Hy. Suppose there is a 1 < j < k, such that for at
least [|I;|/2] rows in I; the value at location h is not x;[h]. Note that each such
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row contributes to Hfl;llml | ~Hi“2:j+1|ft2\ = 7/|I;| tuples (y1,...,yx) of T such that

y;j[h] # x;[h]. Thus, the edge corresponding to each such tuple contains h. It follows
that, at least [|I;|/2] - (7/|I;]) > 7/2 edges in E(H,) contain h.

In the other case, for all 1 < j < k and less than [|I;|/2] rows in I;, the value
at location h is not x;[h]. We prove that this case does not occur. Note that there
is a k-tuple z in Ry, such that z = z[h]. Consider replacing C[h] by z at position h
of C. Next, we analyze the change in cost of the clustering Z. Note that the cost
corresponding to positions other than h remains same. For a 1 < j < k, if previously
¢;[h] = x,;[h], the cost remains same. Otherwise, ¢;[h] # x;[h]. Note that for more
than [|I;|/2] rows in I;, the value at location h is «;[h]. Thus, by replacing ¢;[h] by
x;[h], the cost decrement corresponding to the index j and location h is at least 1.
As z[h] # C[h], there is an index j such that ¢;[h] # x;[h]. It follows that the overall
cost decrement is at least 1, which contradicts the optimality of the previously chosen
centers. Hence, this case cannot occur. This completes the proof of the lemma. [

So far we have proved the existence of a subhypergraph that satisfies all the
properties except the second. Next, we show the existence of a subhypergraph that
satisfies all the properties. The following claim completes the proof of Lemma 6.18.
Its proof follows a standard sampling argument, and is nearly identical to the proof
of the corresponding Claim 5.17 for L,-CLUSTER SELECTION.

Claim 6.20. Let D > 2. Consider the subhypergraph Hy that satisfies all the prop-
erties of Lemma 6.18 except (2). It is possible to select at most 2001n D edges from
Hy such that the subhypergraph H§ obtained by removing all the other edges from H
satisfies all the properties of Lemma 6.18.

Proof. Recall that 7 is the number of edges in Hy. Construct a hypergraph H|
by selecting each edge of Hy independently at random with probability w.
The expected number of edges selected is 150In D. Also, by Proposition 11.14
with 8 = 1/3, the probability that at least 2001In D edges are selected is at most
exp(—1501n D/27) < 1/D?. Each vertex of Hy is contained in at least 7/2 edges.
Thus, the expected number of edges that cover a vertex of H|, is at least 75In D.
Moreover, by Proposition 11.14 with 8 = 1/3, the probability that a given vertex of
H; is covered by at most 501n D edges is at most exp(—751In D/18) < 1/D3. There-
fore, with probability at least 1—1/D?—D-1/D3, H} contains at most 200 In D edges
and each vertex of H{, is covered by at least 50 In D edges. Thus, the fractional cover
number of H| is at most 4. Hence, the second and the fourth property are satisfied.
As the vertex set does not get changed, the first and the third property also hold. It
follows that there exists a subhypergraph Hj that contains at most 200In D edges
from Hy and satisfies all the properties of Lemma 6.18. O
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6.3.2 The Algorithm

In this section, we first describe our algorithm, and then provide the analysis of its
correctness and running time. Note that the goal of our algorithm is to retrieve a
feasible clustering if there is one.

A k-tuple x of rows of A is said to differ from R at a position j for 1 < j < d if
zlj] ¢ R;.

First, we consider all k-tuples = (x1,...,x)) such that x; is a row of A for
1 < j <k, and apply the following refinement process on each of them.

- Let P C {1,2,...,d} be the set of positions where z differs from R.
- If |P| > D, probe the next k-tuple x.

- For each position h € P, replace x[h] by any element of Rj,.

Next, for each refined k-tuple x = (x1,...,x), we construct a hypergraph G
whose vertices are in {1,2,...,d}. For each k-tuple y = (y1,...,yx) of rows of A,
we add an edge S C {1,2,...,d} such that h € S if z[h] # y[h]. For all hypergraphs
H§ having at most D vertices and at most 2001In D edges, we check if each vertex
of Hj is contained in at least 1/4 fraction of the edges. If that is the case, we use
the algorithm of Theorem 5.13 to find every place P’ where H{ appears in G as
subhypergraph. For each such set P’, we perform all possible D’ < D - k edits of
the tuple x at the locations in P’. In particular, for each D’, the editing is done in

the following way. For each possible D’ entries (ai,...,ap/) in (x1,...,xx) at the
locations in P’ and each set of D’ symbols (s1,...,sps) from X, we put s; at the
entry a; for all j. After each such edit, we retrieve the edited tuple (x1,..., ;) and

perform a sanity check on this tuple to ensure that it is a valid k-tuple center. In
particular, for each index 1 < h < d, if there is a z € Ry, such that z = z[h], we tag x
as a valid tuple. Lastly, we output all such valid k-tuples as candidate centers if the
corresponding cost of clustering is at most D. If no k-tuple is output as a candidate
center, we return “NO”.

Note that, given a k-tuple candidate center z = (z1,...,2%), one can compute
a minimum cost clustering in the following greedy way, which implies that we can
correctly compute the cost of clustering in the above. At each step ¢, we assign a new
row of A to a center. In particular, we add a row a; of A to a cluster I such that
a; incurs the minimum cost over all unassigned rows if it is assigned to a center, i.e,
it minimizes the quantity minf/zl d(a;,z), and z; is a corresponding center nearest
to a;. As we are allowed to exclude ¢ outliers, we assign n — £ rows. {I{,...,I}} is
the desired clustering. This finishes the description of our algorithm.

Analysis Again consider the feasible clustering with partition Z = {1, Is, ..., I}
and the corresponding center tuple C' = (¢1,ca,. .., c;) having the minimum cost.
First, we have the following observation.
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Observation 6.21. Suppose for a k-tuple x, x differs from C' at Dy positions. Then,
after refinement, there is at most Dy positions h such that x[h] # C[h]. Moreover,
after refinement, dg(x,C) < Dy - k.

The first part is true for the following reason. If z was different from R at a
position h, then x[h] # C[h] as well. Thus, refinement is applied for a position h
where z[h] already differs from C[h]. Hence, refinement does not affect a position h
where z[h] = C[h]. The moreover part follows trivially from the first part as x is a
k-tuple. Now, it is sufficient to prove the following lemma.

Lemma 6.22. Suppose there is a feasible clustering with partition T = {I1, I, ..., I}
as defined above. The above algorithm successfully outputs the k-tuple (¢c1,ca, ..., ck).

Proof. Consider a k-tuple & = (21, ..., xx) such that the row x; is in cluster I;. As
the algorithm considers all possible k-tuples of rows in A, it must consider xz. Note
that there can be at most D positions h such that xz[h] # C[h]. By Observation
6.21, after refinement, there are at most D positions h where z[h] # C[h]. Also, for
each 1 < j < d, z[j] € R;. Let G be the hypergraph constructed by the algorithm
corresponding to this refined x. Note that the hypergraph H defined in Lemma
6.18 is a partial subhypergraph of G. Thus, the subhypergraph H* of H is also a
subhypergraph of G. As we enumerate all hypergraphs having at most D vertices, at
most 200 In D edges and at most 4 fractional covering number, H* must be considered
by the algorithm. Let P’ be the place in G where H* appears. By the third property
of Lemma 6.18, the locations in P’ are the exact positions h such that xz[h] # C[h].
It follows that an edit corresponding to P’ generates the tuple C' = (e, ..., ¢g), as
dp(z,C) < D -k. Tt is easy to see that C also passes the sanity check. Hence, C
must be an output of the algorithm. O

Given the tuple center C' = (¢1,...,¢), we use the greedy assignment scheme
(described in the algorithm) to find the underlying clustering. Note that given any k-
tuple candidate center z = (z1,. .., 2x), this greedy scheme computes a minimum cost
clustering with z1, ..., z; being the cluster centers. Thus, the cost of the clustering
computed by the algorithm is at most D. Hence, the algorithm successfully outputs
C' as a candidate center. We summarize our findings in the following lemma.

Lemma 6.23. Suppose the input instance is a no-instance, then the algorithm suc-
cessfully outputs “NO”. If the input instance is a yes-instance, the algorithm correctly
computes a feasible clustering.

Time Complexity Next, we discuss the time complexity of our algorithm. The
number of choices of z is n°*). For each choice of z, the hypergraph G can be
constructed in n©® time. The number of distinct hypergraphs H{§ with at most
D vertices and at most 200In D edges is 2P200nD — DOP) gince there are 27
possibilities for each edge. Now we analyze the time needed for locating a particular
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H{ in G. For any tuple y € T, di(y,C) < D. By triangle inequality, dg(z,y) < 2D.
Thus, the size of any edge in H is at most 2D, and we can remove any edge of G
of size more than 2D. From Theorem 5.13, it follows that every occurrence of H{
in G can be found in DO@) . (2D)*PT . pakthk g2 — POD) . nO*) G2 time, If H;
appears at some place in G, it would take O((kD|%|)*?) time to edit z. Hence, in
total the algorithm takes (kD)C*P)|x|P . nOH) g2 time. By the above discussion, we
have Theorem 6.4.

Theorem 6.4. CONSTRAINED CLUSTERING WITH OUTLIERS s solvable in time
(kD)D) | |FP . Ok . g2,

6.4 Hardness Results

In this section we present the lower bound results. First we recall a few complexity
notions essential to our hardness proofs.

Our lower bounds hold for the CATEGORICAL k-CLUSTERING WITH COLUMN
OUTLIERS problem, and even for its special case where D = 0. This case may be
viewed upon as the problem of partitioning rows of the input matrix into clusters
where rows in each cluster are identical, except for the outlier columns. We show
that this exact version of CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS
is W[1]-hard when parameterized by the number of clusters k& and the number of
inliers (n — £), and also W[1]-hard when parameterized by the number of outliers £.

The first lower bound shows that the result in Theorem 6.1 is tight in the sense
that k£ must be a constant. This is in contrast to the CATEGORICAL k-CLUSTERING
WITH ROW OUTLIERS problem, for which we show the FPT algorithm for the stronger
parameterization (Theorem 6.5). Thus, CATEGORICAL k-CLUSTERING WITH COL-
UMN OUTLIERS is fundamentally more difficult than CATEGORICAL k-CLUSTERING
WITH ROw OUTLIERS. Also, note that CATEGORICAL k-CLUSTERING WITH ROw
OUTLIERS is trivially solvable in polynomial time when the cost D is zero.

First, we describe briefly the idea of the proof. We give a reduction from INDE-
PENDENT SET. Consider an instance (G,t) of the latter problem. Take as A the
incidence matrix of (G, such that columns correspond to the vertices, and rows to the
edges. Now selecting a set of size ¢ in G corresponds to selecting ¢ inlier columns in
A. For an independent set of size ¢, we aim to select ¢ columns of A that have a
zero-cost clustering with ¢ + 1 clusters. Equivalently, we are to select ¢ columns of A
such that there are at most ¢ + 1 distinct rows in the resulting submatrix. Observe
that whenever we select a subset S C V(G), each edge inside S corresponds to a
unique row with two ones. An edge from S to V(G)\ S corresponds to a row with a
single one in the column of the vertex of S, and an edge inside V(G) \ S corresponds
to a zero row. By a certain preprocessing of the input graph G, we can assume
that for every t-sized subset S the zero row and all the ¢ distinct rows with a single
one necessarily appear in the corresponding submatrix of ¢ columns. This is already
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t + 1 distinct rows, and every edge inside S must be a new row. Thus no edges can
be inside S whenever there is a valid clustering. In the next lemma, we make the
intuition above formal.

Lemma 6.24. CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS is W[I]-
hard when parameterized by k+ (d—{¢) when D =0 and ¥ = {0,1}. Assuming ETH,

there is no algorithm solving the problem with D = 0 and the binary alphabet in time
dok) . o)

(a) The input graph G, t = 2. (b) The corresponding 5 x 5 (¢) A selection of two in-
matrix of the clustering prob- lier columns achieving a zero-
e lem. The number of columns cost clustering (left), and a

to remove is 3, the number of nonzero cost (right).

clusters is 3.

b d d e
e a b ¢ d e 1 0 0 0
ab|1 1 0 0 O 1 0 0 0
e a bc |0 1 1 0 O 0 1 1 0
ed|0 0 1 1 0 0 1 1 1
de |0 0 0 1 1 0 0 0 1
ae |1 0 0 0 1

Figure 6.2: An illustration of the reduction in Theorem 6.2 showing a possible input graph,
the obtained matrix, and two possible selections of the inliers.

Proof. We show a reduction from the INDEPENDENT SET problem. Given a graph G
and a parameter t, the task in INDEPENDENT SET is to determine whether there is an
independent set of size at least ¢ in G. Consider an instance (G,t) of INDEPENDENT
SET. Assume that for any ¢-sized subset S of V(G), each of s in S is adjacent to
a vertex in V(G) \ S, and there is an edge inside V(G) \ S. Any graph G can be
tweaked to meet this assumption by adding a (¢ + 2)-sized clique C to the graph and
connecting each vertex of G to each vertex of C'. Note that no vertex of C' can be in
any independent set of size at least two, and any independent set of the original graph
is present in the newly constructed graph. Thus, the new instance of INDEPENDENT
SET is equivalent to the original one, and it satisfies the assumption stated.

From (G,t), we construct an instance of CATEGORICAL k-CLUSTERING WITH
CoLUMN OUTLIERS over the alphabet ¥ = {0,1}. The input matrix A is the inci-
dence matrix of G where columns are indexed by vertices and rows by edges. Set
k=t+1,¢=|V(G)|—t, D =0. See Figure 6.2 for an example.

Now it remains to show the correctness of the reduction. Assume there is an
independent set I of size t in (G. Let the inliers be the columns corresponding to I,
and O be the set of the remaining outlier columns. Restricted to the inlier columns,
every row of A is either a zero row, or has a single one, since no edge of G has both
ends in 1. Thus, there are at most ¢ + 1 distinct rows in A~?, so there is a zero-cost
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(t + 1)-clustering. The centers in this clustering are the following t-rows: the zero
row and all the ¢ possible rows with a single one.

For the other direction of the correctness proof, assume there is a solution to
the constructed CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS instance.
Consider the set I of the vertices corresponding to the inlier columns, and the set O
of the outlier columns. By the assumption on G, every vertex in I is adjacent to a
vertex in V(G) \ I, and there is an edge inside V(G) \ I. Thus, A~ has a zero row
and all ¢ distinct rows with a single one. If there is an edge e inside I, then there
are at least t + 2 distinct rows in the matrix, since even after removing the columns
of O, the row corresponding to e has two ones. In this case no zero-cost clustering
with t 4+ 1 clusters is possible. Thus, I must be an independent set.

Thus, the reduction is valid. It is well-known that INDEPENDENT SET is W[1]-
hard, and also not solvable in time f(t) - [V(G)|°® for any computable function f
unless ETH fails. Observing that £k =¢+ 1 and d — ¢ = t concludes the proof of the
lemma. O

Since Lemma 6.12 gives a parameterized reduction from CATEGORICAL k- CLUSTERING
WITH COLUMN OUTLIERS to CONSTRAINED CLUSTERING WITH OUTLIERS, we im-
mediately get the following corollary.

Corollary 6.25. CONSTRAINED CLUSTERING WITH OUTLIERS is W/[I/-hard when
parameterized by k + (n —£) when D =0 and ¥ = {0,1}.

We do not get the analogous ETH bound however, as the number of clusters in the
constructed instance of CONSTRAINED CLUSTERING WITH OUTLIERS is exponential.

The second lower bound shows that bounding both the number of outliers and
the cost D is insufficient for an FPT algorithm as well. The reduction is essentially
the same, only we start from the PARTIAL VERTEX COVER problem. The input
matrix is again the incidence matrix of GG, and now we argue that choosing the set
of t outlier columns minimizing the number of distinct rows corresponds to the best
partial vertex cover of G of size t. The analysis is sufficiently more technical than in
the previous case.

Lemma 6.26. CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS is W[IJ-
hard when parameterized by ¢ when D = 0 and ¥ = {0,1}. Assuming ETH, there

is no algorithm solving the problem with D = 0 and the binary alphabet in time
4o . o)

Proof. We show a reduction from the PARTIAL VERTEX COVER problem. The input
to PARTIAL VERTEX COVER is a graph G and numbers ¢, g. The problem is to
decide whether there is a subset C C V(G) of size at most ¢ such that at least ¢
edges of G are covered by C. The PARTIAL VERTEX COVER problem is well-known
to be as hard as INDEPENDENT SET ([70], Theorem 13.6). That is, when PARTIAL
VERTEX COVER is parameterized by ¢, there is a parameter-preserving reduction
from INDEPENDENT SET.
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Consider an instance (G,t,q) of PARTIAL VERTEX COVER. First, we modify G
to obtain a new graph G’. Let P be a set of two new vertices, and D be a set of d
new vertices, where d = 5+t+|E(G)|—q. Set V(G’) to V(G)UPUD. Keep all edges
of G on V(G), and connect each vertex of P to all other vertices of G’, including the
other vertex of P. That is,

E(G") =E(G)U{pv|pe PveV(G)\{p}}.

The total number of edges in G’ is |[E(G)|+ 2 - |[V(G")] — 3.
The graph G’ behaves in the same way as G with respect to PARTIAL VERTEX
COVER, as stated in the following claim. Set ' =¢+2 and ¢’ =q+2-|V(G’)| - 3.

Claim 6.27. The instance (G,t,q) is a yes-instance of PARTIAL VERTEX COVER
if and only if (G',t',q') is a yes-instance of PARTIAL VERTEX COVER.

Proof. First, assume there is a subset C' C V(G) of size at most ¢ covering at least ¢
edges of G. Set ¢/ = CUP, |C'| <t+2 =1, and vertices of P cover the additional
2+ |[V(G")| — 3 edges which are not present in G.

To the other direction, assume there is a subset C' C V(G’) of size at most ¢’
covering at least ¢’ edges of G’. We may assume that P C C’, otherwise we may
replace any vertex of C' by a vertex of P, and the number of covered edges does not
decrease since vertices in P are adjacent to all vertices. Now, C = C'NV(G) is a
solution for (G,t,q): |C| < |C"\ P| <t, and since |[E(G') \ E(G)| = ¢’ — ¢, C must
cover at least ¢ edges in G. O

Now we construct the input instance (A, k, D, £) of CATEGORICAL k-CLUSTERING
WITH COLUMN OUTLIERS over the alphabet ¥ = {0,1}. The input matrix A is the
incidence matrix of G’ where columns are indexed by vertices and rows by edges. Set
k=1+|V(G@)| -t +|EG)|-¢,t=t,D=0.

To show the correctness of the reduction, first assume there is a set C' C V' of size
t' covering at least ¢’ edges in G’. Let O be the set of columns in A corresponding to
C. We claim that there are at most 1+ (|[V(G")| — ') + (|E(G")| — ¢’) distinct rows
in A=©. That is, at most one zero row, at most |V (G’)| — ¢ rows with a single one
corresponding to the vertices of V(G') \ C adjacent to C, and at most |E(G’)| — ¢
rows with two ones corresponding to the edges not covered by C. Since there are at
most k distinct rows, the cost of k-clustering is zero if we remove the columns of O.

In the other direction, assume there is a solution to the constructed CATEGORICAL
k-CLUSTERING WITH COLUMN OUTLIERS instance, that is, a set O of at most ¢’
columns such that A~© has at most k distinct rows. Consider the set C' of vertices
corresponding to the outlier columns O. First, we show that C' must contain P. If
this does not hold, either C'N P is empty, or [C'NP| = 1. Assume C'N P is empty, in
this case out of 2-|V(G")| — 3 edges incident to P at most 2t' are covered by vertices
of C. These edges correspond to at least 2 - |[V(G’)| — 3 — 2t' rows of A that have
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still two ones each in A~?, and thus they are all distinct. However, the number of
clusters is smaller than the number of such rows, since

2-V(G"|-3=2t' = |[V(G")|-2t' =1+ |V(G)|+d > 1+ |V (G")|—-t'+|E(G")|— ¢ = k,

asd=3+4+1t+|E(G)|—qand |E(G)| —q = |E(G")| — ¢. This is a contradiction to
O being a solution.

In the other case |[C'N P| = 1, denote by p the vertex of P that is in C, and by
p’ the other vertex of P. At most t’ vertices in V(G’) \ {p} are in C, thus there are
at least |V (G')| — 1 — ¢’ distinct rows in A~9 that correspond to edges from p to
V(G") \ C, they each have a single one in the column corresponding to the second
endpoint. There are also at least |V (G’)|—2—1' distinct rows in A~ that correspond
to edges from p’ to V(G’)\ C, they each have two ones in the columns corresponding
to p’ and the second endpoint. Thus, there are at least 2 - |V(G’)| — 3 — 2t’ distinct
rows in A=Y, and we have already shown that this quantity is strictly larger than k&,
leading to the contradiction.

Now that we have shown P C C, we argue that all possible rows with less than
two ones are present in A~ giving an exact bound on the number of distinct rows
with two ones. Formally, since P C C, there is a zero row in A~ corresponding
to the edge inside P. Take any p € P, since p € C' and any vertex v in |V(G')|\ C
is adjacent to p, there is a row in A=Y corresponding to the edge vp that has a
single one in the column corresponding to v. This gives |V (G')| — ¢’ distinct rows
with single ones, one for each vertex of V(G’) \ C. Thus, there must be at most
k—1— V(G| —t) = |E(G")| — ¢ distinct rows with two ones in A~?. These
rows correspond exactly to the uncovered by C' edges of G’. So C covers at least ¢’
edges, and (G',t',¢’) is a yes-instance. This finishes the correctness proof, and from
the hardness of PARTIAL VERTEX COVER the lemma follows. O

Clearly, Theorem 6.2, restated next for convenience, follows from Lemma 6.24
together with Lemma 6.26.

Theorem 6.2. CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS is W([1]-
hard parameterized by

- either k4 (d — £)
- or/

even when D = 0 and X = {0,1}. Moreover, assuming the Exponential Time Hypoth-
esis (ETH), the problem cannot be solved in time f(k)-d°*) -n®W) for any function
f, even when D =0 and the alphabet % is binary.

6.5 Conclusion

The results presented in this chapter initiate the systematic study of parameterized
complexity of robust categorical data clustering problems. In particular, for CAT-
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EGORICAL k-CLUSTERING WITH ROw OUTLIERS, we proved that the problem can
be solved in 20(P e D)5} . (nd)©(M) time. Further, we considered the case of row
outliers and proved that CATEGORICAL k-CLUSTERING WITH COLUMN OUTLIERS
is solvable in time f(k, D, |Z|) - d9**Dn2. We also proved that we cannot avoid the
dependence on k in the degree of the polynomial of the input size in the running
time unless W[1] = FPT, and the problem cannot be solved in d°®) . n©M) time,
unless ETH is false. To deal with row outliers, we introduced the CONSTRAINED
CLUSTERING WITH OUTLIERS problem and obtained the algorithm with running
time (kD)CFP)|2|FP . ¢2nC*) This problem is very general, and the algorithm
for it not only allowed us to get the result for CATEGORICAL k-CLUSTERING WITH
Row OUTLIERS, but also led to algorithms for robust low rank approximation prob-
lems. In particular, we obtained that ROBUST Lo-LOwW RANK APPROXIMATION is
FPT if £ and p are constants when the problem is parameterized by D. However,
even if the low rank approximation problems are closely related to the matrix clus-
tering problems, they are quite different. Just to give an illustrative example, the
parameterized complexity of the column and row outliers variants of the clustering
problem considered in our paper are different with respect to k, but clearly the low
rank approximation problems for matrices over fields are symmetric with respect
to rows and columns. This leads to the question whether ROBUST Ly-LOow RANK
APPROXIMATION, ROBUST LOw BOOLEAN-RANK APPROXIMATION and ROBUST
PRrROJECTIVE CLUSTERING could be solved by better algorithms specially tailored
for these problems. It is unlikely that the possible improvements would considerably
change the general qualitative picture. For example, ROBUST Ljo-Low RANK AP-
PROXIMATION for p = 2 and ¢ = 0 is NP-complete if k = 2 [72, 100] and W][1]-hard
when parameterized by D [91]. It is also easy to observe that ROBUST Ly-Low
RANK APPROXIMATION for p =2, D =0 and k = n — £ — 1 is equivalent to asking
whether the input matrix A has n — ¢ linearly dependent rows. This immediately
implies that ROBUST Lo-LOW RANK APPROXIMATION for p =2 and D = 0 is W[1]-
hard when parameterized by k or n — £ by the recent results about the EVEN SET
problem [28]. The most interesting open question, by our opinion, is whether the
exponential dependence on k in the degree of the polynomial of the input size in the
running time produced by the reduction of ROBUST Lgo-LOw RANK APPROXIMA-
TION to CONSTRAINED CLUSTERING WITH OUTLIERS from Lemma 6.13 could be
avoided, even if p is a constant. Can the dependence of k be made polynomial (or
even linear)?



Part 111

FPT Approximation Schemes
for Clustering

121






Coreset Approach: Color-constrained Clus-
tering

This chapter is dedicated to clustering problems with color constraints. Recall that
these are the problems where the input is partitioned into ¢ groups, and the con-
straints are defined in terms of how many points from each group are assigned to
each cluster. The primary tool we use in this chapter are coresets, small-sized sum-
maries of the input. As we discussed in Chapter 4, coresets are of independent interest
for a variety of uses in the big data setting, and they also help in designing FPT-time
approximation algorithms. We will discuss results of both kinds in this chapter. Our
main example is the fair clustering problem introduced by Chierichetti et al. [56].
We employ the most general version of this problem due to [23], we recall the formal
definition next.

Definition 7.1 (Definition 1, [23]). In the fair version of a clustering problem, one
is additionally given £ many (not necessarily disjoint) groups of P, namely Py, Ps,
..., P;. One is also given two fairness vectors o, 3 € [0,1]°, a = (a1,...,q),
B = (B1,..-,B¢). The objective is to select a set of at most k centers C C F and an
assignment ¢ : P — S such that ¢ satisfies the following fairness constraints:

Hzx e Pi:ox)=c} <a;-{x € P:p(x)=c}, VeceC,Viell,
{zeP :px)=c>pi-{xeP:pl)=c}, VceCViel],

and cost(yp) is minimized among all such assignments.

In the (a, §)-Fair k-median problem, cost(y) := ) . pdist(z,o(z)), and in the
(v, B)-Fair k-means problem, cost(y) := > . pdist(z, ¢(x))?. To refer to these two
problems together, we will use the term («, 5)-FAIR CLUSTERING. We call ¢ that
satisfies the fairness constraints a fair assignment. We denote the minimum cost of
a fair assignment of a set of points P to a set of k centers C' by faircost(P, C), and

123
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faircost(P) denotes the minimum of faircost(P, C’) over all possible sets of k centers
.

Our first main result is the following theorem.

Theorem 7.2 (Informal). For general discrete metric spaces, there is an O(n(k+Y))
time randomized algorithm that w.p. at least 1 — 1/n, computes a coreset of size
O(T'(klogn)?/e®) for (o, B)-fair k-MEDIAN and O(T'(klogn)”/e%) for (a, B)-fair k-
MEANS, where I is the number of distinct collections of groups to which a point may
belong. If the groups are disjoint, the algorithm runs in O(nk) time. Moreover, in
R?, the coreset sizes are

r
0 (53 - k*logn(logn + dlog(l/g))>

for (e, B)-fair k-MEDIAN and

1o} (; . k7(log n)G(logn + leg(l/e))>

for (e, B)-fair k-MEANS.

Theorem 7.2 provides the first coreset construction for fair clustering problem
in general metric spaces. Our result is comparable to the best-known bound of
Oc(klogn) [83] in the vanilla case. In particular, if the number of groups in our case
is just 1, we obtain coresets of size O.(poly(klogn)), which matches with the best-
known bound in the vanilla case, up to a small degree polynomial factor. We note,
that this is the first sampling based coreset construction scheme for fair clustering,
and in R, the first coreset construction scheme where the size of the coreset does
not depend exponentially on the dimension d. In fact, the dependency on d is only
linear. Additionally, for k-means objective this dependency can be avoided (replaced
by k/e) by using standard dimension reduction techniques [60, 84] (this was also
noted in [173]). Hence, our result solves the open question proposed in [173] and
partly solves the open question proposed in [115]. As we already mentioned, in all of
the previous results [173, 115], coreset sizes depended exponentially on d (see Table
7.1). We note that the formal statement of Theorem 7.2 appears in Theorems 7.26,
7.30 and 7.37.

In fact, our coreset construction scheme is much more general in the following
sense. The coreset can preserve not only the cost of optimal fair clustering, but also
the cost of any optimal clustering with group-cardinality constraints. In particu-
lar, for any set C' of k centers and any constraint matrix M € Z**¢, our coreset
approximately preserves the cost of an optimal clustering that satisfies M,

(1—¢)-cost(P,M,C) < wcost(W,M,C) < (1+¢) - cost(P,M,C).
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k-MEDIAN k-MEANS
[173] O(Tke=?2logn)
[115] O(Tk?e=9) O(Tk3e=-1)
Thm. 7.30 | O(% - k?logn(logn+ | O(L% - k7(logn)®(logn+
and 7.37 dlog(1/e))) dlog(1/e)))

Table 7.1: Previous and current coreset sizes in R?.

Therefore, for any clustering problem with constraints where the constraints can be
represented by a set of matrices, we obtain a small size coreset. This gives rise to
coresets for a wide range of clustering problems including lower-bounded clustering
[179, 5, 23]. Notably, in the case of lower-bounded clustering, the input consists of
only one group of points, and thus M is a column matrix.

We further exploit the new coreset construction to design clustering algorithms
in various settings. In general metrics, we obtain the first fixed-parameter tractable
(FPT) constant-factor approximation for («, 8)-fair clustering with parameters k and
I'. That is, the running time of our algorithm is exponential only in the values k
and I" while polynomial in the size of the input. All previous constant-approximation
algorithms were bicriteria and violated the fairness constraints by some additive fac-
tors. Hence, the study of FPT approximation is well-motivated. Our approximation
factors are reasonably small and improve the best-known approximation factors of
the existing bicriteria algorithms (see Table 7.2). Moreover, our coreset leads to
improved constant FPT approximations for many other clustering problems. For
example, we obtain an improved ~ 3-approximation algorithm for lower-bounded
k-median [179, 5, 23] that is FPT parameterized by k. Previously, the best-known
factor for FPT approximation for this problem was 3.736 [23].

Based on our coreset, we also obtain the first FPT (14-¢)-approximation for («, 3)-
fair clustering in R? with parameters k and I'. Furthermore, the running time has a
near-linear dependency on n and does not depend exponentially on d. A comparison
with the running time of the previous (1 + ¢)-approximation algorithms can be found
in Table 7.3. We also obtain FPT (1+¢)-approximation algorithms with parameter &
for the Euclidean version of several other problems including capacitated clustering
[66, 62] and lower-bounded clustering. We note that these are the first (1 + ¢)-
approximations for these problems with near-linear dependency on n. For Euclidean
capacitated clustering, quadratic time FPT algorithms follow due to [75, 27] (see
Table 7.4). Also, the (1 + €)-approximation for Euclidean capacitated clustering in
[66] and [62] have running time (ke=1)% “nOW) and at least n° " (see Table
7.4).

Our coreset also leads to small space (1+¢)-approximation in streaming setting for
(@, B)-fair clustering in R? when the groups are disjoint. We show how to maintain
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an O(d?¢ - poly(klogn)/e*) size coreset in each step. One can apply our (1 + ¢)-
approximation algorithm on the coreset to compute a near-optimal clustering. In the
previous streaming algorithms [173], the space complexity depended exponentially
on either d or k.

Our technical contributions are summarized in Section 7.1.

multi k-MEDIAN k-MEANS running time
approx. approx.
[24] (4.675,1) (62.856, 1) poly(n)
23] v (0(1),4A + | (O(1),4A + | poly(n)
3) 3)
Thm. 7.50 ~3 ~9 (k0)°*Dnlogn
Thm. 7.50 | v ~3 ~9 (k1) logn

Table 7.2: Approximation results for («, 8)-fair clustering in general metrics. “multi” de-
notes if the algorithm can handle overlapping groups. In “approx.” columns, the first (resp.
second) value in a tuple is the approximation factor (resp. violation). [23] does not explic-
itly compute the O(1) factor, but it is > 3+¢ (resp. > 9+¢) for k-median (resp. k-means),
where ¢ is a sufficiently large constant.

running time version
[173] nOk/e) 2-color, (1, k)-fair clustering
[115] (k2e=)Ok/) 1 O(ke=d+1n) 2-color, (1, k)-fair clustering
[30] nPoly(k/e) ¢-color, (1, k)-fair clustering
Thm. 20(k/=°D) (k)0 kD) ndlog n (o, B)-fair clustering
7.45

Table 7.3: The running time of the (1 + ¢)-approximations for fair clustering in R

Schmidt et al. [173] defined the concept of fair coresets and gave coreset of size
O(¢ke=?2logn) for the disjoint group case of Euclidean (c, 3)-fair k-means. This
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running time
[75] 2poly(k/2)n2 (log n)F+2d
[27] 20(k/e9™) . n?(logn)?d
[66] (k&_—l)ka*o“)no(l)

—0(1)

n® d=2
62 o

n(logn/a) (@) (d > 3)
Thm. 7.58 20(k/e2M) g0 () 4 pk2e—00) logn

Table 7.4: The running time of the (1 + £)-approximations for capacitated clustering in R%.

can be extended to the overlapping case by replacing ¢ with ' in the size bound.
Using a sophisticated dimension reduction technique [60], they showed how to stream
coreset whose size does not depend exponentially on d. Unfortunately, this coreset
size depends exponentially on k. Schmidt et al. also gave an n®*/¢) time (1+¢)-
approximation for the two-color version of the problem. Note that this chapter
improves over all these results (see Tables 7.1 and 7.3). Using the framework in [109],

Huang et al. [115] improved the coreset size bound of [173] by a factor of © (1252" )

and gave the first coreset for Euclidean («, 8)-fair k-median of size O(I'k?c~%). Both
the coreset construction schemes in [173] and [115] use deterministic algorithms, and
thus they proposed whether random sampling can be employed to remove the curse of
dimensionality. Note that our result based on random sampling improves the bound

(for k-median) in [115] by a factor of © (%) (see Table 7.1). By applying

the (1 + ¢)-approximation of [173] on their coreset, Huang et al. [115] obtained an
algorithm with improved running time. However, the algorithm of [173] is only for
two colors. Moreover, due to the inherent exponential dependency on d of the coreset
size, the running time of the algorithm in [115] still depends exponentially on d (see
Table 7.3). Bohm et al. [30] considered (1,k)-fair clustering with multiple colors.
They designed near-linear time constant-approximation algorithms in this restricted
setting. They also obtained an nP°¥(#/) time (1+e¢)-approximation for the Euclidean
version in the same setting. An FPT (1 + ¢)-approximation follows from our results
for this version (see Table 7.3).

Chierichetti et al. [56] gave a polynomial time ©(t)-approximation for (t, k)-fair
k-median with two groups (or colors). We improve their result by giving an FPT
constant-approximation algorithm with parameters k and ¢ for (¢, k)-fair clustering
with arbitrary number of colors. Based on the framework implicitly mentioned in
[45], Bera et al. [23] obtained polynomial time O(1)-approximation for (a, )-fair
clustering that violates the fairness constraints by at most an additive factor of
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4A + 3. This framework first computes k centers using a p-approximation algorithm
for vanilla clustering, and then finds an assignment of the points to these centers that
satisfies the fairness constraints. They showed, e.g, for k-median, there is always such
an assignment whose cost is at most p + 2 times the optimal cost of fair clustering.
However, computing such an assignment is not an easy task. Indeed, this is a big hur-
dle one faces while studying fair clustering, which makes this problem substantially
harder compared to other clustering problems like capacitated clustering. Based on
the algorithm due to Kirdly et al. [131], Bera et al. [23] showed that an optimal
assignment can be computed by violating any fairness constraint by the mentioned
factor. For the disjoint group case, their violation factor is only 3. Independently,
Bercea et al. [24] obtained algorithms with the same approximation guarantees as in
[23] for the disjoint version, but with at most 1 additive factor violation. We show
that the above mentioned assignment problem for («, 3)-fair clustering can be solved
exactly in FPT time parameterized by k£ and I". Plugging this in with our coreset, we
obtain algorithms with better constant approximation factors compared to [23] and
[24] that do not violate any constraint (see Table 7.2).

Ding and Xu [75] gave an unified framework with running time 2P°Y(*/¢) (log n)*+1nd
that generates a collection of candidate sets of centers for clustering problems with
constraints in R?. Subsequently, Bhattacharya et al. [27] and Feng et al. [86] designed
similar frameworks having improved time complexity. None of these works study fair
clustering. The results of this chapter can be viewed as an extension of these works
to general metrics in the sense that we obtain constant-approximations for a range
of constrained clustering problems. Furthermore, by applying the framework of [27]
on our coreset, we obtain (1 + ¢)-approximation algorithms with improved time com-
plexity bounds for several clustering problems in R%.

Organization. Section 7.1 summarizes the main technical ideas used to obtain the
new results. The “stronger coreset” construction algorithm appers in Section 7.2. In
the rest of the chapter, we describe the applications of our coresets. In Section 7.3,
we describe an algorithm for solving an assignment problem, which we will need to
design our algorithms for (¢, 8)-fair clustering. In Section 7.4 and 7.5, we describe our
approximation algorithms for the Euclidean and metric case of («, 5)-fair clustering,
respectively. In Section 7.6, we apply our coreset to design improved algorithms for
other constrained clustering problems. In Section 7.7, we show how to maintain our
coreset in the streaming setting. Finally, in Section 7.8, we conclude with some open
questions.

7.1 Our Techniques

In this section, we summarize the techniques and key ideas used to obtain the new
results of this chapter. The detailed version of our results and formal proofs appear
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in the following sections. For simplicity, we limit our discussion here to k-median
clustering. We start with the coreset results.

7.1.1 Universal Coreset Construction

Our coreset construction algorithms are based on random sampling and we will prove
that our algorithms produce universal coresets with high probability (w.h.p.). At first
glance, it is not easy to see how to sample points in the overlapping group case, as
the decision has an effect on multiple groups. To give intuition to the reader, at first
we discuss the disjoint group case.

The Disjoint Group Case

Our coreset construction algorithm is built upon the coreset construction algorithm
for vanilla clustering due to Chen [53]. In our case, we have points from ¢ disjoint color
classes. So, we apply Chen’s algorithm for each color class independently. Note that
Chen’s algorithm was used to show that for any given set of centers C, the constructed
coreset approximately preserves the optimal clustering cost. However, we would like
to show that for any given set of centers C, the constructed coreset approximately
preserves the optimal clustering cost corresponding to any given constraint M. At
this stage, it is not clear why Chen’s algorithm should work in such a generic setting.
Our main technical contribution is to show that sampling based approaches like
Chen’s algorithm can be used even for such a stronger notion of universal coreset.
We will try to give some intuition after describing our algorithm. Our algorithm is
as follows.

Given the set of points P, first we apply the algorithm of Indyk [119] for computing
a vanilla k-median clustering of P. This is a bicriteria approximation algorithm that
uses O(k) centers and runs in O(nk) time. Let C* be the set of computed centers,
v be the constant approximation factor and II be the cost of the clustering. Also,
let 4 = II/(vn) be a lower bound on the average cost of the points in any optimal
k-median clustering. Note that for any point p, dist(p,C*) < =wvn - u.

For each center ¢ € C*, let P C P be the corresponding cluster of points
assigned to ¢;. We consider the ball B; ; centered at ¢} and having radius 27y for
0 < j < N, where N = [log(vn)]. We note that any point at a distance 2 > vn-p
from ¢} is in B; y, and thus all the points in P} are also in B; x. Let B}, = Bio
and B} ; = B;j \ Bij-1 for 1 < j < N. We refer to each such B;; as a ring for
1<i<k0<j<N. Foreach0 < j < N and color 1 <t </, letPi’yjyt be the
set of points in BZ'-}j of color t. Let s = O(klogn/e?) for a sufficiently large constant
hidden in ©(.).

For each center ¢ € C*, we perform the following steps.

Random Sampling. For each color 1 <t < £ and ring index 0 < 5 < N, do the
following. If |P; ; ;| < s, add all the points of P/ ;, to W; ; and set the weight of each
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such point to 1. Otherwise, select s points from P/ ; ; i+ independently and randomly
(without replacement) and add them to W ;. Set the weight of each such point to
[P/, |/s.

The set W = U; ;W ; is the desired universal coreset. As the number of rings
is O(klogn), the size of W is O(¢(klogn)?/e3). From [53], it follows that for each
color, the coreset points can be computed in time linear in the number of points of
that color times O(k). Thus, our coreset construction algorithm runs in O(nk) time.

An Intuitive Discussion about Correctness. Note that we need to show that
for any set of centers C', the optimal clustering cost is approximately preserved w.r.t.
all possible combination of cluster sizes as defined by the constraint matrices. In
Chen’s analysis, it was sufficient to argue that for any set of centers C, the optimal
clustering cost needs to be preserved. This seems much easier compared to our case.
(Obviously, the details are much more complicated even in the vanilla case.) For
example, suppose p € P be a point that is assigned to a center ¢ € C' in an optimal
clustering. Note that ¢ must be a closest center to p. For simplicity, suppose p has
a unique closest center. Now, if p is chosen in the coreset, then the total weight of p
must also be assigned to ¢ in any optimal assignment w.r.t. C. Thus, the assignment
function for original and coreset points remains same in the vanilla case. This fact
is in the heart of their analysis. Let h be this assignment function: h(p) = dist(p, C)
and for any set S, h(S) = 3 5 h(p). Consider any point set V' and an uniformly
drawn random subset U C V. Also, assume that h(p) lies in an interval of size T

Then, using a result due to Haussler [112], one can show that if |U] is sufficiently

large, then w.h.p, hl(TV‘) — W‘ < &T. Now, we can apply this observation to each

ring separately. Note that for any ring Bj i; with points P ;, and for all p € P, ;,
h(p) is in an interval I of length at most the diameter of the ball B; ;, i.e, 2(27u). It
follows that,

) . Pl h(W;;
Z dist(p, C) — Z w(p) - dist(p, )’ <|P; ;|- ’ P, J| |W.J.|| ' |(p. .])
2% L2V v

PEP; PEWS,;

<|Pij|-e2

The first inequality follows, as the weight of each point in W; ; was set to “VI;_‘?“.
1,7

The second inequality follows from the observation mentioned above. Summing over
all rings, we get,

> dist(p, C) — Y w(p) - dist(p, C ‘ > Pl -2

peEP pEW (4,9)

Now, as we show later, one can upper-bound this by O(e - OPT,), where OPT,
is the optimal cost of vanilla clustering. This is shown by charging the error bound
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for each point with its cost in the bicriteria solution. Now, note that in the case of
vanilla k-median, cost of a weighted set S of points in an optimal clustering with
centers in C, weost(S,C) = > csw(p) - dist(p,C) (similarly define cost(P, C)). By
scaling e appropriately and taking union bound over all rings, we obtain that w.h.p,

|cost(P, C') — weost(W, C)| < e - cost(P,C).

This is how Chen obtained the bound for k-median. Note that the observation
that a coreset point has the same optimal assignment as the one w.r.t. the original
point set is not-necessarily true in our case. We cannot just use the nearest neighbor
assignment scheme, as in our case cluster sizes are predefined through M. Indeed, in
our case we might very well need to assign the weight of a coreset point to multiple
centers to satisfy M. In general, this is the main hurdle one faces while analyzing a
sampling based approach for fair coreset construction.

For analyzing our algorithm, we follow an approach similar to the one by Cohen-
Addad and Li in [66]. They considered the capacitated clustering problem, where for
each center ¢ a capacity value U, is given, and if the center ¢ is chosen, at most U,
points can be assigned to c. They analyzed Chen’s algorithm and showed that for
any center C', the coreset approximately preserves the optimal capacitated clustering
cost. In the following we describe their approach.

Fix a set C' of centers. Again consider a single ring Bg,j and assume that we
sample points from only this ring. Thus the coreset consists of sampled points from
this ring and original points from the other rings. We would like to obtain an error
bound for the points F; ; in BZ(’ ; similar to the one in the vanilla case. For simplicity,
let P" = P, ;, m = |P'| and p/ = 27u. Also, let S be the samples chosen from P’.
Recall that |S| = s. Let W’ be the coreset, i.e, W = SU(P\ P’). Instead of directly
analyzing the sampling scheme of Chen, they consider a different sampling scheme.
The two sampling schemes are same up to repetition as they argue. This is one of
the most important ideas that they use in the analysis.

An Alternative Way of Sampling. For each p € P’, select p w.p. s/m inde-
pendently and set its weight to m/s. Otherwise, set its weight to 0. Let X € RZ,
be the corresponding random vector such that X [p] = m/s if p is selected, otherwise
X[p]=0.

We note two things here. First, for each p, E[X[p]] = 1. Thus, E[X] = 1, where
1 is the vector of length m whose entries are all 1. Intuitively, this shows that in
expectation the chosen set of samples behave like the original points. They heavily use
this connection in their analysis. Second, this sampling is different from the original
sampling scheme in the sense that here we might end up selecting more (or less) than
s samples. However, one can show that with sufficient probability, this sampling
scheme selects exactly s points, as the expected number is m - (s/m) = s. It follows
that X contains exactly s non-zero entries with the same probability. Conditioned
on this event, X accurately represents the outcome of the original sampling process.
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Thus, both the sampling processes are same up to repetition. Henceforth, we assume
that X contains exactly s non-zero entries.

The next crucial idea is to represent assignments through network flow. Suppose
we are given a fixed set of centers and weighted input points and we would like
to compute a minimum cost assignment of the points to the centers such that the
capacities are not violated. This problem can be modeled as a minimum cost network
flow problem. In particular, given any vector Y that represents weights of the points,
one can compute a network Gy. A minimum cost flow in this network corresponds
to a minimum cost assignment. For any Y € RZ,, we denote by f(Y) the minimum
cost of any feasible flow in Gy. Note that as the weight of the points in P\ P’ are
fixed, it is sufficient to consider an m-dimensional vector to represent the weights of
the points in P’.

Now, note that f(X) and wcost(W’, C) (for capacitated clustering) are identically
distributed, as X contains exactly s non-zero entries. Also, as E[X] =1, f(E[X]) =
f(1) = cost(P,C). Thus it is sufficient to prove that w.h.p, |f(X) — f(E[X])] <
emy’. They show this in two steps. First, w.h.p, |f(X) — E[f(X)]| < emu'/2,
which can be proved using a variant of Chernoff bound. Then, they show that
[E[f(X)] = FE[X])] < emp'/2.

The proof in the second step is much more involved. First, they show that
F(E[X]) < E[f(X)]. This follows from the fact that the value of f(1) is not more
than the average value of f(X), as one can find an assignment of cost at most
E[f(X)] where 1 weight is assigned for each point, by summing up the costs of
all assignments weighted by their probabilities. The proof completes by showing
E[f(X)] < f(E[X])+emu'/2. Tt is not hard to prove that (i) f(X) < f(E[X])+nmu'.
They show that (ii) w.p. at least 1 — 1/n'% f(X) < f(E[X]) + 0.49emy’. From
these above two claims, we obtain E[f(X)] < f(E[X]) + emy’/2. The proof that
f(X) < f(E[X]) + 0.49emy’ holds w.p. at least 1 — 1/n'0 is the most crucial part
of their analysis. To prove this, they start with an assignment corresponding to the
cost f(1), i.e, an original assignment where all points are assigned to the centers.
They compute a feasible assignment corresponding to the vector X, by modifying
this assignment whose cost is at most f(1) + 0.49empy’ w.p. at least 1 — 1/n'%. The
details are much more involved. But, the crucial part is that the given assignment
can be represented as a flow, and can be modified to obtain a new feasible flow in
Gx whose cost is not much larger than f(1).

Now, let us come back to fair clustering. The first hurdle to adapt the approach in
[66] is that it is not possible to represent the assignment problem for fair clustering as
a simple flow computation problem. It can be modeled as an ILP. But, then we loose
the “nice” structure of the function f that is needed for analysis. For example, they
show that f is a Lipschitz function and that helps them obtain good concentration
bound. Thus it is not clear how to directly use their approach for fair clustering.
However, we show that for a fixed constraint M, the assignment problem can be
modeled in the desired way. Thus, we can get high probability bound w.r.t. a fixed
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constraint M. However, to obtain a coreset for fair clustering we need to show this
w.r.t. all such constraints (and this leads us towards a universal coreset). The number
of such constraints can be as large as n**9). Hence, to obtain the h.p. bound over
all M, we need to show that for a fixed M the error probability is at most 1 /nQ(M).
However, it is not clear how to show such a bound (1/7°*) bound can be shown).
Nevertheless, we show that it is not necessary to consider all those choices of the
constraints together — one can focus on a single color and the constraints w.r.t. that
color only. Indeed, this is the reason that we apply Chen’s algorithm to different
color classes independently. Unfortunately, we pay a heavy toll for this: the coreset
size is proportional to ¢, unlike the vanilla coreset size. However, it is not clear how
to avoid this dependency. Nevertheless, this solves our problem, as now we have only
n2(%) constraints.

The Overlapping Group Case

Recall that we are given £ groups of points P, ..., P, such that a point can potentially
belong to multiple groups. In this section we design a sampling based algorithm
for construction of universal coreset in this case. Note that the algorithm in the
disjoint case clearly does not work. This is because we sample points from each
group separately and independently, and thus it is not clear how to assign the weight
of a point that belongs to multiple groups. One might think of the following trivial
modification of the algorithm in the disjoint case. Assign each point to a single
group to which it belongs. Based on this assignment, now we have disjoint groups,
and we can apply our previous algorithm. However, this algorithm can have a very
large error bound. For example, suppose a point p belongs to two groups ¢ and
j, and it is assigned to group i. Also, suppose p was not chosen in the sampling
process. Note that the weight of p is represented by some other chosen point p’,
which was also assigned to group i. However, now we have lost the information
that this weight of p was also contributing towards fairness of group j. Thus, the
constructed coreset might not preserve any optimal fair clustering with a small error.
In the overlapping case, it is not clear how to obtain a coreset whose size depends
linearly in . Nevertheless, we design a new coreset construction algorithm that have
very small error bound and its size depends linearly on I". As we noted before, in
practice I is reasonably small, a polynomial in £.

The main idea of our algorithm is to divide the points into equivalence classes
based on their group membership and sample points from each equivalence class. Let
P = U{_, P;. For each point p € P, let J, C [¢] be the set of indexes of the groups
to which p belongs. Let I be the distinct collection of these sets {J, | p € P} and
|I| =T. In particular, let Iy, ..., It be the distinct sets in I. Now, we partition the
points in P based on these sets. For 1 <i <T,let P' = {p € P | I; = J,}. Thus,
{P? |1 < i < T} defines equivalence classes for P such that two points p,p’ € P
belong to the same equivalence class if they are in exactly the same set of groups. Now
we apply our algorithm in the disjoint case on the disjoint sets of points P!, ..., PT.
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Let W be the constructed coreset.

Note that here we have I disjoint classes, and thus the coreset size is O(T'(k logn)?/e3).
As our coreset size is at least I, we assume that I' < n. Note that the equiva-
lence classes can be computed in O(nf) time, and thus the algorithm runs in time
O(nl) + O(nk) = O(n(k + £)). Next, we argue that W is indeed a universal coreset
w.h.p.

An Intuitive Discussion of Correctness. Again, the idea here is to reduce the
analysis to the one class case. However, this is not as straightforward as in the
disjoint case. Note that although the classes P',..., Pl are disjoint, two classes can
contain points from the same group. Moreover, the constraints are defined w.r.t. the
groups. Thus, two classes need to interact to satisfy the constraints.

Fix a set of centers C'. Let W, be the chosen samples from class 7. For any ring
B; ;, let P/, be the points from class 7 in the ring.

Consider any class 1 < ¢ < T'. We can show that if our coreset contains samples
from one specific class and original points from the other classes, then the error
comes from only that class. In particular, we will show that for all matrices M,
w.h.p, |cost(P,M, C') — weost(W, U (P \ P'),M,C)| < 2 ENP el - 27 4.

Now, one can safely take union bound over all I' < n classes, to obtain the bound
similar to the one in the disjoint case.

Next, we prove the above claim. Denote the size of the set I; of indexes corre-
sponding to points in P! by A and WLOG, assume that I, = {1,2,...,A}. To prove
the above claim, we show that it is sufficient to prove that w.h.p, for all k£ x A matrix
M’ such that M’ has A identical columns and the sum of the entries in each column
is exactly |P*[, | cost(P',M',C) — weost(Wy, M, C)| < 37, 5 €l P} ;| - 2/ . Now, as
M’ contains all identical columns, points of P? belong to the same set of groups, and
we select samples from P? separately and independently, this claim boils down to a
case similar to the disjoint-group-one-color case.

One might find our approach in parallel with the one in [115], as they also reduce
the problem with overlapping groups to a single class. However, in contrast to ours,
their coreset construction algorithm is deterministic.

The Euclidean Case

The algorithm in the Euclidean case is the same as for general metrics, except we
set s to O(klog(nb)/e?) instead of O(klogn/e®), where b = O(klog(n/c)/e?). The
analysis for general metrics holds in this case, except the assumption that the number
of distinct sets of centers is at most n* is no longer true. Here any point in R? is
a potential center. This is the main challenge in the Euclidean case, as now it is
not possible to take union bound over all possible sets of k centers. Nevertheless,
we show that for every set C C R? of k centers and constraint M, the optimal cost
is preserved approximately w.h.p. The idea is to use a discretization technique to
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obtain a finite set of centers so that if instead we draw centers from this set, the cost
of any clustering is preserved approximately.

First, we construct a set of points F' that we will use as the center set. Recall
that C* is the set of centers computed by the bicriteria approximation algorithm.
v is the constant approximation factor and II is the cost of this clustering. Also,
p =11/ (vn).

For each center ¢; € C*, we consider the d-dimensional axis-parallel hypercubes
R; ; having sidelength 271, and centered at ¢f for 0 < j < N, where N is sufficiently
large. Let R g = R;o and R} ; = R; j \ R; ;1 for 1 <j < N. For each 0 < j < N,
we divide Rg,j into gridcells of sidelength £27u. Let Q; be the exponential grid for

t0s -+ B ns 1e, Qi is the amalgamation of the grideells in R, ..., R} . For
each gridcell in the exponential grid @;, we select any arbitrary point and add it to
E;.

We repeat the above process for all ¢; € C*. Let F' = U,;F;. One can show that
the size of F is O(klog(n/e)/e?).

Now we show that if the centers can only be chosen from F, then the analysis
for general metrics holds in this case as well with the modified value of s mentioned
above. We need to extend this argument for any set C' C R? of k centers. To do this,
we consider two cases. In the first case, C' contains a center ¢ such that ¢ is not in
U;Q;. Thus, ¢ is very far away from the centers of bicriteria solution. In this case
we show that the cost of this clustering is at least 1/ times the cost of the bicriteria
solution. We also showed that the cost difference of any clustering w.r.t. P and W
is at most the cost of the bicriteria solution. Together it follows that the above cost
difference is at most € times the cost of the bicriteria solution and we obtain the
desired bound w.p. 1.

In the second case, all centers in C' are in U;Q);. In this case we can approximate
C with C' by choosing centers from F: for each center ¢, select the point ¢/ in F
chosen from the gridcell that contains c. Intuitively, the distance between c and ¢’ is
relatively small. Note that we showed before that W is a coreset w.r.t. points in F'
w.h.p, and so is w.r.t. C’. As C' approximates C, it follows that W is also a coreset
w.r.t. C.

7.1.2 Approximation Algorithms Based on Universal Coresets

All the approximation algorithms that we show boil down to one general strategy:
first, compute a suitable universal coreset, then, enumerate a small family of sets
of possible k centers, such that at least one of them is guaranteed to provide a
good approximation, and finally pick the best set of centers by finding the optimal
fair assignment from the coreset to each of the center sets. Apart from the coreset
construction, the notable challenge in the case of («, 3)-FAIR CLUSTERING is solving
the assignment problem. We devise a general FPT time algorithm for the assignment
problem. The approach for obtaining approximations for other problems are very



136 7 | Coreset Approach: Color-constrained Clustering

similar. Thus, in this summary part, we limit our discussion to fair clustering.

Solving the Assignment Problem

The fair assignment problem is the following: given an instance of («, 5)-FAIrR CLUS-
TERING and a set of k& centers C, compute a minimum-cost fair assignment to the
centers of C'. The fair assignment problem is one of the features that makes fair
clustering harder than other constrained clustering problems. While often the op-
timal assignment can be found with the help of a network flow, like in the case of
capacitated clustering or lower-bounded clustering, there was no previously known
algorithms to compute an optimal or approximate fair assignment without violating
the constraints. Moreover, it was observed by Bera et al. [23] that the assignment
problem for (c«, 8)-FAIR CLUSTERING is NP-hard, so there is no hope to have a
polynomial time assignment algorithm.

We show an assignment algorithm with running time (kF)O(’“F)nO(l), the formal
statement and the proof is given in Theorem 7.39. The general idea is to reduce to
a linear programming instance. The unknown optimal assignment can be naturally
expressed in terms of linear inequalities by introducing a variable f;; for the i-th
point and the j-th center, denoting what fraction of the point is assigned to each
center, and constraints f;; > 0 for all 4, 7, and Z?Zl fij = 1. Clearly this generalizes

a discrete assignment, which corresponds to exactly one of {f;; }?:1 being equal to
1, for each i € [n]. Observe that the condition that the assignment is fair can also
be expressed as linear constraints: for each j € [k], summing all f;; from the points
belonging to a particular group provides the number of the points from this group
assigned to the j-th center. And the fairness conditions just bound the ratio of points
from a particular group to the size of the cluster.

However, the issue is that in general the optimal fractional solution to this linear
programming problem is not integral, and the integrality gap could be arbitrarily
large. Thus, an optimal fractional solution does not yield the desired assignment,
and this is not surprising since the fair assignment problem is NP-hard. One possible
solution would be to restrict the variables to be integral, solving an integer linear
program (ILP) instead. But we cannot afford to make all variables integral, as the
number of variables can be sufficiently large. Even if we aim to solve the assignment
problem on the coreset, the number of points is polylogarithmic in n, and solving the
ILP would take at least (log n)Q(log ") time, which is not FPT. Instead, we introduce
the integral variable g;; denoting how many points from the ¢-th point equivalence
class gets to the j-th center, while leaving the {f;;} variables to be fractional. Thus,
we obtain an instance of mixed-integer linear programming (MILP) with kT" integer
variables and nk fractional variables. By using the celebrated result of Lenstra [142]
with subsequent improvements by Kannan [127], and Frank and Tardos [93], we
obtain an optimal solution to the MILP instance in time (kI')®*T)pO1),

Now we explain that after constraining the {g;;} variables to be integral, we can
assume that all the other variables { f;;} are integral too, thus we actually obtain an
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optimal discrete assignment of the same cost. Consider a particular point equivalence
class P!, and the integral values {gy; }5”:1 from the optimal solution to the MILP.
When these values are fixed, the problem boils down to finding an assignment from
P! to C such that exactly g:; points are assigned to the j-th center. This problem
can be solved by a minimum-cost maximum flow in the network where each point
has supply one, the j-th center has demand of g;;, and the costs are the distances
between the respective points. Moreover, the values {f;;} from the MILP correspond
exactly to the flow values on the respective edges. Since there is an optimal integral
flow in this network, this flow is also an optimal integral solution for {f;;}.

The downside of Theorem 7.39 is that the dependency on n is a high degree
polynomial, roughly n°, and we cannot use it directly to obtain a near-linear time
algorithm. So we also show how to obtain a fair assignment that has the cost of at
most (1+¢) times the optimal fair assignment cost in near-linear time with the help
of the coreset. For this, we compute a universal coreset from the input points, and
then compute the optimal fair assignment from the coreset to the centers C. Since
the coreset preserves the cost of an optimal assignment w.r.t. any constraint matrix
M, and fair assignments are precisely those that satisfy a certain set of constraint
matrices, we obtain immediately that the cost of the optimal fair assignment on the
coreset is within a factor of (1 + ¢) from the optimal cost of the original instance.
However, this does not yet give us a fair assignment of the original points to the
centers. To construct this assignment, we take the values {g;;} computed by the
assignment algorithm on the coreset, and then, for each point equivalence class P?,
we solve the simple assignment problem from P* to C' that assigns exactly g;; points
to the j-th center. As mentioned above, this can be done by a network flow algorithm.
Since the network is bipartite and one of the parts is small, only of size k, this problem
can be solved in near-linear time by a specialized flow algorithm given by [6]. Finally,
the resulting assignment on the original points has cost at most (14 ¢) times the cost
of the optimal assignment on the coreset. This holds since the coreset construction
preserves the cost with respect to the set of centers C' and any constraint matrix
M, in particular the one that is constructed from the values {g;;}. This argument
is presented in full detail in Lemma 7.42. Combining the above steps, we obtain a
near-linear time algorithm via coreset for the assignment problem on P given a set
of centers.

(1+ ¢)-Approximation in R?

Apart from our coreset construction and our assignment algorithm, the key ingredient
to obtain a (1 + &)-approximation algorithm is the general constrained clustering
algorithm of Bhattacharya et al. [27]. Their algorithm outputs a list of 20(k/2M)
candidate sets of k centers, such that for any clustering of the points there exists a
set of centers C' in this list that is only slightly worse than the optimal set of centers
for this clustering. Naturally, this holds for any fair clustering too, thus there exists

a set of centers C in the list such that faircost(P,C) < (1 + ¢) faircost(P). Together
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with our exact assignment algorithm this provides a (1+ ¢)-approximation algorithm
with the running time of 26(’“/50(1))(kf)o(kr)no(l)d: compute the list of candidate
sets of centers, then find an optimal assignment to each set, and return the one with
the smallest cost. Replacing the exact assignment algorithm with the approximate
one that employs coreset, we obtain a 20(’“/50(1))(kl")o(’fr)nd(log n)2-time algorithm.
Finally, if for each candidate set of centers we solve the assignment problem on the
coreset, then choose the best set of centers, and then solve (approximately) the
assignment problem on the original points and this particular set of centers, we
reduce the running time to 2O(k/50(1))(kf‘)o(kr)nd logn.

(3 + ¢)-Approximation in General Metric

With the help of our universal coreset, the strategy to obtain (3 + £)-approximation
for (o, 8)-FAIR k-median is essentially identical to that used in [64] and [66]: from
each of the clusters in an optimal solution on the coreset we guess the closest point
to the center, called a leader of that cluster. We also guess a suitably discretized
distance from each leader to the center of the corresponding cluster. Finally, selecting
any center that has roughly the guessed distance to the leader provides us with a
(3+¢)-approximation. That holds since if we assign each point to the guessed center
of its leader, the distance that this point contributes will be at most its distance in
the optimal solution, plus the distance from the leader to the optimal center, plus
the distance from the leader to the guessed center. Since the leader is the closest
point in the cluster to the optimal center, this is at most (3 + ¢) times the distance
that the point contributes in the optimal solution. Note that this assignment is fair
since the composition of the clusters is exactly the same as in the optimal solution.

We cannot directly find this assignment, but we can compute the lowest-cost
fair assignment to this set of centers that can only be better. Thus, we solve the
assignment problem on the coreset for each guess of the centers, choose the best set
of centers, and then compute an approximately optimal fair assignment from the
original points to these centers. By the property of the universal coreset, going to
the coreset and back changes the cost of the optimal solution only slightly, so with
the appropriate selection of error parameters the obtained assignment is a (3 + ¢)-
approximate solution. There are |W|* possible choices for leaders and (logn/e)P*)
for the respective distances, and we solve the assignment problem on our coreset for
each such guess. Thus, we need a running time of (kF)O(’“F)/ao(k) -nlogn to compute
the best set of centers and retrieve a corresponding assignment of the original points.

One technical difficulty is that for the distance guessing step we require that the
aspect ratio of the instance, that is the ratio of the maximum distance between the
points in the instance to the minimum, is polynomially bounded. Only in this case we
can consider just (logn/e)©®*) choices for the distances. The technique to reduce the
aspect ratio of the instance is fairly standard, it was also employed in [66] for the case
of capacitated clustering. It requires a bound on the cost of an optimal solution, and
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one notable difference is that for («, 5)-FAIR CLUSTERING there were no previously
known true approximation algorithm. Thus we also devise a simple linear-time O(n)-
approximation, based on the classical min-max algorithm for k-center.

7.2 Coreset Construction

In this section, we present in full detail the coreset construction. We start with k-
MEDIAN, and first we deal with the simpler disjoint group case. Then we show how
to extend the result from disjoint groups to overlapping groups. Finally, we extend
We start with k-median in the disjoint group case in Section 7.2.1. Then we extend
this result to the overlapping group case in Section 7.2.2. Section 7.2.3 describes
the coreset construction for k-median in R?. Finally, the coreset constructions for
k-means appear in Section 7.2.4.

7.2.1 Disjoint Group Case

In this section, we prove the following theorem.

Theorem 7.3. Given a set P of n points in a metric space along with a color
function ¢ : P — {1,...,£}, there is an O(nk) time randomized algorithm that
w.p. at least 1 — 1/n, computes a universal coreset for k-median clustering of size

O(l(klogn)?/e%).

To prove this theorem, we analyze the coreset construction algorithm in the dis-
joint group case described in Section 7.1. For convenience of the reader, we again
state our algorithm here.

Given the set of points P, first we apply the algorithm of Indyk [119] for computing
a vanilla k-median clustering of P. This is a bicriteria approximation algorithm that
uses O(k) centers and runs in O(nk) time. Let C* be the set of computed centers,
v be the constant approximation factor and II be the cost of the clustering. Also,
let 4 = II/(vn) be a lower bound on the average cost of the points in any optimal
k-median clustering. Note that for any point p, dist(p, C*) < =wvn - u.

For each center ¢ € C*, let P C P be the corresponding cluster of points
assigned to ¢;. We consider the ball B; ; centered at ¢} and having radius 27y for
0 < j < N, where N = [log(vn)]. We note that any point at a distance 2V > vn-pu
from ¢ is in BZ N, and thus all the points in P/ are also in B; y. Let B;O =B
and B’ = B;; \ Bjj—1 for 1 < j < N. We refer to each such B’j as a ring for
1<z<k;0<]<N For each 0 < j < N and color 1 <t </, let P;,, be the
set of points in Bi)j of color t. Let s = O(klogn/e?) for a sufficiently large constant
hidden in ©(.).

For each center ¢ € C*, we perform the following steps.
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Random Sampling. For each color 1 <t < ¢ and ring index 0 < 7 < N, do the
following. If \P’ | <'s, add all the points of P} . j.t to Wi ; and set the weight of each
such point to 1. Otherw1se select s points from P/ ; .+ independently and randomly
(without replacement) and add them to W; ;. Set the weight of each such point to

[P j 41/

The set W = U; ;W; ; is the desired universal coreset.

The Analysis

One way to prove that W is a universal coreset is to show that w.h.p. for any fixed
set of centers C' of size k and any coloring constraint M,

(1 —¢)-cost(P,M,C) < wcost(W,M, C) < (1+¢) - cost(P,M,C).

Then, by taking union bound over all C' and M, we obtain the desired bound. How-

ever, as we potentially have n*(®) choices for C' and n*“*) choices for M, we need

this bound for fixed C' and M w.p. 1 — 1/n (¢k) Tt is not clear how to prove such

a bound, as we pick only O(klogn/e?) size sample from each ring corresponding to

each color. Instead, we prove that for any fixed C, and for all M, w.p. 1 — 1/n%®*),

the above bound holds. In particular, we will show that for each ring B; ; with points
P, ; the error is bounded by ¢|P; ;|- 27p

Lemma 7.4. For any fized set C of k centers and for all k X £ matrices M, w.p. at
least 1 —1/n**2, |cost(P, M, C) — weost(W, M, C)| < 3=, ;s el Pi | - 27 pu.

Now, consider all the rings B; ; with j = 0. Then,

Z elP; ;] - 2y <en-p<e-OPT, <e-cost(P,M,C).
(4,4):4=0
Here, OPT, is the optimal cost of vanilla k-median clustering. The last inequality
follows, as the optimal cost of vanilla clustering is at most the cost of any constrained
clustering. Now, for any ring B; ; with j > 1 and any point p in the ring, dist(p, ) >
2971y, Thus,

Z e|lP; |- 2p<e Z 2 - dist(p,C*) < 2¢ - OPT,, < 2¢ - cost(P, M, C).
(4,5):52>1 peP

By taking union bound over all C' and scaling € down by a factor of 3, we obtain
the desired result.

Lemma 7.5. For every set C' of k centers and every k x £ matrix M, w.p. at least
1—1/n, |cost(P,M, C) — weost(W, M, C)| < ¢ - cost(P,M, C).

This completes the proof of Theorem 7.3. Now, we are left with the proof of
Lemma 7.4.
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Proof of Lemma 7.4 Let P, be the points in P of color 7. Also, let W, be the
chosen samples of color 7. For 1 <t < £—1,let W# = (30, W) U (Us_, 1 Py).
Also, let W* = Zle W be the coreset points of all colors. Recall that for any ring
B; ;, P/ ; ., is the points of color 7 in the ring. Also, P; ; = ul_, e

Note that in the above, W contains the sampled points for color 1 to ¢ and
original points of color t + 1 to £. We will prove the following lemma that gives a
bound when the coreset contains sampled points of a fixed color ¢ and original points
of the other colors.

Lemma 7.6. Consider any color 1 <t < (. For any fixed set C of k centers and
for all k x ¢ matrices M, w.p. at least 1 — 1/n**4 ] |cost(P, M, C) — weost(W; U (P \
Py), M, CO) <325 elP el - 2.

Note that for a particular color class if we select all original points in the coreset,
then there is no error corresponding to those coreset points. This is true, as one can
use the corresponding optimal assignment for these points. Assuming that the above
lemma holds, now, we prove Lemma 7.4. Consider the coreset W'. From the above
lemma we readily obtain the following.

Corollary 7.7. For any fized set C of k centers and for all k x £ matrices M, w.p.
at least 1 —1/n**, cost(P, M, O) — weost(W', M, O)| < 3, i el P/ ;4| - 27 .

Now, in W' consider replacing the points of P, by the samples in W,. We obtain
the coreset W2. Note that the samples in W; and W5 are chosen independent of each
other. Thus, by taking union bound over color 1 and 2, from Lemma 7.6 we obtain,
for all kx ¢ matrices M, w.p. at least 1—2/nk*4, |cost(P, M, C)—wcost(W?2, M, C)| <
i) EUPL i1+ 1P o]) - 27 . Similarly, by taking union bound over all £ < n colors
and noting that W* = W, Lemma 7.4 follows.

Next, we prove Lemma 7.6, which is the key part of the analysis.

Proving Core Lemma

Recall that P; is the set of points of color ¢, and W; is the coreset points of color t.
C is the given set of centers. For any matrix M, let M? be the t*" column of M. We
have the following observation that implies that it is sufficient to consider the points
only in P; to give the error bound.

Observation 7.8. Suppose w.p. at least 1 — 1/nk*™% for all column matriz M’,
|cost(P, M, C) — weost(Wy, M, C)| < 32, 5y elPy ;| - 27y, Then, with the same
probability, for all k x £ matriz M, |cost(P, M, C) — weost(W; U (P \ P;),M, C)| <
Z(i,j) elP] .l 2 p.

Proof. Consider any k x ¢ matrix M. Then,
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¢
cost(P,M,C) = Z cost(P-,M7,C)
T=1

Also,

weost (W; U (P \ P,), M, C) = weost(Wy, M',C) + > cost(Pr,M",C)
rel\{t}

It follows that,

|cost(P, M, C) — weost(W; U (P \ P;),M, C)| = |cost(P;, M, C') — weost(W;, M*, C)|

Now, by our assumption, it follows that the probability of the event: for all M,
|cost(P;, M, C) — weost (W, M, C)| exceeds 35, 5y €| P} ;| - 27 is at most 1/n**4.
Hence, the observation follows. O

By the above observation, it is sufficient to prove that w.p. at least 1 — 1 /71’“‘47
for all column matrix M, [cost(F;, M, C) — weost(Wy, M, C)| < 37, 5y e[ F] ;4] - 27 .
The proof of this claim is similar to the analysis in [66]. In the rest of this section we
prove this claim. For simplicity, we first do the analysis for a single ring. Later we
will show how this idea in single ring case can be extended to obtain the h.p. bound
for the multiple ring case.

Single Ring Case

We fix a ring B;, ; and rename the color ¢ to . Note that we have points of only one
color . For simplicity of notation, we rename P, to P. We do the analysis assuming
that we sample points only from the ring B} ;- For simplicity, we denote this ring by
B'. Let P' =P/, ,m=|P| u = 2pand ¢ =cffor1 <i<kand0<j<N.
Also, let S be the random sample chosen from P’. Thus in this case, our coreset W'
consists of the points S, which have weight m/s and all the points in P\ P’, which
have weight 1, i.e, W/ = SU (P \ P’). We will show that the cost difference between
P and W' is at most emp’ w.h.p. Intuitively, for each point in P’, we allow at most
ep' error on average.

For the rest of the proof we fix a column matrix M such that cost(P,M, C) < cc.
We will prove the following theorem.

Theorem 7.9. W.p. at least 1—1/n?*T10 it holds that |cost(P, M, C')—wcost(W', M, C)| <

emp’.

By taking union bound over all (at most n*) column matrices, we obtain the
desired bound w.h.p. Towards this end, assume that s < m, otherwise W’ = P and
the above theorem is trivially true.
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An Alternative Way of Sampling. Consider the points of P’ and the following
alternative way of sampling points from P’. For each p € P’, select p w.p. s/m
independently and set its weight to m/s. Otherwise, set its weight to 0. Let X € RZ,
be the corresponding random vector such that X|[p] = m/s if p is selected, otherwise
X[p] = 0.

We note two things here. First, for each p, E[X[p]] = 1. Thus, E[X] = 1,
where 1 is the vector of length m whose entries are all 1. Intuitively, this shows
that in expectation the chosen set of samples behave like the original points. We
will heavily use this connection in our analysis. Second, this sampling is different
from our sampling scheme in the sense that here we might end up selecting more (or
less) than s samples. However, one can show that with sufficient probability, this
sampling scheme selects exactly s points, as the expected number is m - (s/m) = s.

Claim 7.10. [66] Let n be a positive integer, and p € (0,1) such that np is an integer.
The probability that Bernoulli(n,p) = np is at least \/p.

Using the above claim with n = m and p = s/m, it follows that X contains
exactly s non-zero entries w.p. ©(1/y/n). Conditioned on this event, X accurately
represents the outcome of our sampling process. Thus, both the sampling processes
are same up to repetition. Henceforth, we assume that X contains exactly s non-zero
entries.

Representing Assignment By Network Flow. Given a vector Y € RZ, in-
dexed by the points of P’ we construct the following flow network Gy. Gy has two
designated vertices s and ¢, which are called the source and the sink, respectively.
For each point p; € P, there is a vertex u;. For each center ¢; € C, there is a vertex
v;. There is also an auxiliary vertex w in Gy corresponding to the center ¢’ of the
bicriteria solution. For each u;, there is an edge between s and u;, and also between
w and u;. s is also connected to w via an edge. w is connected to each v; via an
edge. Also, each v; is connected to t via an edge. For each point p; and center ¢;,
there is an edge between u; and v;. Formally, the vertex set Vy of Gy is defined
as, Vy = {stU{t} U{w}U{y; |1 <j<n}U{v;|1<i<Ek} Thesetof edges
By = {(s.u;) | 1< j < n} Uf{(uow) [1<j <n}U{(n) | 1< < k}U{(w,v) |
1<i<k)}U{(uj,v)|1<j<n1<i<Ek} Foreachp;, € P\P, (s,u;) has a
demand of 1. For each p; € P, (s,u;) has a demand of Y[p;]. The demand of (s, w)
is exactly m — > p, Y[p], which can be negative. The capacity of each edge (v;,?)
is exactly MJi], the i*" entry of M. Lastly, the cost of all the edges is 0 except the
edges of {(uj;,v;)}, {(u;, w)} and {(w,v;)}. The cost of (u;,v;) is dist(p;,¢;) and the
cost of (uj,w) is dist(pj,c’). The cost of (w,v;) is dist(c’, ¢;).

We note that the assignment of points in P to the centers in C' corresponding to
an optimal clustering (with cost(P,M, C) < o) induces a flow for Gy with Y =1
that satisfies all the demands, which sum to |P|. Hence, for any Y € RZ,, Gy always
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has a feasible flow, as the sum of demands is exactly [P\ P'[+3_ p Y(p| + (m —
Spep Vi) = P

For any Y € RZ,,, we denote by f(Y") the cost of the minimum cost feasible flow in
Gy . Consider the random vector X defined before. We have the following important
observation.

Observation 7.11. f(X) and wcost(W', M, C) are identically distributed. More-
over, f(E[X]) = cost(P,M,C).

Proof. Note that the total demand in Gx is |P|, as argued before. This demand
must be routed to ¢t through the edges {(v;,t)}. Now, the capacity of (v;,t) is M][i].
If M is a valid partition matrix, then Zle M[i] must be |P|. Thus, any feasible
flow in Gx, which satisfies all the demands, must saturate all the edges {(v;,t)}. It
follows that from this flow we can retrieve an assignment of the points in W’ to the
centers in C, such that exactly M[i] weight is assigned to each center ¢; € C. Finally,
as X contains exactly s non-zero entries, the cost of the minimum cost feasible flow
in Gx and weost(W’', M, C) must be identically distributed.

The moreover part follows by noting that E[X] = 1. O

From the above observation it follows that to prove Theorem 7.9, it is sufficient
to prove that w.p. 1 — 1/n*® | f(X) — f(E[X])| < emy/. Now, we have another
observation which will be useful later.

Observation 7.12. The function f is p'-Lipschitz w.r.t. the £1 distance in RTo-

Proof. Consider two vectors Y,Y’ € RZ, such that Y’ =Y + ¢1,,, where 1, is the
m-dimensional vector which has a single non-zero entry 1 corresponding to p € P’.
Suppose we are given a minimum cost flow in Gy. We can route § additional flow
from the vertex of p to w, which incurs du’ cost. The modified flow is a feasible flow
in Gy+. Thus, f(Y') < f(Y) +op'.

Similarly, suppose we are given a minimum cost flow in Gy:,. We can route §
additional flow from w to the vertex of p, which incurs du’ cost. The modified flow
is a feasible flow in Gy. Thus, f(Y) < f(Y') 4+ éu'. Together these show that f is
w'-Lipschitz. O

Towards this end, we state the following concentration bound, which will be useful
in the analysis.

Lemma 7.13. W.p. at least 1 — 1/n?*+20 |f(X) — E[f(X)]| < emy//2.

The proof of this lemma is very similar to the proof of Lemma 15 in [66], which
essentially follows from the fact that f is p/-Lipschitz and from the following Chernoff
type bound.
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Theorem 7.14. [66] Let x1,...,x, be independent random variables taking value b
w.p. p and value 0 w.p. 1 —p, and let g : [0,1]" — R be an L-Lipschitz function in
£y norm. Define X := (x1,...,2,) and p:=E[g(X)]. Then, for0<e<1:

Prlg(X) — Elg(X)]| > epnbL] < 2exp(—epn/3).

We apply the above theorem with p = s/m, n=m,b=m/s, g= fand L = '
Then,

Pr(|f(X) = E[f(X)]| = emy'/2]

=Pr[|f(X) = E[f(X)]| = (¢/2)(s/m) - m - (m/s) - p]
= Pr[|f(X) — E[f(X)]| > (¢/2) - pnbL]

< 2exp(~(c/2)%pn/3)

— 2exp(—(c/2)%s/3)

= 2exp(—(€?/12)O(klogn/e?))

< 1/n2kH20

The last inequality follows due to the sufficiently large constant hidden in the ©
notation. Now, we proceed towards the proof of Theorem 7.9. We will show the
desired bound in two steps. Here we take a slightly different way than [66] for our
convenience. First, we show that w.p. at least 1 —1/n?**20_ f(E[X]) < f(X)+emy/.
Then, we show that w.p. at least 1 — 1/n?*+20_ f(X) < f(E[X]) + emy/.

The First Step. From Lemma 7.13 it follows that it is sufficient to prove f(E[X]) <
E[f(X)]. Now, E[X] = 1. Let Y be any outcome of X and X =Y w.p. p(Y). Let
y; be the value in Y corresponding to p; € P’. Then, there is a feasible flow in Gy,
where for each p;, at least y; demand is satisfied. Now, consider the flow ¢ obtained
by summing, for each Y, the minimum cost feasible flow in Gy scaled by p(Y"). Note
that the cost of ¢ is >, p(Y)f(Y) = E[f(X)]. Also, this flow does not violate any
capacity, as the sum of the probabilities is 1. Now, in each flow corresponding to Y
scaled by p(Y), for each p;, p(Y) - y; demand is satisfied. Hence, in ¢, for each p;, at
least >y p(Y') - y; = 1 demand is satisfied, as the expected value of y; is 1. It follows
that, f(1) = f(E[X]) is at most the cost of ¢ and we obtain the desired bound.

The Second Step. Here we will show that w.p. at least 1 — 1/n?*+20) f(X) <
fE[X]) + emy’. First, we prove that it is sufficient to show that w.p. at least
1= 1/m8, f(X) < F(BIX]) +empd' /3.

Lemma 7.15. If f(X) < f(E[X]) + emu'/3 holds w.p. at least 1 —1/n3, then w.p.
L— 1/, f(X) < f(B[X]) + emp.
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Proof. Here we will prove that E[f(X)] < f(E[X])+emu'/2. Then, by Lemma 7.13,
it follows that w.p. 1 — 1/n?+20 #(X) < E[f(X)]| +emp’/2 < f(E[X]) + emp.

First, note that X € [0,m/s]™. As the function f is p/-Lipschitz by Observation
7.12, the values of f(X) must lie in an interval of length at most m/s - mu’ < m?y/’.
Similarly, E[X] = 1 € [0,m/s]™, and thus f(E[X]) is also contained in that interval.
Hence, f(X) < f(E[X]) + m?u’. Now,

1—1/n%) - (F(E[X]) +emu'/3) + (1/n?) - (f(BIX]) +m?)

(
F(BIX]) + empd /34 (1/n) -yt
F(ELX]) +emyl/2

E[f(X)]

ININ A

O

The following lemma completes the proof of Theorem 7.9. Its proof is very similar
to the proof of Lemma 20 in [66]. For completeness, we present the proof here.

Lemma 7.16. W.p. at least 1 — 1/n3, f(X) < f(1) + emy'/3.

Proof. We consider a minimum cost feasible flow ¢ in Gy for Y = 1. We can assume
that this flow is integral, as all the demands and capacities are integral. We compute
a feasible flow ¢’ in Gx modifying the flow ¢ whose cost is at most f(1) 4+ emu'/3
w.p. at least 1 — 1/n3.

The construction of the modified flow is as follows. For each point p € P\ P/, we
route the demand of p in ¢ in the same way as in ¢. Now consider the points in P’.
Let P/ be the subset of points of P’ that are assigned to the center ¢; € C. Also, let
Q! be the subset of points of P/ that are sampled, and hence are contained in W’.

For each center ¢; € C, we have two cases. The first case is |Q}| < |P{|-s/m. In
this case, we route m/s amount of flow from each vertex u; corresponding to the point
p; of @ to the vertex v; corresponding to ¢;. We also route |P/| —|Q}| - m/s amount
of flow from w to v;. Note that the total amount of flow routed to v; in these above
two steps is exactly |P/| and does not depend on |Q}| as long as |Q}| < |P}| - s/m.
In the second case, |Q;| > |P/|-s/m. In this case, first we select a random sample
QY from Q) of size ||P/|-s/m| and apply the same steps in the first case with Q7
instead of Q. Finally, route m/s amount of flow from the vertex corresponding to
each point in @} \ QY to w.

We note that the computed flow ¢’ in the above satisfies all the demands. Also,
none of the capacities are violated, as the flow in and out for each vertex v; remain
the same as in ¢. In the following we give a bound on the cost of ¢'. To unify the
analysis, in the first case, we set Q) = Q}. We consider two cases depending on the
value of E[|Q}]] for every ¢; € C.
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Case 1. E[|Q}|] > s/(100k). As @, is distributed as Bernoulli(|P/|, s/m), E[|Q}|] =
|P/|-s/m. Thus, |P/|-s/m > es/(100k), or |P{| > em/(100k). We have the following
observation.

Observation 7.17. W.p. at least 1 —1/n'%, ||Q| — |P!| - s/m| < €| P!| - s/(50m).

Proof. Using the Chernoff bound, Pr[||Q%|—|P!|-s/m| > | P!|-s/(50m)] < exp(—O(e*
|P!|-s/m)) < exp(—O(e?-e(m/k)-(s/m))) < exp(—O(logn)) < 1/n'?, for sufficiently
large constant hidden in O(.) in the definition of s. O

From the above observation and considering the fact that |QY| > |P/| - s/m — 1,
we have the following bound.

Observation 7.18. W.p. at least 1 — 1/n', |Q}| — |QY| < e|P!| - s/(40m).
From the above two observations, we have the following observation.
Observation 7.19. W.p. at least 1 — 1/n°, |P!|-s/m —|Q!| < | P/| - s/(20m).

Now, we give bound on the cost of the computed flow. Note that we route m/s
flow for each point in @] to ¢; whose total cost is > o (m/s) - d(p,c;). To give
bound on this cost we need the following lemma from [53].

Lemma 7.20. (Lemma 3.2. of [53]) Let T > 0 and n be fized constants, and let
h(.) be a function defined on a set V such that n < h(p) <n+T for allp e V. Let
U={p1,...,pr} be a set of r samples drawn independently and uniformly from V,
and let § > 0 be a parameter. Ifr > (T?/26?)In(2/)), then Pr[|%—%\ >8] <A,
where h(U) =3y h(uw) and h(V) =3 oy, h(v).

Fix any integer r € [1 —&/20,1] - |P{| - s/m and consider the event that |QY| = r.
Conditioned on this event Q7 is a set of  samples drawn independently and uniformly
from P/. We apply Lemma 7.20 setting T = 2u/, V = P/, U = QY/, h(p) = d(p, ),
§ =ep'/20 and X = 1/n'%. Note that,

em

P> (1=/20) - |P]|-s/m> (1-2/20)- 1o

% > O(logn/e?) > (T7/26%)In (2/A)

The last inequality follows assuming a sufficiently large constant is hidden in ©(.) in
the definition of s.
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We obtain, w.p. at least 1 — 1/n19,

’h(P{) _ @)
Pl 1@
hF;) - 1Q7|

S VAN b 2N R Y e

Or,

< 6|Q7|

or, h(@y) < MBI L5 (1pry s jm)

| P
hF;) - Q7]

Or, h(@Y) - (m/s) < =i

“(m/s) +elPj|- /20

Note that h(QY) - (m/s) is exactly the cost of flow routing for the points in QY
to ¢;. Taking union bound over all possible values of r = |QY|, we obtain the above
bound w.p. at least 1 — 1/n°.

Now, we give a bound on the cost of flow routing from w to ¢;. The cost is
(1P| = |QY|-m/s)-d(c,c;). Now, for any p € P!, d(c',¢;) < d(p,c;) + p'. Averaging
gives, d(c/,c;) < h(P!)/|P!| + /. Thus, the cost is at most,

(IP/| = 1Q71 - m/s) - (h(P)/1FP{] + 1)
hF;) - 1Q7|

< (2 - MEALL )+ ety - Q1 mps) -
< w(pt) = MBI gy 4 et 200
= nr7) = MBS L ) ey 20

The second inequality follows from Observation 7.19. Next, we bound the third
and the last type of cost, which corresponds to flow routing from points in @} \ QY
to w. This cost is at most,

S (m/s)-dp.c)
pe(QI\QY)
< (1Qi QY] - (m/s) - '
< (e|P)] - s/(40m)) - (m/s) - !
< e|Pl|u' /40

The second inequality follows from Observation 7.18. Thus, in this case, the total
cost is bounded by,
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R(P!) + | Pl /20 + | Py /20 + | P /40
< h(P)) + | PlJy' /8.

Case 2. E[|Q}]] < es/(100k). Note that in this case, |P/| < em/(100k). First, we
have the following observation.

Observation 7.21. W.p. at least 1 — 1/n', |Q}| < es/(50k).
Proof. We use the Chernoff bound:

Pr[|Q}| > es5/(50k)] < exp(—O(es/k)) < exp(—O(logn)) < 1/n'C.

The cost of flow routing from points in QY to ¢; is,

3" (mfs)-dp,e) < (dlp, ) +d(¢ ) - (m)s)
peEQY PEQY

- (m)s) + Q7] - (m/s) - d(¢, ci)

The cost of flow routing from w to ¢; is,

(P =1Q7-m/s)-d(c',e) < Y d(c i) = |QF] - (m/s) - d(¢', ;)

pEP!

< Y (d(e,p) +d(p, i) = QY] - (m/s) - d(¢ ;)
pEP]

<P Y dlp,ei) = 1Q| - (m/s) - d(¢, i)

pEP!
The cost of flow routing from points in @} \ Q7 to w is,

S (m/s)-d(p,c)

PE@QN\QY)
<|Qil - (m/s) -

The total cost in this case is at most,
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Q71 - 1~ (m/s) +1QY| - (m/s) - d(¢ i) + |P{| -1 + Y dlp, i) = |QF| - (m/s) - (¢, i)

pEP!
+1Qil - (m/S) a

< (es/(50k)) - ' - (m/s) + (m/(100k)) - i + > d(p,c;) + (£5/(50K)) - 4" - (m/s)
pEP]

< (em/(20k)) - p’ + Z (p, c;)
pEP!

The first inequality follows from Observation 7.21 and by noting that |QY| < |Q%|.

General Upper Bound on the Cost. By merging the cost in both cases, we
obtain the common upper bound, >  cp d(p,c;) + (¢|F][ - 4 /8) + (em/(20k)) - 1/
Summing over all the centers in C, we obtain,

F(X) < f) +elP'| -1/ /8 + (em)20) - i/ < f(1) +&|P'| - 1/ /3.

It is not hard to see that this bound holds w.p. at least 1 —1/n®. This completes
the proof of Lemma 7.16. O]

Multiple Ring Case

In the previous section, we have shown how to bound the error for a fixed ring. Here
we extend the ideas to the multiple ring case. Intuitively, we use a union bound over
all rings to obtain the desired high probability bound. However, we need to consider
the samples from all the rings corresponding to the color v together. Let W’ be the
corresponding coreset.
We consider any arbitrary ordering of all the rings, and for any two rings B’

and B}, ;/, we say (i,7) < (¢',j') if Bj ; precedes B;, ,, in this ordering. Consider any
ring B} ;- We define a function f; ; correspondmg to this ring similar to the function

f. Let P/; = P/, . Also, let W/, be the samples chosen from P/ ;. The input to
\

the function f; ; is a vector Y & [R| o7 that is indexed by the points of the ring. We
construct a network Gy as before But, as we consider samples from all the rings,
the demands of the points are defined in a different way than before. For each point
in p € P/, its demand is Y'[p]. Set the demand of w to |P/ ;| — ZpeP’ Y[p]. For
each ring B}, ;, # B ;, and for each point p € W}, ,,, set 1ts demand to |P) i/ s.
Note that the total demand corresponding to B;, 1s s Pl il/s =P . Thus in
Gy we fix the samples of all the rings except B; ;. fi ;(Y) is the cost of the minimum
cost flow in Gy.
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Let Ew; 59> fig (VW 5y« (i1,01) < (6,9)] (Esi,5)[fi(Y)] in short) be
the expectation of f; ;(Y') over all samples W}, ., for (', j') > (i, ) given fixed sam-
ples W/, ;, for all (ir,j1) < (i,5). Similarly, define Evw, (i jry> i) [fii (VW] j, -
(i1,41) < (4,4)] or E>( 4)[fij(Y)] in short. Recall that in the single ring case we
showed that w.p. at least 1 — 1/n?**10 | f(X) — f(E[X])| < emy’. Similarly, here
we obtain the following lemma.

Lemma 7.22. W.p. at least 1 — 1/n?**19 for any ring B,

Bs i) fi (V)] = Esp lfis W) < el P/ ;] 27p.

Note that we would like to show the bound in terms of multiple rings together
instead of just one ring Bl(’j. In particular, we would like to give a bound w.r.t.
weost (W', M, C), where M is a column matrix. Correspondingly, we define
B (5,5 [weost(W', M, C)] and Ex; ;) [wecost(W', M, C)]. From Lemma 7.22, we read-
ily obtain the following lemma.

Lemma 7.23. W.p. at least 1 — 1/n?F+8
|E< (5,5 [weost(W', M, C)] — Ex; ) [weost (W', M, C)]| < a\PZ’]| -2,

Now consider going over all the rings in the ordering and applying the above
lemma. Let (i1,71) and (¢/,5’) be the indexes of the first and last ring, respec-
tively. Then the total difference between the values Ex;, j,)[wcost(W’, M, C)] and
E> (i jn [weost(W', M, C)] is at most }_; - e[ P ;1-27 . But, By, j,) [weost(W', M, C)] =
cost(P,M, C) and Es (i [weost(W', M, C)] = weost (W', M, C), and hence by tak-
ing union bound over all O(klogn) rings, we obtain the following lemma.

Lemma 7.24. For any fized set C of k centers and any fixed column matriz M, w.p.
at least 1 — 1/n?*+5  |cost(P,M, C) — wecost(W', M, C)| < > P 27 4.

By taking union bound over all column matrices M, we obtain the desired bound.
Lemma 7.25. For any fized set C of k centers and for all column matrices M, w.p.

at least 1 —1/n**, [cost(P,M, O) — weost(W', M, C)| < 32, ;s el P ;| - 27 p.

7.2.2 Overlapping Group Case

In this section, we prove the following theorem.

Theorem 7.26. Given a collection of ¢ possibly overlapping groups consisting of n
points in total in a metric space, there is an O(n(k+ ¢)) time randomized algorithm
that w.p. at least 1 — 1/n, computes a universal coreset for k-median clustering of
size O(T(klogn)?/e%).
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Let P = U{_, P;. For each point p € P, let J, C [{] be the set of indexes of the
groups to which p belongs. Let I be the distinct collection of these sets {.J, | p € P}
and |I| =T'. In particular, let I7,...,Ir be the distinct sets in /. Now, we partition
the points in P based on these sets. For 1 <i < T, let P! ={pe P|I; = J,}. Thus,
{P" |1 < i < T} defines equivalence classes for P such that two points p,p’ € P
belong to the same equivalence class if they are in exactly the same set of groups.

In the overlapping case, we will work with an even stronger definition of coresets.
This is for the ease of computation of an optimal cost assignment of the points in
the coreset. Here instead of k x £ matrices, coloring constraints are defined by k& x "
matrices. The rows still correspond to k centers, but the columns now correspond to
the I' equivalence classes. Thus, for such a matrix M, M;; denotes the number of
points from P7 that are in cluster . Thus, the entries of M define a partition of the
points in P. We note that Proposition 4.10 continues to hold, as any fair assignment
of the points in P defines such a matrix M. Now, the definition of universal coreset
remains same, except here weost(W, M, C) is defined in the following natural way.

Suppose we are given a weight function w : P — R>g. Let W C P x R be the set
of pairs {(p,w(p)) | p € P and w(p) > 0}. For a set of centers C = {cy,...,cr} and
a coloring constraint M, wcost(WW, M, C') is the minimum value ZpeP,c,;eC U(p,c) -
dist(p, ¢;) over all assignments ¢ : P x C'— R>¢ such that

(1) For eaCh p S P7 ZCﬁEC T/J(Z), Ci) = U)(p)
(ii) For each ¢; € C'and class 1 <j <T, 37 p; ¥(p,c;) = My;.

If there is no such assignment v, wcost(W, M, C) = oo. When w(p) = 1 for all
p € P, we simply denote W by P and wcost(W, M, C) by cost(P, M, C). Note that
for a fixed matrix M, an optimal assignment 1 must be integral due to integrality
of flow. This was not-necessarily true with our previous definition in the overlapping
case. We will compute a coreset that satisfies this even stronger definition.

With the above definitions, our algorithm in the overlapping case is a natural
extension of the one in the disjoint case. The main idea of our algorithm is to
divide the points into disjoint equivalence classes based on their group membership
and sample points from each equivalence class. We compute the disjoint classes
{P?| 1 < i < T} defined above. Then, apply our algorithm in the disjoint case on
these disjoint sets of points P',..., P'. Let W be the constructed coreset.

The Analysis

Recall that P; ; is the total number of points in each ring Bg’j. We will prove the
following lemma.

Lemma 7.27. For any fized set C of k centers and for all k x I matriz M, w.p. at
least 1 —1/n*+2, |cost(P, M, C) — weost(W, M, C)| < 32, ;s el P | - 27 pu.

Like before, by taking union bound over all C, we obtain the desired result. This
completes the proof of Theorem 7.26. Next, we prove Lemma 7.27.
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Proof of Lemma 7.27 Note that P7 is the points in P from class 7 for 1 <7 <T.
Let W, be the chosen samples from class 7. For any ring B£7j, let PZ»'J-,T be the points
from class 7 in the ring. Also, let P; ; = UEZIP{_’N.

Like in the disjoint case, here also we will prove the following lemma that gives
a bound when the coreset contains sampled points from a fixed class ¢t and original

points from the other classes.

Lemma 7.28. Consider any class 1 <t < T'. For any fized set C of k centers and
for all k x T matrizr M, w.p. at least 1 — 1/n¥*+4, |cost(P,M, C) — wcost(W; U (P '\
P'),M,C)| < Z(i,j) E|Pi/,j,t| <2 p.

By using expectation argument similar to the one in the disjoint-group-multiple-
ring case and taking union bound over all I' < n classes, Lemma 7.27 follows. Next,
we prove Lemma 7.28.

Proof of Lemma 7.28 We have the following lemma that implies that it is suffi-
cient to consider the points only in P! to give the error bound.

Lemma 7.29. Suppose w.p. at least 1 —1/n**% for all kx 1 matriz M’ such that the
sum of the entries in each column is exactly | Pt|, |cost(P*, M/, C)—wcost(W;, M/, C)| <
Z(i7j)5|Pi'7j,t| - 2. Then, with the same probability, for all k x T' matriz M,
|cost(P, M, C) — weost(W, U (P \ P*),M,C)| < 32, jy el Pl 4| - 27p.

Proof. Consider any k x I' matrix M. Also consider a clustering Cy,...,Cy of P
that has cost cost(P, M, C). We construct two k x I" matrices M; and My from M.
For j # t, and for 1 <4 < k, M;[i][j] = 0 and M[i][j] = M[i][j]. For 1 <i <k,
M, [i][t] = |C; N Pt| and Ms[i][t] = M[d][t] — |C; N PY|.

cost(P,M, C) = cost(P', My, C) + cost(P \ P', My, C)
Also, as W; C P! and the sum of the weights of the points in W; is | P!],

weost(W; U (P \ PY), M, C) = wcost(W;, My, C) + cost(P\ P, M,,C)
It follows that,

|cost(P,M, C) — wcost(W; U (P \ P"),M, C)| = |cost(P', My, C) — wcost(W;, My, )|

Let M} be the t** column of M;. Now, considering the fact that P* does not
contain any points from any other classes, cost(P!,My,C) — wcost(W;, My, C) =
cost(Pt, M, C') — wcost(W;, M, C)). Also, by the definition of M, the sum of the
entries in M is Zle |C; N Pt =|PY|.

Now, by our assumption, it follows that the probability of the event: for all M,
|cost(P*, My, C) — weost(Wy, My, C)| exceeds 3, 5 &P/ ;| - 2/p is at most 1/nF*4.
Hence, the lemma follows. O
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By the above observation, it is sufficient to prove that w.p. at least 1 — 1/nk+4,
for all k x 1 matrix M such that the sum of the entries in each column is exactly |P?|,
[cost(Pt, M, C') — weost(Wy, M, C)| < 26 EIP il -2/ . Now, as we select samples
from P! separately and independently, this claim boils down to the corresponding
claim in the disjoint case. Recall that we proved this claim for a single ring first,
and then extended to multiple rings. The proof of our claim here is very similar, and
thus we omit it.

7.2.3 Euclidean Space

In this section, we prove the following theorem.

Theorem 7.30. Given a collection of £ possibly overlapping groups consisting of n
points in total in RY, there is an O(nd(k + £)) time randomized algorithm that w.p.
at least 1 — 1/n, computes a universal coreset for Euclidean k-median clustering of
size O (L% - k*logn(logn + dlog(1/¢))).

The algorithm in the Euclidean case is the same as for general metrics, except we
set s to O(klog(nb)/e?) instead of O(klogn/e?), where b = O(klog(n/e)/e?). The
analysis for general metrics holds in this case, but the assumption that the number
of distinct sets of centers is at most n* is no longer true. Here any point in R? is a
potential center. Nevertheless, we show that for every set C C R? of k centers and
constraint M, the optimal cost is preserved approximately w.h.p. The idea is to use
a discretization technique to obtain a finite set of centers so that if instead we draw
centers from this set, the cost of any clustering is preserved approximately.

In the following, we analyze the coreset construction algorithm in the overlapping
case. First, we construct a set of points F' that we will use as the center set. Recall
that C* is the set of centers computed by the bicriteria approximation algorithm. v is
the constant approximation factor and II is the cost of clustering. Also, u = II/(vn).
Note that for any point p, dist(p, C*) < Il =wvn - p.

For each center ¢f € C*, we consider the d-dimensional axis-parallel hyper-
cubes R; ; having sidelength 27y and centered at ¢f for 0 < j < N, where N =
[log(14vn/e)]. We note that any point at a distance (2Vu)/2 > Tvn - p/e from cf is
in R; n. Let Ré,o = R; 0 and Rg,j =R;j\R;j_1for1 <j<N.Foreach0<j <N,
we divide R ; into gridcells of sidelength (¢2741)/(10v). Let Q; be the exponential
grid for R}, ..., R v, i.e., Q; is the amalgamation of the gridcells in R} g, ..., R} y.
For each gridcell in the exponential grid @Q;, we select any arbitrary point and add it
to Fz

We repeat the above process for all ¢ € C*. Let F' = U;F;. Note that the total
number of gridcells of Q; is at most O(log(n/¢g)/e?). Now, from each such gridcell, we
pick at most 1 point. As C* contains O(k) centers, the size of F'is O(klog(n/c)/e?).

Note that if the centers can only be chosen from F', then by the analysis for
general metrics, we obtain the following lemma.
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Lemma 7.31. For any fizxed set C C F of k centers and for all k x I' matrices M,
w.p. at least 1 — 1/(bn) 2, |cost(P,M, C') — wecost(W, M, C)| < ¢ - cost(P, M, C).

This lemma is similar to Lemma 7.27. The error probability is now 1/(bn)**+2 as

s is set to the larger value ©(k log(nb)/e?) instead of ©(klogn/e®). Now the number
of distinct sets of k centers from F is at most |[F|¥ < b*. Thus, by taking union
bound over all such sets, we obtain the bound in the above lemma for every C C F
w.h.p.

Lemma 7.32. For every set C C F of k centers and for all k x I' matrices M, w.p.
at least 1 —1/n?, |cost(P,M, C) — weost(W, M, C)| < ¢ - cost(P, M, O).

Next, we show that if in a clustering a center ¢ is chosen that is not in any of the
exponential grids considered before, then W preserves the cost of such clustering.

Lemma 7.33. Consider any set C C R? of k centers containing a center ¢ such that
a point p € P is assigned to ¢ in a clustering that satisfies a constraint M. Moreover,
suppose ¢ is not in U;Q;. Then, |cost(P, M, C)—wcost(W,M, C)| < e-cost(P,M, C).

Proof. Consider any class P! and a ring B’ Let P! j+ be the points in B . from
Pt and Wi ;¢ be the points of P’ that are in W. Then, there is an a551gnment
¢ : P}, — Wi+ such that exactly | 7 i.11/|Wi j+| points are assigned to each point
q € Wi j+. Note that dist(p, ¢(p)) < dist(p, c}) + dist(c}, ¢(p)) < 2+ 27y = 29+,
Now, consider an optimal assignment ¢ corresponding to cost(P, M, C). We compute
the following assignment for each 1 < ¢ < TI' and ring Bl’-7 ;- Assign 1 weight of each
point ¢(p) € W, ;. to the center of C' where p is assigned in ¢. (WLOG, one can
assume that the weights of our coreset points are integral.) Note that for each
point in W; ;, exactly |P;;,[/|W; ;| amount of weight has been assigned. The new
assignment for coreset points induces a valid clustering and satisfies M. By triangle
inequality it follows that,
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r
|cost(P, M, C) — weost(W, M, C)| < Z Z Z dist(p, &(p))

t=1 (i,5) peP; , ,

XY Y

t=1 (i,j) peP]

i,3,t

SIPIELN

(i,4) PEP: ;

k
= Z 2u + Z 20+,

i=1p€eP; o pEPi,jljZl

k
< 2nu—|—4z Z dist(p, ¢})

i=1 peP;
<2.0PT,+4-TM<6-TI

Here P/ C P is the set of points assigned to ¢}. The second last inequality follows,
as for each point p € P; ; with j > 1, dist(p, ¢f) > 297! s. Now there is a point p that
is assigned to ¢ € C such that ¢ is not in U;Q;. Let p € P;. It follows that,

cost(P, M, C) > dist(¢&, p) > dist(¢, ¢f)—dist(c},p) > Tvn-p/e—vnp > 6vn-pu/e = 6:11/e

The third inequality follows, as dist(¢,¢}) > (2Vpu)/2 > vn - p/e and dist(c},p) <
IT = vnu. Thus, IT < e - cost(P, M, C)/6. Hence,

|cost(P, M, C) — weost(W, M, C)| < 6-1I < ¢ - cost(P, M, C).
O

Next, we consider the case when all points in C are in U;Q;. Let C/ C F be the
set of centers constructed by replacing each point ¢ in C, by the representative of the
gridcell that contains c. Then, we have the following observation.

Observation 7.34. |cost(P,M, C)— cost(P,M, C")| < e-OPT,, and |cost(W, M, C)—
cost(W, M, C")| < e- OPT,.

Lemma 7.35. For every set C C R? of k centers such that all centers are con-
tained in U;Q; and for all constraint M, w.p. at least 1 — 1/n?, |cost(P,M, C) —
weost(W, M, C)| < e - cost(P,M, C).
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Proof. Define the set C’ from C as above. It follows that,

|cost(P, M, C) — wcost(W, M, C)|

< |eost(P, M, C) — cost(P,M, C") + cost(P,M, C") — weost(W, M, C")+
weost (W, M, C") — weost(W, M, C)|

< |cost(P,M, C) — cost(P,M, C")| + |cost(P, M, C") — wcost(W, M, C")|+
[weost(W, M, C") — weost(W, M, C)|

< 2e- OPT, + |cost(P,M, C") — wecost(W, M, C")]

The last inequality follows from Observation 7.34. By Lemma 7.32, we obtain for
every C and all M, w.p. at least 1 — 1/n?

|cost(P,M, C') — weost(W, M, C)| < 2e - OPT, + ¢ - cost(P,M, C")
<e¢e-cost(P,M,C) + 3¢ - OPT, < 4e - cost(P,M, C)

By scaling € by a factor of 4, the lemma follows. O

Now, O(log(nb)) = O(logn + logk + loglog(n/e) + dlog(l/e)) = O(logn +
dlog(1/e)). Thus s = © (% - k(logn + dlog(1/£))). By Lemmas 7.35 and 7.33,
Theorem 7.30 follows.

7.2.4 k-Means Clustering

Here we describe the changes needed to extend the coreset construction scheme for k-
median to k-means. In the end of the section, we also show how to apply well-known
dimensionality reduction techniques to obtain a coreset with the size independent
of d in the Euclidean case. First, we consider the disjoint group case. The coreset
construction algorithm is identical except here from each ring and for each color, we
select a sample of size O(klogn/e5). The analysis remains almost the same except
in places we obtain worse bounds due to squaring of the distances.

In the single ring-single color case, instead of Theorem 7.9, we have the following
modified theorem.

Theorem 7.36. W.p. at least 1 — 1/n?*+10 it holds that
|cost(P,M, C) — weost(W’', M, C)| < emy’> + O(e) - cost(P, M, C).

The network Gy is defined in a different way in this case to deal with the square
of distances. In particular, we adapt a bipartite matching framework. The points
(sources) have positive demands and are placed on the left side, and centers (sinks)
have negative demands and are placed on the right. If the demand m — Zpe p Yp]
corresponding to the bicriteria center ¢’ is non-negative, it is placed on the left as a
source. Otherwise, it is placed on the right as a sink. The costs of the edges are now
set to square of the corresponding distances.
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Lemma 7.13 continues to hold even in this case. Thus for the same reason we
readily obtain, w.p. 1 — 1/n?**20_ f(E[X]) < f(X) + emy’. To prove, w.p. 1 —
1/n2k+20 £(X) < f(E[X]) +empy/, we need to show, w.p. at least 1 —1/n3, f(X) <
F(E[X])+emp’ /3. Here we need significant amount of changes in the analysis. Again
we have two cases based on the expectation of |Q}|. Here we need a slightly different
bound on the expectation £3s/(100k) instead of es/(100k).

Case 1. E[|Q}|] > €%s/(100k). In this case, |P!|-s/m > &3s/(100k), or |P!| >
£3m/(100k). Note that Observation 7.17 continues to hold, as s is set to ©(k log n/e®),
and thus Observations 7.18 and 7.19 as well.

Now, we give bound on the cost of the computed flow. Note that we route m/s
flow for each point in QY to ¢; whose total cost is Zpng’ (m/s) - dist(p, ¢;).

For points p € P/, the distances dist(p, ¢;) lie in an interval of length at most 24/’
Thus the average of these distances must also lie in this interval. It follows that,

dist(p, ¢;)?* < (

_I’I

2
P Z dist(p, ¢;)) 2y
z pGP'

-|P!|- Z dist(p, ¢;)* —|—8u
PEP]

Z dist(p, ¢;)? +8,u
pEP!

Z dist(p, ¢;) + 2u)?
pEP!

[\]

<

(I

)

/1)?

IP’I

The second last inequality follows from Cauchy-Schwarz’s inequality. Now, we can
apply Lemma 7.20 setting T = 8/, V = P/, U =QY, h(p) = dist(p,¢;), § = 5u’2/20
and A\ = 1/n'%. Note that,

em s O(logn/e?) > (T2/26%)In (2/))
100k m = "% =
The last inequality follows assuming a sufficiently large constant is hidden in O(.) in

the definition of s.
We obtain, w.p. at least 1 — 1/n!9,

WP, - |QY]
i

Or, h(Q7) - (m/s) <

r>(1-¢/20)-|P/|-s/m > (1—¢/20)-

h@Q7) < 0 (IF] - s/m)

(P - 0"
P I ]},ﬂQl - (mfs) + <l 20

Or, h(QY) - (m/s) < (1 + =) - h(P}) + || - /* /20

50
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The last inequality follows from Observation 7.17 considering both cases in the
flow construction. Next we compute the additional costs. We have two cases. In the
first case, |Q}| < |P]|-s/m and we need to route (|P]/| — |Q}| - m/s) amount of flow
from ¢’ to ¢;. The cost is at most,

(171 = 1Qil - m/s) - dist(c, ci)

P! 2 . 2
<e- |50‘ . I . Z dist(p, ¢;)? + 8u'7)
C pEP]
€ 2 45'|Pi/| 12
<55 Dl

The first inequality follows from Observation 7.17 and from the fact that ¢’ is the
ring center.

In the second case, |Q}| > |P/| - s/m. Note that in this case we need to route at
least |P/| — |QY| - m/s flow from one point p to ¢;, as |Q}| = || P{| - s/m], and m/s
flow for each point in @} \ QY to w. The first cost is at most,

(1P = Q7| - m/s) - dist(p, ;)

LA
<e- . Zdlstp,cl) + 8y )
20 | eyt
€ ) 5 2e-|P!| ,2
<0 > dist(p, ci)* + E =
pEP]

The first inequality follows from Observation 7.19. The second cost can be
bounded by,

Z (m/s) - dist(p, ¢')?

PE(QN\QY)

< (1Qi = Q) - (m/s) - 1!

< (e[ - s/(40m)) - (m/s) - !
< e| P/l /40

2

The second inequality follows from Observation 7.18. Thus, in this case, the total
cost is bounded by,

19¢ - | P!
Z dist(p, ¢;)* + 540| |,u’2.
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Case 2. E[|Q!]] < &3s/(100k). We give separate bounds for the two cases. In the
first case, |Q%| < |P/|-s/m. In this case, we need to route m/s flow from points in
QY to ¢; and (|P/| —|Qj] - m/s) amount of flow from ¢’ to ¢;. Let ppin and pmax be
the nearest and farthest points in P/ from ¢;. The total cost is,

> (m/s) - dist(p, c;)* + (|P/] — Q)] - m/s) - dist(c, c;)?

PeEQ);

< Y (m/s) - dist(Pmaz, ¢)® + (|P/] = Q5] - m/s) - dist(c, ;)
PeEQ);

< |P/| - max{dist(pmax, ¢;)?, dist(¢’, ¢;)*}

< |P]|- (i + dist(c, ¢;))?

< |P{| - (24 + dist (pmin, ¢:))?

The first inequality follows by replacing the squares of the distances by their max-
imum. The third inequality follows by noting that dist(pmax,¢i) < dist(Pmax, ') +
dist(c’, ¢;) < ' + dist(¢/, ¢;). The last inequality follows by noting that dist(c’,¢;) <
dist(¢’, pmin) + dist(Pmin, ¢i)-

Next, we upper bound the above expression. We consider two subcases. The first
one is dist(pmin, ¢;) < 21/ /e. In this subcase,

Pl (24 : min‘2<6m'2/2/ 2
[P| - (20" + dist(pmin, ¢i)) = 100k (2u + 24" [e)
53m 2
< — - p"(1+1/e)?
< S HP1+1/e)
O(em) 2
= 2 L

In the other subcase dist(pmin, ¢;) > 21’ /.

[P] - (20 + dist(pmin, 0))? < P/] - (= dist (P 1) + dist(pmin, )
< ‘Pz/| : diSt(pmin; Ci)2 ' (1 + 5)2

=(14+0(¢)) Z dist(p, ¢;)?

peEP]

The last inequality follows, as dist(p, ¢;) < dist(pmin,¢;) for all p € P!. Now, we
consider the second case: |Q}| > |P/|-s/m. We need to route the flow from points
in @Y to ¢;. Additionally, we need to route at least |P/| — |QY|- m/s flow from one
point p* to ¢;, as |QY| = [|P}| - s/m], and m/s flow for each point in @} \ QY to w.
The sum of the first two costs is at most,
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Z (m/s) - dist(p, ;) + (|[P!| — |QY| - m/s) - dist(p*, ¢;)?

pEQY

< Z (m/s) - dist(pmaa, Ci)2 + (1P| = Q7] - m/s) - dist(Pmaz Ci)2
pEQY

< |P]| - dist(pmax, ¢i)?
Om)

=K +(1+0(e Zdlstpml

pEP]

The last equality follows in the same way as in the first case. The remaining cost
in the second case can be bounded by,

Z (m/s) - dist(p, ¢')?

PE(QIN\QY)
< (1Qi = 1Q¢1) - (m/s) -
< 1@l (m/s) -
< (e5/(50k)) - (m/s) -
= (em/(50k)) - p*

Thus, the total cost in both the cases is bounded by,

O(em)
k

- —|— (1+0(e Zdlstp,cl
pEP/

General Upper Bound on the Cost. By merging the cost in both cases, we
obtain the common upper bound,

192 |Ff] >, Ofem) e

(1+0(e Z dist(p, ¢;)? + T 2

pEP/

=1+0( Zdlst (p.ci)>+O(e- |P|)- 1% +
pEP]

Summing over all the centers in C, we obtain,

weost(W',C,M) < (1+ O(e)) - cost(P,C,M) + O(e - |P'|) - /> + O(e) -m - '
= (1+0(¢)) - cost(P,C, M) + O(c) -m - />
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Summing the cost over all rings gives us,

|cost(P,C, M) — weost(W’',C,M)| < Z O(e) - [Pl 29 u? + O(eklogn) - cost(P,C, M)
(%))
= O(eklogn) - cost(P,C, M)

Note that the coreset size for each ring and for each color was O(klogn/e%). To
obtain the desired e error, we need to scale € by a factor of ©(klogn). Thus, the
required size of the coreset becomes O((klogn)®/e®). Summing over all rings and
colors we obtain the desired bound of O(¢(klogn)7/e) on our coreset size.

This proves the disjoint case of Theorem 7.2 for k-means. The coreset construction
algorithm for k-means in the overlapping group case is again the same as that for k-
median, except the bound on sample size. From the above analysis and the analysis
for k-median, we obtain the desired result. This proves the overlapping case of
Theorem 7.2 for k-means.

In the Euclidean case, the extension of the analysis for k-median to k-means is
trivial. We obtain the following generic theorem.

Theorem 7.37. Given a collection of ¢ possibly overlapping groups consisting of
n points in total in a metric space, there is an O(n(k + £)) time randomized algo-
rithm that w.p. at least 1 — 1/n, computes a universal coreset for k-means clus-
tering of size O(I'(klogn)”/e%). In the Euclidean case, the size of the coreset is
O (& - k"(logn)®(log n + dlog(1/¢))), and the running time is O(nd(k +1)).

7.3 Assignment Problem for (a, §)-Fair Clustering

Recall that we are given £ groups {P;} of P, and P!, ..., P are the point equivalence
classes. Also, I; is the set of indexes of the groups corresponding to P?, for each
t € [I']. We aim to solve (a, §)-FAIR CLUSTERING on our coreset W instead of on
the original points. Suppose we are given the optimal set of centers C for (o, 3)-
FAIR CLUSTERING. Let M be the collection of coloring constraints that express the
assignment restriction of (a, §)-FAIR CLUSTERING. Since W is a universal coreset,
computing the minimum wcost(W, M, C) over all k& x T matrix M € M would give
us the optimal cost of fair clustering, modulo a (1 & €) factor. Now, recall that, for
k-median, weost(W, M, C') is the minimum value erP,cjeC Y(z, ¢j) - dist(z, ¢;) over
all assignments ¢ : P x C — Rx>¢ such that

(i) For each z € P, chec Y(z, ¢j) = w(z).
(ii) For each ¢; € C'and class 1 <t <T', Y pi (2w, ¢j) = Mys.

Thus, given an M, we can compute wcost(W, M, C) by solving a minimum cost
flow problem. But, as the size of M can be sufficiently large, we cannot try out
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all possible M. Note that as the optimal M € M represents a fair partition of the
equivalence classes {P'} between the centers , 1) automatically satisfies the fairness
properties:

Z P(x,¢5) < a; - Z P(x,c5), Ve; € CViell,

reEP; xeP
Z W(x,cj) > B - Z P(x,c5), Ve € CViell.
T€EP; zEP

Now, as the optimal M has all integer entries, the optimal cost assignment
must also be integral. Here we assume that the coreset points have integer weights.
We note that our construction can be slightly modified to obtain coreset with integer
weights (e.g, see Chen’s adaptation [53]). Thus, given W and C' it is sufficient to
compute a minimum cost integral assignment that satisfies the above two inequali-
ties and the constraint: For each =z € P, chec Y(x,cj) = w(z). We refer to this
assignment problem as WEIGHTED FAIR ASSIGNMENT. Our main theorem of this
section provides an algorithm with running time (KT')C* D) |W|©(M) for this problem.
The general idea is to reduce the assignment problem to a linear programming prob-
lem. The unknown optimal assignment can be naturally expressed in terms of linear
inequalities, along with the condition that the assignment is fair. However, the issue
is that in general the optimal fractional solution to this linear programming problem
is not integral, and the integrality gap could be arbitrarily large. Thus, an optimal
fractional solution does not yield the desired assignment. And indeed, it was observed
already by Bera et al. [23] that the assignment problem for («, 5)-FAIR CLUSTERING
is NP-hard, so there is no hope to have a polynomial time assignment algorithm.

We cannot afford to make all variables integral and solve an integer linear program
(ILP) instead, as the number of variables is large, of order |W |k, and in our construc-
tion |W] is polylogarithmic in n. However, note that the optimal assignment has the
property that for each ¢; € C and class 1 <t <T, > _p. 9¥(x,¢;) = Mj;. Thus the
amount of weight assigned from each class to each center is an integer. Using this
observation, we reduce our problem to a mixed-integer linear programming problem
and force only k-I" variables to be integral. These variables correspond exactly to the
entries of the constraint matrix M. Then, we show that this automatically ensures
that all the other variables are integral as well, in the optimal solution.

Next, we state one of the equivalent formulations of the MIXED-INTEGER LINEAR
PROGRAMMING problem. The input to the problem is a matrix A € R™*? a vector
b € R™, a vector ¢ € R?, and a parameter p, 0 < p < d. The goal is to find a vector
x = (21,...,74) € R? such that Z1,...,%p € Z, A-x < b, and the value ¢ - x is
minimized across all vectors satisfying the above.

By the celebrated result of Lenstra [142], MIXED-INTEGER LINEAR PROGRAM-
MING is solvable in FPT time when parameterized by the number of integer variables
p. We use the following commonly employed version of this result, following the
improvements to the original Lenstra’s algorithm given by Kannan [127], and Frank



164 7 | Coreset Approach: Color-constrained Clustering

and Tardos [93].

Proposition 7.38 ([142], [127], [93]). There is an algorithm solving MIXED-INTEGER
LINEAR PROGRAMMING in time O(p>®P+°P)d L) and space polynomial in L, where
L is the bitsize of the given instance.

Now we present the assignment algorithm itself. Note that it is sufficient to
consider only the points in W for the purpose of computing an assignment, as the
other points in P have zero weights. For simplicity, we denote |W| by n. There is
practically no difference between the cases of k-median and k-means concerning the
assignment problem, and thus we state it for both cases.

Theorem 7.39. There is an algorithm that given an instance of WEIGHTED FAIR
ASSIGNMENT, i.e, a weighted set W of n points and a set C = {c1,...,cx} of k
centers, computes an optimal assignment of W with the set of centers C'. That is,
the output is a minimum cost assignment ¥ : P x C — Zsq that corresponds to
(o, B)-FAIR CLUSTERING. The running time of the algorithm is (kT')O*DpOM L,
where L is the total number of bits in the encoding of distances and weights in the
mstance.

Proof. We reduce WEIGHTED FAIR ASSIGNMENT to MIXED-INTEGER LINEAR PRO-
GRAMMING. The formulation of our problem itself follows the natural way of treating

a clustering assignment problem as a flow problem. Let W = {(p1,w(p1)), - , (Pn, w(pn))}-
For every point p; and center ¢; introduce a variable f;; corresponding to how much
weight from the -th point is assigned to the j-th center. Also, for every center c; and
point equivalence class ¢ € {1,...,I'} introduce a variable g;;, corresponding to how
much weight from points of the class ¢ the j-th center gets. The following constraints
express that {f;;} and {g:;} define a fair clustering:

fii >0 Vie{l,...,n}, je{l,... Kk}, (7.1)
gtj€ZZo Vj€{1,...,k},tG{l,...,F},
> fi=wps) Vie{l,...,n}, (7.3)

1<j<k

> fi=oy Vjed{l,... k}, te{l,...,T} (7.4)
i€[n]:p; e Pt

S Fi=Be Y fi Vje{l,...,k}, Vge{1,...,0}, (7.5)
i€[n]:p; € Py 1€[n]

Yo fii<ag > fi Vie{l,....k}, Yge {1,...,¢}. (7.6)
i€[n]:p; € Py 1€[n]

Note that for a color ¢ € {1,...,¢}, Zie[n]:piGPq fij is precisely the weight assigned
from points of color ¢ to the center j, and Zie[n] fi; is the total weight assigned to
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the center j. Thus Constraints (7.5) and (7.6) ensure that the assignment is indeed
fair. Finally, the objective function is

n k
Minimize Z Z dij fija (77)

i=1 j=1

where d;; = dist(p;, ¢;) in the case of k-median, and d;; = dist(p;, ¢;)? in the case of
k-means.

We solve the MIXED-INTEGER LINEAR PROGRAMMING defined above by using
Proposition 7.38. We require that the variables {g;;} take integral values, while we
do not impose this restriction on the variables {f;;}. Thus, in time (kI')?* 1O [,
we find the optimal solution {fi;}, {g+}-

Clearly, Constraints (7.1)—(7.6) ensure that the assignment defined by {f;;} cor-
responds to WEIGHTED FAIR ASSIGNMENT, except for the fact that some of {f;;}
might be fractional. We now show that the integrality of {g:;} guarantees that there
exists an optimal solution to (7.1)—(7.7) that is integral. For every equivalence class
t € {1,...,T'} consider the following flow network. The network is essentially a re-
striction of (7.1)—(7.4) to the class ¢ assuming that the values {g;;} are fixed. There
is a node associated with every point p; € P that has a supply of w(p;), and there
is a node associated with every c¢; € C that has a demand of g;;. There is an edge
e;; between each point p; € P' and every center ¢; € C that has an unlimited ca-
pacity and the cost d;;. In this network, there is a maximum flow of minimal cost
{ 1’]} that has only integral values, since all the supplies, demands and capacities
in the network are integers. Now we replace the respective values of {f;;} with the
obtained {f/;} that are integral and still satisfy (7.1)~(7.4). The cost is unchanged
since {f;;} induces a maximum flow in the network as well. Thus the old cost can
only be larger, but also {f;;} is an optimal solution to the MIXED-INTEGER LINEAR
PROGRAMMING instance, so the new cost cannot be smaller. After we perform the
above for every class, the whole assignment is integral, now satisfying the statement
of the theorem completely. Finally, note that {f/;} can be found in n®W L time with
the known values of {g;} by any polynomial time minimum-cost flow algorithm. [

The algorithm in Theorem 7.39 allows us to solve (¢, 3)-FAIR CLUSTERING on
the original points as well, as long as we know a suitable set of k centers. However,
the running time would have a heavy dependence on n, roughly n®. So to obtain
a near-linear time algorithm, we cannot use Theorem 7.39 directly on the original
points, even if we know the centers. Instead, in the approximation algorithms we
present, we first compute a universal coreset of the original set of points, and then
solve all the arising instances of the assignment problem on the coreset, thus inflicting
only polylogarithmic in n time. Still, at the end we have to output a low-cost fair
assignment of the original points, and again we cannot directly use Theorem 7.39.
So we show how to compute the assignment in near-linear time with the help of the
coreset. The idea is to run Theorem 7.39 on the coreset and then use the optimal
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solution there to find a good assignment of the original points in a simpler way.
Namely, knowing how many points from each equivalence class are assigned to each
center, the assignment problem boils down to finding a minimum-cost flow in a
bipartite network where one of the parts is small. First, we recall a suitable minimum-
cost flow result by Ahuja et al. [6].

Proposition 7.40 (Theorem 7.3 in [6]). The minimum-cost flow problem on a bi-
partite network is solvable in time O((n1m + n3)log(ni1 D)), where ny is the size of
the smaller part in the network, m is the number of edges, and D is the mazimum
cost of an edge in the network.

Now we prove a general lemma that allows us to transfer any fair assignment
from the coreset to a fair assignment on the original points in polynomial time, while
losing only a factor of (1 + ¢) in the cost.

Lemma 7.41. There is an algorithm that given a set of points P with the ¢ groups P,
..., Py, a coreset W of P, a set of k centers C, a fair assignment 1) : P x C — Z>o,
and a value 0 < € < 1, computes a fair assignment of the points of P to the centers
of C with the cost at most (1+¢)-cost(1)) in time O(T-k3 /M) .nlogn). This holds
for both («, B)-Fair k-median and (o, B)-Fair k-meanss in general metric, provided
that W satisfies

cost(P', M, C) < (1 + ¢/3) weost(W', M, C),

for every column constraint matriz M € Z*, where by Wt we denote the restriction
of W to the points of the equivalence class P'. In the Euclidean case, the running
time is multiplied by d.

Proof. For the assignment v, consider the values {g¢; }+e[r), je[s], using the notation
in Theorem 7.39, where g;; denotes how many points from the ¢-th class are assigned
to the j-th center by ¢, and the values {A;};c[r], where A; is the cost of 9 restricted
to the t-th class. Now for each class P? in the original point set P, solve the following
assignment problem: assign points of P! to centers in C such that there are exactly
gt; points assigned to the j-th center, and the cost of the assignment is minimum
among all such assignments. We naturally view this problem as a minimum-cost flow
problem, and we solve it by running the algorithm given by Proposition 7.40. Note
that the resulting network has O(k) vertices in the part corresponding to the centers
C, and O(nk) edges in total. Finally, the resulting fair assignment ¢ from P to C' is
the union of assignments from P! to C for all ¢ € [[']. Clearly, the obtained assignment
is fair, since the fairness condition is completely determined by the numbers {g;;}.
This is true, as in the Constraints 7.5 and 7.6, Zie[n]:piGPq fij can be expressed

r
by > ieryqer, 9t and D2, fij by 2oy gvj. We now argue about the cost. By
construction, the cost of the resulting assignment is thzl cost(P?, (gtj);?:17 C). Now,

cost(P?, (gtj)f:l, C) < (1 +¢/3) weost(W*, (gtj)?:l, C)<(1+¢/3)A:, Vitelll.
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Summing over all ¢ € [I'], we obtain

r
cost(p Zcost s (9t5) = k_,C) < (14¢/3) Z = (14 ¢/3) cost().

By Proposition 7.40 it takes time O(T - k?/e? - nlogn) to run the minimum-cost
flow algorithm T' times, where we assume that log D = O(logn/e?). Finally, we
justify the latter by a standard argument reducing the ratio of maximum distance
in the instance to the minimum distance. In the network flow instance that we
construct from P! and C, tweak slightly the costs on the edges. Set g9 = /6, if
an edge costs more than D,,.. := 2A;, replace its cost by Dy,qz, and if an edge
costs less than D, := e0A:/(2n), replace its cost by Dyn,. For all the other
edges, round up their cost to the closest value of the form (1 4 £9)?D,nin, Where g
is an integer. In the modified network, the cost scaling part then induces a factor of
1081, o, (Dmagz/Dmin) = log, . (4n/eo) = O(logn/e?), instead of O(log D).

Now we argue about how this change influences the cost. Consider an optimal
assignment ¢ : P — C in the modified network, obtained by the network flow
algorithm. Its cost is at most (1 4 2e¢) - (1 4+ &/3) A;, since the cost of an optimal
assignment ¢* in the original network is at most (1+¢/3)A; by the argument above,
and the cost of ¢* in the new network is at most (1+2¢) times the cost in the original
network. The latter holds since ¢* never uses edges of cost more than D,,., = 24,
for the edges between D,,;, and D, the cost increase is at most a factor of (1+4¢¢),
and for the edges with the cost less than D,,;,, their total contribution in the new
network is at most n-ggA;/n = egAs. The algorithm outputs the optimal assignment
@ in the modified network, and its cost in the original network is at most its cost
in the modified network, since edges with cost at least D,,q, are never used, and
the cost of all the other edges is less in the original network. Thus, we have shown
that the cost of the assignment we constructed is at most (1 + 2¢¢)(1 + ¢/3)A; =
(1+¢/3)(1+¢/3)A; < (1+¢)A;. From this point, the cost analysis above proceeds,
and summing over all ¢ € [I'] we obtain cost(¢) < (1 + €) cost(v)).

Observe that in the Euclidean case we compute distances between the points from
their respective d-dimensional vectors, thus taking an extra factor of d in the running
time. O

Note that the condition on W in Lemma 7.41 is satisfied by the coresets ob-
tained from Theorem 7.26 and Theorem 7.37 with a suitable error parameter, since
the coreset construction samples points in each equivalence class independently, and
thus approximately preserves the cost with respect to any column matrix constraint
on each of them. Now we show that any instance of the assignment problem can be
approximately solved in near-linear FPT time with the help of our coreset construc-
tion, Theorem 7.39, and Lemma 7.41.

Lemma 7.42. Given a set of points P with the ¢ groups Py, ..., Py, a set of k
centers C, and a parameter 0 < € < 1, a fair assignment of the points of P to the
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centers of C with the cost at most (1 + ¢) faircost(P,C) can be computed in time
(kT)O®D) (log n /)01 + O(T - k3 /e? - nlogn) w.h.p. This holds for both (c, B)-Fair
k-median and («, 8)-Fair k-meanss in general metric. In the Euclidean case, the
running time is multiplied by d.

Proof. The algorithm proceeds as follows. First, we compute a coreset W from the
point set P using Theorem 7.26 or Theorem 7.37, depending on the problem, with the
error parameter £g to be defined later. Then we compute an optimal fair assignment
1 from W to the centers C by applying Theorem 7.39. Finally, we invoke Lemma 7.41
on the assignment 1 to obtain a fair assignment ¢ : P — C with the cost at most
(1 + 3¢9) cost(ep). The algorithm returns ¢, and in what follows we bound the cost
of this assignment. Denote by M € Z*** the constraint matrix corresponding to the
assignment 1, i.e. M;; is equal to how many points from the j-th group % sends to
the i-th center, and by M* the constraint matrix corresponding to an optimal fair
assignment from P to C'. By the choice of M and M?*, and the fact that W is a
universal coreset of P, we obtain

cost(p) = weost(W, M, C') < weost(W,M*, C)
< (14 &g) cost(P,M*,C) = (1 + &) faircost(P, C).

Thus, cost(p) is at most (1 + 3eg)(1 + €o) faircost(P, C'), and setting ¢ such that
(14 3¢0)(1+¢€0) < (1 +¢) finishes the proof.

As for the running time, the O((k +1) - n) is for the coreset construction,
O((kT)C*D) (klogn/e)®M) is for solving the assignment problem on the coreset,
and O(T" - k3 /%M . nlogn) is for restoring ¢ by Lemma 7.41. Not that the coreset
construction time is dominated by the last term.

Finally, in the Euclidean case we compute distances between the points from their
respective d-dimensional vectors, thus taking an extra factor of d in the running time.
Note that we still use the general metric case in Theorems 7.26 and 7.37 for coreset
construction, since we only need to preserve the objective with respect to the given

set of centers C.
O

7.4 (1+ ¢)-Approximation in the Euclidean Space

In this section, we present a near-linear time (1 + £)-approximation algorithm for
Euclidean («, 8)-Fair k-median and (o, §)-Fair k-meanss. For that purpose, we com-
bine our coreset construction (Theorem 7.26 and Theorem 7.37), our assignment
algorithm (Theorem 7.39), and the linear-time constrained clustering algorithm of
Bhattacharya et al. [27].

We denote the cost of clustering Cy, ..., Cy with the centers C = (cy,...,ck)
by costc(Ch, ..., Ck). By cost(Cy,...,Cy) we denote mine costa(Ch, . . ., Cy), where
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the minimum is over all possible k centers C. It is well-known that in the case of
k-means the optimal center for a cluster C; is its mean u(C;) == 1/|Ci| 3 cc. @, thus
COSt(Cl, ey Ck) = cost(,(coy),..., ;L(Ck))(Ch ey Ck).

Next, we formally restate the result of Bhattacharya et al.

Proposition 7.43 ([27], Theorem 1). Given a set of n points P C R%, parameters k
and €, there is a randomized algorithm that outputs a list £ of 2°%/€) sets of centers
of size k such that for any clustering {C5,...,C;} of P, the following event happens
with probability at least 1/2 : there is a set C € L such that

coste(Cy,...,Cr) < (1+¢)cost(Cy,...,C),

where cost is with respect to the k-means clustering objective. The running time of

the algorithm is nd - QO(k/E), where O notation hides a O(log g) factor. The same

statement holds for k-median, except the size of the list L becomes QO(k/EOm), and

the running time becomes nd - 20(k/e2M),
Note that Proposition 7.43 together with our assignment algorithm from Theo-
rem 7.39 already implies (1+¢)-approximation algorithm, as stated in the next claim.

Claim 7.44. There exists a (1 + €)-approxzimation algorithm solving (a, 8)-FAIR
CLUSTERING in R? in time ZO(k/EO(l))(kF)O(kF)nO(l)d with high probability. The
algorithm also extends to the weighted version of the problem.

Proof. The proof is by solving the assignment problem with the help of Theorem 7.39
on each set of centers in the list returned by Proposition 7.43. We run Proposi-
tion 7.43 ©(logn) times to succeed with high probability, and thus run Theorem 7.39
on 20(k/°1) logn candidate sets of centers.

For the weighted version, observe that the algorithm of Proposition 7.43 trivially
extends to the case where the input points have weight, since the only step where
all the input points are used is to perform D2Z-sampling, and there the sampling
probabilities just need to be multiplied by the respective weights. Theorem 7.39
holds in the weighted case by definition. O

However, the running time of Claim 7.44 has a high-degree polynomial depen-
dency on n. To achieve a near-linear time algorithm, we use the help of our coreset
construction. Observe that Proposition 7.43 together with Lemma 7.42 already imply
an algorithm of this form. Nevertheless, we proceed with a variation of this scheme
that leads to a slightly better running time, in particular, avoiding a nlog®n factor.

The general idea of our algorithm is as follows. First, we obtain a list of candidate
sets of centers by Proposition 7.43. Then we compute a universal coreset from the
input points such that the objective is preserved with respect to all the computed
sets of centers. For each set of k centers in the list we run our assignment algorithm
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on the coreset to determine the set of centers with the best cost. The algorithm of
Bhattacharya et al. and the coreset computation take linear time, and the assignment
problem is solved on the coreset, thus taking time polylogarithmic in n. Finally, we
run Lemma 7.41 on the best set of centers to construct a fair assignment on the
original points. We state and prove the theorem formally next.

Theorem 7.45. There is a randomized algorithm that given an instance P of («, B)-
FAIR CLUSTERING and a parameter 0 < € < 1 outputs a set of k centers C and a fair
assignment ¢ : P — C satisfying cost(¢) < (1 + ) faircost(P) with high probability.
The running time of the algorithm is

ZO(k/eo(l))(kF)o(kF)nd log n.

Proof. First, we run the algorithm given by Proposition 7.43 to obtain a list £ of
~ o(1) . .
20(k/20") candidate sets of centers, using the error parameter £y < ¢ to be defined

later. To increase the probability of success, we repeat this ©(logn) times concate-

nating all the obtained lists, to form a list £ of 90(k/=5 ") logn candidate sets of
centers.
For (o, 8)-Fair k-median, we then compute a universal coreset W of size

I ~ 1
Ok (log(n + k2025 ) 1og n))2) = T(k /2o log )0,
0

using Theorem 7.26, again with the error parameter 9. We use the general metric
case of the theorem with respect to the points P and the possible centers contained
in the list £. For («, 8)-Fair k-meanss, we employ instead Theorem 7.37 to obtain a
universal coreset W, its size is also T'(k/eq logn)®(). For the rest of the proof, there
is no difference between the two problems.

For each set of k centers in £ we run the assignment algorithm given by The-
orem 7.39, and select the set of centers C' with the best cost. Now we bound
faircost(P, C'). Denote by M the color constraint matrix that corresponds to an
optimal fair assignment from W to C, it holds that

faircost(P, C') < cost(P, M, C) < weost(W, M, C),

—¢€o

where the last inequality is by the definition of a universal coreset. By Proposi-
tion 7.43 with probability 1 — (1/2)®0°&n) =1 — (1/n)®™) there is a set C in £ such
that faircost(P,C' < (1 + &) faircost(P). Denote by M the color constraint matrix
that corresponds to an optimal fair assignment from W to C, since C achieves the
lowest cost of fair clustering for W among £, weost(W, M, C) < wcost(W, M,C’)
Denote by M* the constraint matrix achieving faircost(P, C) = cost(P,M*, é’), by
the choice of M we have that

weost(W, M, C) < weost(W, M*, C’) < (1+e&p) cost(P,M*, C),
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where the last inequality is because W is a universal coreset of P. And since
cost(P, M*, C') = faircost(P, C') < (14 ¢g) faircost(P) by the choice of M* and C, we
have the following bound:

1 -~ 1 2
+eo cost(P,M*,C) < A+eo)f

faircost(P, C') <
aircost(P,C) < 2, [

faircost(P).

Finally, we compute a fair assignment from P to C' running the algorithm from

Lemma 7.42, using the error parameter 9. The computed assignment has cost at
3

most (1+¢g) faircost (P, C'), which by the above is at most % faircost(P). Setting

€g such that 1 +¢ > % concludes the proof.

The running time of the algorithm is the sum of the 20(k/=°D)pq running time
of Proposition 7.43 multiplied by O(logn), the O((k + I)nd) running time given
by Theorem 7.26/Theorem 7.37, 20%/=°) times the (KT')°*D)(logn)®Md run-
ning time of the assignment algorithm given by Theorem 7.39 on the coreset, and
finally the running time of Lemma 7.41. All of these terms are dominated by
20(k/=%D) (k)0 D) pdlog n. O

Note that the algorithm in Theorem 7.45 is in a sense a non-typical use of a
coreset: we first do the heavy part of running Proposition 7.43 on the original points,
and only then use the coreset to speed up the assignment problem. We can also
devise a true reductive algorithm, where we first construct a universal coreset from
the input data, and then do everything on the coreset, both Proposition 7.43 and
selection of the best centers. We show this algorithm in the next subsection.

7.4.1 Reduction to a Small-sized Instance

In fact, we show a general reduction result: that the original instance of («, §)-FAIR
CLUSTERING could be replaced by a small-sized one, such that any approximate
solution could be lifted from the reduced instance with an extra error factor of (1+¢).
Moreover, it can be done in polynomial time that is near-linear in n and linear in
d. Essentially, this result is a combination of the universal coreset property and
Lemma 7.41, and it shows that our universal coreset construction can indeed be used
for data compression wrt. (a, $)-FAIR CLUSTERING. In the next theorem, we state
and prove the result formally.

Theorem 7.46. There is a randomized algorithm that given an instance P of («, 3)-
FaIR CLUSTERING in R? outputs a reduced weighted instance W of size d(k /e log n)°™)
in the same space. W.h.p. it holds that for any v > 1, and for any set of k centers C
in R and a fair assignment ¥ from W to C such that cost(1)) < +faircost(W), there
exists a fair assignment ¢ : P — C with the cost at most (1 + )~ faircost(P) that
can be restored from 1 and C. Both constructing W from P and restoring ¢ from 1)
and C take time O(Tk3/e?>ndlogn).
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Proof. The algorithm to construct W from P is simply the algorithm from Theo-
rem 7.26 constructing a universal coreset for (o, §)-Fair k-median in the Euclidean
case (Theorem 7.37 for («, 8)-Fair k-median). We invoke the coreset construction
algorithm with the error parameter €g < & to be defined later, the O((k + I)nd)
running time is dominated by O(T'k3/e?ndlogn). The reduced weighted instance W
is exactly the obtained coreset. Its size is d(k/elogn)®M), and w.h.p. for any set C
of k centers in R? and any constraint matrix M € Z**TI" it holds that

(1 —¢)-cost(P,M,C) < wcost(W,M, C) < (1+¢) - cost(P,M,C).

Now consider a particular v > 1, a set of k centers C' and a fair assignment
¥ : P x C — Z>q of the coreset W such that cost(¢) < ~yfaircost(W). Observe that
faircost(W) < (1 4 &g) faircost(P) since for the set of centers C* and the constraint
matrix M* achieving faircost(P) = cost(P, M, C), it holds that

faircost(W) < weost(W, M*, C*) < (1 + &g) cost(P,M*,C*) = (1 4 &¢) faircost(P).

Thus, cost(¢)) < (14 g9)7 faircost(P). To construct the fair assignment ¢, we invoke
Lemma 7.41 on the assignment . By Lemma 7.41, the cost of ¢ is at most

(14 3eq) cost(y) < (1 4 320)(1 + &) faircost(P).

Finally, we set ¢ such that (14 3eg)(1 +¢€9) < (1 +¢) to obtain the desired bound.
The running time of Lemma 7.41 is exactly O(T'k?®/e?ndlogn), and this dominates
the O((k + I)nd) running time required by the coreset construction. O

Theorem 7.46 allows for any exact or approximate algorithm for («, )-FAIrR
CLUSTERING to be run on the small-sized coreset instead of the original points.
By plugging in the (1 4 €)-approximation algorithm given by Claim 7.44, we obtain
the following theorem.

Theorem 7.47. There is an algorithm solving («, §)-FAIR CLUSTERING in time
O(Tk3/e2nd log n) + 20*/=°) (k1)) (g 10g ) D)
with high probability, for any given 0 < e < 1.

Proof. Set ¢9 = /3. Invoke Theorem 7.46 with the error parameter £y to obtain
a reduced weighted instance W from the input points P. Run the algorithm from
Claim 7.44 on W to obtain the set of k centers C' and a fair assignment ¢ from W to
C of cost at most (1 + gq) faircost(W). Finally, by the second part of Theorem 7.46
compute a fair assignment ¢ : P — C. The assignment ¢ is the output of the
algorithm, and its cost is at most (1 + £¢)? faircost(P) < (1 + ¢) faircost(P).

Both algorithms from Theorem 7.46 run in time O(T'k3/e?ndlogn), and running
the algorithm from Claim 7.44 on the input of size n’ := d(k/elogn)®™) amounts to
the time complexity of

QO(k/eO(l))(kF)(’)(kF) (n/)ou)d _ QO(k/sz))(kF)O(kr) (dlog n)O(l).
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O

In the running time of Theorem 7.47, observe that the exponential term is just
polylogarithmic in n, compared to Theorem 7.45. However, the dependency on d in
Theorem 7.47 is a high-degree polynomial. That is since we invoke the Euclidean case
of Theorem 7.26/Theorem 7.37 so that coreset preserves the objective with respect
to every k points in R?, and that requires an additional factor of d in the coreset size.

7.4.2 Dimensionality Reduction

In the case of k-means, we show how to apply the recent dimensionality reduction
tools to effectively replace the dimension d by O(k/e), thus making the algorithm
from Theorem 7.47 linear in d too, and independent of d after the computation
of the coreset. At the end, dimensionality reduction and our coreset construction
effectively compress the instance to just (k/elog n)o(l) real numbers, providing a
stronger variant of Theorem 7.46.

In the proof of the theorem, we employ the notion and results on projection-cost
preserving sketches, introduced in Section 4.1.

Theorem 7.48. There is a randomized algorithm that given an instance P of (a, j3)-
FAIR CLUSTERING in R? outputs a reduced weighted instance W of size (k/elogn)©M)
in a low-dimensional space R™, where m = O(k/e). W.h.p. for any v > 1, and
for any set of k centers C in R™ and a fazr assignment ¥ from W to C such that
cost (1)) < v faircost(W), there exists a set of k centers C in R? and a fair assignment
¢ : P — C with the cost at most (1 + &)~ faircost(P) that can be restored from 1)
and C. Both constructing W from P and restoring (C,¢) from (C,v) takes time
O(Tk3 /e?*ndlogn).

Proof. Fix a value 0 < €y < ¢ to be defined later. Represent the given points P as
a matrix A € R"*¢ where each row corresponds to a point. Set s = [k/go] and
run the algorithm given by Theorem 4.8 on the matrix A and the parameter s to
obtain a matrix S € R?**. By Markov inequality, it holds with probability at least

1-— 11j26500 = Q(eg) that

|A — ASST[%: < (1+ 220)|A — A4|F.

By invoking Theorem 4.8 O(gy Hog n) times and picking S with the smallest value of
|A — ASS”||3, we achieve that the bound above holds with high probability. Then,
the sketch A = AS is a projection-cost preserving sketch, i.e. it holds that

|A — MA||% < [[A - MAJ|% + ¢ < (1+320)||A - MAJ[7,

for any rank k orthogonal projection matrix M € R™*™ and some constant ¢ indepen-
dent of M. Consider the corresponding to A set of points P in R™. Recall that any
k-means clustering of the rows of A may be represented by a particular orthogonal
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projection matrix M, such that the cost of the clustering is equal to ||A — MAH%
Thus, for any clustering C1, ..., Cy of P and the corresponding clustering C1, ...,
C}. of P, it holds that

cost(Cy, ..., Cx) < cost(Ch,...,Ch) + ¢ < (14 3eg) cost(Ch, ..., Ch). (7.8)

In particular, if we equip P with the same [ groups as P, (7.8) holds for any fair
clustering.

We run the algorithm given by Theorem 7.46 on P to obtain a reduced weighted
instance W in R™, using the error parameter 9. Now, consider a set of k centers C
in R™, and an assignment ¢ from W to C that has the cost of at most 7 faircost(W).
By Theorem 7.46, ¢ can be lifted to a fair assignment ¢ from P to C with the
cost of at most (1 + &) faircost(P). Consider the clustering {C1,...,Cy} of P that
corresponds to the assignment ¢. Consider also the clustering {C1, ..., Cx} of P that

corresponds to {C\,...,Cy}, ie. for each i € [k], C; contains exactly the preimages
of points in C; under sketching. The resulting set of centers C' = {c1,..., ¢k} is the
set of means of the clusters C1, ..., Cf, that is, for each i € [k], ¢; = u(C;). The

resulting assignment ¢ sends C; to ¢;, for each i € [k]. Clearly, ¢ is a fair assignment
since it clusters together exactly the same points as ¢, and ¢ is a fair assignment by
Theorem 7.46. Now we bound the cost of ¢, by (7.8),

cost(¢) = cost(C4,...,Ck) < cost(Cy,...,Cr) + ¢ < (1 +eg)y faircost (P) + c.

To bound faircost(P) in terms of faircost(P), consider an optimal clustering C7, ...,
C} of P, and the corresponding clustering Cl*, ce Gy of P. By (7.8),

faircost(P)+c < cost(él*, O 4e < (14eg) cost(CF, . .. C}) = (14¢0) faircost(P).
Combining it with the earlier bound on cost(y), we obtain
cost(p) < (1 4 £9)?y faircost(P).

Finally, setting ¢ such that (14 &g)? < (1 + ¢) shows that ¢ satisfies the statement
of the theorem.

The running time of the algorithm reducing P to W is O((k/e?*)ndlogn) from
Proposition 4.7 and O(T'k?/e*ndlogn) from Theorem 7.46. The algorithm computing
(C, ) from (C,4) runs in time O(Tk3/e2ndlogn) by Theorem 7.46, plus an addi-
tional O(ndk) time required to compute ¢ and C from . Clearly, O(T'k?/e*ndlogn)
dominates the total running time. O

As Theorem 7.46, Theorem 7.48 allows to speed up any approximate algorithm
for weighted («, §)-Fair k-means by running it on the small-sized coreset in the low-
dimensional space instead of the original points. In particular, we obtain an analogue
of Theorem 7.47.
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Theorem 7.49. There is a randomized algorithm that given an instance P of (a, 3)-
Fuair k-meanss and a parameter 0 < ¢ < 1 outputs a set of k centers C and a fair
assignment ¢ : P — C such that cost(p) < (1 + ¢) faircost(P) with high probability.
The running time of the algorithm is

O(l))

O(Tk? Je2ndlogn) + 204/=°) (k1) ED) (10g n) O

Proof. The proof is identical to the proof of Theorem 7.47, the only difference is that
Theorem 7.48 is used to reduce the instance, instead of Theorem 7.46. O

The benefit of the algorithm in Theorem 7.49 compared to Theorem 7.45 is that
only the “simple” steps like sketching, sampling the coreset, and running the flow
to restore the assignment, are applied to the “big” original data. On the other
hand, the “heavy” part of the algorithm that has an exponential dependency on the
parameters, deals exclusively with the compressed instance, with the size independent
of the dimension d, and polylogarithmic in the number of points n. It might be said
that the combination of the dimensionality reduction and our coreset construction in
the proof of Theorem 7.48 obtains a coreset of size O((klogn/c)®M) for fair k-means
in the Euclidean case. However, since after reducing the dimension the points lie in
a different low-dimensional space, our definition of a universal coreset could not be
applied to the coreset with respect to the original points. Therefore we do not state
Theorem 7.48 as a coreset result, but rather as a reduction procedure.

Finally, note that we only implement the dimensionality reduction for k-means,
since for k-median the reduction techniques are more limiting. In particular, the
correspondence between clusterings and particular orthogonal projection operators
does not hold. It is an open question whether it is possible to achieve the analogue
of Theorem 7.48 for k-median.

7.5 (34 ¢)- and (9 + ¢)-Approximations in General
Metric

In this section, we show a (3 + £)-approximation algorithm for fair k-median in
general metric, and (9 + ¢)-approximation for fair k-means in general metric. After
computing the coreset by Theorem 7.26, the strategy is essentially identical to that
used in [64] and [66]: from each of the clusters in an optimal solution on the coreset
we guess the closest point to the center, called a leader of that cluster. We also guess
a suitably discretized distance from each leader to the center of the corresponding
cluster. Finally, selecting any center that has roughly the guessed distance to the
leader provides us with a (3 + ¢)-approximation, in the case of k-median. Now we
state formally the main result of the section.
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Theorem 7.50. For any1 > e > 0, there exists a (3+¢)-approzimation algorithm for
(o, B)-Fair k-median, and (9 + €)-approzimation algorithm for (a, 5)-Fair k-means.
Both algorithms run in time

(kT)OD) eO0) Ly 4 Tk Je2nlog n.

Note that the distance guessing step of our algorithm requires that the aspect
ratio of the instance is bounded by a polynomial in n, where the aspect ratio is the
ratio of the maximum distance between the points to the minimum distance. As
opposed to the case of capacitated clustering studied in [66], achieving polynomial
aspect ratio is less straightforward for fair clustering, since there was no previously
known true approximation algorithm for the general version of fair clustering. We
refer the reader to the introduction for the discussion on assumptions and limitations
in previous works. So, for the ease of presentation, we first prove Theorem 7.50
under the polynomial aspect ratio assumption, and later show how to achieve this
assumption for any instance.

Claim 7.51. The statement of Theorem 7.50 holds in the case when the aspect ratio
of the input instance is bounded by n®™).

Proof. For now, focus on the case of k-median. Fix a small positive number ¢y < ¢
that will be defined later. We start by computing a universal coreset W of size
O(T'(klogn)?ey?) by Theorem 7.26, applied with the error parameter 9. Then we
try all possible sets of k points [y, ..., Iy out of the points in the coreset W. We
also try all possible sets of k values R;, ..., Rj, where each R; ranges from the
minimum distance between the points in the space to the maximum distance, taking
values that are powers of (1+4¢¢) times the minimum distance. Thus, there are | |¥
choices of Iy, ..., lx, and (logn/eo)®*) choices for Ry, ..., Ry, since the ratio of
maximum distance to minimum distance is at most n®). Now, for every choice of
ly, ..., lg and Ry, ..., Rg, we take a tuple of k centers C = (cy,...,¢x) such that
dist(l;, ¢;) € [Ri, (1 +€0)R;) for every i € [k]. If for ¢ € [k] there are multiple choice
of ¢;, we take any one of them. If for some i € [k] there is no suitable ¢;, we continue
to the next choice of I, ..., Iy, and Ry, ..., Ri. After the centers are fixed, we run
the assignment algorithm given by Theorem 7.39 on the coreset W and the centers
C'. Out of all considered tuples of centers, we select the one with the lowest cost of
the assignment. Then we compute a fair assignment from P to these centers with
the help of Lemma 7.42, and return the assignment and the centers. This concludes
the algorithm.

For the proof of correctness, consider an optimal solution C* = {cj, ..., c}}. Since
W is a universal coreset of P, faircost(P, C*) < (1+¢g) faircost(W, C*). Consider an
optimal assignment ¢ from W to C* achieving the cost of faircost(W, C*). Take I3,
..., I3 such that [} is the closest point to ¢} among the points in ¢~!(c}), for each
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€ [k]. Here by ¢ ~1(c}) we mean the set of points in W such that ¢ sends positive
weight from them to ¢f. Take R, ..., R; such that for each i € [k], R} = (1+¢¢)'m
for a certain nonnegative integer ¢, where m is the minimum distance between the

points, and R} < dist(l},c}) < (14 eo)R}. At some point, the algorithm considers

1) l
the choice of If, ..., I} and R, ..., Rj, take the tuple of centers C' = (c1,...,cxk)
obtained by the algorithm at this iteration. We know that C exists since (¢, ..., c})

is one of the possible choices for C'. Consider the assignment ¢ from W to C that
behaves in the same way as ¢: for each i € [k], ¥ sends to ¢; exactly the same weight
from the same points in W, as ¢ does to c}. Clearly, v is a fair assignment since the
composition of each cluster is exactly the same as for ¢. Now we bound the cost of
1, for each point = in the coreset W and each center ¢; such that a positive weight
is assigned from z to ¢; by 1, it holds that

dist(z, ¢;) < dist(z,17) + dist(l}, ¢;) < dist(z, ¢}) + dist(c},17) + dist (I}, ¢;)
< dist(x, cf) + (2 + &¢) dist(c, I7).

791

The first two inequalities are by triangle inequality, and the last is since dist(I}, ¢})
is at least RY, and dist(l¥, ¢;) is at most (1 4 €g)R}. Moreover, [} is chosen in a way
that dist(If, ¢f) < dist(z,¢}), thus dist(z, ¢;) < (3 + o) dist(x,¢f). Now, the total

27’L

cost of ¥ is

k
Zzwxcl ) - dist(z, ¢;) < ZZS+50 (z,¢;) - dist(z, ¢})

zeW i=1 zeW i=1

= (34 <o) Z Zcp(ac,cf) -dist(z, ¢}) = (3 + €o) - faircost(W, C*)
zeW i=1
< (34 e0)(1 + &9) faircost(P, C*).

Observe that faircost(P, C') < ﬁ faircost(W, C) since W is a universal coreset. The
assignment 1 is a particular fair assignment form W to C, thus its cost is at least
faircost(W, C), and finally we get

1

faircost (P, C) < =

. (34 €0)(1 + €9) faircost (P, C™).
0

Recall that faircost(P,C*) is the cost of an optimal solution, and that Lemma 7.42
returns a fair assignment of cost at most (1+¢¢) faircost(P, C). Thus setting e small

enough such that (3+¢g )@ is at most (3+¢), provides the desired approximation.
For the running time, recall that first we compute the coreset in time O(n(k+1)),
and then we consider

|[W| (logn/ao)o(k (T (klogn)z/eg)k(logn/ao)o(k) = (kFlogn/eo)O(k)
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tuples of k centers, and for each of them we run the assignment algorithm in time
(kD)D) (log n/eg)®™M). Thus, the total running time is

n(k + 1) 4+ (k)9 (1og n)O*k) /eOF)

Note that for any constant ¢ > 0, (logn)®®* might be upper-bounded by n¢ +
kO<(®) and we can bound the total running time required to find the best cen-
ters by (kI')O*D) /eO() . . Finally, an additional term of O(T'k?/e2nlogn) is from
Lemma 7.41.

Now to the case of fair k-means. The algorithm and analysis are essentially the
same, up to a few minor details. For the coreset construction here we use Theo-
rem 7.37 that constructs a universal coreset with respect to the k-means objective.
The size of the coreset is still bounded by T'(klogn/c)®(). Now the only difference
is the bound on the cost of the assignment . It becomes

k k
SN v ) -dist(z, ) < YD (34 e0)*(x, ¢) - dist(z, ¢ )

zeW i=1 zeW i=1

k
= (3+e0)? Z Zga(x,c;‘) ~dist(x, cf)?* = (3 + £9)? - faircost(W, C*)
zeW i=1
< (3 +¢20)%(1 + &) faircost(P, C*).

Analogously, we obtain

1
faircost(P, C) < 7 (3 + £0)*(1 + &) faircost (P, C*),
— €0
and we set g9 small enough such that (3—1—51)2% < 9+¢ to finally get the desired
(9 + ) approximation. O

7.5.1 Polynomial Aspect Ratio

We follow the standard trick to reduce the aspect ratio of the instance, see e.g. [66].
For that, we require an estimate of the cost of the optimal solution. So we start
with showing a O(n)-factor approximation algorithm for («, 5)-FAIR CLUSTERING.
This algorithm combines the simple linear time O(n)-approximation to the vanilla
clustering problem, then the argument due to Bera et al. [23] that a set of centers
that provides a good approximation w.r.t. vanilla clustering objective is also good
enough for the purpose of fair clustering, and finally our assignment algorithm given
by Theorem 7.39. We state a slight modification of the result of Bera et al. [23] first.

Proposition 7.52 (Lemma 3 in [23]). Assume we are given a p-approzimation al-
gorithm A for k-median. Run A on the input set of points P and denote by C the
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returned set of centers. It holds that faircost(P, C) is at most (p + 2) times the cost
of an optimal solution to («, B)-Fair k-median on P. The same holds for k-means
and (o, B)-Fair k-means, only the cost factor is (p + 2)2.

Proof. The statement for k-median is exactly a special case of Lemma 3 in [23]
where we only restrict to k-median and k-means, and the assignment algorithm has
no violation of the constraints. For k-means, Lemma 3 in [23] holds for the same
k-means and («, 8)-Fair k-means we consider in this paper, with the only difference
that their objective function is the square root of the sum of squared distances.
Thus, from their lemma we immediately get that the square root of the cost of the
approximate solution is at most (p+2) times the square root of the cost of the optimal
solution. Squaring both sides provides the approximation factor of (p + 2)2. O

To achieve a linear-time algorithm, we are rather restricted in what kind of al-
gorithm we can use to get the initial approximation for the vanilla clustering. Thus
we use a simple O(n)-approximation given by the classical k-center algorithm that
is enough for our purposes. We also need to use the coreset construction as an in-
termediate step, so that computing the fair assignment takes time sublinear in n.
Note that in this result, we do not aim to return the actual fair assignment, just the
approximation to the cost.

Lemma 7.53. There exists a O(n)-factor approzimation algorithm for computing the
optimal cost in both (a, B)-Fair k-median and («, B)-Fair k-means, with the running
time of (kT")O*T) . .

Proof. For k-median, we start with computing the initial approximation using the
min-max algorithm for k-center [102] in time O(nk). It is well-known that this gives
a O(n)-approximation of the k-median objective. For the obtained set C of k centers,
by Proposition 7.52 it holds that faircost(P,C) is at most O(n) times the optimal
fair clustering cost of P. So it only remains to run the assignment algorithm. First,
we compute a universal coreset W of P of size O(T'(klogn)®™) by Theorem 7.26,
using a constant error parameter. Then we run the assignment algorithm given
by Theorem 7.39 on the weighted points W and the centers C. By definition of a
universal coreset, the cost is changed by at most a constant factor, thus the cost
of the fair assignment achieved by the algorithm is an O(n)-approximation of the
optimal solution on the original points P. The total running time of the algorithm
is O(nk +n(k +1) + (KT)CFD) . (1logn)©M).

For k-means, the only difference is that we run the k-center min-max algorithm
using distances given by d’(u,v) = dist(u,v)? for all u,v € X. This is not a metric,
but it holds that d’(u, v) < 2(d’(u,w)+d'(w,v)) for all u,v,w € X, since dist(u, v)? <
(dist(u, w) + dist(w, v))? < 2(dist(u, w)? + dist(w, v)?). The min-max algorithm still
obtains a O(1)-approximation for the k-center objective with such a relaxed triangle
inequality, and thus a O(n)-approximation for the k-means objective with the original
distances given by d. The rest is the same, but we invoke Theorem 7.37 to obtain
the coreset. O
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Finally, we show how to reduce an arbitrary instance of («, 5)-FAIR CLUSTERING
to an equivalent one that has polynomial aspect ratio by modifying the distances.

Lemma 7.54. Given an instance of («a,3)-FAIR CLUSTERING in the metric space
with the distance function dist, we can construct a distance function dist’ such that
the cost of any n'°-approzimate solution changes by at most a factor of 1+1/n. The

distance function dist’ has polynomial aspect ratio. This requires the preprocessing
time of (k)P . .

Proof. We state first how dist’ is obtained from dist. By Lemma 7.53 compute D
that is a O(n)-approximation of the cost of an optimal solution. Set D,,4, = 2n'°D
and D,,in = aD/ng7 for a sufficiently small constant a. For all the distances that
are larger than D4, set them to D,,... Then increase the distance between every
pair of points by D,,;,. Clearly, the distances still form a metric.

No solution to the instance of («, 3)-FAIR CLUSTERING that has the cost of at
most n'0 times the optimal cost uses distances that are set to Dipaz, since Doz =
2n'°D and D is at least the cost of the optimal solution. Thus the decreasing large
distances to D,,., does not affect the instance. Due to increasing by D,,;n, the cost of
any solution is increased by at most a factor of (1+1/n), since n-D,,;,, = aD/n?. This
is at most 1/n times the cost of the optimal solution, since D is a O(n)-approximation.
Now the aspect ratio is at most D00/ Dimin = O(n'?).

Note that running Lemma 7.53 incurs the preprocessing time of (AT')O*I) . p,
After Dyas and D,y,in are computed, the distance oracle for dist’ is obtained from
the distance oracle for dist by an extra constant time per query. O

Finally, we prove Theorem 7.50 by combining Lemma 7.53 and Claim 7.51.

Proof of Theorem 7.50. Apply Lemma 7.53 to obtain the new instance of («, 3)-FAIR
CLUSTERING with polynomial aspect ratio. For every solution that is 3+ ¢ (or 9+¢
in the case of k-means), the cost w.r.t. the new instance is at least the cost w.r.t. the
old instance, and at most (14 1/n) of that cost. Observe that 1/ = o(n), otherwise
all possible sets of centers can be trivially enumerated in time n* = (1/£)°*). Thus
(1+1/n) < (1+¢/3), and invoking Claim 7.51 with the error parameter ¢/3 finishes
the proof. O

7.6 Algorithms for Other Clustering Problems

We note that the algorithms for fair clustering in general metrics suggest a generic
algorithm for any clustering problem with constraints, such that the constraints can
be represented by a set of matrices. Here we state this algorithm. Let D be the
set of all possible distinct distances. Also, let Dy, and Dy ax be the minimum and
maximum distances in D, respectively. This algorithm has the following steps.

- Compute a universal coreset W.
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- For every pair of tuples (l1, ..., lg) and (R, ..., Rg) such that I; € W for all
i and R; € D for all j, do the following.

— Select a set C = {ecy,...,cx} of centers such that ¢; € F and dist(l;,¢;) €
[Ri, (1 +€)R;] for all i. If no such set C' exists, probe the next choice.

— Find an assignment of the points in P to the centers in C' of the mini-
mum cost that satisfies the respective clustering constraints (assignment
problem).

- Return the set of centers and the assignment that minimizes the cost over all
choices.

From the analysis for fair clustering, we have the following theorem.

Theorem 7.55. Consider any clustering problem with constraint K, such that the
constraint can be represented by a set of matrices, and suppose the aspect ratio
Dinax/Dmin is bounded by A for all instances. Moreover, suppose the universal core-
set can be computed in Ty (n, k, L) time and the assignment problem for the clustering
problem can be solved in To(n, k) time. Then one can obtain, w.h.p, a (3+¢)- (resp.
(9 + €)-) approzimation for k-median (resp. k-means) with constraint K in time
Ti(n,k,0) + (¢ *kTlog(n + A)°W) . Ty(n, k).

From the above theorem, it is sufficient to (i) show that the aspect ratios of in-
stances are bounded and (ii) design an efficient algorithm for the assignment problem,
to obtain constant approximations for a clustering problem with constraints. We will
use this theorem on various clustering problems.

For the Euclidean version of clustering problems with constraints, we have the
following generic algorithm.

- Compute a universal coreset W.

- Apply the algorithm mentioned in Proposition 7.43 to find the list £ of candi-
date sets of centers.

- For every set C' = {cy,...,cx} of centers in £, do the following.

— Find an assignment of the points in W to the centers in C' of the mini-
mum cost that satisfies the respective clustering constraints (assignment
problem).

- Let C" be the set of centers that minimizes the cost over all choices. Find an
assignment of the points in P to the centers in C’ of the minimum cost that
satisfies the respective clustering constraints.
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From the analysis for fair clustering and Proposition 7.43, we know that C’ is an
approximately optimal set of centers with constant probability. By repeating step
3 of the above algorithm O(logn) times, we obtain this w.h.p. Hence, we have the
following theorem.

Theorem 7.56. Consider any Euclidean clustering problem with constraint K, such
that the constraint can be represented by a set of matrices. Moreover, suppose the
universal coreset can be computed in Ty (n, k,£,d) time and the assignment problem
for the clustering problem can be solved in Ta(n,k) time. Then one can obtain,
w.h.p, a (14 €)-approximation for k-median (resp. k-means) with constraint K in

time Ty (n, k, £,d) + 200/=°) . (nd + logn - To(|W|, k) + Ta(n, k).

From the above theorem, it is sufficient to design an efficient algorithm for the
assignment problem, to obtain constant approximations for a clustering problem with
constraints. In the following, we will use this theorem on various clustering problems.

7.6.1 Lower-Bounded Clustering

In the lower-bounded clustering problem, we are given a lower bound parameter L
and the size of each cluster must be at least L. In the Euclidean version of the
problem the set of points P C R? and the set of centers F = R%.

First, we note that the lower bound constraint can be represented by a set of k x 1
column matrices such that each of the entries is at least L and at most n.

To apply Theorem 7.55, we need to show two things as mentioned before. To
show the bounded aspect ratio, we can argue in the same way as we did for fair
clustering. The assignment problem for lower-bounded clustering can be modeled
as a minimum cost network flow problem that can be solved in polynomial time.
Indeed, the modeling is similar to the one in the proof of Lemma 7.41. We construct
a bipartite network where on one side we have the n points of P and on the other side
the k centers of C' and an additional node w. Source s is connected to all points of
P. Sink t is connected to all centers through edges of capacity L. t is also connected
to w through an edge of capacity n — kL. w is connected to all points through an
edge. The cost of the edges between points and centers are their respective distances.
The cost between a point p and w is dist(p, C'). The idea is to route L flow to each
center and n — kL flow to w. This is equivalent to assigning at least L points to each
center using the minimum cost and assigning the remaining points to their closest
neighbor in C'. We also scale the distances, as mentioned in the proof of Lemma
7.41. Then, the cost of the minimum cost flow in this network (with n flow) is a
(14 &)-approximation of the minimum assignment cost. Hence, by Proposition 7.40,
the assignment problem in this case can be solved in time nk2c~°M logn. Hence,
the constant approximations follow for this problem in general metrics in time

O(nk) + (e klogn)°®nk2e=%M logn = (e Tklogn)®®n = (k/e)°*)nOM),
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From the above discussion, one can also apply Theorem 7.56. However, to solve
the assignment problem on coreset, we do not want to spend nk?e=°™) logn time.
We would like to obtain an algorithm that is polynomial in the size of the coreset.
We do the same as we did for fair clustering. We solve a mixed ILP that has |W| x k
unconstrained variables and k integer variables. The construction is much easier
compared to fair clustering. The running time is k°®)|W |9, Hence, we obtain
(1 4 e)-approximation for the Euclidean version in time

2O(k/so(l))(nd +logn - k9" (klogn/e)®W) + nk?e= W logn
:2O(k/ao(l))(nd + (dlogn)°M) 4+ nk?e=9W log n.

Theorem 7.57. For any € > 0, there exists a (3 +€)- and a (9 + €)-approzimation
algorithm for lower-bounded k-median and lower-bounded k-means, respectively, that
runs in time (k/e)°®nOW)  In R, there are improved (1 + €)-approzimation al-
gorithms for both of the problems that Tun in time QO(k/go(l))(nd + (dlogn)°W) +
nk2e= %M logn.

7.6.2 Capacitated Clustering

Here we study the Euclidean capacitated clustering where the set of points P C R?
and the set of centers F = R?. Additionally, we are given a capacity parameter U
and the size of each cluster must be at most U.

First, we note that the capacity constraint can be represented by a set of £ x 1
column matrices such that each of the entries is at least 0 and at most U.

Now, the assignment problem for capacitated clustering can be modeled as a
minimum cost network flow problem that can be solved in polynomial time. Again,
the modeling is similar to the one in the proof of Lemma 7.41. We construct a
complete bipartite network where on one side we have the n points of P and on the
other side the k centers of C. Source s is connected to all points of P. Sink ¢ is
connected to all centers with edges of capacity U. The cost of the edges between
points and centers are their respective distances. We also scale the distances, as
mentioned in the proof. Then, the cost of the minimum cost flow in this network (with
n flow) is a (1 + ¢)-approximation of the minimum assignment cost. We note that
one can assume that the aspect ratio of the input instance is bounded by (n /)™,
The assumption can be removed in the same way as in the case of fair clustering.
Hence, by Proposition 7.40, the assignment problem in this case can be solved in
time nk2e~ M log n.

We solve the assignment problem on coreset in the same way mentioned for lower-
bounded clustering. A (1+-¢)-approximation follows for the Euclidean version in time
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90(k/e7™) (nd 4 logn - kK™ (klogn/e)° W) + nk2e=°Wlogn
:QO(k/Eo(l))(nd + (dlogn)° M) + nk2e=9Wlogn.

Theorem 7.58. For any ¢ > 0, there exists (1 + €)-approximation algorithms for

capacitated k-median and capacitated k-means that run in time QO(k/EO(l))(nd +
(dlogn)®M) 4+ nk2e=OM log n.

7.6.3 (-Diversity Clustering

In the (-Diversity clustering problem, P = U, P; is a set of n colored points such
that all points in P; have the same color, and each cluster must have no more than
a fraction 1/¢ (for some constant ¢ > 1) of its points sharing the same color. Thus,
for each cluster A and i € [f], |AN P;| < |A|/¢. We note that each point can have
only one color. Ding and Xu [75] gave a (1 + ¢)-approximation for this problem in
R? with time complexity O(n?(logn)**2(t + 1)*d), where t = maxi<;<z | Pi|.

We note that ¢-Diversity clustering is a special case of («, 8)-fair clustering with-
out the lower bound constraints involving parameter 3, and «; = 1/¢ for all i. Thus,
we obtain algorithms for this problem with bounds same as for («, 8)-fair clustering,
including a (1 + ¢)-approximation that significantly improves the time complexity of
the one in [75].

Theorem 7.59. For any e > 0, there exists a (3+ ¢)- and a (9 + €)-approzimation
algorithm for £-Diversity k-median and (-Diversity k-means, respectively, that runs
in time (k€)W /eOF) . n 4 (k3 /e®nlogn. In RY, there are improved (1 + ¢)-
approzimation algorithms for both of the problems that run in time

90(k/e7) (k) * ) ndlogn.

7.6.4 Chromatic Clustering

In chromatic clustering, again P = U | P; is a set of n colored points such that all
points in P; have the same color, and each cluster contains at most one point from
P; for each i. Ding and Xu [75] obtained a linear time (1 + €)-approximation for this
problem in R?. To the best of our knowledge the metric version of the problem was
not studied before. Thus, we give the first constant approximation for this version.

First, we note that the chromatic constraint can be represented by a set of k x ¢
matrices with 0/1 entries.

Ding and Wu [75] showed that the assignment problem for chromatic clustering
can be modeled as a bipartite matching problem that can be solved in O(k®n) time.
However, it is not clear how to bound the aspect ratio for this problem. Hence, the
constant approximations follow for this problem in general metrics in time O(nk) +
(e~ kllog(n + A))OF)n,
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Theorem 7.60. For any € > 0, there exists a (3 +¢)- and a (9 + €)-approzimation
algorithm for chromatic k-median and chromatic k-means, respectively, that runs in
time O(nk) + (e~ kllog(n + A))CF)n,

7.7 Streaming Universal Coreset

Here we describe a streaming algorithm for maintaining universal coreset for k-
median. The algorithm can be trivially extended to k-means with a slightly larger
space complexity. Our algorithm is based on the merge and reduce framework of
Bentley and Saxe [22], which was first applied in the context of clustering in [2].
Indeed, in streaming setting this is a standard technique, which have been applied in
many works [110, 53, 1]. We mainly follow the approach of Har-Peled and Mazum-
dar [110], which was further refined by Chen [53] for randomized coresets. In the
following we describe how to maintain a small size coreset in each step. Let us refer
to a universal coreset as an e-coreset, where ¢ is the corresponding error parameter.
Our approach is based on composability of coresets.

Lemma 7.61. Suppose S1 and Sy are the e-coresets of the points in Py and P,
respectively. Then, S1 U Ss is an e-coreset of the points in Py U Ps.

The proof of this lemma follows by definition of universal coresets and can be
found in [173]. The proof assumes that the coreset points have integer weights. We
note that our construction can be slightly modified to obtain coreset with integer
weights (e.g, see Chen’s adaptation [53]). Next, we have an observation that again
follows by the definition of coresets.

Observation 7.62. Suppose S1 is an e-coreset of the points in Sy and Sy is an
d-coreset of the points in Ss. Then, Sy is an ((14¢€)(1+ ) — 1)-coreset of the points
mn Sg.

Let A\ be the confidence probability parameter for the coreset we want to construct.
Suppose the points arrive in the order p1,ps,... and let P = (p1,...,pn) be the set
of points arrived so far. We partition P into ¢t + 1 subsets Py, P, ..., P; such that
|P;| = 2°T, where T = [¢k?/e3]. ‘

Let p; = /(b-(j+1)?) for a sufficiently large constant b, and 1+8; = ITJ_,(1+p;)
for j =1,...,[logn]. It is not hard to verify that 14+¢; < 1+¢ for all j. We maintain
a d;-coreset (); for the points in P;, where Qo = Fy. Thus, by composability of
coresets, U;>0@; is an e-coreset for points in P.

When a new point p,, arrives, we add it to Qq. If Qg contains fewer than 7" points,
we are done. Otherwise, let » > 1 be the minimum index such that @, is empty. We
compute a p.-coreset Q. of Ug;é ; with confidence parameter A, = A/m? and set
Q.. to be Q.. We also make all the sets Q; empty for 1 < j < —1. It is not hard
to verify that the total weight of the points in Q, is 2"~ 'T.
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Note that here we need to compute coresets of weighted points. We can trivially
extend our coreset construction algorithm in the sequential setting to handle points
with integer weights. For example, for a point p with weight w, now we treat it as
the point p with w copies. Instead of using the algorithm of Indyk at the start, we
use our algorithm in Section 7.4. Thus the algorithm can be implemented where the
space complexity is linear in the number of points.

Next we claim that @@ = U;>0Q); is an e-coreset of the points received so far
w.p. at least 1 — A. First, note that @, is constructed by computing a p,-coreset
of U;;(l)Qj. By applying Observation 7.62 repetitively, Q, is a (IIT_y(1 4+ p;) — 1)-
coreset of the corresponding subset of the input points w.p. at least 1 — \/m2.
Now for m > T, when p,, arrives, our computation fails w.p. at most A/m?. The
failure probability over all iterations is at most ZZL:T )\/m2 < XNforT > 2. As
II7_o(14p;) —1=1+9, <1+¢, the claim follows by composability.

Now, we bound the size of individual coreset @;. Note that |Qo| < T = [(k*/e%].
Also for i > 1, Q; is constructed for a subset of input points of size 2°~'T and with
error parameter p; = ¢/(b- (i + 1)?). Thus by Theorem 7.26, the size of Q; is

Ok? log(2" + T)(log(2" + T) + dlog(1/¢)) - i%/e®) = O(dlk*(logn)® /e*).

Hence, the total size of the coreset @ = Uirfg "1Q, is bounded by O(dlk2 (logn)? /e%).
In R%, we need O(d) space for storing each point, and thus we obtain the following
theorem.

Theorem 7.63. In one pass streaming model, a universal coreset for k-median clus-
tering of size O(d*0k*(logn)’ /e*) can be computed w.h.p.

7.8 Conclusions and Open Questions

In this chapter, we studied the widely popular fair clustering problem with k-median
and k-means objectives. Our universal coreset construction allows us to obtain the
first coreset for fair clustering in general metric spaces. The coreset size is comparable
to the best-known bound in the vanilla case. For Euclidean spaces, we obtain the first
coreset for this problem whose size does not depend exponentially on the dimension.
In the vanilla case, it is possible to construct coresets of size (k/¢)©(Y). Thus, an
interesting open question is to remove the dependence on d and (logn)°™ completely
from our coreset size.

The new coreset construction helps to design improved FPT constant-approximations
for a wide range of problems including fair clustering in general metrics and (1 + ¢)-
approximations in the Euclidean metric. However, for fair clustering, it is not trivial
to find an optimal solution on a coreset like in the case of other popular clustering
problems. This is true, as the assignment problem is not easy to solve in this case. We
give a novel algorithm for this problem that runs in time FPT parameterized by k and
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I'. We note that for (t, k)-fair clustering the factor of (k£)©*%) in the running time
of our algorithms can be improved to only (kﬁ)o(k), as in this case the assignment
problem can be solved in time FPT parameterized by only k. Designing a polynomial
time constant-approximation for fair clustering still remains an open question. Our
(1 + e)-approximation algorithms in the Euclidean case run in near-linear time. It
would be interesting to see if one can obtain similar (1 + €)-approximation in linear
time matching the bound of the vanilla case.
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Sampling Approach: Clustering with Miss-
ing Entries

In this chapter, we consider a generalization of the fundamental Euclidean k-means
clustering for data with incomplete or corrupted entries. It is a common occurrence
in practical applications that some features of data can be missing or unspecified.
Since missing pieces could significantly affect the information retrieved from the
data, handling such data is a pervasive challenge. Various heuristic, greedy, convex
optimization, statistical, or even ad hoc methods were proposed throughout the years
in different practical domains to handle missing data [8, 185].

Gao, Langberg, and Schulman in [96] proposed the following geometric approach
to the clustering of incomplete data. A d-dimensional data object that misses A
entries corresponds to a A-dimensional affine subspace in R%. This subspace is parallel
to coordinate axes corresponding to the missing coordinates. We call such affine
subspaces A-points. With this notation, a regular point in R? is a 0-point. The
distance between a A-point x and a point y is naturally defined as the minimum
distance between y and a point from z. In this setting, the classical k-means and other
clustering problems like k-median and k-center, can be defined on a set of A-points.
The only difference is that we minimize the corresponding objective function based
on the distances between the center of the cluster and the A-points from the cluster.
Note that in this setting the center of the cluster is a regular d-dimensional vector
with no missing entries. Gao et al.’s geometric model has the following explanation:
It provides the values of missing entries that are most suitable for clustering objective.
In particular, under the assumption that the set of “complete” data objects is well-
clustered, this approach yields the correct clustering.

From the computational perspective, the A-point clustering models are way more
challenging than their vanilla clustering counterparts. Most of the clustering algo-
rithms crucially exploit the fact that clustering occurs in a metric space. The major
obstacle of using these algorithms for the more general clustering problem is that

189
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the “distances” between A-points do not satisfy the triangle inequality. As Gao
et al. [96] wrote: “This problem defeats many existing algorithmic approaches for
“clustering”-type tasks, and for good reason—the geometry seems, in a genuine sense,
to be absent.”

While the definition of clustering of Gao et al. [96] is applicable to k-center,
k-means, and k-median versions of clustering, most of the work in this direction
concentrated on k-center. (In k-center clustering the objective is to minimize the
distance r such that every point is within distance r from at least one of the k
centers.) Only very recently the first approximation algorithm for k-means A-point
clustering was given by Marom and Feldman [155] for the special case of A = 1. We
discuss in details the literature relevant to our work in the next subsection.

The main result of this chapter is the following theorem, which is the first step

in the study of the computational complexity of k-means A-point clustering beyond
A e{0,1}.

Theorem 8.1. The problem of k-means clustering of A-points in R admits an
ATk log &)nQd

(1 + €)-approzimation algorithm with running time 2

Related Work Naturally, Theorem 8.1 provides a generalization of the seminal
result by Kumar, Sabharwal, and Sen [137] to clustering of A-points. Recall that
there Kumar et al. gave a (1 + ¢)-approximation algorithm for Euclidean k-means
that runs in time 2/9°"nd. If we consider A to be a parameter together with
k, our algorithm is an FPT approximation scheme with the same kind of running
time as their result, Moreover, the general shape of our algorithm stems from their
approach as well, although clustering of A-points presents considerable challenges
compared to regular points in R?. We discuss these connections in more detail later.

Clustering of A-points was defined by Gao, Langberg, and Schulman [96]. (They
call A-points axis-parallel A-flats.) In [96] and the consecutive work [97], Gao et al.
developed several constant factor approximation algorithms for k-center clustering of
A-points and lines. Lee and Schulman [141] gave a (1 + ¢)-approximation algorithm
for k-center A-point clustering that runs in time 20(Aklogk(1+1/e*)) g On the neg-
ative side, they show that even if one of k or A (but not both) is a fixed constant
greater that 3, it is NP-hard to decide whether there is a k-center A-point clustering
of value 0. This implies that there is no approximation algorithm running in time
polynomial in n 4 d + k, respectively polynomial in n+ d+ A, for any approximation
factor for k-center as well as k-median and k-means clustering of A-points. Eiben
et al. [81] provide a thorough study of different variants of k-center with incomplete
information.

A number of results on k-means and k-median clustering of lines can be found
in the literature. Ommer and Malik [163] studied k-median clustering of lines in
R3. Their algorithm does not have any approximation guarantee and can run for
unbounded time. Perets [168] gave an algorithm that in time n(logn/e)®*)d finds a
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(1 + ¢)-approximate solution for k-median line clustering in R2. Finally, Marom and
Feldman in [155] gave the first PTAS for k-means clustering of lines by providing an
(1 + &)-approximation algorithm of running time f(k,d,e)nlogn. The algorithm of
Marom and Feldman follows from the construction of a coreset of size dk©*) log n/e2.
Comparing Theorem 8.1 with the result of Marom and Feldman, since every 1-point
is a line, their result implies a PTAS for k-means clustering of A-points for A = 1.
However, Theorem 8.1 implies PTAS only for axis-parallel lines. To the best of our
knowledge, no approximation algorithm was known for k-means for A > 1.

Overview of the Algorithm In order to describe our algorithm, let us recall
roughly the argument of Kumar et al. [137] for the case when A =0 and k = 2. Let
P denote the set of points in the instance, let (P, P») be an optimal partition of P
such that |P;| > | Pz|, and let (c1, c2) be the optimal cluster centers for this partition.
The algorithm starts by picking at random some s = s(¢) points S C P. Because
|Py| > |P,|, it means that with constant probability, all these points belong to Py
and the center ¢ of S gives a good approximation of c¢;. Once this is achieved, the
algorithm tries to sample inside P, in order to get an approximation of cy. Because
| P1| can be very large compared to |P,|, the algorithm needs to remove some elements
of P from the sampling pool. What Kumar et al. show is that, if ¢ denote the distance
between ¢; and cg, then the ball B of radius ¢/4 around ¢} contains only elements
of P;. Moreover, they show that either P, is large compared to P, — B or the
solution containing only one cluster with center ¢} is a good enough approximation.
Therefore, by guessing an approximation of B, the algorithm is able to sample inside
P, with constant probability and thus obtain a good estimate c for cs.

Let us now explain some of the difficulties encountered while trying to generalize
this argument to A-points. Let P denote an instance of 2-clustering with A-points
and let (Py, P») be an optimal clustering with centers (¢1,cz). The first problem we
encounter is that sampling elements of P; might not give a good approximation for c;.
Indeed, suppose, for example, that for almost all the points in Py, the first coordinate
value is missing. In that case, almost surely, a constant number of randomly sampled
elements of P; will be such that for all of them the value of the first coordinate is
missing, and we get no information about the value of ¢; on this coordinate. However,
we can show that the number of such “bad” coordinates is at most A. This means
that we can obtain a good approximation of ¢; on some set of coordinates I; such
that |I;| > d — A. Let us call this approximation w;. Moreover, a large portion of
the elements of P; will have all their missing values outside of I;. For these points,
uy contains all the information necessary to decide whether they belong to P; or not.
So the algorithm will then guess these points and remove them from the sampling
pool (we will come back to how exactly this is done later). Afterward, either P; is
large enough so that we can sample inside this set with good probability, or what
remains of P is still larger than P». In the last case, we can sample in P; to obtain
information on the value of ¢; outside of I;. The first time we sample inside Py
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we get information about d — A coordinates, and with each of the subsequent set
of samples, learn at least one new coordinate. Hence we only have to do 2(A + 1)
sampling steps to obtain an estimate of all the coordinates of ¢; and cs.

However, the major problem that we face is how to find the elements of P;
with missing values outside of I; to remove from the sampling pool. The triangular
inequality does not hold for A-points, and in particular, if ¢ is the distance between ¢y
and cqg, it is not true that the ball of radius ¢/4 around ¢; does not contain any point
of P,. What we are able to prove is that the above holds if we exclude a certain small
set of coordinates from the computation. Namely, if I; » is the set of indices obtained
from [d] by removing the A indices that maximize |cq[r] — ca[r]| over r € [d], then
for t' = disth’z(cl, c2) (i-e., the distance between ¢; and ¢y when considering only
coordinates in I 2), no point of P, is at distance less than ¢'/4 from c¢;. Moreover,
we can also show that either the ball of radius #'/4 around c; removes enough points
from the sampling pool, or the coordinates of I; o are “useless”, meaning that we
can set the two centers to be equal on these coordinate and still obtain a good
approximation. The main difficulty here is that we do not know the coordinates I; o
and guessing this set would add a factor (g) to the running time, which we can not
afford. We will show how to deal with this problem in Section 8.2, which is the main
technical part of our proof.

8.1 Notations and Preliminaries

As the problem of clustering A-points is considerably different from the regular Eu-
clidean k-MEANS, we introduce a variety of notations that will help to present our
algorithm in a concise manner. We list these chapter-specific definitions in this sec-
tion, together with some simple observations about the structure of our problem.

Points with Missing Coordinates

As explained above, the goal of this chapter is to study clustering of points in R?
with missing entries in some coordinates. Let us denote the missing entry value by
“?” and let H? denote the set of elements of R? where we allow some coordinates
to take value “?”. We say that a point x = (z[1],...,z[d]) in H? is a A-point, if at
most A of the coordinates x[i] of x have value “?”.

Definition 8.2 (Domain of a point). For an element x € H%, we call the domain
of x, denoted by Dom(x), the set of coordinates i € [d] such that x[i] # 7.

Definition 8.3 (FD and PD points). For a set S of elements of H? and a set T
of indices in [d], corresponding to coordinates, let FD(S,I) denote the set of points
in S that are fully defined on I, i.e. x € S such that Dom(x) C I. Formally,

FD(S,I) ={x € S | Dom(x) C I}.
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By PD(S,I), we denote the set of points in S that are partially defined on I, i.e.
x € S such that Dom(x) NI # (. Formally,

PD(S,I) ={xe S | Dom(x) NI # 0}.

With a slight abuse of notation, in all the definitions here and next that concern
a particular set of indices I C [d], we might use ¢ € [d] instead of {i}, i.e., PD(S,i) =
PD(S, {i}).

For elements x,y € H? and a set of coordinates in I C [d], we define

dist! (x,y) = Z(XM —yli])?,

i€l

where by convention if either y =? or x =?, then (z — y)? = 0. When I = [d], we let
dist(x,y) = dist’(x,y). Note that dist(x,y) corresponds to the standard Euclidean
distance when x and y are elements of R?. For a set P of elements of H% and a set T
of coordinates, we denote by c¢!(P) the “mean” of P on the coordinates of I. That
is, ¢/ (P) is the element of H? such that for every i€ I,

EXEPD(P,i) x[i]

|PD(P,3)|

2 . N
I P=1 if PD(P, 1) is empty,
otherwise.

When I contains all elements of [d], we let ¢(P) = ¢! (P). For an element y € H?,
a set X of elements of H? and a set I of coordinates in [d], let us define

f1(X,y) =) (dist! (x,y))*.

xeX

Note that if I; and I, are disjoint sets of coordinates, then f12°71(X,y) = f1* (X, y)+
$2(X,y). For I = [d], we write fo(X,y) = fi(X,y).
For a set (P;);epy of subsets of H? and a set of points (€i)iek), we set

Val((Pi)iE[k]; (Ci)ie[k}) = Z fz(Pi,Cz').

i€[k]

Lemma 8.4. For every point x € H%, set of points P C H%, and set of coordinates
I C [d], it holds that

f3(P,x) = f3(P,c(P)) + Y [PD(P,4)|(x[i] — e(P)[i])*.
i€l

In particular,

fI(P,x) < fH(P,c(P)) + |PD(P, I)| dist(x, c(P))?.
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Proof. For an index i € I, we have

fBPx) =Y (Vi) - x[])?

vePD(P;i)

= Y (vlil = e(P)li] + e(P)[i] — x[i])?
vePD(P;i)

= > -+ D> (xli] - e(P)i)?
vePD(P,i) vEPD(P,i)

because >, cpppq (V][] — ¢(P)[i]) = 0 by definition of ¢(P). This means that
fi(P,x) = fi(P,c'(P)) + |[PD(P,4)|(x[i] — ¢(P)[i])?. We conclude by summing over
all i € I. O

k-Means Clustering of A-Points

Let us define the k-MEANS problem for A-points. Given an instance P of n A-points
in HY, the task is to partition P into k sets (P, ..., P), which we will refer to as
clusters. A solution also consists of a set of centers (ci,...,ck) and the objective
is to minimize Zie[k] f2(P;,c;). Note that, by Lemma 8.4, for a given cluster P,
the optimal center is exactly c(P;), and we can equivalently minimize the objective
value ;e f2(P5, ¢(F;)) over all partitions (Py,..., Py). Furthermore, note that if
Dom(x) = 0, then x always contributes zero to 3, f2(Fi, €i), so we can assume
that Dom(x) # ) for all x € P, and, consequently, A < d.

From now on we fix an instance of the A-point k-MEANS problem, and denote
by P the corresponding set of A-points in H?.

Partial clustering. Suppose (P, ..., P;) together with centers (cq,...,cx) is an
optimal solution. As explained earlier, the goal of our algorithm is to discover the
centers of the clusters step by step, while assigning some elements of P to some
clusters. For this purpose we define the notion of partial clustering. We say that
integers (nq,...,ng), sets (Hy,...,Hg), (I1,...,Ix) and points (uy,...,u;) form a
partial clustering if for every ¢ € [k]:

- H; is a set of elements of P,

- n; is an integer in [A + 1],

- I; is a set of indices in [d],

- if n; > 0, then |I;| > d — A+ (n; — 1),

- if n; =0, then I; and H; are empty, and

- u; is a point of H? such that Dom(u;) = I;.
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Intuitively, for every i € [k], H; is a set of points which are already assigned to
the cluster 4, u; is a partially discovered center of the cluster, and I; represents the
coordinates where u; is already specified. As we will incur some error each time we
are performing a sampling step, the values n; represent the number of sampling steps
that has been done for guessing u; on I;, and the fact that I; >d — A+ (n; — 1) is
used to show that the number of sampling steps performed before reaching a point
where [; = [d] for each i is just O(A - k). Let R denote the set P — (U,c; Hi) of the
points in P that are not yet assigned to a cluster.

For a partial clustering P = {(n4)icfr), (Hi)ick]s (Is)iek), (Wi)icik] }, an extension
is a partition (P;);cy of the elements of P such that for every i € [k], H; C P]. We
say that the points (c});ex) are the centers associated with (P});e)

if for every i € [k], ¢; and u; are equal on the coordinates of I; and ¢} is equal
to c[=1(P!) on [d] — I;. The value of an extension (P});c[x With associated centers
(c))icr)> denoted val((P));epx), is equal to val((P)ien, (¢})iek)). The value of a
partial clustering P, denoted OPT(P), is the minimum value of an extension (F;);c]
of P. We call the extension optimizing this value optimal.

Observation 8.5. Let P = {(ni)ick), (Hi)ick]s (Li)ie)> (Wi)iepk) } be a partial clus-
tering and x € R such that Dom(x) C I; for all i € [k] and fo(x,u;) is minimal
among all the fa(x,w;). The partial clustering obtained from P by putting x in the
set H; has the same value as P.

Proof. Tt follows from the fact that, for any extension with associated centers (c;);cqu,
fa(x,c}) = fa(x,u;) for every i € [k]. O

Therefore from now on, we can assume that no point of x € R is such that
Dom(x) C I; for all i € [k]. The previous statement and the conditions on |I;| imply
the following remark:

Observation 8.6. If P = {(n:)ick), (Hi)icik]s (Ii)ick), (0)icpy) } 45 a partial cluster-
ing such that 3y ni = k(A +1), then U;epy Hi = P

Let P = {(ni)iem] (Hi)iemw), (1i)icik]s (Wi)ieky} be a partial clustering, and let
(P;)ic) with centers (c});ex) be its optimal extension. Let us denote R; = RN F;.
The goal of the algorithm is to sample some of the elements of R in order to guess,
for some i € [k], coordinates of ¢} which are not in I;. To do so we need to make sure
that our sampling avoids elements x of R; such that Dom(x) C I; (x € FD(R;, I;)) as
these elements do not provide any information about [d]—I;. The goal of the following
section will be to cluster some of the elements of FD(R;, ;) in order to make this
set small compared to R. Note that we might need to consider an extension which
is not an optimal one.

8.2 Finding a Proper Partial Clustering

This section is devoted to the proof of the following lemma:
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Lemma 8.7. Let P = {(n4)iek), (Hi)iew), (Li)ielk), (Wi)icx)} be a partial clustering.

For every constant o € R>g, 0 < o < 1, there exists an algorithm running in time

O(ndk), that with probability at least (m) either:

- Returns a partial clustering P’ = {(n;)ie[k], (H})ielx)» (Iz()ie[k]7 (u;)ie[k]} with
OPT(P') < (1+ a)OPT(P) and 3=,y mi > Y icppy s OF

- Finds a set B of elements of R such that there exists an extension (P});cx of
P with value at most (1 4+ a)OPT(P) and such that B € U, FD(F, 1;) and
for every i € [k], there is an index j € [k] such that [PD(P] N R,I; — I;)| >
=% |[FD(P/ N R, I,) — B|.

The Lemma 8.7 will serve as the base for one step of our algorithm in Section 8.3.
The basic idea behind our main algorithm is to iteratively extend the partial clus-
tering, until we get a clustering of P. In each step it computes a partial clustering
P= ()i (Hieps (I)icp: (Wiegq} with OPT(P') < (1 + a)OPT(P) and
Die(k] i > Dieqk) M With high enough probability. Observations 8.5 and 8.6 then al-
low us to conclude in at most k(A+1) steps. Note that the first case of the Lemma 8.7
is precisely what we want. On the other hand, the second case, together with the fact
that there are at most k clusters and the pigeonhole principle, will allow us to show
that there is an index r € [k] such that [(P.NR)—FD(P.NR,I,)| > h(k, A, a)|R— B
for some function h depending only on k, A, and o and (P.NR) —FD(P.NR,I.) C
R — B. Hence we can with sufficiently high probability, by sampling in R — B, obtain
some points from (P, N R) —FD(P.N R, I,) and a good approximation of the center
¢, on some coordinate outside of I,.

8.2.1 Overview of the Proof

Before presenting our quite technical proof in the next subsection, let us first explain
some of the ideas and difficulties encountered. Let

P ={(ni)iem), (Hi)ic)s (Li)iem), (0i)icik) }

be a partial clustering and (F;);e[r) be an optimal extension with the associated
centers (c;);ec[x)- Let us denote R; = P; N R for every i € [k].

Suppose first that A = 0 and let (c;);e[x) be the centers of an optimal extension.
Kumar et al. [137] proved a similar statement as Lemma 8.7, where the first condition
is replaced by the statement that two centers can be equal. To do that, assuming
that they have a good approximation u; of one center c;, they consider the ball B
with center u; and radius ¢/4 where ¢ is the minimum over all j € [k], j # i of
the distance of c; to the other centers c;. Because u; is a good approximation, B
contains only elements of P;. Moreover, they are able to show that either |P;| is
large enough compared to |P; — B, or putting all the points of P; in P; gives a good
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approximation. Unfortunately, this property is not true anymore for A-points with
A > 0.

First note that in the case when A > 0, as opposed to Kumar et al. [137] where
all approximate centers u; are either in R? or not set at all, we have approximate
centers that are partially set. Now, if we have some two centers u; and u; and we
want to extend u; to some coordinates in Dom(u;) — Dom(u;) = I; — I; then even if
t = dist’i71 i(uy,c J), it might not be true that the ball with center u; and diameter
t/4 contains no elements of P; which makes the previous argument considerably more
difficult to make. To overcome this problem we will consider the coordinates r in
I; — I; where dist" (u;, c c}) is large, separately one by one.

Let us now fix an index ¢ for the rest of this subsection. For every j € [k], let

Jj =1; — I, let i{, .. ,iljjj‘ be the coordinates in J;, and let dJ = dist’ (uZ7 c}) for
all » € [|.J;]]. Without loss of generality, we can assume that d] > dj > --- > d| I

<
We distinguish two cases depending on whether |J;| > A + 1 or not.

Case 1: |J;| > A+ 1. Let us denote by J; the set {i£+1,... } and let &/ =

Y151
dist”s ' (u;, ¢}). Note that in this case it follows from the definition of partial clustering
that I; = 0, n; = 0, and, consequently, J; = I,.

Lemma 8.8. For every j € [k]\ {i} such that I; = 0 and every x € R; such that
Dom(x) C I;, it holds that dist(x,u;) > d’ /4.

Proof. First observe that if ¢/ = 0, then the lemma trivially holds and we can
assume for the rest of the proof that d? > 0. Now, note that |I; — Dom(x)| < A
and |I; — Ji| = A. Because both sets (Dom(x) and J}) are subsets of I;, we have
[Dom(x) — J}| > |J; — Dom(x)|. Moreover, by the definition of J; and because
Dom(x) C I; we have that Dom(x) — J; C {i1,...,75}. Since di,...,d)\ are larger
than any dJ for r > A, we have that dist”°™®) (u;, c))>d.

For the sake of contradiction, let us assume for the remainder of the proof
that dist(x,u;) < %j. Since Dom(x) C I;, we have dist(x,c}) = dist(x,u;) and
dist(x, c}) < d%. Moreover, because (P;)c(x) is optimal, we have that dist(x,c’) <
dist(x,c}) < dzj. Finally, since x, u;, and c} are points without any “?” on
Dom(x), the triangle inequality implies that distP°™®) (u,, c;) < distPomC) (u,, 2) +
distPomt) (x, ¢/ )< Qd— which contradicts dist?o™®) (u;, ¢/, ) > O

Given the above, we show in the following lemma that the set of elements in
FD(R, I;) at distance at most d? /4 from u; is basically what is sufficient to include
in the set B of elements in R for the index i to satisfy the second case of Lemma 8.7
with a caveat that if it is not the case, then we can actually set u; to be the same as
u; on the coordinates of Ji without introducing too large error.
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Lemma 8.9. For every constant ¢ > 0 and every index j € [k] \ {i} such that
I — I; > A, if B denotes the set of all elements in FD(R, I;) at distance at most
&’ /4 from u;, then:

- Either [PD(R;, J}) — B| > c|P; — BJ;

- or fzjj (Pj,lli) — f;j(Pj,C;) S 16cf2(Pi,ui).

Proof. Recall that I; — I; > A implies that I; = () and by the definition of par-
tial clustering we have n; = 0, H; = () and consequently P; = R;. Suppose that
[PD(R;, J;) — B| < c|P; — B| (otherwise we are done). We know that fa(P;,u;) >
|P; — B|(d?/4)* as all the points of P; — B are at distance at least (d?/4) from u;.
By Lemma 8.8, we have that

IPD(R;, J})| = |PD(R;, J;) — B| < c|P; — B].

7073 J

However, by Lemma 8.4,
J! J! .
fo' (Rj,wi) — f37 (R, c5) < [PD(Ry, J})|(d)?,

which implies that

7 7 7 7
[ (Pjywi) = £/ (Py,c}) = [/ (Rj,w) — fo (Ry, €}) < 16¢f2(Pi, ;).
O

Now let j be the index that minimizes d/ among all indices j’ in [k] \ {i} for
which I;; = 0 (i.e., an index j such that &/ = minjle[k]\{i}Jj/:@{dj/}). Then the set
B ={x € FD(R, I;) | dist(x,u;) < d’/4}, i.e., the set of all the elements in FD(R, I;)
at distance at most d? /4 from u;, does not contain any element in Uj Elk\i, =0 R
(that is, any element of R;/ for every j' € [k] \ {i} with I;; = (). Furthermore, we
have that

- either |PD(R;,J;) — B| > ¢|R; — B,

Jh Jh
cor fo! (Rj,u1) — fy/ (Rj, ¢5) < 4ol fo( Ry, uy).

When the first inequality occurs, this is the good case. Basically it means that

PD(R;, J}) is large enough so that sampling in R— B avoids FD(R;, I;) with constant

probability. Note that even though we do not know d7, we can get a superset of R— B
of size at most 2|R — B| with probability loén by taking g furthest points from u;
for some r € [[logn]]. To deal with the case when the second inequality holds, let

us first show the following lemma, which will be useful throughout the paper.
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Lemma 8.10. Let P = {(n:)iek), (Hi)iek)> (Li)ielk), (Wi)icx)} be a partial clustering,
(P;)icqr) be an optimal extension of P with associated centers (c})ic(x], and C' € Rx.
If there exist two indices i,j € [k] and I' C I; such that I; is empty, |I'| > d—A, and
(Pj,u;) — fQI/(Pj7c;) < Cfs(P;,u;), then the partial clustering P’ obtained from
P by setting I; = I', u; the element of He equal to u; on the coordinates of I' and
“?” on the rest and n; :=1 is a partial clustering of value at most (1 + C)OPT(P).

Proof. Indeed, (P;);c[x) is an extension of P’. Let C; be the point of H¢ such that

(), = {(ui)r ifrel, (8.1)

(c}), otherwise,
and let Cy = ¢, for s € [k] \ {j}. Then

val((Py)iein, (Ci)iey) < val((Ph)iemy, (€))iem) + Cf2(P ;)
< (14 C)OPT(P). 0

This means that the extension P’ obtained by applying the previous Lemma with
I'=1J J’ satisfies the first property of Lemma 8.7. A major problem is that we do not
know J j’ and in the worst case there are d® possibilities for .J J’-, so guessing a feasible
set I’ for Lemma 8.10 is not an option here. We postpone dealing with this problem
for later and switch our focus to the second case.

Case 2: |Jj| < A. Let r = |Jj|. Recall that i{,...,i denote the coordinates of
Jj = I; — I; and r is such that di is minimal. Let us denote by B; the ball of
elements of FD(R, ;) at distance at most dJ from u;. We show now that we can
adapt Lemmas 8.8 and 8.9 to this setting as well.

Lemma 8.11. Suppose j € [k] is such that I; — I; < A, if x € PD(R;,I; — I;), then
dist(x,u;) > d?. /4.

Proof. Let i’ be the index of I; — I; such that i € Dom(x). By the choice of i/, we
have that disti/(ui, cj) > dJ, and the triangle inequality allows us to conclude. [

Note that this time the set of elements of FD(R, ;) at distance at most d’./4 from
u; can contain some elements of R;, but only those such that Dom(x) C I;, which
are the “useless” ones for our sampling as they do not give any information for the
coordinates outside of I;. An analogous proof to the one of Lemma 8.9 gives the
following result:

Lemma 8.12. For every constant ¢ € R>o and j € [k] such that r = |I; — I;| < A,
if we denote by B the set of elements of FD(R, I;) at distance at most dJ./4 from uy,
then:
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- Either |PD(R;,i) — B| > ¢|R; — BJ;

< or far (Rjyw) — far (Ry, ¢) < 16¢fa(Py,uy).

Again the first case is the good one, as B then provides a set such that drawing
a sample from R — B has constant probability to avoid FD(R;, I;). In the second
case, however, it means that setting I; = I; Uil and (u;), := (u;), gives a partial
clustering of value at most (14 16¢)OPT(P). In that case, we can guess the index 4
uniformly among I; — I; and succeed with probability at least 1/A. Since we do this
only when I; is non-empty, and thus of size at least d — A, the number of times we
can do this for each j € [k] is at most A. In total, it means that we will perform this
guessing only kA times, and it will only contribute (A)*2 to the time complexity.

Therefore the main problem we have to overcome is the case |I;| = 0 and

f2 ( i, U;) — f2 ( %5, €5) < 16¢fa(P;,u;) where we do not know J;. The main idea is
the following. Recall that j is the index of [k [ \{i} such that I is empty and d’ is min-

imal among all such indices. Suppose f2 ( u;) — f2 ( i, €5) < 16¢f2(P;,u;) and

now consider the next smallest distance d/’ and B’ the set of elements of FD(R, I;)
at distance at most d/ /4 from u;. If [PD(R;/ 1, J5) = B'| > ¢|P; — B'|, then we almost
have the set that we want, except that some elements of FD(P;, ;) can belong to
B’. The idea will be to move these elements to P; so that B’ satisfies the desired
properties for this new extension. While we are able to control the value of the new
extension, as it increases by at most 16¢f>(P;, u;), the fact that it stops being an
optimal one creates some problems. Moreover, since we want to do this for each
i € [k], we have to also impose some control over the centers associated with these

extensions. This is the goal of the next subsection.

8.2.2 Extensions and Useless Sets of Coordinates

Let us fix some partial clustering P = {(n:)iepr), (Hi)iew), (Li)iek), (Wi)iew}- By
Observation 8.5, we can assume that for every index i € [k] such that I; — I; is empty
for every j € [k], no point x satisfying Dom(x) C I; belongs to R. For the rest of
this section, P will be fixed, and any extension (P]);cpr) will refer to an extension
of P unless stated otherwise. We say that an extension is safe if for every x € R
and every 4,j € [k] such that Dom(x) C I; and Dom(x) C I;, x € P/ implies that
dist(x, ¢}) < dist(x, c}).

As explained before, the hard case is when |I; — I;| > A, which means that I; is
empty. To deal with this case, let us first introduce the following notion of useless
sets of coordinates. Let ¢t € R>q, i,j € [k] such that [; = ) and I; # 0, let (P, )Ze[k]
be an extension of P, and finally set R; = P/ N R. A set of indices Z; ; C I; is a
t-useless set of coordinates for (P});cp if

- Z; ; is either empty or of size at least d — A, and
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- [ (R ) — f3 (R, ) <t OPT(P).

To simplify the quantifications over ¢, j € [k] where Z, ; appears, we define t-useless
sets of coordinates to be empty sets when I, = () or I; # 0. Intuitively, Z, ; corre-
sponds to a set of coordinates such that setting u; to be equal to u; on these coordi-
nates still gives a good partial clustering. The whole argument revolves around mod-
ifying the extension by “moving” some elements of some R; into some R’. However,

by doing this we might change the values of |fQZJ (Rj, ;) — f2 " (R}, c}))|, especially
we might change the centers associated with the extension. The next lemma allows
us to have some control of what happens for t-useless sets of coordinates when the
changes are “small”.

Lemma 8.13. Let (P});cx) be an extension with associated centers (c;);c) of value
at most (1+t1)-OPT(P) and (Z; ;) je[w be t-useless sets of coordinates for (P});ei)-
Let (P} )iclk] be another extension of P, and denote by X the set of points of P

belonging to different clusters in (Pl)le[k] and (Py)icpy. For every x € X such that

3

x € P and x € P! for some r,s € [k], let F(x) = fa(x,c.) — fa(x,cl). If

T

- for every x € X and r € [k] such that x € P}, Dom(x) C I, and
- 2pex F(x) < t2- OPT(P),
then (Zi ;)i jerr are (t +t1 + t2)-useless sets of coordinates for (Pl)icqy-

Proof. Let (c});ep be the centers associated with the extension (P!');cpy and for
each r € [k] let Rl = RN P!. Note that by the definition of X, for every r € [k],
every element x of P} — P’ is such that Dom(x) C I,.. In particular, if for some
r € [k] it holds that I,, = (), then P} C P! (as we assume that no point x in P is such
that Dom(x) = 0).

Moreover, the t-useless sets of coordinates Z; ;, for some i, j € [k], are only defined
in the case that I; = (). This implies that, for all 4,j € [k] such that Z, ; is defined,

it holds that:

fE(Phowg) < f79(Plow) and £ (P wg) < TP (P, (8:2)

Suppose now that for some ¢,j € [k] such that Z;; is defined, it holds that
fZii (P} 1 cr) < fZui (P! c) — (b + tg)OPT( ). We want to reach a contradiction
1)icik is smaller than OPT(P). For this
purpose, let C; be the element of R? equal to c; on the coordinates of Z; ; and to c/;

j
on the rest of coordinates, and let C, = c.. for r € [k]\ {j}. By the definitions of X,

by showing that in this case the value of (P,
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F(e), f2(e,e), and by (8.2), we have that

ST R(BLC)+ BIT7(PL )

re(k],r#j

S R(PLC)+ Y F) + A7(PLC). (8.3)

relk],r#j reX
Note that
Val((Prl)re[k] (Cr)remr) Z Ja(P, )+ f2 Zid (le, Cj)+ fQZ” (le, c;)
rek],r#j
and
[d]—-Z;,; 44
Val((P Jret)s (€1)re k] Z fo(P,Cr) + fo ( )—I—f2 ( j,cj)
relk],r#j

Hence the inequality (8.3) together with our assumption implies that

val((B)repi (Cr)rem)
< Val(( )re[k] ( )re[k]) +1i2- OPT(P) - (tl + tg)OPT('P)
< OPT(P),

a contradiction. This means that
(1 (Pjoeh) = 7 (P)oe))) < (41 + 12)OPT(P),
and thus

£ (P ow) — f3 0 (Phc) < £ (Plowg) — £y (PLc))
< (#7p -,u> 12 (P)e)

+ (#5(P ) = £ (P )
< (t+ 1t +t2) - OPT(P). O

An important part of the proof of Lemmas 8.8 and 8.11 is that the extension we
consider is optimal. This allowed us to say that picking balls of small radius around
u; will contain only elements of P/. Since we have to handle extensions which are
not optimal, we have to require similar properties for them. This is the role of the
next definition.

For an extension (Fj);c[y with associated centers (c) and a t-useless set of co-

J
ordinates Z; ; for some i, j € [k], we say that Z; ; is compatible with (P;);cpy if
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- there is no element x € P such that Dom(x) Z I; and Dom(x) C Z; ;; and

dist(x,c})

- there is no element x € P} such that Dom(x) C I; and dist(x, u;) < 5

Note that the factor 1/2 here might seems strange, since if dist(x, u;) < dist(x, ),
putting x in P/ decreases the value of the extension. However, the problem with the
definition without the factor 1/2 would be the following: suppose we have an exten-
sion (P;)ic[x]; a set of t-useless sets of coordinates Z; ; and the goal is to make Z; ;
compatible with (P/ )icik]- To do so, suppose we move iteratively elements x € PJ’»
such that Dom(x) C I; and dist(x, u;) < dist(x,c}) to P/ (where ¢’ is the updated
center), until there are no such elements. The value of the extension can only de-
crease after this modification. However, we have to show that the (Z; ;) are still ¢/
useless for some bounded t'. As we have seen in Lemma 8.13, if we have some upper
bound on the sum of f2(x,c;) — f2(x, c}) over the elements x which are moved, then
we achieve our goal. If dist(x,u;) < dist(x,c}), it doesn’t seem like we can have

Leoq dist(x,c’;) .
control over these values, however if dist(x,u;) < distlxcy) every time we move an

element x, the value of the extension decrease by at least fa(x,c..)/2. This means
that if we start with an extension of value (14 ¢;)OPT(P), then the sum of fa(x,cl)
over the elements x which are moved is bounded by 2¢;OPT(P) and we can apply
Lemma 8.13. This will be the main argument of the next lemma.

Lemma 8.14. Suppose (P]);c[ is a safe extension of value at most (14t,)OPT(P)
with associated centers (c’;) and (Z;j); jew are compatible ty-useless sets of coor-
dinates for (P{)icp. If there exist i,j € [k] with I; # 0 and I; = 0 as well as a
set I; j of coordinates in I; such that |I; j| > d— A, I, ; € Z; j, and fQIi’j(P;,ui) —
fQI] (Pj,c}) < t3 - OPT(P), then there exists a safe extension (P})icpw of P with
compatible 3t; + 2t3 + to-useless sets of coordinates (Zz-lyj)iyj such that the value of
(P1)icp is at most (1 + t1 + t3)OPT(P) and ek 1z} 5| > Sigem 125l

Proof. Define Z}; = Z; ; U I; ;, and note that |Z};| > |Z; ;| and |Z},| > |d — Al.
Let Zj, j; = Zy j for any other pair i’,j" € [k]. Note that Z} , is still a compatible
t-useless set of coordinates for (P/);cx). Because fQIJ (P}, u;) — f217(Pj’,c;) < g -
OPT(P) and Z, ; is to-useless, we get that Zl{j is a t3 + to useless set of coordinates
for (P)ien-

Consider now the extension (P}),¢[s obtained from (P)), ¢ by putting in P/ the
set X; of elements x € P; such that Dom(x) Z I; and Dom(x) C Zil’j. Let us define
a sequence (PTQ)TE[;C], ... (P8) ek of extensions with the associated centers (cg)re[k],

.., (¢%),¢px)- For each s € [g—1], we obtain the extension (P11), ¢ from (P), e
as follows. If there is an element in P7 such that Dom(x) C I; for some ¢’ € [k] and
dist(x,uy) < w then we get (P7*!),cp from (P?),cpr by moving x from Pj
to P5. If there are multiple choices, we simply take any ¢ such that dist(x,u;) is
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minimal. Note that throughout this process, we are only removing elements from P;
to put it in another P}, which means that this process has to stop after at most |P}|
steps. Let (P)).¢px) be the final extension of this process. Note as well that since
we only add to P} elements x such that Dom(x) € I, it means that c, = ¢}, for
every ¢/ different from j. Denote by X5 the set of all elements we moved between
(P})rep) and (PY)repi), that is, Xo = P/ — Pj. For x € X, such that x € P/, let
fx) = falx,¢;).

Claim 8.15. >, f(x) <2(t1 +t3)OPT(P).

Proof. Since fQIJ( w) — fi9 (P %,¢) <tz - OPT(P), we have that (P}).cp has
value at most (1 + t1 + t3)OPT(P). However, suppose x is such that x € P} and

x € P+ for some 7 € [k] \ j. It means that dist(x,u,) < w and:
val((PSt ) repy) = val((P)rep) + (dist(x, uy)? — dist(x, c(Py))?)
< val((P)refk)) — 3fix)
Since val((P}");ex) > OPT(P), this ends the proof of the claim. O

Overall, if we set X := X; U X5, then we can apply Lemma 8.13 to show that
each ZZ-1,7 ;v 18 a 3ty + 2t3 + ta-useless set of coordinates for i',j" € [k]. Moreover, since
we only move elements of P; and ¢, = ¢/ for every other r € [k] \ j, the extension

(P")refk) remains safe. F1nally we can verify that the (Z} .,) are compatible with

I I jI
(P")rew) as well. Indeed, for every i’ € [k:] Z}, ; is compatible with (P)).efx by
the definition of X. For every j' # j and ¢’ € [k], we have that Z}, jo = Zirj» and

thus since Z; j is compatible with (P;);c;) and the elements x of P!, — P!, are
such that Dom(x) C I/, there is no element x € PJ; such that Dom(x ) € I;; and

Dom(x) C Zj ;,. Moreover, since ¢, = c/,, we have dlst( x, c},) = dist(x, ¢, ), which

j J
means that there is no element of P such that dist(x,u;) < w. Finally for

every x € Pj; — P, dist(x, c},) = dist(x, u;/), which ends the proof, as we chose j'
as the index such that Dom(x) C I;» and dist(x, u;/) is minimal. O

The next lemma is the main technical part of this subsection.

Lemma 8.16. Let t € Rxg, let (P} )ze[k] be a safe extension of P with value at
most (1 +t)OPT(P) and for every i,j € [k| let Z; ; be a compatible t-useless set of
coordinates, such that (Z; ;) are compatible with (P});ck). One of the following holds:

- Either Z; ; = I; for one pair i,j € [k] such that I; # 0 and I; = 0; or

- There exists i,j € [k] such that I, and I; are nonempty and f2 (Pj,u;) —

11(PJ’, c}) <t- fa(R},w;) for some index il el —Ij; or



8.2. Finding a Proper Partial Clustering 205

- There is an algorithm running in time O(nkd) that returns for every i € [k] a
set T] such that T C FD(R}, I;) and |PD(Pj, I;—I;) = T]| > 3|FD(R}, I;) —T]|

for some j € [k] with probability at least (@)k; or

- There exists an extension (P);cp of P with compatible (5t + t?)-useless sets
of coordinates (Zil,j)i,je[k] such that the value of (P})ie) is at most (1 +

2
%%)OPT(P) and Zi,je[k] ‘Zzlj‘ > Zi,je[k] |Zi 51

Proof. Let ¢ = t/32. If Z; ; = I, for one pair 4,5 € [k] such that I, = () and I; # 0,
then nothing needs to be done, so let us assume this is not the case. Let F' be the
set of indices 4 € [k] such that I; is empty and G = [k] — F.

Let i be some index of G. For any j € F, let us denote ¢; mn the element of I;—Z; ;

such that dist’ ™" (u;, c(Pj)) is minimal. Let us now denote by 71 j,...,7a ; the A
coordinates of I;—i; .y such that the dist™ (u,, C(P]’)) for s € [A] are the A maximal
values among all dist” (u;, c(PJ’)) for r € I; — i min, and set I, ; = I, — {r1,...,7a}.

Let d/ = dist’ (u,, c(Pj)). The following claim is the analogue of Lemma 8.8, but
using the fact that Z; ; is compatible with (P)),c[x) instead of the extension being
optimal.

Claim 8.17. For any x € P} such that Dom(x) C I;, d(x,u;) > d’ /4.

Proof. Let x be an element of P/ such that Dom(x) C I; and note that Dom(x) —
I; < A. Because Z;; is compatible with (P/);cx), we have that Dom(x) N (I; —

Dom(x) (

Z; ;) is nonempty, and thus, by the choice of I, ;, we have that dist u;, c;) >

distli’f(ui,c;). However, because Z; ; is compatible with (P;);cx) and Dom(x) C I,
we have that dist?o™09(x, c}) < 2dist(x, u;). Therefore, if

dist(x, u;) < dist’"7 (u, c;)/4 < distDom(x)(ui,c;)/ll,
then the triangle inequality gives us

distPom ) (u,, cj) < distPomC) (u,, ) + distPomC) (x, c}) < distPom ) (u,, cs),

where the triangle inequality applies because no coordinates of x, u; and c; have “7”
on Dom(x). This is a contradiction and thus ends the proof. O

We can also show the following.

Claim 8.18. For every constant ¢ € R>g and j € F, the set B; of elements of
FD(R, I;) at distance at most d’ /4 from u; is such that one of the following properties
is satisfied:

P} = Byl = o[FD(R,, ) = B; or

- fa(Plowg) — fai9 (Pl,c}) < 16¢(1+ t)OPT(P).
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Proof. Indeed, suppose that | P/—B;| < ¢[FD(R;, I;)—B;| . We know that fo(F/,u;) >
|FD(R., I,)— B|(d’ /4)? as all the points of FD(R,, I;)— B, are at distance at least d’ /4
from ;. Because of Claim 8.17, we have that |P] — B;| = |P}| < c[FD(R}, ;) — Bi.
Moreover, since [; is empty, it means that ¢; = ¢(P]) and thus, by Lemma 8.4, we
have that f2(P,u;) — fg(P(,d) < |Pj|dist(u;, c})?, which implies that fo(P},u;) —

fo(PLcl) < 166 - fa(Plowy) < 16¢(1 + 1)OPT(P).

70 Cj
If f5 (Pl,wi) — fo"? (Pl c}) < 16¢(1+)OPT(P), then Lemma 8.14 gives us the
existence of an extension and some sets of coordinates satisfying the fourth property
of the lemma. Therefore, from now on we assume that for every j € F, |Pj’ - B;| >
C|FD(R;,IZ) - BJ|

For any j € G different from i such that I- —1I; # 0, let us define i{, e 7i.|jli7[j|

as the coordinates of I; — I, and set dJ = dist (u“ c}) for all r € [|1; — I;|]. Without
loss of generality, we can assume dj1 is minimum, and let d’ = dj Using analogous

proofs as those of Lemmas 8.11 and 8.12, we can use the fact that (P;)ic) is safe to
prove the following two claims.

Claim 8.19. For j € G, ifx € PD(PJ(,IZ- — 1), then dist(x,u;) > d’ /4.

Claim 8.20. For every constant ¢ € R>o and j € G, if we denote by B; the set of
elements of FD(R, I;) at distance at most d’ from uy, then:

- Bither |PD(P},i]) — B;| > c|R; — BJ; or

(Pl — (P el) < 16efo(PLwy).

Note that if there exists j such that le(P’ i) — ZI(P]’, c}) < 16¢f2(R;, u;), then
the second property of the lemma is satisfied, so we can assume that [PD(F}, i) —
Bj| > ¢|R; — B;| for all j € G.

Let us consider now the index j € G U F such that d’ is defined and minimal.
Note that if no &’ is defined, it means that I; — I; is empty for every j and thus
because of Observation 8.5, we can assume that FD(R], ;) is empty. Let us denote
by B; the set of elements x of FD(R, I;) at distance at most d’/4 from u; and such
that, if Dom(x) C I; for some j € [k], then dist(x, u;) < dist(x,u;). By combining
Claims 8.17 and 8.19, the choice of j and the assumptions we made on the results of
Claims 8.20 and 8.18 we get the following claim:

Claim 8.21. B; contains only elements of R} and |PD(P}, Iy —1;)—B;| > c|[FD(R}, I;)—
B;].

Consider the integer 7 such 5 < [FD(R, I;) — B;| < 5741, let H be the set of 5
points of FD(R, I;) that are the farthest away from u; and let B = FD(R,I;) — H.
By the definition of H, B C B; and |R; — B’| < 2|R; — B| which means that



8.2. Finding a Proper Partial Clustering 207

|PD(Pj, I; — Ij) — Bi| > ClR'if_Bdl. Therefore, if the algorithm selects uniformly at
random an integer in [log(n)], then with probability 1/log(n) this integer is equal
to r, and the algorithm is then able to find the set T := B]. Note that once r is
selected, the set B’ can be found in O(nd) time. We finish the proof by repeating
this for every 4 such that d’ can be defined. For the other indices 4, as explained,
FD(R;, I;) is empty and thus B] := ) has the required properties. O

A very important remark here is that in the case where there is an algorithm
running in time O(nkd) that returns for every ¢ € [k] a set T such that T} C

K3

FD(R;, I;) and [PD(P},I; — I;) — T{| > 35|FD(R}, I;) — T{| for some j € [k] with
probability at least (m)k, the algorithm does not need to know the extension

(P;)icix], as the only thing that matters are the distances of the elements of P to the
point u; that are given in P.

8.2.3 Proof of Lemma 8.7

We are now ready to prove the main result of this section, Lemma 8.7.

Proof of Lemma 8.7. Let t1 = sz and note that 68Tkt — o, Let (Pz-l)ie[k] be
an optimal extension of P and Zi{j = ) for every pair i, 5 € [k]. Note that (P})ie[k] is
safe and the (Zz1 j) are compatible t1-useless sets of coordinates. By applying Lemma

8.16 to (P!);ep and (Z{;)i.jer), we have that, denoting R} = P} N R:

- Either Z; ; = I, for one pair ¢, j € [k] such that I; # () and I; = (); or

- There exists ¢,j € [k] such that I; and I; are non empty and f;{ (P} ,u;) —
;{ (P},c}) <t1- f2(R}, ;) for some index i €I — I; or

- There is an algorithm that returns for every i € [k] a set T} such that T/ C
FD(R}, I;) and |PD(P}, I; — I;) — T{| > &|FD(R}, I;) — T]| for some j € [k]

with probability at least (@)k; or

- There exists an extension (P?);ep,) of P with some compatible 5¢1 + t7-useless

set of coordinates (Z7;);; such that the value of (P?)iex is at most (1 +
2
BE)OPT(P) < (14 5t +3)OPT(P) and 3, ;e 12251 > X, e 1281

In the first case, the partial clustering P’ obtained from P by setting I; := I;
u; := u;, and n; := n,, has value at most

Jrg

OPT(P) + (f£ (P}ow) — f3' (P},¢})) < (1+1)OPT(P)

by definition of #;-useless sets of coordinates, and therefore P’ satisfies the first
property of Lemma 8.7. In the second case, the partial clustering P’ obtained from
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P by setting I := I; U i{, (uj)i{ = (ui)i{ and n; :=n; + 1 is a partial clustering of
value at most

OPT(P) + (f3} (P}, w) = f3 (P.])) < (1+ 1)OPT(P),
and therefore P’ satisfies the first property of Lemma 8.7. In the third case, then
the set B = Uie[k] T! satisfies the second property of Lemma 8.7.

In the last case, we can again apply Lemma 8.16 to (Pf)ie[k] and (Zf’j)i’je[k]
with to = 5t; + t2. By repeating this process until we arrive to an application of
Lemma 8.16 where one of the first three cases is satisfied, we can define a sequence
of extensions (P )icir), (Z7;)ijen) and ts = 5ts—1 + t2_, such that the (Z)ijem
are compatible ts-useless sets of coordinates for (P-S)ie[k]. Note that if t;_; < 1, then

K3
ts < 6ts_1 and recall that o < 1. Moreover, this process has to stop after at most
(A + 1)k iterations, because >, .cn |Zf]+1| > Xijem 1205l and if Z7; increases
more than A times, then |Z] ;| = d, and we are in the first case. Therefore, by the
choice of #;, there exists a safe extension (P/);epx with compatible a-useless sets
(Z} j)ijemr such that the application of Lemma 8.16 falls into one of the first three
cases, and we can conclude.

The desired algorithm proceeds as follows. First, it guesses with probability 1/3
in which of the above cases it falls. In the first case, guessing the pair i,j allows
us to conclude with probability 1/k?. In the second, guessing i,j and ] € I; — I;
allows us to conclude with probability 75 (remember that [I; — I;| < A). Finally
in the last case, the algorithm succeeds if the algorithm of Lemma 8.16 succeeds, so
the probability of that is (@)k

Overall, the probability of success is at least m, and the algorithm runs
in time O(nkd). O

8.3 The Algorithm

Now that we have Lemma 8.7, we can describe our algorithm. Let us first recall
the following lemma, which is a direct consequence of the definition of variance (see
Lemma 1 of Inaba et al. [118]).

Lemma 8.22. Let z1,...,z, be a set of reals with average p and s1,..., sy be a set
of elements obtained by t independent and uniform draws among the x;. The random

]2
variable s =Y., s;/t is such that E(|s — u|?) < Ziem lwizpl”

i€ tm

The main element of our proof is the following lemma providing one step of the
algorithm.

Lemma 8.23. For every constant o € R>q, there exists an algorithm that, given a
partial clustering P = {(n)icie), (Hi)ick)> (Li)icik)> (Wi)ick) } outputs in time O(nkd)
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with probability at least

1 1

mln{ 2O(Ajk log é)(log n)k ’ QO(AGk,‘log A) (log n)k }

a partial clustering P" = {(ng)ic(x), (H;)iew): ([;)iem), (0)ien } such that 3=,y ni >
Zie[k] n; and OPT(P’) < (1+ «)OPT(P).

Proof. Let us fix sufficiently small ¢ € Rso such that (1 4+ ¢)*> < (1 + «) and
exp(—Klq) < 75+ The choice of ¢ will be clear later in the proof. For now just
notice that ¢ < 1 and setting ¢ = min{%, 597 } satisfies both conditions. Addition-
ally, let ¢ = 555ksm%. By applying Lemma 8.7 with the constant g, we have an
algorithm that runs in time O(nd) and with probability at least ( k¥ returns

either:

2 loé(n) )

- A partial clustering P" = {(n )ze[k] (H})icmr), (I7)icmk), (0))ic } with OPT(P’) <
(1+¢)OPT(P) and Zze k] ng > e [k Mi; OF

- aset B of elements of R such that there exists an extension (P});c[x) of P with
value at most (1 + ¢)OPT(P) and such that B C {J;c(, FD(P; N R, 1;) and for
every i € [k], there is an index j € [k] such that |PD(P’ AR,I,—I;)— B| >
¢FD(P/NR,I;) — B|.

In the former case, nothing needs to be done as P’ satisfies all the properties of
the lemma. Therefore, from now on we assume that we are in the latter case and we
are given a set B C R satisfying all the conditions of the second case of Lemma 8.7.
Let (P/)ieps be the hypothetical extension with value at most (14-¢)OPT(P) whose
existence is guaranteed. Let R; = P/ N (R — B) for all i € [k] and let (c});cpk be
the centers associated with (P;);cjy). Let i be the index such that |Rj| is maximal,
meaning |R;| > |R — B|/k. Now either |FD(R}, I;)| > |R}|/2, in which case we know
that there exists an index j € [k] such that [PD(R}, I; — I;)| > ¢'|[FD(R;}, ;)| >

BBl or |R, — FD(RL, L)] > %281 Note that PD(R), I 1;) NFD(R;, ) 0
which means that there exists an index r € {i,j} such that |R' —FD(R,,I,)| >
%. The goal of the algorithm now will be to sample points inside R;—FD(R’N I.)

in order to obtain a good estimate of some coordinates of ¢|. that are not yet in I,..
We will consider two different cases, depending on whether |I,.| > d — A or not.

Case 1: |I,| < d—A. Note that in this case, by the definition of a partial clustering,
n, =0 and H, UFD(R,,I,) is empty. This implies that R = P/. Let § = 5% and
note that (1—9)2 > 1/2. We claim that there exists a set L, of at most A coordinates
(possibly empty) such that there exists a set F,. C R, |F.| > |R.|/2 where every
element x of F, is such that x; = ? on every j € L, and for every i € [d] — L,, there
are at most (1 — J)|F,| points x in F,. with x[{] = ?. We can obtain the set F. from
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R/ as follows. Start with L, = () and F,. = R]. As long as there exists a coordinate
i € [d] — L, where a (1 — §) fraction of points in F, has value ? on the coordinate
i, then set L, := L. U {i} and F, as the set of points of F, with value ? on the
coordinate i. This process has to stop after A steps as P consists of A-points. This
means that, at the end, |F}.| > (1 — §)2|R.|, which ends the proof of the claim. For
i € Ly, let R. = PD(R..,i) and p; = |R%|/|R.|. The previous discussion shows that
p; > g for all ¢ & L,.

Intuitively, L, corresponds to the set of coordinates such that, if we sample in
R/, then we might not get a good estimate for c/. on these coordinates. Suppose now

we pick uniformly at random an element x of R — B. Because |F,.| > % > %,

with probability at least %, X € F,.. Assume from now on this is the case, and let
J. = Dom(z). Note that L, C [d] — J, and |J.| > d — A.

Let t = %. From the choice of ¢ and because p; > g one can show that
exp(—tp?/4) < % Consider X = {z1,...,2}, a (multi)set of ¢ elements in R — B
obtained by doing ¢ independent and uniform draws. With probability at least (g—];)t,
all these points belong to R.. From now on we assume this is the case, and all the
probabilities computed will be conditioned by that fact. Note that the set {x1,..., 2}
then follows exactly the same distribution as the one obtained by doing ¢ indepen-
dent and uniform draws in R].. Let J! be the set of coordinates e of J,. for which
there exists an element x, € X such that xs[e] # 7, note that |J, — J/| < A. Let
u = ¢’ (X). For every i € J/, denote by X; the random variable counting the
number of the points x; with j € [t] such that x;[i] # 7. Note that X; follows the
binomial distribution with parameters ¢t and p;. By using standard tail bounds for
the binomial distribution (see, e.g., Theorem 1 of [113]) we can show the following
claim:

Claim 8.24. For everyi € J., Pr[X; < tp;/2] < exp(—tp?/4).

Moreover, if we condition by the event that X; = p, then the distribution followed
by the p values of x,[i] is exactly the same as the one obtained by doing p uniform
and random draws among all the v; for v € PD(R..,¢). This implies the following
result.

ExeRTi, |x[i]—c:,[i]|2 4
|RL| tpi °

Claim 8.25. For every i € J}, we have E(|c..[i]] — u'[i]|?) <

Proof. By the definition of a partial clustering and an extension, and because I, is
empty, we know that c.[é] is equal to the average of x[i] over all elements x of R..
By applying Lemma 8.22, we get that, for every s < t,

Yxer: [X[i] — crli]]?

| Ry s

B(|c) i) — /[P 1X: = s) <
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This means that:
E(lc;[i] — w'[i][?) = E(lc,[i] — o'[i]]* | X; < tpi/2)Pr[X; < tp;/2]
+ E(|e,[i] = 0'[i]]* | Xi > tpi/2)Pr[X; > tp;/2]

Yer: [X[i] — ex[i]]?

- | Ry |
S e xli] — . [l
| R [tpi/2
erRi x[i] — Cr[i”Q 2
< N —tp?/4) + — ).
< A <exp( pi/4) + tpi)
Which ends the proof as we chose ¢ such that exp(—tp?/4) < % O
Now for every index a € J, — J/, consider A, = {x{,...,x¢} a new (multi)set

of t elements in R — B obtained by doing uniform and independent draws. With
probability at least (‘i—,f)t, all these elements belong to R¢. From now on, let us
assume that it is the case for every a € J, — J... Setting u’[a] = c¢*(4,), an analogous
proof as the one of Claim 8.25 would yield:

e ra Ixla]—c [i]]?

Claim 8.26. For everya € (J,—J.), we have E(|c[a] — u'[d]|?) < R
4

tpa”

By summing over all coordinates of .J,., we obtain the following result.
Claim 8.27. With probability at least 1/2, f37(R.,u’) < (1+ %)( JU(Ry,cl)).
Proof. Indeed, E(f)"(R.,u')—f;"(R,,c.)) = D icd, Ri|-E(|c.[i]—u'[i]|?) by Lemma

8.4, which is smaller than t;%( fJ7 (R, c,)) by the previous claims. Markov’s inequal-
ity allows us to conclude. O

Therefore, by choosing the following at random:

- an index r € [k] such that |R, — FD(R.,I,.)| > %,
- an element x € R — B,

- t elements x1,...,x; in R — B, and

- t elements x{,...,x$ in R — B for each a € J, — J].

’

’ ’ 7 s\ (A+1)
we find, with probability at least + - & - (L) - (‘fuf)m -1/2 > % =

« T J,
2O(AT3}Clog%)’ a point w; € H? such that f5" (R, u') < (1+ 2-)(f3"(Rr,c})). Now

consider the set of points (c;);e) defined as follows: if i # r, then ¢; = ¢ and ¢, is
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the point obtained from c;. by setting (c,); = uj on all the coordinates of J.. We
have that:

val((P;)ieir)» (€i)ieir)) < val((P))iein, (€7)iew) + (fz (R, c;))

< (1+¢)*0OPT(P)
< (1+ a)OPT(P).

Therefore, it means that the partial clustering P’ obtained from P by setting
n. = 1, u, = u’ and I, = J, satisfies the property of the lemma. Indeed, the
partition (P});c(x is an extension of P’ with value at most val((P))icp, (¢i)icik])
and |J.| > d— A.

Case 2: |I.| > d—A. Let S = [d]—1I. and note that, by the definition of FD(R/., I,.),
for every element y € R, —FD(R/, I,), there is an index j € S such that j € Dom(y).
In particular it means that there exists an index j € S such that j € Dom(y) for at
least |R, — FD(R.,I,)|/A of the elements of R, — FD(R/, I.). Because |S| < A, by
picking a random element of S, with probability at least 1/A, we can assume that
we know this index j. Our main goal now will be to guess c/[j]. Let ¢ = % and
suppose that sq, ..., sy is a (multi)set of elements of R B obtained by ¢’ uniform and
independent draws With probability at least (QkA) all the s; belong to PD(R!., 7).
From now on, let us assume that this is the case. Note that in this case, the random
set (s1,...,sy) follows the same distribution as one obtained by doing ¢ uniform and
independent draws in PD(R;, j). Let a; = 3, siljl/t', a proof similar to the one
of Claim 8.27 gives the following claim:

Claim 8.28. With probability at least 1/2, fJ(R..,a;) < (1+ q)(fJ(R.,cL)).

In that case, the partial clustering P’ obtained from P by setting u,[j] = a; and
n, := n, + 1 satisfies the desired properties.

By considering both cases, we obtain an algorithm running in time O(knd) and
succeeding with probability at least the probability that the algorithm of Lemma 8.7

7o\ (A+1)t ’ ’
succeeds times the minimum of (z(;k)(s(AW and % - (58x)", which is at least
1
5O(A2% log %)(log n)k '
Note that if « is sufficiently small, then this is T 11 and else it is
2 ( '~ log E> (log n)k
L finishing the proof. O

20(ASklog A) (1og n )k’

Finally, by applying Lemma 8.23 at most k(A + 1) times we obtain Theorem 8.1.



8.4. Concluding Remarks 213

Theorem 8.1. The problem of k-means clustering of A-points in R admits an
713
(1 + &)-approzimation algorithm with running time 20(25 log *2) 2

Proof. Let P be a instance of the k-MEANS CLUSTERING problem consisting of A-
points. Fix a = ((1 + ¢)Y/FA+1D — 1), note that a > Fiagn, and let P o=
{(na)iem)s (Hi)iemr)s (Ii)iek)> (0)iepr); be the partial clustering such that for each
i€lk],n; =0, H; =0, I, = () and u; is the point of H? with only “?” entries. Note
that OPT(P) is equal to the optimal value of the instance.

The algorithm consists of applying inductively Lemma 8.23 with the constant «
and Observation 8.5 until (¢4, (H;) = P. Since } ;. n; increases in every applica-
tion of Lemma 8.23, we get by Observation 8.6 that this process stops after at most

kE(A+1) steps. The probability that all the steps succeed is at least (%)k@“),

where g(a, k,A) = min{ , QO(AGi =5y 1> and if it holds then the partial

m%’l“ log 1)
clustering P" = {(n;)iex), (H)iek), (I )ielx], (i)icx)} obtained at the end is such
that OPT(P’) < (1 4+ a)*A+1). Since Uiepny (Hi) = P, this gives us indeed a (1 + ¢)
approximation. Note that we can obtain a center for H; simply by either taking
u; or computing ¢(H;). The running time is O(k?And) and the probability of suc-
cess is at least (%)

k
O((%)km‘“)) times allows us to find the approximation with constant proba-

bility. Finally, it is well-known that for any constant C, log(n)¢ < n + C°(©) which
gives the total running time of

k(A+1) " which means that running the previous algorithm

maX{QO(AT‘“’k log &) 9O(A°klog A)}k(A+1)20(k2A) 1og(kA) L2 A 2.

It can be simplified to

maX{QO( 2%k 1og %)’ 9O(ATK? log(kA))}n2d7

finishing the proof. O

8.4 Concluding Remarks

In this paper we gave the first PTAS for k-means clustering of A-points when A > 1
running in time ZO(Azks log #2) 124 based on iteratively sampling points to discover
new coordinates of some center. We believe that the study of clustering problems of
A-points is an interesting research direction and there is still a lot to be discovered.
We conclude with concrete open questions.

Arguable, the most popular clustering objectives are k-center, k-means, and k-
median. For k-center clustering of A-points a PTAS was obtained by Lee and Schul-

man in [141]. However, for k-median clustering of A-points, the question whether
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the problem admits a PTAS, remains open. We would like to remark here that the
algorithm of Kumar et al. [137] for clustering of points in R? works not only for
k-means, but also for k-medial clustering.

Since A-points are basically A-dimensional axis-parallel subspaces, another inter-
esting question would be whether it is possible to extend our result to clustering of
arbitrary A-dimensional affine subspaces in R?. This is a very natural computational
geometry problem which complexity, to the best of our knowledge, is widely open.

Following the coreset construction for k-means clustering of lines by Marom and
Feldman [155], it is a natural open question whether it is possible do design a coresets
of small size for clustering of A-points for A > 1. For lines, the size of coreset of
Marom and Feldman is dk©®*) logn/e2. In particular, whether logn can be removed
even for A =1, is open.

Finally, we do not know how tight is the running time of our algorithm. While
it is plausible to suggest that the dependency in k and A is not optimal, to design a
faster algorithm we need new ideas. It lIs also an interesting open question whether
one can improve the dependency on n from quadratic to linear.
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Low-Rank Approximation
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Algebraic Geometry Approach for Robust
PCA

In this chapter, our primary focus is the following algorithmic question about low-
rank approximation with outliers. For a set of n points in R?, how to learn a subset
of points, say 1% of the total number of points, such that the remaining part of the
points is best fit into some unknown r-dimensional subspace? This is the PCA wITH
OUTLIERS problem introduced in Subsection 3.2.1, and we recall its formal definition
next.

PCA wiTH OUTLIERS

Input: Data matrix A € R"*?, integer parameters  and k.

Task:

minimize |A — L - NJ|2%
subject to L, N e R4,
rank(L) <r, and

N has at most k non-zero rows.

Even though PCA wiTH OUTLIERS was assumed to be NP-hard, to the best
of our knowledge, this has never been studied formally. For an in-depth discussion
about previous works on low-rank approximation problems, we refer to Section 3.2.
While NP-hardness is a serious strike against the tractability of the problem, on the
other hand, it only says that in the worst case the problem is not tractable. But
since the complexity of the problem could be governed by several parameters like

217
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the rank r of L, the number of outliers k£ or the dimension d of A, it is natural to
ask how these parameters influence the complexity of the problem. For example,
when k is a small constant, we can guess which points are outliers and run PCA for
the remaining points. This will bring us to n* calls of PCA which is polynomial for
constant k£ and is exponential when k is a fraction of n.

In this chapter we give an algorithm solving PCA wiTH OUTLIERS roughly in
time |A|®D | where |A] is the size of the input matrix A. Thus for fixed dimension
d, the problem is solvable in polynomial time. Note that the algorithms works in
polynomial time for any number of outliers k. Owur algorithm strongly relies on
the tools developed in computational algebraic geometry, in particular, for handling
arrangements of algebraic surfaces in R? defined by polynomials of bounded degree.

We complement this algorithmic result by a complexity lower bound. Our lower
bound not only implies that the problem is NP-hard when dimension d is part of the
input, it also rules out a possibility of certain type of approximation algorithms for
PCA wiTH OUTLIERS. More precisely, assuming the Exponential Time Hypothesis
(ETH), we show that for any value «, constant or depending on the input size, PCA
wiITH OUTLIERS cannot be a-approximated in time f(d)|A|°(9), for any function
f of d only. The reduction holds in fact for the ROBUST SUBSPACE RECOVERY
problem, which is the special case of deciding whether for an instance of PCA wITH
OUTLIERS the value of the optimal solution is 0 or not. Equivalently, the input to
ROBUST SUBSPACE RECOVERY is an instance (A, r, k) of PCA wITH OUTLIERS, and
the task is to decide whether there exist matrices L and N such that A = L 4+ N,
the rank of L is at most 7, and N has at most k non-zero rows.

Our algorithm is, foremost, of theoretical interest, especially in the presence of the
nearly-matching lower bound showing that doing something essentially better is next
to impossible. In practice, PCA is often applied to reduce high-dimensional datasets,
and for this task the running time exponential in d is not practical. However, there
are cases where such an algorithm could still be useful. One example could be the
visualization of low-dimensional data, where the number of dimensions, even if it is
small already, needs to be lowered down to two to actually draw the dataset. Another
example could be when we suspect a small subset of features to be highly correlated,
and we want to reduce them to one dimension in order to get rid of the redundancy
in data. This potential application is well illustrated by the popular PCA tutorial
[175], where essentially one-dimensional movement of a spring-mass is captured by
three cameras, resulting in 6 features.

9.1 Polynomial-time Algorithm for Bounded Dimen-
sion

First, we emphasize on a folklore observation that geometrically the low-rank ap-
proximation matrix L is defined as orthogonal projection of rows of A on some
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r-dimensional subspace of R%. For the proof see e.g. [29].

Proposition 9.1. Given a matric A € R™™? with rows a,, ..., a,, the task of
finding a matriz L of rank at most v which minimizes ||A — L||% is equivalent to
finding an r-dimensional subspace of R® which minimizes the total squared distance
from rows of A treated as points in R%:

n

min ||A —L||% = min > llai — projy a3,
LGRnXd UCIRd —
rankL<r U is a linear subspace of dimr =1

where projy; X is the orthogonal projection of x on U for x € R%.

By Proposition 9.1, if we fix an r-dimensional subspace U containing the span of
rows of L, then the outliers are automatically defined as k farthest points from U
among {a;}? ;. In the next proposition, we give a precise statement of this.

Proposition 9.2. The optimization objective of PCA wWITH OUTLIERS for a given

matriz A € R™*? with rows a, ..., a, can be equivalently redefined as follows.
. 2 _ . 2
min ||A—L—-N]||3 = min [|A—Ly—Nyl|#,
L,NecR"*4 UcRr?
rankL<r U 1is a linear subspace of dimr

N has at most k non-zero rows

where Ny has k non-zero rows which are k rows of A with the largest value of
|lla; — projy a;||%, and Ly is the orthogonal projection of the rows of (A — Ny) on
U.

ap 0
ag 0
NU = ) LU = )
0 Projyr ak+1
0 proji an,

assuming that rows of A are ordered by the descending value of ||a; — proj; a;||%.

So for a fixed U we may determine Sy easily and then solve the classical PCA for
the matrix (A — Syy). The intuition behind our algorithm is that the set of k farthest
points is the same for many subspaces, and solving PCA for (A — Sy) treats all these
subspaces. The crucial point is to bound the number of different matrices Sy we have
to consider. There is of course a trivial bound of n* since Sy is always obtained by
choosing k£ rows of A. But the number of different Sy is also geometrically limited,
and exploiting this we are able to obtain another bound of n®(%9 | resulting in the
following theorem.
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Theorem 9.3. Solving PCA WITH OUTLIERS is reducible to solving
min(rd,(d—r)d)
<n> | 920(d) — ,,O(@*)
2

instances of PCA. This reduction can be computed in the number of operations over
R bounded by the expression above.

First, a note about the statement of Theorem 9.3. Our algorithm relies on solving
the classical PCA, and since only iterative algorithms for PCA and SVD exist, we
could not claim that our algorithm solves PCA wiTH OUTLIERS in some fixed number
of operations. However, if we are only interested in solving the problem up to some
constant precision, for example machine epsilon, then PCA is solvable in polynomial
number of operations and so by Theorem 9.3, PCA wITH OUTLIERS is solvable in
nO@) operations.

Proof of Theorem 9.3. We start with associating r-dimensional subspaces of R? with
points of a certain algebraic set. Consider the matrix space R(?=")*4 and for an
element V € RU4=)*d Vv = (Vij)i,;, the following polynomial conditions:

d
O ( :Z ViVje=0, for1 <i<j<(d—r),
=1

Z

( V>—1:O,for1§j§(d—7“),
=1

where the condition Q ;(V) = 0 requires rows 4, j of V to be pairwise orthogonal
and the condition Qé\’ (Vv ) = 0 requires row j of V to have length one. We may write
all these conditions as a single polynomial condition Q(V) = 0 by taking the sum of
squares:

&

QIV)= Y (Q%G(V)*+ (QN( )%
1<i<j<(d—r) j

Thus Q(V) = 0 if and only if each of Q;(V) = 0 and each of Q¥ (V) = 0.
Consider an algebraic set W C R(?=7)%4 defined as the zero set of Q(V). For any
V € W with rows vy, ..., vq_, consider the r-dimensional subspace comp(V) :=
span({vy, -+ ,vg_,})* C R? which is the orthogonal complement of the span of the
rows of V. Since Q(V) = 0, the rows of V are pairwise orthogonal and are of length
one. Thus, the dimension of comp(V) is 7 and for any point x € R? the squared

distance from x to comp(V) is equal to

I
-

U

-
(vi-x)* =[[Vx"|[%,

=1
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assuming that x is a row vector.

Each V € W defines an r-dimensional subspace comp(V) C R? and each r-
dimensional subspace U C R? is of this form for some V € W since there exists
an orthonormal basis of the orthogonal complement of U. Then we can reformulate
Proposition 9.2 in terms of elements of W as follows.

: 2 : 2

L min 1AL -N[[;: = min [|[A—Neomp(v) ~Leompv)l[F: (9-1)
rankL<r

N has at most k non-zero rows

where Neomp(vy and Leomp(vy are defined in accordance with notation in Proposition
9.2. Let ay, ..., a, be the rows of the input matrix A; Ncomp(v) has k non-zero rows
which are the k rows of A with the largest value of [|a; —projeomp(v) @il 12 =||Va;] ||%,
and L¢omp(v) is the orthogonal projection of the rows of (A —Ncomp(v)) on comp(V).
Denote Neomp(vy by Nv and Leompv) by Lv.

Now, consider the set of polynomials P = {P; ; }1<i<j<n defined on W, where

P;;(V) = [[Va; [ — [[Va] [

Consider the partition C of W on cells over P. For each cell C, the sign condition
with respect to P is constant over C, meaning that for every pair 1 < ¢ < j < n, the
sign of

T2 T2
IVa; || — [ Va; [|&

is the same for all V € C. So the relative order on {|[Va; ||%}7, is also the same for
all V € C. Since ||[Va] ||% is exactly the squared distance from a; to V, the k rows
of A which are the farthest are also the same for all V € C. Then Nv is constant
over V € C, denote this common value by N¢. We can rewrite (9.1) as

in |[|A — Ny — Lv/||?% = min min |[|A — Ny — Ly/||% = min min ||(A — N,.—Lv||%.
\Iglelyvll v — Lv||% rcnérclrvnelgll v — Lv|[% rcnelg‘r;lelgll( o—Lv||r

Note that

min min [[(A — N) = L[ = min min ||(A - Ng) - Lv|[Z, (9-2)
as for any C € C, minvec ||(A — N) — Ly||% > minvew ||(A — N¢) — Ly||% since
C C W. Also, any (N¢, Ly) in the right-hand side of (9.2) is still a valid choice of
(N, L) for the original problem, and the optimum of the original problem is equal to
the left-hand side of (9.2).

For a fixed C' € C computing right-hand side of (9.2) is equivalent to solving an
instance (A — N¢,r) of the classical PCA by Proposition 9.1:

in ||[(A —N¢g) — Lyl||% = i A —N¢) - L|JA.
Jnin ||( o) = Lvllz LeRnnggk(L)gr\l( o) —Lllp
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az
_ el Bl P>, Gl --»Vu
i
A remove as
L5
=3
A remove aj

Figure 9.1: An example with d =2, n =2, r =1, k = 1. Two rows of the input matrix A
are represented as two points a; and az on the plane. The same plane represents the choice
of 1-dimensional approximation subspace through the selection of a vector V orthogonal
to it. The algebraic set W is the unit circle since V must be of length one. The diagonal
lines mark the values of V for which a; and as are equidistant. They split W into four
one-dimensional and four zero-dimensional cells. For each of the one-dimensional cells it is
shown in the corresponding sector which of the points is the outlier and hence is removed.

By the reasoning above, the optimum of the original instance of PCA wiTH OuUT-

LIERS is reached on one of the constructed instances {(A — N¢,7)}cec of PCA. A

toy example of an algebraic set W and its partitioning is shown in Figure 9.1.
Putting all together, our algorithm proceeds as follows.

(i) Using the algorithm from Theorem 4.12, obtain a point V¢ from each cell C
of W over P.

(ii) For each V¢, compute the optimal Ny : select the k rows of A with the
largest value of |[Vca, ||%. Construct the instance (A — Ny, r) of PCA.

(iii) The solution to the original instance of PCA wiTH OUTLIERS is the best
solution among the solutions of all the constructed PCA instances.

Since degrees of @ and polynomials from P are at most 4, |P| = (}), and the real
dimension of W is at most (d — r)d, which is the dimension of R(¢=")*4 5 W the

algorithm of Theorem 4.12 does at most

n (d—r)d
t = 90(d)
(2)
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operations and produces at most ¢ matrices V¢, and our algorithm produces one
instance of PCA for each computed matrix.!
We are also able to obtain a reduction to

rd
90
2

instances of PCA by proceeding in the same manner for a slightly different character-
ization of r-dimensional subspaces. Intuitively, now points on the algebraic set define
the orthonormal basis of the subspace itself, and not of its orthogonal complement
as in the previous part.

Now the matrix space is R"*?, the conditions that an element V € R™*¢ defines
an orthonormal basis of size r are analogous:

d
_z‘o,j(V) = ZVMV]'@ =0, forl<i<j<r,
=1

d
Q;\/(V) = (ZV55> —1=0, for1 <j<r.
=1

Again, we may write them as a single polynomial condition Q(V) = 0 where

QV)= (_?j(V))2+Z(Q_§V(V))27

1<i<j<r

Consider an algebraic set W C R™*¢ defined as the set of zeroes of Q(V). Sim-
ilarly, any V € W defines an 7-dimensional subspace U € R? which is the span of
the rows of V. Since the rows of V form an orthonormal basis of U, for any point
x € R? the squared distance from x to U is equal to

T

.
117 =D (vi-x)? = |Ix|lF = [[Vx ][
i=1

_The new distance formula leads to a slightly different set of polynomials P =
{P;,; }1<i<j<n on W, comparing the distance from a; and from a;,

P,i(V) = (llall% — [[Val [3) = (llal[7 — [ Va/ 1)

Again, the k farthest points and the matrix Ny are the same over any cell in the
partition of W over P. So by the same reasoning as in the first part, it suffices to

LAs W is restricted by Q(V) = 0, its dimension is actually smaller. Tt could be bounded more
precisely as (d—r)(d+r—1)/2, but we omit the calculation in order not to unnecessarily complicate
the text.
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take a point V from each cell, compute the outlier matrix Ny and solve the vanilla
PCA for (A — Nv, 7).

As we can choose the most efficient of the two subspace representations, we can
reduce PCA wiTH OUTLIERS to

min(rd,(d—r)d
m\ D
2

instances of PCA.2 O

9.2 Hardness of Robust Subspace Recovery

Recall that ROBUST SUBSPACE RECOVERY is the special case of PCA wiTH OUT-
LIERS where the objective value is zero. In other words, the input matrix A has to
be exactly represented as the sum of a low-rank matrix L and an outlier matrix N.
In this section, we prove our hardness result for ROBUST SUBSPACE RECOVERY, and
hardness of approximation for PCA wiTH OUTLIERS with any approximation factor
follows immediately from that. We state the result formally in the next theorem.

Theorem 9.4. There is no algorithm solving ROBUST SUBSPACE RECOVERY in
time f(d) -n°4D for any computable function f of d, unless ETH fails.

First, we give a high-level overview of the proof. We show a parameter-preserving
reduction from CLIQUE. Assume that we are given an instance (G, r) of CLIQUE with
|[V(G)| =n, |[E(G)] =m. Set d =r+ 1, one larger than the size of the clique to find,
and the target rank will be exactly . With each vertex v; of G, we associate a vector
w; in R?, such that the resulting set W = {wy, ..., w,} of n vectors satisfies a certain
generality condition, in particular that any d of the vectors are linearly independent.
One may think of W as a set of n random vectors in R?, though the construction
may be made discrete and deterministic. Now consider the matrix A € R"™*¢ where
the rows correspond to the edges of G,

A= (Wi + w; | {Ui,’l)j} S E(G))

The matrix A is the input matrix to ROBUST SUBSPACE RECOVERY, the target rank
is 7, the number of outliers & is set to m — (g) We claim that (G, r) is a yes-instance
of CLIQUE if and only if the constructed instance of ROBUST SUBSPACE RECOVERY
is a yes-instance.

To reformulate the objective of ROBUST SUBSPACE RECOVERY, an instance
(A,r k) is a yes-instance if and only if there is a subset of n — k = (;) rows of

2As with W, the dimension of W could be bounded more precisely as r(2d — r — 1)/2, and with

these dimension bounds PCA wiTH OUTLIERS reduces to (g)min(r(2d7r71)/2’<dfr)<d+rfl)/2)20(d)
instances of PCA.
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A with rank at most r. Crucial to the proof is the following claim that shows how
to identify the rank just by the structure of the edges corresponding to the selected
TOWS.

Claim 9.5. The rank of any submatriz A’ C A obtained by deleting rows from A is
max(d, |V (G(A"))| — number of bipartite graphs among cc(G(A'))),

where G(A') is the subgraph of G such that its edges are exactly the edges correspond-
ing to the rows of A’, and its vertex set is the set of all endpoints of the edges, and
cc(G(A)) is the set of connected components of G(A).

Intuitively, the claim holds since for each connected component C' of G(A’) one
can find a basis for the corresponding row space going along a spanning tree of the
component. The size of the basis is [V(C)| -1 if C' is bipartite (e.g. for a single edge,
the space will be spanned by the corresponding row), and |V(C)| otherwise.

Now the role that Claim 9.10 plays in the reduction is as follows. We need
to keep exactly (5) rows while minimizing the rank, and by the claim this boils
down to making the corresponding graph as dense as possible. A computation shows
that only an r-clique can achieve the rank of r on (g) edges, thus the subspace
recovery is possible if and only if the given graph contains an r-clique, which proves
the correctness of the reduction. By [51], see also [70], assuming ETH, there is no
algorithm solving CLIQUE in time f(r)-n°(") where 7 is the size of the clique, for any
computable function f of r. In our reduction d is equal to r 4+ 1, thus the theorem
follows.

Finally we note that since ROBUST SUBSPACE RECOVERY is the zero-valued re-
striction of PCA wWITH OUTLIERS, the hardness of approximation for the latter easily
follows from Theorem 9.4.

Corollary 9.6. Assuming ETH, there is no algorithm approximating PCA wITH
OUTLIERS with any multiplicative guarantee in time f(d) - n°@,

Now we move to the formal proof.

Proof of Theorem 9.4. We show a reduction from CLIQUE. First, we need a set of
points satisfying a certain generality condition.

Definition 9.7. For d < n, let us say that a set W C R? of size n is in a forest-
general position if for any forest F' such that V(F) C W and |E(F)| plus the number
of isolated vertices in F' is exactly d, the set

vect F:={u+v |uve E(F)}U{w e V(F) | w is isolated in F},

is linearly independent and of size d.
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Note that this definition extends the common notion of vectors in a general linear
position, which requires every d vectors to be linearly independent, since F' can also be
an empty forest on d vertices. The next claim extends the behavior in Definition 9.7
to forests of any size.

Claim 9.8. If a set W C R? is in a forest-general position, for any forest F such
that V(F) C W,
rank(vect(F')) = min(d, | vect(F)|).

Proof. If | vect(F')| = d, the claim is by definition.

If |vect(F)| > d, obtain a subforest F’ of F such that |vect(F')| = d. This
is always possible since removing either an isolated vertex from F' or a leaf of a
tree in F' together with the incident edge decreases the size of vect(F') by one. By
Definition 9.7, vect F’ is linearly independent, and since vect(F’) C vect(F), they
both have rank d.

If |vect(F)| < d, obtain F’ by adding isolated vertices or edged in F such that
vect(F”) = d. This is always possible since d < n. By Definition 9.7, vect(F’) is
linearly independent, and since vect(F') C vect(F’), vect(F') has full rank. O

Finally, to use Definition 9.7 in our reduction, we need to construct a correspond-
ing set of points.

Claim 9.9. For any n and d, there exists a set of n vectors in N in a forest-general
position such that the total bit-length of the coordinates is bounded by poly(n + d).

Proof. Let W = {wy,wa,---, W, } be a set of n vectors in RY. Assume that Def-
inition 9.7 does not hold for W and a particular forest F. Then there exists a
linear combination of vect(F') which is a zero vector. Without loss of generality,
V(F) = {wyi,wa, -+, W}, let a = (a;){_; be the zero linear combination of vect(F),
treated as a linear combination of vectors in V(F'). We claim that M - a is a zero
vector for the ¢ x ¢t matrix M defined as follows. The first d rows are the coordinates
of wi, wa, ..., Wy, written as columns. Since a is the zero linear combination of
these vectors, clearly each of these rows times a is zero. Next, for every connected
component C of F append a row r such that r; =0if w; ¢ C, and r; = +1if w; € C,
and for every edge of C its endpoints have different signs, this encodes a 2-coloring
of C'. The orthogonality to a follows from observing how a on the coordinates of C'
is obtained from the original linear combination of vect(F'). Note that now we have
exactly ¢t rows. Thus, Definition 9.7 does not hold if and only if M is non-invertible.

Now, the way to construct the required set is to take the rows of a Vandermonde
matrix where the generating elements are selected to be in a certain general position
regarding the differences between them, in this case it is possible to show that every
matrix of the form discussed above is invertible. For the sake of brevity we omit
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this technical argument, and instead explain the simple randomized procedure of
generating the set, which also shows why sets in a forest-general position are common.

Let W be a set of n vectors in N where each coordinate of each vector is sampled
independently and uniformly from the set {1,--- , N}, where N is a value we fix later.
The number of matrices which must be invertible by the observation above is at most
d - (272) -d?@ . 224 since the matrix up to permutations is defined by the number of
components in F' (at most d), the choice of ¢ vectors in W (at most (;})), the partition
of them into components (at most d??), and the 2-coloring on each component (at
most 22¢). We bound the probability that a fixed matrix is non-invertible, and then
apply union bound. For a fixed matrix M, we can treat the process as follows. First
we are given the t — d rows obtained from the components of the forest, and then
we sample one by one the d rows each composed out of ¢t coordinates of vectors in
W. For the first row, probability of falling into the span of already existing rows
is at most 1/N9, for the second it is 1/N9~! and so on. Then the probability of
success for M is at least (1 —1/N)-(1—1/N?)---, which could be lower-bounded by
1—1/(N —1). By taking N sufficiently large compared to the number of matrices,
the union bound is satisfied. Note that log N is polynomially bounded in n and d,
and thus the total bit-length is also polynomially bounded. O

Now we are ready to show the reduction. Assume that we are given an instance
(G,r) of CLIQUE with |V(G)| = n, |E(G)| = m. Set d = r + 1, one larger than the
size of the clique to find. By Claim 9.9, obtain a set W = {wy,...,w,} of n vectors
in R? in a forest-general position.

Vectors from W are associated with vertices of G. Now consider the matrix A
where rows correspond to the edges of G,

A= (Wl +w; ‘ {vi,vj} € E(G))

The matrix A is the input matrix to ROBUST SUBSPACE RECOVERY, the target rank
is r, the number of outliers k is set to m — (}). We claim that (G, r) is a yes-instance
of CLIQUE if and only if the constructed instance of ROBUST SUBSPACE RECOVERY
is a yes-instance.

To reformulate the objective of ROBUST SUBSPACE RECOVERY, an instance
(A,r,k) is a yes-instance if and only if there is a subset of n — k = () rows of
A with rank at most r. The following claim shows how to identify the rank just by
the structure of the edges corresponding to the selected rows.

Claim 9.10. The rank of any submatrizx A’ C A obtained by deleting rows from A
18
max(d, |V (G(A"))| — number of bipartite graphs among cc(G(A'))),

where G(A') is the subgraph of G such that its edges are exactly the edges correspond-
ing to the rows of A’, and its vertex set is the set of all endpoints of the edges, and
cc(G(A)) is the set of connected components of G(A').
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Proof. We will modify A’ to vect(F) for a certain forest F', by using elemental row
operations which do not change rank. Then Claim 9.8 finishes the proof.

The modification is performed on each connected component of G(A’) indepen-
dently. Consider a set of rows C which corresponds to the edges of a connected
component in G(A’). If this component contains an odd cycle, then from the rows of
C we can obtain all the underlying elements of W by elimination: start from the row
corresponding to one edge of a cycle, iteratively subtract/add subsequent edges of
the cycle. In the end we are left with 2w, where w is a vector in W which corresponds
to the vertex of the cycle we started the elimination from. After multiplication by
1/2 we have one of the vertex vectors. Now by consequently subtracting from the
edge vectors along a spanning tree of G(C) we can obtain all the vertex vectors of
V(G(C)). After zeroing out the remaining edge vectors C is (w;|v; € V(G(C))), up
to permuting the rows and appending zero rows.

In the other case, if G(C) is bipartite, consider the matrix S C C which corre-
sponds to the edges of a spanning tree 7' of G(C). Let uv be an edge of G(C) which
is not in 7. Since G(C) is bipartite, u and v are connected by a path in T with odd
number of edges. Then by consequently adding/subtracting the edge vectors of this
path we can obtain the edge vector corresponding to uwv, in the same fashion as in
the previous case. Thus we can zero out all rows of C except for S.

After dealing with each component, consider the forest F' where V(F') = V(G(A’)),
and E(F) is the union of the edges of all spanning trees picked during the modifica-
tion in the bipartite components. Thus, vertices of all the non-bipartite components
are isolated in F'. We claim that the set of non-zero rows of matrix B obtained from
A’ by the modifications above is exactly vect(F'). Indeed, for each non-bipartite
component we obtained all the vertex vectors while zeroing out everything else, and
for each bipartite component we kept only the edge vectors of the corresponding
spanning tree. Now, since modifications are rank-preserving,

rank(A’) = rank(B) = rank(vect(F)) = min(d, | vect(F)|)

by Claim 9.8. The size of vect(F') by definition is the number of isolated vertices in F'
plus the number of edges in F', and that is equal to the number of vertices in F' minus
the number of non-trivial connected components in F', since F is a forest. Finally,
we observe that |V(F)| = |[V(G(A’))|, and bipartite components of G(A’) are in
one-to-one correspondence with non-empty components of F, finishing the proof of
Claim 9.10.

O

With Claim 9.10 proven, we show that the only way to keep at least (;) edge
vectors in such a way that the rank is at most r, is to select the rows corresponding

to the edges of an r-clique. For any A’ C A, let k(A’) = r;r‘m&/, the number of
edges per unit of rank. We claim that « is strictly maximized on an r-clique over all

A’ C A which have rank at most r.
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For a matrix K corresponding to an r-clique, x(K) = rgl by Claim 9.10. Consider
any A’ C A such that G(A’) is connected. Since rank(A’) is at most r, there are two
possibilities by Claim 9.10. If G(A’) is a non-bipartite graph on at most r vertices,
it has less edges than an r-clique, and so k(A’) < Tgl. Otherwise G(A’) is bipartite,
and |V(G(A’))| must be r+ 1. Then there are at most (Tzil)2 edges, so k(A') < 51
for r > 4.

To prove the statement for any A’ C A such that rank(A’) < r, we do an
induction on the number of connected components in G(A’). The base case when
there is only one connected component is already proven. Now, consider A’ = BUC
where G(C) is connected. By Claim 9.10, rank(B U C) = rank(B) + rank(C), and
also |A’| = |B|+|C|. By the induction, |B|/rank(B) < Tgl, and |C|/rank(C) < 7;1,
SO

wan_ _ Blrlel o
rank(B) + rank(C) 2

Thus, the rows selected have rank r if and only if they correspond to an r-clique,
which proves the correctness of the reduction.

By [51], see also [70], assuming ETH, there is no algorithm solving CLIQUE in
time f(r) - n°(") where r is the size of the clique, for any computable function f of r.
Since in our reduction d = r + 1, the theorem follows.3 O

Finally, for completeness we give the proof of Corollary 9.6, restated here.

Corollary 9.6. Assuming ETH, there is no algorithm approximating PCA WITH
OUTLIERS with any multiplicative guarantee in time f(d) - n°@,

Proof. An algorithm described in the statement could distinguish between O PT < D
and OPT > « - D for given D, where « is the approximation guarantee which may
depend on the input instance. Then this algorithm could also distinguish between
OPT =0 and OPT > 0, violating Theorem 9.4. O

3The same reduction also shows that ROBUST SUBSPACE RECOVERY is W([1]-hard when parame-
terized by (d,n — k).



230 9 | Algebraic Geometry Approach for Robust PCA




10

Dimensionality Reduction for Robust PCA

In this chapter, we tackle again the PCA wITH OUTLIERS problem. Complementing
the algebraic geometry methods of the previous chapter, here we focus on various
dimensionality reduction techniques. In contrast to the “exact” algorithm given by
Theorem 9.3, here we obtain either (1+ ¢)-approximation, or exact algorithms under
certain separating conditions on outliers. As opposed to Theorem 9.3, the running
time of all the algorithms presented in this chapter depends only polynomially on d,
while the exponential dependence is, instead, in r.

First, we show that PCA wiTH OUTLIERS admits a randomized Polynomial Time
Approximation Scheme (PTAS) when the dimension r of the solution subspace is a
fixed constant.

Theorem 10.1. For every € > 0, an (1 + €)-approzimate solution to PCA WITH
O(=F") | o1

OUTLIERS can be found in time n

Since r < d, Theorem 9.4 shows that, in particular, a running time of n(") is
essential for any approximation algorithm. Thus up to the log r factor in the exponent
of n, the running time of our PTAS is tight.

We also provide algorithms for solving PCA wiTH OUTLIERS exactly. While the
nature of outliers can be elusive, we make two natural assumptions on outliers. It
appears that these assumptions can be very useful from the algorithmic perspective.
The intuition behind the first assumption is that every outlier is further from some
optimal solution than any inlier. The second assumption is stronger, it assumes that
the squared distance from any outlier to the solution subspace is larger than the sum
of all inliers’ squared distances to the subspace.

Definition 10.2 (a-gap and a-heavy assumptions). For a > 0, the a-gap as-
sumption about instance (A, r, k) of PCA wiTH OUTLIERS is that there is an optimal
solution (L, N) with the following properties. Denote the rows of A by ay, ..., a,, let
O be the indices of outliers, that is, the indices of non-zero rows of N, and I = [n]\O,

231
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the indices of inliers. Then for everyi € O and j € I,
dist®(a;, V*) > (1 + «) - dist*(a;, V*),

where V* is the r-dimensional subspace which spans the rows of L. Similarly, the
a-heavy assumption about (A, r, k) is that for every i € O,

dist?(a;, V*) > (1 + «) Z dist*(a;, V*)
jeI
For example, if all inliers lie in V*, as in ROBUST SUBSPACE RECOVERY, then
such an instance satisfies both a-gap and a-heavy assumptions. Thus both “a-
assumptions” create parameterized classes of problems “between” PCA wiTH OUT-
LIERS (no assumptions on the outliers) and ROBUST SUBSPACE RECOVERY (all inliers
belong to a subspace and all outliers do not).

Theorem 10.3. For constant «, there exists a randomized algorithm for PCA WITH
OUTLIERS that in time

QO(r(log k-+log log n)(r+log n+log(1/4))) (nd)(’)(l)

under a-gap assumption outputs an optimal solution with success probability 1 — 9.

Theorem 10.4. For constant «, there exists a randomized algorithm for PCA wWITH
OUTLIERS that in time

2@(r2 (log k+log log n)(log k+log log n+log(1/4))) (nd)O(l)

under a-heavy assumption outputs an optimal solution with success probability 1 —

Observe that the running time of our nearly-tight (1 + ¢)-approximation al-
gorithm for PCA wiTH OUTLIERS given by Theorem 10.1 can be represented as
20=(rlogrlogn)  Fgsentially, Theorem 10.3 gives an analogue of that for solving the
problem exactly in the a-gap case. The running time of Theorem 10.4 is also similar
in the general case. Moreover, if k grows sufficiently slower than n, then this running
time is asymptotically better than that of Theorem 10.1, as the former depends only
polynomially on log k and loglogn in the exponent. Thus, in the regime where the
a-heavy assumption holds and k is small enough, it is possible to overcome the lower
bound given by Theorem 9.4.

The proofs of both Theorems 10.3 and 10.4 are based on the following strategy:
apply randomized dimensionality reduction (sketching), and then use the methods
of algebraic geometry to compute the exact solution. The difficulty is that in gen-
eral, the dimensionality reduction distorts distances between the points. The main
technical contribution of this chapter is the proof that under a-gap and a-heavy
assumptions, carefully selected sketches still can be used to obtain exact solutions.
We believe that these ideas could find applications beyond robust PCA problems.

Finally, for ROBUST SUBSPACE RECOVERY we prove the following theorem.
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Theorem 10.5. ROBUST SUBSPACE RECOVERY 1is solvable in time

QO(k(log r+log k)) (nd)O(l) )

Note that when k is small, this running time improves considerably all the theo-
rems above in this special case of PCA wiTH OUTLIERS. However, when k grows,
the performance of Theorem 10.5 gets worse, as its running time depends exponen-
tially on k, while for Theorems 10.3 and 10.4 the exponential dependency is only
on poly(log k). The proof of Theorem 10.5 is essentially by a combination of Theo-
rem 10.1 and known kernelization methods for the MATRIX RIGIDITY problem given
by Fomin et al. [91].

10.1 Approximation Scheme for PCA with Outliers

In this section, we present the n@("1og e™*) time algorithm for solving the general

case of PCA wITH OUTLIERS with (14 ¢)-factor approximation, as claimed by The-
orem 10.1. First, we give a high-level overview of the algorithm. The general idea is
to observe that the unknown rows of A that form the inlier submatrix can be well
approximated by a small-sized sample of them, in terms of low-rank approximation.
This follows from established results saying that one can obtain a projection-cost
preserving sketch of a matrix by sampling and reweighting a few of its rows in pro-
portion to a certain modification of their leverage scores. In particular, we employ
the result of [61] stating that sampling O(rlogre~2) rows in accordance with their
ridge leverage scores provides a (1 + €) approximation for any rank-r orthogonal
projection.

Note that we do not know the actual inlier matrix to compute the scores and to
perform the sampling from, as an arbitrary set of k rows of the given matrix might
be outliers. However, we can guess the particular rows from a successful sample
and also guess the approximated ridge leverage scores so that the optimal low-rank
approximation of the resulting small matrix will also approximate well the unknown
inlier matrix. Here we use crucially that constant-factor overestimates of the ridge
leverage scores still suffice for the result of [61]. After this, it is only a matter of
greedily selecting the rows of A that are the closest to the computed low-dimensional
approximation space. The above summarizes the intuition behind Theorem 10.1, and
the detailed proof follows next. We restate the theorem here for convenience.

Theorem 10.1. For every ¢ > 0, an (1 4 €)-approzimate solution to PCA WITH
rlogr
OUTLIERS can be found in time nC=E5) . qo),
First, we recall the known results about row sampling. We will use the ridge
leverage score construction due to [61]. For a matrix A € R"*¢ and an index i € [n]
the i-th ridge leverage score of A is given as

Ti(A) = a;(ATA + \Iy)Ta/,
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where A = |[|A — A,||%/k, and + denotes the Moore-Penrose pseudoinverse of a
matrix. The following statement about sampling w.r.t. to ridge leverage scores is
proven in [61].

Theorem 10.6 (Theorem 6 in [61]). For i € [n], let 7; > 7;(A) be an overestimate
for the i-th ridge leverage score. Let p; = Z:iﬁ' . Lett = Cl%(;/‘s) > Ti foranye >0
and some sufficiently large constant c. Construct C by sampling t rows of A, each
set to \/%ai with probability p;. With probability 1 — 6, for any rank r orthogonal

projection X,

(1-o)llA - AX||% < [|C — CX[[} < (1+¢)[|A - AX][3.

Observe that Theorem 10.6 essentially provides a projection-cost preserving sketch
for A, as per Definition 4.5. The only difference is that for the purpose of this chap-
ter, it is more convenient to sketch the matrix from the left, as we need to select out
rows.

Our objective now is to guess certain ridge leverage score overestimates. For that,
we will need a lemma bounding the range of ridge leverage scores, following from [61].

Lemma 10.7.

<

)

7 (A) < 2r.
1

n

NN

Proof. The upper bound is precisely given by Lemma 4 in [61]. For the lower bound,
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where the first equality is given by the proof of Lemma 4 in [61], and then we lower
bound the first r terms of the sum by zero. O

Now we are ready to prove the main result of this section.

Proof of Theorem 10.1. The algorithm proceeds as follows. Set T' = 6r, a sufficiently
small 9 < € (to be defined later), and ¢ = M%ZE%)T where ¢ is a sufficiently large
0

constant from the statement of Theorem 10.6. First, guess ¢ indices {i1, ...} in [n],
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each corresponding to a row in A. For each index ¢ in {i1,...,4:}, guess a value 7;
from the set T = {%, QSL ,-+.,2r}, where ¢ is the smallest integer such that 22 > n.

Compose the matrix C € R from the rows of A: for each j € [t], take the i;-th row
of A multiplied by \/% By using the standard PCA algorithm, find in polynomial
time the optimal low-rank approximation of C, i.e. the rank r orthogonal projection
matrix X € R4 minimizing ||C — CX||%. Construct the matrix N € R"*? such
that it contains k rows of A maximizing the distance to the r-dimensional subspace
corresponding to X, at the respective positions of these rows in A, and all the other
rows of N are zero rows. Set L to be (A —N)X. Finally, return L and N minimizing
the value ||[A — L — N||% over all guesses performed by the algorithm.
Correctness of the algorithm. Clearly, the matrices L and N returned by the
algorithm are subject to the constraints that rankLL < r and N contains at most k
non-zero rows, thus it only remains to prove that the cost of the returned solution
is at most (1 + €) times the cost of the optimal solution. Fix an optimal solution
(L*, N*). Denote by A* = A — N* the optimal inlier matrix, that is, the matrix
A where the outlier rows are replaced by zero rows. Recall that for i € [n], 7;(A*)
is the i-th ridge leverage score of A*. For each i € [n], denote by 7;* the smallest
element of T that is at least 7, (A*), 7 is well-defined since 7;(A*) is at most 2r by
Lemma 10.7, and the set 7 contains 2r. We show now that Y, 7 is at most T,
clog(Qr/6)
£

and thus the number of the sampled rows ¢t = T is sufficiently large to apply

Theorem 10.6. For each i € [n] consider two cases. F irst, if 7;(A*) is at least the
smallest element of 77, then 7; < 27;(A*), as elements of the set T’ are at factor two
from each other. Over all such indices, >, 7; <231 | 7;(A*) < 4r by Lemma 10.7.
Second, if 7;(A*) is less than %, then 7; is set to this value, and the sum of all such
7; is at most 2r as there are n < 29 values in total. Summing the bounds for both
cases, we get that " | 7; <6r=1T.

Now denote 6 = 1/2 and invoke Theorem 10.6 for A* with the set values of ¢,
t, and 7; for each ¢ € [n], and with the error parameter 5. With probability 1 — 0,
the sampling procedure described in the statement of Theorem 10.6 succeeds. Since
this probability is positive, there exists a particular selection of ¢ rows that produces
the desired matrix. Thus the matrix C* composed of these rows and reweighted
according to Theorem 10.6, satisfies

(1 —eo)l|A™ — A"X]|} < [|C" = C*X][F < (1 + eo)||A" — AX][F, (10.1)

for any rank r orthogonal projection matrix X € R?*¢. Denote the indices of these
rows by i, ..., i;. In one of the branches, our algorithm considers the values i1 = 7,
ooy ig =147, and 7, = 77 for all i € {i1,--- ,it}. Thus the matrix C constructed by
our algorithm at this step is exactly the matrix C* where every entry is multiplied
by 1/ \/22;1 7;. Consider the orthogonal projection matrix X € R?¥*? that provides
the optimal rank & approximation of C, and also of C* since these two matrices are
identical up to multiplying by a constant. Let X* be the projection matrix of the
optimal solution, that is, L* = A*X*. Then by (10.1), and because X gives the best
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low-rank approximation for C*, we have that

IA* — AX]|} < - CX|[%
1 * kw7 k|[|2
<o -ox (102)
1 1
S 1+€O||A* A*X*H% +500PT

Finally, denote A’ = A — N. Let us note that both A’ and A* contain certain
(n— k) rows of A, but A’ contains precisely the (n — k) rows that incur the smallest
loss w.r.t. X. Therefore,

A" - AX[% < [|AT — AXf3 (10.3)

Since L is exactly A’X, by (10.2) and (10.3), we have

|JA -L—NJ% < OPT

14 ¢p
1-—
Setting 9 = ©O(g) so that 1+§° is at most 1 + €, concludes the proof of correctness.
Running time. The algonthm consider n choices for each of the t values iy, ...,
i, and O(logn) choices for each of the t values 7;,, ..., 7i,, where t = O(r logr/e?).
For each choice, the optimal low-rank approximation and the outliers are found in
polynomial time. Thus, the total running time of the algorithm is upper-bounded by

(n 1og n)o(t) (nd)o(l) — no(’l‘ log T’/E2)do(1).

10.2 Robust Subspace Recovery Algorithm

In this section we prove Theorem 10.5 that ROBUST SUBSPACE RECOVERY is solvable
in time 20 (win{k,rlogr}-(logr+logk)). (1 )O(1) " The algorithm we give is almost identical
to the algorithm of [91] for the MATRIX RIGIDITY problem. We provide here full
details for completeness.

Let us remind that in ROBUST SUBSPACE RECOVERY, we are given a matrix
A € R™*? whose rows correspond to the data points, and integers r, k. The question
is whether there are matrices L and N such that A = L + N, the rank of L is at
most r, and N has at most k non-zero rows. Equivalently, the question is whether it
is possible to delete at most k rows of A such that the resulting matrix is of rank at
most 7.

We need the following observation: For every set X of r + 1 independent rows of
matrix A, at least one row from X is an outlier. In other words,
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Proposition 10.8. Let X be a set of indices of r + 1 independent rows of A. Then
for every optimal solution (L, N), at least one index from X is the index of a non-zero
row of N.

Proof. The rank of L is at most r, thus L cannot contain more than r independent
TOWS. O

The crux of the algorithm is in the procedure that for an input (A, r, k) of ROBUST
SUBSPACE RECOVERY in polynomial time constructs an equivalent instance (A7 r k),
with matrix A containing at most (r 4+ 1)(k + 1) rows. We assume that the rank
of A is more than r, otherwise L = A is trivially a solution. We also assume that
n > (r+1)(k + 1) because otherwise we can put A = A. The procedure runs in two
steps.

First, we find pairwise disjoint sets Ry, ..., R; of rows in A. Each set R; consists
of r + 1 independent rows. We construct such sets greedily by picking a set of r + 1
independent rows and deleting them from A until the rank of the remaining rows
will be at most r. By Proposition 10.8, each of these sets R; contains at least one
outlier. Thus if t > k, the rank of A cannot be reduced to r by deleting k rows,
hence (A, r, k) is a no-instance.

Second, from the remaining rows of A, that is, the rows that are not in R1U- - -URy,
we select pairwise disjoint sets Riy1,..., Rk4+1 as follows. For ¢ > ¢t + 1 let M; be
the rows of A that are not in R; U---UR;_;. Then R; is a subset of M; forming its
basis. Note that |R;| <r fori > ¢+ 1.

Finally, the matrix A is the matrix whose rows are R; U --- U Rpy1. At every
step of the construction of A we find an independent set of rows and thus the total
running time is polynomial. Since every set R; contains at most r + 1 row, matrix A
contains at most (r+1)- (k4 1) rows. Thus what remains is to show the equivalence
of both instances.

Lemma 10.9. (A,r,k) is a yes-instance of ROBUST SUBSPACE RECOVERY if and
only if (A, k) is a yes-instance.

Proof. In one direction the proof is trivial. If the rank of A can be reduced to r by
deleting at most k rows, the same is true for A.

For the opposite direction. Let O be the set of outliers, that is, the set of rows of
A of size at most k whose removal decreases the rank of the matrix down to . The
rows of matrix A are partitioned into the rows of A and the remaining rows, which
we denote by M. (By slightly abusing notation, we do not distinguish a matrix and
a set of rows forming this matrix.) We claim that removing rows of O from A also
reduces its rank to r. Targeting a contradiction, let us assume that this is not true.
Then A \ O contains a set X of r + 1 linearly independent rows.

The rows of A are Ry U---URyU---URj41. Because |O| <k, by the pigeonhole
principle, there is R; that does not contain a row from O. For ¢ < ¢, each R; consists
of r + 1 independent rows, and by Proposition 10.8 must contain at least one row
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from O. This means that at least one R;, @ > ¢, contains no row from O. But by the
construction of sets R; for ¢ > t, the set of rows M is in the span of R;. Hence the
set X’ = (X NA)UR; C A\ O contains 7 + 1 linearly independent rows of A\ O ,
which is a contradiction. O

Finally, to prove Theorem 10.5, for input (A,r k), we construct an equivalent
instance (A, r, k), where A contains at most (r + 1)(k + 1) rows. For each subset
of rows of A of size k, we check whether removal of this set results in a matrix
of rank at most r. If we found such a set O, by Lemma 10.9, the same rows are
outliers for A as well. If we did not find a set of outliers for A, we can safely
conclude that (A,r, k) is a no-instance. Construction of the reduced instance can
be done in polynomial time, and the number of all subsets of rows of A of size k,
does not exceed ((rﬂ)k(k"’l)) = 20(k(logr+logk)) - Hence the total running time is
90(k(logr+logk)) | (nd)O(l)

Alternatively, instead of trying all subsets of k rows of A, we can run the algo-
rithm of Theorem 10.1 on the instance (A, r, k) with the error parameter € set to an
arbitrary constant. Recall that by Theorem 10.1 an (1 + €)-approximate solution to

rlogr

PCA wITH OUTLIERS can be found in time n®22) . ¢ Since an instance of
ROBUST SUBSPACE RECOVERY is a yes-instance if and only if it has the objective
value of zero as an instance of PCA wiTH OUTLIERS, a constant-factor approxima-
tion for PCA wiTH OUTLIERS suffices for solving ROBUST SUBSPACE RECOVERY
exactly. Thus the whole algorithm for ROBUST SUBSPACE RECOVERY finishes in time
20(rlogr(logrtlogk)) (nq)O(1) a5 there are at most (r + 1)(k + 1) rows in the matrix
A. The running time of 20 (min{k.rlogr}-(logrtlogk)) . (nd)®M) follows by combining
the above two algorithms.

10.3 «a-heavy and a-gap PCA with Outliers

In this section, we present Theorems 10.3 and 10.4, their proofs are done in two steps.
First, we show an 2€Uegk+loglogn)rdnoly(p d, 1/§) subspace-sampling algorithm for
a-gap and a-heavy instances of PCA wiTH OUTLIERS which succeeds with probabil-
ity 1 — &, building upon the n®49 algorithm given by Theorem 9.3. Second, we get
rid of the exponential dependence on d by using dimensionality reduction techniques.

10.3.1 Subspace-sampling Algorithm

We start with briefly recalling the idea of the algorithm from Theorem 9.3. One
can parameterize the unknown r-dimensional subspace by r x d variables, and then
for every pair of points construct a polynomial in these variables such that its sign
determines the farthest point from a subspace. Thus the signs of all the (g) poly-
nomials determine exactly which k points are the farthest from the subspace, and
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so are the outliers. By enumerating all possible sign conditions via Theorem 4.12 in
time n®("? we get all potential sets of outliers.

The main idea for the new algorithm is as follows. We show that it is possible to
replace the trivial (g)—sized polynomial system by a much smaller one that still allows
to detect the outliers, provided that either the a-gap or the a-heavy assumption
holds. Intuitively, we first partition the points into m = ©(k) buckets such that there
is at most one outlier in each bucket w.h.p. Then, we compose (ZL) polynomials to
determine the k buckets containing the outliers, and for each bucket we also construct
log n polynomials to detect the outlier in the bucket. Thus, our system contains only
poly(klogn) polynomials, giving the desired running time.

Now we give the proof in full detail. Denote the rows of A by ai, ..., a,. The
algorithm, later denoted as Subspace-sampling algorithm, proceeds as follows.

(i) Partition the rows of A (the points) into m buckets using perfect hashing. Let
By, Bs,...,B,, C [n] be the indices of points in each bucket.

(i) For each bucket B;, i € [m], construct the set of polynomials P; = {P/},< j<logy >

P/(V) = (dist’(a/, V)’ = ) (dist*(a], V)"
i i

where ¢; is the j-th bit in the binary representation of ¢ and b = 6(10;(()%-2(1))

for a-gap instances and b = 1 for a-heavy instances. Note that V can be
parameterized by 7 x d variables such that for each ¢ € [n], dist*(a; , V) can be
expressed as a constant-degree polynomial in these variables. See Section 9.1
for details.

iii) Consider also the set of polynomials Q = {Q); ;}1<i<i<m, Where
( ) poly JI1<i<j<m,
Qi; (V)= (dist’(a/, V)’ — > (dist’(a/ , V))"
LeB; LeB;

and let P be the collection of all the polynomials defined above, i.e., P =

(iv) Using Theorem 4.12, enumerate all possible sign conditions of P on X, the
space of all r-dimensional subspaces, i.e. compute the set 7 = Sample(A,r, k)
where

Sample(A,r, k) = {(S,Vg)|S is a sign condition of
P on X and Vg realizes S}

(v) For each (S, Vg) € T, do the following:
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(a) Note that the signs of Q give an ordering on [m]. Take the top k indices
from this ordering and let WLOG this set be [k].

(b) For each B;, i € [k], choose p € B; such that p; is set to 1 if P/(Vg) >0
and 0 otherwise. This gives us k rows of A, one from each bucket, let N €

R™*4 be the matrix containing these k rows at their respective positions
in A.

(¢) Find the optimal r-dimensional projection L of A — N via the vanilla PCA
algorithm.

(vi) Return N and L from step 5 with the minimum cost of projection.

Running time. The sampling step 4 dominates the running time. Since |P| =
mlogn+ (ZL) = O(klogn+k?) and the degree of all the polynomials involved in P is

bounded by O(Ing(’%fa) ), Theorem 4.12 gives the time 20 (log k+loglogn—loglog(l+a))rd

and this bound also holds for the size of 7. Also in step 1, in time O(n/d) one can
construct a perfect hash function with success probability 1 — §. All the other steps
of the algorithm take poly(n,d) time. So the total running time is

2(9(10g k+loglog n—log log(l+a))rdp0|y(n’ d, 1/5)

Correctness of the algorithm. Assume that in the optimal solution the outlier
matrix is N*, and the low-rank matrix is L*. Denote by V* the r-dimensional
subspace corresponding to L*. The following claim shows that the sign condition
corresponding to V* allows the algorithm to restore N*.

Claim 10.10. In step 5 of the algorithm, with high probability, the outlier matriz N
generated on the sign condition S* which comes from evaluating P on V* is equal to
N*.

Proof. Getting buckets with outliers, Step 5(a): Note that in Step 1 of the
algorithm we map points to O(k) buckets in order to ensure that each bucket has at
most one outlier. So some buckets will end up having no outliers at all. We show
that in step 5(a) of the algorithm for the sign condition S* we correctly find the k
buckets containing outlier points. Specifically, for a bucket B; with an outlier point
p and a bucket B; with no outliers we show that @; ;(V*) > 0. For a-gap instances
we have

Qiy(VF) =Y (dist*(a/, V")’ = > (dist*(a/ , V"))’
leB; LeB;
> (distZ(a;, V)l — npélalx(disf(az, V)P
€

> ((1+a)®—n) I?ealx(distQ(aZ,V*))b > 0.
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Similarly, for a-heavy instances we have

Qi ;(V Z dist?(a) , V*) — Z dist?(a; , V*)

eB; teB;
> dist?( Zdlst (a] ,V*)
Lel
> odeistz(a;,V*) > 0.
el

Therefore, taking the top k buckets by the ordering induced by the signs of Q(V*) will
give us precisely the k buckets containing the outlier points. WLOG, let By, Bo, ..., By
be those buckets, later referred to as the outlier buckets.

Extracting outliers from the outlier buckets, Step 5(b): Fix an i € [k],
denote the sole outlier point in the bucket B; by p. We show that for each j € [logn],
p; = 1iff P/(V*) > 0 and p; = 0 iff P/(V*) < 0. For a-gap instances, if p; = 1 then
we have

PI/(V) = (dist’(a/, V)’ = ) (dist*(a], V)"
i i

> (dist”(ag, V)" — nmax(dist”(a/, V7))’
> ((1+a)—n) n?ax(dlst (a/, V")’

€l
> 0.

Analogously, if p; = 0, then Pij (V*) < 0. Similar analysis works for a-heavy instances
with b= 1.

Thus the outlier matrix N generated on the sign condition S* in step 5 is precisely
the optimal N*. Success of the algorithm relies on perfect hashing of the outlier points
into m buckets in step 1 and for m = ©(k) one can find in time O(n/d) a perfect
hash function with success probability 1 — 4. O

Since in our algorithm we go over all possible sign conditions of P on X, the sign
condition S* will also be considered, and will provide the optimal outlier matrix.
Once we have the optimal N*, computing the optimal rank-r projection of A — N* as
the matrix L will give us the optimal cost. Thus, Claim 10.10 implies the correctness
of the algorithm.

10.3.2 Dimensionality Reduction

In this subsection we improve upon the d in the exponent of the running time of the
algorithm from the previous section. We achieve this by observing that for a-gap and
a-heavy instances we only need the approximate distances of points to a subspace
instead of the exact ones. The new algorithm proceed as follows:
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(i) Sample a Normal Transform matrix S € R?*!, where t = O(r+log n+log(1/4))
for a-gap instances and t = O(r(logk + loglogn + log(1/9)) for a-heavy in-
stances.

(ii) Sketch the input matrix, A, from the right, A = AS.

(iii) Find the optimal set of outliers for AS using the algorithm from the previous
subsection.

(iv) Construct the matrix N from the corresponding rows of A, and return N
together with the optimal rank-r projection L of A — IN.

Running Time. Clearly, step 3 dominates the running time. Since the ambient
dimension is reduced from d to ¢, the running time of the new algorithm is

20(7’(log k+loglog n)(r+log n+log(1/4))) (nd)O(l)

for a-gap instances and

2O(r2(10g k+loglog n)(log k+log log n+log(1/6)) (nd)O(l)

for a-heavy instances.

Correctness of the algorithm. Correctness of the algorithm relies on the
following two lemmas, handling a-gap instances and a-heavy instances respectively.
Intuitively, we prove that a suitable embedding preserves the set of the optimal
outliers. For the a-gap case, we use e-embeddings (Definition 4.1).

Lemma 10.11. Let A € R"*¢ and integer parameters r and k be an a-gap instance
of PCA wiTH OUTLIERS. Let S € Rt be an e-embedding for

col([V*T|a1]), col([V*T|a2]), ce, col([V*T|an]),

simultaneously, for a small enough constant €. Here V* € R™% is the r-dimensional
linear subspace which spans the rows of the optimal rank-r matriz L*. Let A = AS
and T = Sample(A, r, k) where Sample is the procedure from step 4 of the Subspace-
sampling algorithm. Then there exists (6’,6) € T such that the outlier matriz N
generated on (5,6) in step 5 of the Subspace-sampling algorithm is same as the
optimal outlier matriz N*

Proof. We begin by observing that the distances of the rows of AS from row(V*S)
are the same as the distances of rows of A from row(V*), up to a constant factor dis-
tortion. Since S is a e-embedding for col([V*T|a;]), col([V*T|az]),. .., col([V*T|a,])
simultaneously, using Theorem 4.3 we have for each ¢ € [n]

(1 —e)dist?(a;) , V*) < dist?(a; S, V*S) < (1 +¢) dist?(a; , V*). (10.4)
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Now let P = UPi U Q be the collection of polynomials same as P, but defined on the
smaller space, i.e. the space of all r-dimensional subspaces in R*. Let (C, V*S) € T be
the sign condition of P on (V*S; AS). We claim that the outlier matrix, N, generated

on (57 V*S) in the step 5 of the Subspace-sampling algorithm is the optimal outlier
matrix N*. To see this, first we we claim that in step 5(a) the top & indices obtained

from ordering on [m] given by signs of V*S on Q give us k buckets containing outlier

points. Note that to prove this it suffices to show that CfQ\iTj(V*S;AS) > 0 for a
bucket B; with an outlier point p and a bucket B; with no outlier point. Starting

with the definition of Q; ;(V*S; AS),

> (dist?(a/ S, V*8))" — > (dist*(a, S, V"S))"

LeB; ZEBJ-
> > (1 —e)dist®(ar, V)" = > ((1+¢) dist?(ar, V"))
LeB; LEB;

> (1 —e)’(dist*(ap, V)" = (1 +¢)’n IilaIX(diStQ(ag,V*))b
€
>((1-e)'1+a)—n(1+¢)) r?a}((distQ(ag,V*))b
€
> 0 (For an appropriate ¢)

where we have used (10.4) in the first inequality and the a-gap property in the third
inequality. _

Similarly the signs of P on V*S in the Subspace-sampling algorithm will be able
to retrieve the outlier points N*. The analysis is analogous to the above. O

While in the a-gap case it suffices to use simple subspace embeddings, for the
a-heavy case we require a stronger sketch to achieve the improved dimension bound.
We are going to employ the notion of an affine embedding given by Definition 4.4
that we recall next.

Definition 4.4 (Affine embedding). Let U € R"™*¢ and A € R"*?, then S € R¥** is
an e-affine embedding for (U, A) if for every X € R™*", we have

I(A =XU)S|; = (1<) |A - XU

Lemma 10.12. Let A € R™*? and integer parameters v and k be a a-heavy instance
of PCA wiTH OUTLIERS. After bucketing points in step 1 of the Subspace-sampling
algorithm let Ii{j and Igj be sets of indices of points in bucket B; whose j-bit is 1 and
0 respectively. Let S € R™" be a e-affine embedding for {(V*T,A[I}; :]")} 1<i<m

1<j<logn
0<k<1

simultaneously, where ¢ is a sufficiently small constant. Here V* € Rde is the r-
dimensional linear subspace which spans the rows of optimal L. Let A = AS and
T = Sample(A,r k) where Sample is the procedure from step 4 of the Subspace-

sampling algorithm. Then there exist (5’,U) € T such that the outlier matriz N
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generated on (5,6) in step 5 of the Subspace-sampling algorithm is same as the
optimal outlier matrix N*

Proof. The proof is similar to Lemma 10.11. We start by observing that since S is

a e-affine embedding for {V*T A[I}; :]"} 1<i<m simultaneously, we have that for
i 1<j<logn
o<k<T
all i € [m], j € [logn] and k € {0,1}

(1—-2¢) Z dist?(a; , V*) < Z dist?*(a; S, V*S)

LeB; leB;
o=k 4=k
(10.5)
<(1+¢) Z dist*(a, , V*).
-

Now let P = UPi U Q be the collection of polynomials same as P but defined on
smaller space i.e. all r-dimensional subspaces of ¢-dimensional space. Let (C, V*S) €
T be the sign condition of P on (V*S;AS). We claim that the outlier matrix,

N, generated on (C, V*S) in the step 5 of the Subspace-sampling algorithm is the
optimal outlier matrix N*. To see this note that that in step 5(a) the top & indices

obtained from ordering on [s] given by signs of V*S on Q gives us k-buckets with

outlier points. To prove this it suffices to show that @;}(V*S; AS) > 0 for a bucket
B; with an outlier point p and a bucket B; with no outlier point. Starting with the

definition of @JJ(V*S; AS),
> (dist? (a8, V*'S8)) — > (dist*(arS, V'8S))

LeB; LeB;
>(1—¢) Z (dist®(ag, V*)) — (1 +¢) Z (dist®(ag, V*))
LeB; LEB;
> (1—e)(dist’(ap, V*)) — (1 +2) Y _(dist*(ar, V"))
Lel
> ((1—e)(1+a) = (1+¢) Y (dist*(ar, V"))
el

> 0 (For appropriate ¢)

where we have used (10.5) in the first inequality and the a-heavy property in the
third inequality. B

Next we claim that using signs of P on V*S the Subspace-sampling algorithm
will be able to retrieve the outlier points N*. Analysis is analogous to the above. [

Lemma 10.11 and 10.12 prove the correctness of the algorithm, given that the
sketching matrix S satisfies the conditions in the lemmas. Next we prove that the
embedding dimension ¢ is large enough for that to happen with probability at least
1-6.
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Claim 10.13. Let ,6 € (0,1) and S = =G € R*** where the entries of G are

independent standard normal random variables with s = O((r+p+log(1/8))e~2) and
p = min(rank(A),logn). Then S is a e-embedding simultaneously for col([U" |a;]),
col([UT|ag)), ..., col([UT|a,]), for fized U € R™ <, with probability at least 1 — .

Proof. Consider the following two arguments.

(i) By Theorem 4.2, for a fixed ¢ € {1,...,n}, S is an e-subspace embedding for
col([UT|a;]) with probability at least 1 — 2. By the union bound, S is the
desired e-embedding with probability at least 1 — Q%n.

(ii) Let B = {b1,ba,...,brank(a)} be the row basis for A and let V' be the column
space of [UT |by|ba| -+ - [bank(a)]- Since col([U ' |a;]) € V' for each i € [n], and
dim(V’) < r +rank(A), by Theorem 4.2, we have that S is an e-embedding for
V with probability at least 1 — 2%2rank(A).

Combining the above two arguments we have that S is e-embedding for each col([U T |a;]),
i € [n], with probability at least 1 — 4.
O

Affine Embedding for the a-heavy case

Before proving the analogue of Claim 10.13 for the a-heavy case, we present a con-
struction for e-affine embedding based on the known results. The work [59] introduces
several oblivious (data independent) constructions for affine embeddings like sparse
embedding matrices, fast JL matrices, etc. These construction vary in dimension
they embed into, dependence of embedding dimension on the failure probability, and
time it takes to apply them. For our results, we would need an oblivious construction
with embedding dimension as small as possible and 1og(%) dependence on the failure
probability d. The embedding dimension in various constructions of [59] are opti-
mized while keeping the time taken to apply them small and with only % dependence
on the failure probability. For our purposes, the time taken to apply the sketch is
not the bottleneck and thus we show the following theorem, which gives the optimal
dependence on the embedding dimension.

Theorem 10.14. Let0 < ¢e,0 < 1 andS = %G € RY%s where the entries of the ma-

triz G are independent standard normal random variables. If s = ©(rlog(1/8)e~?),
then for every fized U € R™*¢ and A € R™*?, with probability at least 1 — 3§, S is an
e-affine embedding for (U, A).

Proof. First we state the following theorem from [59], see Theorem 39, which gives

sufficient conditions for S to be an e-affine embedding.

Theorem 10.15. Let U € R™*? and A € R™ ¢, then S € R¥* is a 3e-affine
embedding for (U, A) if the following events occur simultaneously.
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(i) Subspace Embedding: S is a subspace embedding for column space of U.

(i) Approzimate Matriz Multiplication: For given matrices Y and Z with n rows
and d columns we have

2 2
HYSSTZT _ YZTHF < 57 1Y% 11Z)% -

(iii) Approzimate Matriz Norm: For a given matriz W € R"*9,

IWS|7 = (1£e) [WII7

The next two lemmas show that random Gaussian matrices satisfy conditions (7)
and (i4i) of above theorem.

Lemma 10.16. Fiz matrices Y,Z € R**¢. Let 0 <¢e,6 <1 and S = %G € Rixs

where the entries of matriz G are independent standard normal random variables.
Then for s = O(Z log(1/9))

2
Prs (HYSSTZT - YzTHF <2y ||Z||§> >1-4

Proof. The proof follows from Theorem 6.2 and Remark 6.3 from [126]. O

For the next lemma, we use the following inequality form [108].

Theorem 10.17. (Hanson-Wright Inequality) Let g € R™ be a vector of standard
normal random variables. There exists a constant C > 0 such that for all € > 0 and
for any matriz Q € R™*™,

Prg (|87 Qg - Elg" Qg]| > ¢) < e O=/1QUF 4 ¢=C=/IQl:,

Lemma 10.18. Fiz a matric W € R"*%. Let 0 < e,0 <1 and S = ﬁG € Rixs

where the entries of matriz G are independent standard normal random variables.

Then for s = ©(Z% log(1/4)),
2 2 2
Prs ([IWS|5 — W[ < |Wi) =1 -0
Proof. First we show that E[||WS]3] = [[W]|%..

Es[|WS|[5] = Es[Tr(WSSTW )]
= Tr(WEs[SST|W)
= Tr(WIL,W') = [W]7,
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Now let g; € R? denote the i-th column of S. Introduce random variables X; =
g W' Wpg; for each i € [s], and X = 1 37 | X;. Then observe that

) 1 s - 1 s
[WS|% = ;;gi W' Wg, = ;;Xi = X.
By Hanson-Wright Inequality, we have that

Prg, (lgf W Wg, — E[g] W Wg,]| > ¢|[W|%) < e 70 < 2¢79",

Which tell us that X; is a sub-Gaussian random variable and that X = HVVSH?7 is
an average of s independent sub-Gaussian random variables. Using Chernoff tail-
inequality for sub-Gaussian random variables, we get

—8 2
Prs(| [WS|7 — IS5 | > €[IS]|%) = Prs(X — E[X]| > e |A|}) < 95 < 4.
O

Combining the above two lemmas with Theorem 4.2 completes the proof of The-
orem 10.14. O

Now we can conclude the dimensionality reduction for a-heavy instances with the
help of the e-affine embedding given by Theorem 10.14.

Claim 10.19. Let €,6 € (0,1) and S = %G € Rt where the entries of G

are independent standard normal random variables with t = O(r(log k + loglogn +
log(1/6))e=2). Then S is a e-affine embedding simultaneously for {V*T A[I}; :
1™} i<i<m , for fized V € R with probability 1 — 6.

1<j<logn
0<k<1

Proof. Follows from Theorem 10.14 and union bound. O

Finally, we observe that we have two sources of error in our algorithm. One is
coming from the Subspace-sampling algorithm and the other from the dimensionality
reduction. Setting failure probability to /2 in each of them and applying union
bound gives us 1 — § success probability.
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11

Low-Rank Approximation in Column-sum
Norm

In this chapter, we present a polynomial-time approximation scheme for the Li-
RANK-r APPROXIMATION OVER GF(2). Recall that in this problem, given a binary
n X d matrix A and a positive integer constant r, one seeks a binary matrix L of
rank at most 7, minimizing the column-sum norm ||A — L||;, defined as

A -
AL = sup Al o S Ayl
Il 1si=a

lI[l17#0

More precisely, we prove the following theorem.

Theorem 11.1. For everye € (0, 1), there is a randomized (1+¢)-approzimation al-
gorithm for L-RANK-r APPROXIMATION OVER GF(2) of running time n®2"" ") g0,

In order to prove Theorem 11.1 we obtain a PTAS for a more general problem
that we call BINARY CONSTRAINED k-CENTER. This problem is very similar to
CONSTRAINED CLUSTERING WITH OUTLIERS that was the key technical problem in
Chapter 6. Only, in BINARY CONSTRAINED k-CENTER there are no outliers, and
the cost of clustering is the maximum Hamming distance between a point and the
closest center. BINARY CONSTRAINED k-CENTER has as much expressive power as
CONSTRAINED CLUSTERING WITH OUTLIERS, and we use it to obtain PTASes for
a number of problems related to L;-RANK-r APPROXIMATION OVER GF(2). For
example, for the variant, when the rank of the matrix L is not over GF(2) but is
Boolean. Or a variant of clustering, where we want to partition binary vectors into
groups, minimizing the maximum distance in each of the group to some subspace
of small dimension. We provide discussions of other applications of our work in
Section 11.4.

249
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Our approach

The usual toolbox of techniques to handle NP-hard variants of low-rank matrix
approximation problems like sketching [189], sampling, and dimensionality reduc-
tion [29] is based on randomized linear algebra. It is very unclear whether any of
these techniques can be used to solve even the simplest case of L;-RANK-r AP-
PROXIMATION OVER GF(2) with » = 1. For example for sampling, the presence of
just one outlier outside of a sample, makes all information we can deduce from the
sample about the column sum norm of the matrix, completely useless. This is ex-
actly the reason why approximation algorithms for CLOSEST STRING do not rely on
such techniques. On the other hand, randomized dimension reduction appears to be
very helpful as a “preprocessing” procedure whose application allows us to solve Li-
RANK-r APPROXIMATION OVER GF(2) by applying linear programming techniques
similar to the ones developed for the CLOSEST STRING. From a very general per-
spective, our algorithm consists of three steps. While each of these steps is based on
the previous works, the way to combine these steps, as well as the correctness proof,
is a non-trivial task. We start with a high-level description of the steps and then
provide more technical explanations.

Step 1. In order to solve L;-RANK-r APPROXIMATION OVER GF(2), we en-
code it as the BINARY CONSTRAINED k-CENTER problem. This initial step is almost
identical to the encoding used in [88] for Low GF(2)-RANK APPROXIMATION. Infor-
mally, BINARY CONSTRAINED k-CENTER is defined as follows. For a given set of bi-
nary vectors X, a positive integer k, and a set of constraints, we want to find & binary
vectors C' = (cy, ..., ci) satisfying the constraints and minimizing maxxe x dg (x, C),
where dp(x,C) is the Hamming distance between x and the closest vector from C.
For example, when k& = 1 and there are no constraints, then this is just the CLOSEST
STRING problem over binary alphabet.

In the technical description below we give a formal definition of this encoding and
in Section 11.4 we prove that Li-RANK-r APPROXIMATION OVER GF(2) is a special
case of BINARY CONSTRAINED k-CENTER. From now on, we work with the BINARY
CONSTRAINED k-CENTER problem.

Step 2. We give an approximate Turing reduction which allows to find a parti-
tion of vector set X into clusters X7, ..., X} such that if we find a tuple of vectors C' =
(c1,...,ck) satisfying the constraints and minimizing maxi<;<kxex,; du (X, {c;}),
then the same tuple C' will be a good approximation to BINARY CONSTRAINED
k-CENTER. In order to obtain such a partition, we use the dimension reduction
technique of Ostrovsky and Rabani [165]. While this provides us with important
structural information, we are not done yet. Even with a given partition, the task
of finding the corresponding tuple of “closest strings” C' satisfying the constraints, is
non-trivial.
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Step 3. In order to find the centers, we implement the approach used by Li,
Ma, and Wang in [144] to solve CLOSEST STRING. By brute-forcing, it is possible
to reduce the solution of the problem to special instances that, loosely speaking,
have a large optimum. Moreover, BINARY CONSTRAINED k-CENTER has an Integer
Programming (IP) formulation. Similar to [144], for the reduced instance of BINARY
CONSTRAINED k-CENTER (which has a “large optimum?”) it is possible to prove that
the randomized rounding of the corresponding Linear Program (LP) relaxation of
this IP, provides a good approximation.

11.1 Overview of the Algorithm

Now we give a more technical description of the algorithm.

Step 1. BINARY CONSTRAINED k-CENTER. Note that the BINARY CON-
STRAINED k-CENTER problem is nearly identical to BINARY CONSTRAINED CLUS-
TERING defined in [88], except for the cost function, and similar to the CONSTRAINED
CLUSTERING WITH OUTLIERS problem introduced in Chapter 6. Still, for complete-
ness we define BINARY CONSTRAINED k-CENTER formally next. First, we need to
recall some notations from Chapter 6. A k-ary relation R is a set of binary k-tuples
with elements from {0,1}. A k-tuple t = (¢1,...,tx) satisfies R, we write t € R, if ¢
is equal to one of the k-tuples in R.

Definition 11.2 (Vectors satisfying R). Let R = (R1,...,Rq) be a tuple of k-ary
relations. We say that a tuple C = (c1,c¢a,...,c) of binary d-dimensional vectors
satisfies R and write < C,R >, if (c1[i],...,ckli]) € R; for alli € {1,...,d}.

Let us recall that the Hamming distance between two vectors x,y € {0,1},
where x = (x1,...,24)T and y = (y1,...,94)7, is dy(x,y) = Zle |x; — ;| or, in
words, the number of positions ¢ € {1,...,d} where z; and y; differ. Recall that for
a set of vectors C C {0,1}% and a vector x € {0,1}%, dy(x,C) = mincec di (%, c).
For sets X,C C {0,1}¢, we define cost(X, C) = maxyecx du(x,C).

Now we define BINARY CONSTRAINED k-CENTER formally.

BINARY CONSTRAINED k-CENTER

Input: A set X C {0, 1} of n vectors, a positive integer k, and a tuple
of k-ary relations R = (R, ..., Ra).

Task: Among all tuples C' = (cy, ..., c) of vectors from {0, 1}¢ sat-
isfying R, find a tuple C' minimizing cost(X, C).

As in the case of Low GF(2)-RANK APPROXIMATION in [88], we prove that L;-
RANK-r APPROXIMATION OVER GF(2) is a special case of BINARY CONSTRAINED
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k-CENTER, where £k = 2". For completeness, this proof and other applications of
BINARY CONSTRAINED k-CENTER are given in Section 11.4. Thus, to prove Theo-
rem 11.1, it is enough to design a PTAS for BINARY CONSTRAINED k-CENTER.

Theorem 11.3. There is an algorithm for BINARY CONSTRAINED k:—C4ENTER that
given an instance J = (X,k,R) and 0 < ¢ < 1, runs in time n®(*/9))gOM) = qnd
outputs a (1 + €)-approzimate solution with probability at least 1 — 2n =2,

By the argument above, Theorem 11.1 is an immediate corollary of Theorem 11.3.

Step 2: Dimensionality reduction. Let J = (X,k, R = (Ry,...,R4)) be an
instance of BINARY CONSTRAINED k-CENTER and C' = (cq, ..., cj) be a solution to
J, that is, a tuple of vectors satisfying R. Then, the cost of C' is cost(X,C). Given
the tuple C, there is a natural way we can partition the set of vectors X into k parts
X1 W+ WX}, such that

cost(X,C) = ie{1,.1.?2§xexi dp(x,¢;).

Thus, for each vector x in X;, the closest to x vector from C is ¢;. We call such
a partition X7 W --- W X the clustering of X induced by C and refer to the sets
X1,..., Xk as the clusters corresponding to C. We use OPT(J) to denote the cost
of an optimal solution to J. That is, OPT(J) = min{cost(X,C) | < C,R >}. In
fact, even if we know the clustering of X induced by a hypothetical optimal solution,
finding a good solution is not trivial as the case when & = 1 is the same as the
CLOSEST STRING problem.

As mentioned before, our approach is to reduce to a version of BINARY CON-
STRAINED k-CENTER, where we know the partition of X, and solve the corresponding
problem. That is, we design an approximation scheme for the following partitioned
version of the problem.

BiNARY CONSTRAINED PARTITION CENTER

Input: A positive integer k, a set X C {0,1}¢ of n vectors par-
titioned into X; W ... W X, and a tuple of k-ary relations
R = (Ry,...,Ra).

Task: Among all tuples C' = (cy, ..., cy) of vectors from {0, 1}¢ satis-
fying R, find a tuple C' minimizing max;c1,.. x},xex, du (X, c;).

For an instance J' = (k, X = X; W... W X, R) of BINARY CONSTRAINED PAR-
TITION CENTER, we use OPT(J') to denote the cost of an optimal solution to J'.
That is,

OPT(J') = min { max  dy(x, ci)} .

C=(c1,...,cx) S.t. <COR> Li€{l,....k},xeX;
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Clearly, for an instance J = (X, k, R) of BINARY CONSTRAINED k-CENTER and
a partition of X into X; W... W X, any solution to the instance J = (k, X =
X1 W... X, R) of BINARY CONSTRAINED PARTITION CENTER, of cost D, is also a
solution to J with cost at most D. We prove that there is a randomized polynomial
time algorithm that given an instance J = (X, k, R) of BINARY CONSTRAINED k-
CENTER and 0 < ¢ < %, outputs a collection Z of BINARY CONSTRAINED PARTITION
CENTER instances J' = (k, X = X7 W... W X}, R) such that the cost of at least one
instance in Z is at most (1 + 4e)OPT(J) with high probability.

Lemma 11.4. There is an algorithm that given an instance J = (X, k, R) of BINARY

. . 4
CONSTRAINED k-CENTER, 0 < ¢ < i, and v > 0, runs in time n®%/<)d?, and

outputs a collection T of nO®/e)q instances of BINARY CONSTRAINED PARTITION
CENTER such that each instance in I is of the form (k, X = XjW... W X, R), and
there exists J' € T such that OPT(J") < (1 + 4e)OPT(J) with probability at least
1—n"7.

To prove Lemma 11.4, we use the dimensionality reduction technique of Ostro-
vsky and Rabani from [165]. Loosely speaking, this technique provides a linear map
1 with the following properties. For any y € {0,1}%, ¥(y) is a 0-1 vector of length
O(logn/e*), and for any set Y of n + k vectors, Hamming distances between any
pair of vectors in ¥ (Y") are relatively preserved with high probability. So we assume
that ¢ is “a good map” for the set of vectors X U C, where C = (cyq,...,cg) is
a hypothetical optimal solution to J. Then, we guess the potential tuples of vec-
tors (¢(c1),...,¢(ck)) for the hypothetical optimal solution C = (cq,...,c), and
use these choices for (¢(cy),...,¢(ck)) to construct partitions of X, and thereby
construct instances in Z. Lemma 11.4 is proved in Section 11.2.

Step 3: LP relaxation. Because of Lemma 11.4, to prove Theorem 11.3, it is
enough to design a PTAS for BINARY CONSTRAINED PARTITION CENTER, which is
the most challenging part of our algorithm. For this, we prove the following lemma.

Lemma 11.5. There is an algorithm for BINARY CONSTRAINED PARTITION CEN-
TER that given an instance J = (k,X = Xj W ...0 X, R) and 0 < £ < 1/2, runs
in time n®(*/9HgOW) " and outputs a solution of cost at most (1+¢)OPT(J) with
probability at least 1 —n=2.

Towards the proof of Lemma 11.5, we encode BINARY CONSTRAINED PARTITION
CENTER using an Integer programming (IP) formulation (see (11.4) in Section 11.3).
We show that the randomized rounding using the solution of the linear programming
relaxation of this IP provides a good approximation if the optimum value is large.
Here we follow the approach similar to the one used by Li, Ma, and Wang in [144]
to solve CLOSEST STRING. We prove that there exist Y1 C X4,...,Y; C Xj, each of
sizer =1+ g, with the following property. Let @ be the set of positions in {1,...,d}
such that for each i € {1,...,k} and j € @, all the vectors in Y; agree at the position
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Jj, and for each j € Q, (y1lj],....yxlj]) € R;, where y; € Y; for all i € {1,...,k}.
Then, for any solution of J such that for each j € @ the entries at the position j
coincide with (y1[j],.-.,yx[j]), the cost of this solution restricted to @ deviates from
the cost of an optimal solution restricted to @ by at most 15 OPT(.J). Moreover,
the subproblem of J restricted to {1,...,d}\ @ has large optimum value and we are
able to use linear programming to solve this subproblem. Lemma 11.5 is proved in
Section 11.3.

Putting together. Next we explain how to prove Theorem 11.3 using Lem-
mata 11.4 and 11.5. Let J = (X, %k, R) be the input instance of BINARY CON-
STRAINED k-CENTER and 0 < € < 1 be the given error parameter. Let § = £,
since ¢ < 1, f < %. Now, we apply Lemma 11.4 on J, B, and v = 2. As
a result, we get a collection Z of instances of BINARY CONSTRAINED PARTITION
CENTER such that each instance in Z is of the form (k,X = Xj W ... " X;, R),
and there exists J' € Z such that OPT(J') < (1 4 468)OPT(J) with probabil-
ity at least 1 — n*f. From now on, we assume that this event happened. Next,
for each instance J € Z, we apply Lemma 11.5 with the error parameter /3, and
output the best solution among the solutions produced. Let J' € Z be the in-
stance such that OPT(J') < (1 +48)OPT(J) < (14 5)OPT(J). Any solution to
J € T of cost D, is also a solution to J of cost at most D. Therefore, because
of Lemmas 11.4 and 11.5, our algorithm outputs a solution of J with cost at most
(14 B)OPT(J) = (14 g)(1+ 5)OPT(J) < (1 +¢)OPT(J) with probability at least
1 — 2n~2, since both Lemmas 11.4 and 11.5 have the success probability of at least
1 —n~2. The running time of the algorithm follows from Lemmata 11.4 and 11.5.

As Theorem 11.3 is already proved using Lemmas 11.4 and 11.5, the rest of the
chapter is devoted to the proofs of Lemmata 11.4 and 11.5, and to the examples
of the expressive power of BINARY CONSTRAINED k-CENTER, including Li-RANK-r
APPROXIMATION OVER GF(2). In Sections 11.2 and 11.3, we prove Lemmata 11.4
and 11.5, respectively. In Section 11.4, we give applications of Theorem 11.3.

11.2 Reducing to a Partitioned Instance

In this section we prove Lemma 11.4. The main idea is to map the given instance
to a low-dimensional space while approximately preserving distances, then try all
possible tuples of centers in the low-dimensional space, and construct an instance of
BINARY CONSTRAINED PARTITION CENTER by taking the optimal partition of the
images with respect to a fixed tuple of centers back to the original vectors.

To implement the mapping, we employ the notion of (4,4, h)-distorted maps,
introduced by Ostrovsky and Rabani [165]. Intuitively, a (4, ¢, h)-distorted map ap-
proximately preserves distances between ¢ and h, does not shrink distances larger
than A too much, and does not expand distances smaller than ¢ too much. In what
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follows we make the definitions formal.

Recall that a metric space is a pair (X, dist) where X is a set (whose elements
are called points), and dist is a distance function dist : X x X — R (called a metric),
such that for every p1,po,ps € X the following conditions hold: (¢) dist(p1,p2) > 0,
(i1) dist(p1,p2) = dist(pe, p1), (4i) dist(py,p2) = 0 if and only if p; = ps, and
(tv) dist(p1,p2) + dist(pa,p3) > dist(p1,p3). Condition (iv) is called the triangle
inequality. The pair ({0,1}¢,dp), the space of binary vectors of length d equipped
with the Hamming distance, is a metric space.

Definition 11.6 ([165]). Let (X,dist) and (X’,dist’) be two metric spaces. Let
XY C X. Let ,0,h be such that 6 > 0 and h > £ > 0. A mapping p : X — X'
is (0,4, h)-distorted on (X,Y) if and only if there exists « > 0 such that for every
x € X andy €Y, the following conditions hold.

(i) If dist(x,y) < ¢, then dist’ (¢(z), ¥ (y)) < (1 + 6)al.
(ii) If dist(z,y) > h, then dist’((z),¥(y)) > (1 — 6)ah.

(iii) If ¢ < dist(x,y) < h, then (1 — §)adist(x,y) < dist’(¢(x),¥(y)) < (1 +
d)adist(z,y).

If X =Y, then we say that v is (0,4, h)-distorted on X.

For any 7,7 € N and € > 0, A, ,(¢) denotes a distribution over 7’ x r binary ma-
trices M € {0, 1}’”/”, where entries are independent, identically distributed, random
0/1 variables with Pr[1] = . The following theorem by Ostrovsky and Rabani [165]
states that the matrices A, ,(¢) allow to achieve distorted maps for the Hamming
space.

Theorem 11.7 ([165]). Let d,£ € N, and let X C {0,1}% be a set of n vectors. For
every 0 < e < 1/2, there exists a mapping ¢ : X — {0,1}%, where d' = O(logn/e*),
which is (e,£/4,¢/2¢)-distorted on X (with respect to the Hamming distance in both
spaces). More precisely, for every v > 0 there exists A\ > 0, such that, setting
d'" = Mlogn/e*, the linear map x — Ax, where A is a random matriz drawn from
Am.m (€2/0), is (e,£/4,€/2¢)-distorted on X with probability at least 1 —n~7.

Now we are ready to prove Lemma 11.4. We restate it for convenience.

Lemma 11.4. There is an algorithm that given an instance J = (X, k, R) of BINARY

CONSTRAINED k-CENTER, 0 < ¢ <
O(k/e

%, and v > 0, runs in time no(k/54)d2, and
outputs a collection T of n “d instances of BINARY CONSTRAINED PARTITION
CENTER such that each instance in I is of the form (k, X = XjW... W X, R), and
there exists J' € T such that OPT(J") < (1 + 4e)OPT(J) with probability at least

1—n="7.
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Proof. Without loss of generality, we may assume OPT(J) > 0. If OPT(J) = 0, there
are at most k distinct vectors in X, and we trivially construct a single instance of
BINARY CONSTRAINED PARTITION CENTER by grouping equal vectors together.

Let n = |X| and n’ = n+ k. Let A = A(y) be the constant mentioned in
Theorem 11.7, and d’ = Alogn//e*. Then, for each ¢ € [d], we construct the collection
7, of n®%/=") BiNARY CONSTRAINED PARTITION CENTER instances as follows.

- Start with Z, := 0.
- Randomly choose a matrix A from the distribution Aqg 4 (€2 /).

- For each choice of k vectors cf,...,c} € {0, 1}d,, construct a partition X; ¥
... WX of X such that for each x € X, ¢} is one of the closest vectors to Afx
among C' = {c},...,c,}. Then, add (k,X =Xj ... X}, R) to Z,.

Finally, our algorithm outputs Z = Uée[ d Iy as the required collection of BINARY
CONSTRAINED PARTITION CENTER instances. Notice that for any ¢ € [d], |Z,| =
2d'k — pO(k/=")  This implies that the cardinality of Z is upper bounded by no(k/€4)d,
and the construction of Z; takes time n®*/¢")q, Thus, the total running time of the
algorithm is n@*/¢") g2,

Next, we prove the correctness of the algorithm. Let ¢ = OPT(J) and C =
(c1,...,ck) be an optimum solution of J. Let Y7,. .., Yy be the clusters corresponding
to C. Consider the step in the algorithm where we constructed Z,. By 11.7, the
map v¥: X — Ax is (g,£/4,£/2¢)-distorted on X U C with probability at least 1 —
n~ 7. In the rest of the proof, we assume that this event happened. Let ¢} =
Afcy,...,c} = Afcy. Consider the BINARY CONSTRAINED PARTITION CENTER
instance constructed for the choice of vectors cf,...,c}. That is, let X1,..., X}y be
the partition of X such that for each x € X;, ¢/ is one of the closest vector to A‘x
from C’ = {c},...,c}}. Let J' be the instance (k, X = X{ W... X} R) of BINARY
CONSTRAINED PARTITION CENTER.

Now, we claim that C is a solution to J’' with cost at most (1 4 4e)¢ = (1 +
4¢)OPT(J). Since C satisfies R, C'is a solution of J'. To prove OPT(J') < (1+4e)¢,
it is enough to prove that for each ¢ € [k] and x € X;, duy(x,¢;) < (1 + 4e)l. Fix
an index ¢ € [k] and x € X;. Suppose x € Y;. Since C is an optimum solution of J
with corresponding clusters Y7, ...Yy, we have that dy(y,c;,) </l forally € Y; N X;.
Thus, di(x,c;) < L. So, now consider the case x € Y; for some j # i. Notice that if
dp(x,¢;) < ¢, then we are done. We have the following two subcases.

Case 1: dy(x,¢;) < . We know that the map ©: x — A’x is (¢,£/4,£/2¢)-
distorted on X U C, and let a > 0 be the number such that conditions of Defini-
tion 11.6 hold. Since x € X;, we have that (a) dug(¢¥(x),¥(c;)) < du(¥(x),%(c;)).
Since dg(x,cj) < £ (because x € Y;) and v is (e, /4, £/2¢)-distorted on X U C,
we have that (b) dg(1(x),v(c;)) < (1 +¢)al. Since £ < dg(x,¢;) < =&, and ¥ is

= 9
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(€,£/4,¢/2¢)-distorted on XUC, we have that (¢) (1—¢)adpy(x,¢;) < dg((x),¥(c;)).
The statements (a), (b), and (¢) imply that

1+e¢

) <
dH(X7Cz) =~ 1*5

< (1+4e)e,

where the last inequality holds since £ < 1/4.

Case 2: dy(x,¢;) > 2%. We prove that this case is impossible by showing a

contradiction. Since € < 1/4, in this case, we have that dg(x,c;) > 2¢. Since 1) is
(e,¢/4,¢/2¢)-distorted on X U C, dg(x,c;) > 2¢, and dg(x,c;) < ¢, we have that

(1—-e)a-20 <dg(W(x),9¥(c;)) < du((x),9¥(c;)) < (1+¢e)a- L.

Then 2(1 —¢) < (1 +¢) and thus e > 1/3, which contradicts the assumption that
e<1/4.
This completes the proof of the lemma. O

11.3 Solving the Partitioned Instance

For a set of positions P C [m], let us define the Hamming distance restricted to P
by
d(x,y) = Z |z — yil-
icP
We use the following lemma in our proof.

Lemma 11.8. Let Y = {y1,---,y¢} C {0,1}¢ be a set of vectors and c* € {0,1}¢
be a vector. Let d* = cost(Y,{c*}) = maxycy du(y,c*). For anyr € N, r > 2, there
exist indices i1, ..., i, such that for any x € Y

1
dZ(Xv y11) - dIF-}(Xv C*) < ﬁd*a
r—

where P is any subset of Q;, ... and Q... ;. 1s the set of positions where all of
Yiis- - Yi, coincide (i.e., Qi .. 5. =1{j € [m]: yi,[J] = yi,li] = ... = yi.[J]})-

Proof. For a vector x =yp €Y and P C @, ;,, let

Jp(l') = {j € P:yilj] #x[j] and y;, [j] # c*[j]}, and
J(W) = {j € Qiri,t yilil # x[j] and y;, [j] # c"[4]}.

To prove the lemma it is enough to prove that |.Jp(¢')| < —L-d*. Also, since Jp(¢') C

J(¢), to prove the lemma, it is enough to prove that |J(¢')] < —1-d*. Recall that
for any s € [¢] and 1 < iq,...,155 < €, Q... 4, is the set of positions where all of
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Yiys---,Yi, coincide. Forany2<s<r+1 and 1 <4dy,...,15 < ¥, let p;, .. ;. be the

.....

number of mismatches between y;, and c¢* at the positions in @, . ;.. Let

.....

_ Piq,... i
Ps 1<in, . is<n  d*
Notice that for any 2 < s <r+1, ps < 1.

Claim 11.9 (Claim 2.2 [144]). ' For any s such that 2 < s < r, there are indices
1 <iy,i9,... 0 < L such that for anyx=yp €Y, |J")| < (ps — ps+1)d*.

Proof. Consider indices 1 < 41,...,75 < £ such that p;, ;. = ps-d*. Next arbi-

trarily pick r — s indices 4541, 4542, ., 4 from [€]\ {i1,...,is}. Next we prove that
i1,19,...,1,. are the required set of indices. Towards that, fix x =y € Y,
J(WO) = i€ Qi it yili] #x[j] and y;, 5] # [} |
< [{J €Qu, it yi li] # x[j] and y;, [§] # ¢*[4]} |
(Because Qi;,....i,, € Qiy,..is)
= [{1€Qi .t ya il Z I\ {1 € Q..o yz'l[j] x[j] Ny [j] # " [5]} |
= [{5€Qi, i.:yilil Zc U\ € Qi icet ya, U] # 1]}
(Since x = yy)
= [{1€Qi,i.tyaUl # U = {7 € Qiyive ya il # [} (11.1)
= Piy,ovie — Piv,ia ! (By definition)
< (ps — psy1)d” (11.2)
The equality (11.1) holds since @y, ,...i, 2 Qi;,...i..er- The inequality (11.2) holds
because p;,..i. = ps-d* by the choice of i1, ..., 5, and ps41d* < p;, 4.0 by
definition. O

Notice that (p2 — p3) + (p3 —pa) +. ..+ (pr — pr+1) = (p2 — pr41) < p2 < 1. Thus,
one of (p2 — p3),(p3 — pa)s- -, (Pr — pr41) is at most 1/(r — 1). This completes the
proof. O

Consider the instance J = (k, X = X{W...X},R) of BINARY CONSTRAINED
PARTITION CENTER. Let C* = (c}, - ,c}) C {0,1}¢ be an optimum solution to
J. Let dopy = OPT(J) = max;ep) xex, du(X,c;). For each i € [k] and r > 2, by
Lemma 11.8, there exist r elements xgl), ey xgr) of X; such that for any x € X;,

1
di (e, x ) = d(x,€f) < ——

—dopt (11.3)

'We remark that Claim 2.2 in [144] is stated for a vector ¢ such that d* = cost(Y,{c}) =
mings cost(Y, {c’}). But the steps of the same proof work in our case as well.
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where P is any subset of @);, and ; is the set of coordinates on which xgl), cee xz(-r)

agree. Let us denote as ) the intersection of all @); from which the positions not
satisfying R are removed. That is,

Q={je () Qi =[x xU]) € By

1€ [k]

Because of (11.3), there is an approximate solution where the coordinates j € Q
are identified using x( ) ...,x,(gl). Let @ = [d] \ Q. Now the idea is to solve the
problem restricted to Q separately, and then complement the solution on @) by the

values of xgl). We prove that for the ‘subproblem’ restricted on @, the optimum
value is large. Towards that we first prove the following lemma.

Lemma 11.10. Let J = (k,X = Xi W... X} R) be an instance of BINARY CON-

STRAINED PARTITION CENTER. Let (ci,...,c}) be an optimal solution for J, and
r > 2 be an integer. Then, there erist {xgl), e, XY)} c X1y, {x,(gl), el X,(f)} C
X} with the following properties. For each i € [k], let Q; be the set of coordinates on
which xgl), e xgr) agree, @ = {j € Nigp @it (x (1)[3],)(%1)[]'],.. (1)[ 1) € R; }

and Q = [d)\ Q.

- For any i € [k] and x € X;, dg(x,xl(-l)) d< L(x,ch) <

(J), and
- 1Q| < rk-OPT(J).

Proof. Fix an integer i € [k]. By substituting Y = X; and ¢* = ¢} in Lemma 11.8,
we get {xgl)7 cees XET)} C X; such that for any x € X, d%(x, (1)) —d9(x,cr) <
T%IOPT(J ). That is, we have proved the first condition in the lemma. The second
condition is proved in the following claim.

Claim 11.11. |Q| < rk-OPT(J).

Proof. We claim that for each position j € @ there exist i € [k] and s € [r] such that

x,t(-s) [j] # ci[j]. There are two kinds of positions in Q. First, positions, where for

some i € [k] vectors x( ), ceey xlm do not agree, in this case certainly one of them

does not agree with the corresponding position in c}. Second, positions j where for
. 1) - 2)r . T 1 1)
any i € (1], xVp) = x®f] = - = =], but <O, xVp]) ¢ By Then,

there exists ¢ € [k] such that XZ(»l)[j] # cl[j] because (ci[j],...,cilj]) € R;.

(s)

Now, for any i € [k] and s € [r], x;” contributes at most OPT(.J) positions to Q,

since dH(Xl(- ), c’) <OPT(J). Thus, in total there are at most rk - OPT(J) positions
in Q. O

This completes the proof of the lemma. O
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As mentioned earlier, we fix the entries of our solution in positions j of @ with
values in x(l)[j}, e ,xél)[j]. Towards finding the entries of our solution in positions
of @), we define the following problem and solve it.

BiNaARY CONSTRAINED PARTITION CENTER*

Input: A positive integer k, a set X C {0, 1} of n vectors partitioned
into X7 W...W Xy, a tuple of k-ary relations R = (R1,..., Rq),
and for all x € X, dx € N

Task: Among all tuples C = (cy, ..., cx) of vectors from {0, 1}¢ satis-
fying R, find a tuple C that minimizes the integer D such that
for all i € [k] and x € X;, dy(x,¢;) < D — dx.

Lemma 11.12. Let J' = (k, X = X1 W... Xi, R, (dx)xex) be an instance of BINARY
CONSTRAINED PARTITION CENTER*, OPT(J') > % for some integer ¢, and 0 < § <

1/c. Then, there is an algorithm which runs in time no(c2k/52)do(1)7 and outputs a
solution C of J', of cost at most (1 + §)OPT(J') with probability at least 1 — n=2.

Before proving Lemma 11.12, we explain how all these results are put together
to form a proof of Lemma 11.5. We restate Lemma 11.5 for the convenience of the
reader.

Lemma 11.5. There is an algorithm for BINARY CONSTRAINED PARTITION CEN-
TER that given an instance J = (k,X = X{W... W X, R) and 0 < & < 1/2, runs
in time nC(k/9HqO0) " and outputs a solution of cost at most (14 ¢e)OPT(J) with
probability at least 1 —n=2.

Proof. Let J = (k,X = X{w...X},R) be the input instance of BINARY CON-
STRAINED PARTITION CENTER, and 0 < ¢ < % be the error parameter. Let
(ci,...,c}) be an optimal solution for J. Let » > 2 be an integer which we fix later.
First, for each ¢ € [k] we obtain r vectors x§1)7 cee Xgr) € X; which satisfy the condi-
tions of Lemma 11.10. Their existence is guaranteed by Lemma 11.10, and we guess
them in time n©("®) over all i € [k]. For each i € [k], let Q; be the set of coordinates on

which xgl), cee XET) agree, Q = {j € Niepy Qi (Xgl)[j],x(l)[j]7...7x,(cl)[j]) € Rj},

and Q = [d] \ Q. Next, we construct a solution C' = (c1,...,cx) as follows. For each
i€ [k] and j € Q, we set ¢;[j] = xl(-l)[j]. B
Towards finding the entries of vectors ci,...,c, at the coordinates in @, we
use Lemma 11.12. Let J’ be the instance of BINARY CONSTRAINED PARTITION
CENTER*, which is a natural restriction of J to . That is, J' = (k, X' = X| &

.- Xi, Rlg, (dxi5)xex’), where for each i € [k], Xj = {x|5: x € X;} and for each
x € X, dx‘@ = dg (%, xz(-l)). By the second condition in Lemma 11.10, we have that
Q| < k- OPT(J).
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Claim 11.13. OPT(.J) < OPT(.J") < (1 n %1) OPT(J).

Proof. First, we prove that OPT(J) < OPT(J’). Towards that we show that we can
transform a solution C’ = (cf,--- ,c},) of J’ with the objective value D to a solution
C of J with the same objective value. For each i € [k], consider €; which is equal

to xgl) restricted to @, and to ¢/ restricted to @, and the solution C= (€1, ,Cg)-

Clearly, C satisfies R since on Q it is guaranteed by C” being a solution to J', and
on @ by construction of Q. The objective value of C' is

e ke X, du(xe;) = e b e X, (dg(x,ci) + d%(x,ci))

- _ o Q 1
B ie[g]l,;ac}éxi (dH(X|Q’C1)+dH(X’XZ ))

- dy (x|, ¢! dx,):D.
ikl xeX; ( n (g, €) + dxig

Thus, OPT(J) < OPT(.J").

Next, we prove that OPT(J') < (1 + r%l) OPT(J). Recall that (c},...,cj) is
an optimal solution for J. Then, (e7,...,e}), where each e} is the restriction of ¢}
on @, is a solution for J'. For each i € [k] and x € X,

di(Xlg€f) +duy = df(xc]) +df(xx(")

1
< d%(xa ci)+ d?—[(xu c)+ ﬁOPT(J) (By Lemma 11.10)

IN

di(x,¢l) + ﬁllopT(J)

< (1 + 1) OPT(J)

This completes the proof of the claim. O

1l

Since |Q| < rk-OPT(J) and by Claim 11.13, we have that OPT(J’) > |cg|
where ¢ = rk. Let 0 < § < 1 be a number which we fix later.

Now we apply Lemma 11.12 on the input J’ and §, and let C" = (cf, ..., c},) be
the solution for J’ obtained. We know that the cost d’ of ¢’ is at most (1+6)OPT(J')
with probability at least 1 — n~2. For the rest of the proof we assume that the cost
d" < (14 0)OPT(J’). Recall that we have partially computed the entries of the
solution ¢ = (cq,...,cy) for the instance J. That is, for each j € Q and i € [k], we
have already set the value of c;[j]. Notice that C’ C {0,1}/%l. Since J’ is obtained
from J by restricting to @, there is a natural bijection f from @ to [|Q]] such that
for each x € X and j € Q, x[j] = y[f(j)], where y = x|g. Now for each i € [k] and

J € Q, we set ¢;[j] = cf[f(5)].

)
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In Claim 11.13, we have proven that the solution C of J obtained in this way has
cost at most d’. By Lemma 11.12, we know that d’ < (14+6)OPT(J’). By Claim 11.13,
OPT(J') < (1+ —15)OPT(J). Thus, we have that the cost of the solution C of J is

at most (1+6)(1+ —25)OPT(J). Now we fix r = (1+ %) and 6 = @erays- Lhen the
cost of C' is at most (1 +€)OPT(J).

Running time analysis. The number of choices for {Xg1)7 ce XY)} C Xy,
. {X21)7 . xg)} C Xj, is at most n@k) = pO(k/e) - For each such choice,
we run the algorithm of Lemma 11.12 which takes time at most nO(ek/8%) o (1) —
nO((k/2)") go), Thus, the total running time is nO((k/2)") o), O

Now the only piece left is the proof of Lemma 11.12. We use the following tail
inequality (a variation of Chernoff bound) in the proof of Lemma 11.12.

Proposition 11.14 (Lemma 1.2 [144]). Let X1, ..., X, be n independent 0-1 random
variables, X = Y"1 | X;, and 0 < e < 1. Then, Pr[X > E[X] +en] < e=3ne’

Finally, we prove Lemma 11.12.

Proof of Lemma 11.12. First, assume that d < 9c®logn/6%. If this is the case, we
enumerate all possible solutions for J’ and output the best solution. The number
of solutions is at most 2k = pO(c*k/6%), Thus, in this case the algorithm is exact
and deterministic, and the running time bound holds. For the rest of the proof we
assume that d > 9¢? logn/62.

BINARY CONSTRAINED PARTITION CENTER* can be formulated as a 0-1 opti-
mization problem as explained below. For each j € [d] and tuple t € R;, we use a
0-1 variable y; ; to indicate whether the 4" entries of a solution form a tuple ¢ € R;
or not. For any i € [k], x € X;, j € [d] and t € R;, denote x;(x[j],t) = 0 if x[j] = t[4]
and x;(x[j],t) = 1 if x[j] # t[i]. Now BINARY CONSTRAINED PARTITION CENTER*
can be defined as the following 0-1 optimization problem.

min D
subject to

> yie=1, for all j € [d]; (11.4)
tER]'

Z Z Xi(x[1],t) - yje < D —dx, for all ¢ € [k] and x € X;
JjE[M]teER;
v € {0,1}, for all j € [d] and t € R;.

Any solution y,; (j € [d] and t € Rj) to (11.4) corresponds to the solution C' =

(c1,...,¢,) whereforall j € [d] and ¢t € R; such that y; ; = 1, we have (c1[j], ..., c[j])
t.
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Now, we solve the above optimization problem using linear programming relax-
ation and obtain a fractional solution y, (j € [d] and t € R;) with cost D’. Clearly,
D" < dopt = OPT(J'). Now, for each j € [d], independently with probability y5,, we
set y;, =1 and y}, =0, for any ¢ € R; \ {t}. Then y;, (j € [d] and t € R;) form

a solution to (11.4). Next we construct the solution C' = (cq,...,ci) to BINARY
CONSTRAINED PARTITION CENTER®, corresponding to v}, (j € [d] and t € R;).
That is, for all j € [d] and ¢ € R; such that y;; = 1, we have (ci[j],...,cglj]) =t

For the running time analysis, notice that solving the linear program and perform-
ing the random rounding takes polynomial time in the size of the problem (11.4). And
the size of (11.4) is polynomial in the size of J’, so the running time bound is satisfied.
It remains to show that the constructed solution has cost at most (1 + §)OPT(J")
with probability at least 1 —n =2

For any j € [d], the above random rounding procedure ensures that there is
exactly one tuple ¢ € R; such that y;, = 1. This implies that for any j € [d],
i € [k] and x € Xi, 37, cp Xi(x[j],t) - yj, is a 0-1 random variable. Since for each
j € [d] the rounding procedure is independent, we have that for any i € [k} and
x € X; the random variables (ZteRl xi(x[1],t) ~y’17t)7 (ZteRd xi(x[d],t)- y] ,) are
independent. Hence, for any 7 € [k] and x € X, the Hammmg distance between x
and ¢;, du(%,¢;) = 3 e 2ier, Xi(X[j],t) - ¥}, is the sum of d independent 0-1
random variables. For each ¢ € [k] and x € X;, we upper bound the expected value
of di(x,c;) as follows.

Eldy(x,c;)] = Z > xax[it) -y,

€ld] teR;
= Z D xilx Ely;,]
JEld] tER;
= Z Z XZ y] t
JE[d] tER;
< D' —dy (By the constraints of (11.4))

Fix e = 2. Then, by Proposition 11.14, for all i € [k], and x € X,
Pr[dH(X,Ci) >D — dy + Ed] < eiédsz
Therefore, by the union bound,

Pr[There exist i € [k] and x € X; such that dy(x,¢;) > D' —dx +ed] <n- e 5

(11.5)
We remind that d > 9¢?logn/§? = 9logn/e? and so n - e~3%° < =2 Thus, by
(11.5),

Pr[There exist i € [k] and x € X; such that dp(x,¢;) > D' —dyx+ed] <n~2. (11.6)



264 11 | Low-Rank Approximation in Column-sum Norm

Since D' < OPT(J’) and OPT(J') > d/¢, D' + ed < (1 + ¢e)OPT(J’). Then, the
probability that there exist ¢ € [k] and x € X, such that dg(x,¢;) > (1+ce)OPT(J')—
dyx is at most n=2 by (11.6). Since ce = d, the proof is complete. O

11.4 Applications

In this section we explain the impact of Theorem 11.3 about BINARY CONSTRAINED
k-CENTER to other problems around low-rank matrix approximation. We would
like to mention that BINARY CONSTRAINED k-CENTER is very similar to the BI-
NARY CONSTRAINED CLUSTERING problem from [88]. In BINARY CONSTRAINED
k-CENTER we want to minimize the maximum distance of a vector from the input
set of vectors to the closest center, whereas in BINARY CONSTRAINED CLUSTERING
the sum of distances is minimized. While these problems are different, the reduction
we explain here, except a few details, are identical to the ones described in [88]. For
reader’s convenience, we give one reduction (Lemma 11.15) in full details and skip
all other reductions, which are similar.

In the following lemma we show that L;-RANK-r APPROXIMATION OVER GF(2)
is a special case of BINARY CONSTRAINED k-CENTER.

Lemma 11.15. There is an algorithm that given an instance (A,r) of L1-RANK-r
APPROXIMATION OVER GF(2), where A is an n x d-matriz and r is an integer, runs
in time O(n + d + 227), and outputs an instance J = (X, k = 2", R) of BINARY
CONSTRAINED k-CENTER with the following property. Given any a-approximate
solution C to J, an a-approzimate solution L to (A,r) can be constructed in time
O(rnd) and vice versa.

Proof. Notice that if GF(2)—rank(L) < r, then L has at most 2" distinct rows,
because each row is a linear combination of at most r vectors of a basis of the row
space of L. Moreover, L;-RANK-r APPROXIMATION OVER GF(2) can also be stated

as follows: find vectors sy, ...,s, € {0,1}¢ such that max;e(,) dp (a;, S) is minimum,
where ay,...,a, are the rows of A and
S ={s€{0,1}%: s is a linear combination of si,...,s, over GF(2)}.

To encode an instance of L1-RANK-7 APPROXIMATION OVER GF(2) as an instance
of BINARY CONSTRAINED k-CENTER, we construct the following relation R. Set
k=2". Let A = (A1, ..., \x) be the k-tuple composed of all distinct vectors in {0,1}".
Thus, each element A; € A is a binary r-vector. We define R = {(xTA1,...,2TAg) |
x € {0,1}"}. Thus, R consists of k = 2" k-tuples and every k-tuple in R is a row of
the matrix AT - A. Now we define X to be the set of rows of A and for each i € [d],
R; = R. Our algorithm outputs the instance J = (X, k, R = (R1,...,Rq)).

To show that the instance (A, r) of L;-RANK-r APPROXIMATION OVER GF(2) is
equivalent to the constructed instance .J, assume first that the vectors si,...,s, €
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{0,1}¢ compose an (approximate) solution of L;-RANK-r APPROXIMATION OVER
GF(2). For every i € [k] define the vector

C; = )\z[”sl DD )\i[T]ST,

where AT = (\;[1], ..., Ai[r]), @ denotes the sum over GF(2), and define the tuple C' =
(c1,...,cx). Thatis, C contains all linear combinations of sy, .. .,s,. For every i € [k]
and j € [d], we have that c;[j] = (s1[j],...,sr[j])Ai. Therefore, (c1[j],...,cklj]) € R
for all j € [d]. Thus, C' is a solution to J of cost maxxex dp(x,C).

For the opposite direction, assume that C' = (cq,...,¢x) is an (approximate)
solution to J. We construct the vectors sy, . .., s, as follows. Let j € [d]. We have that
(c1lg],---,cklj]) € R. Therefore, there is x € {0,1}" such that (ci[j],...,cklj]) =
(XTAL, ..., XTAx). We set s;[j] = x[i] for ¢ € [r]. Observe that vectors in C' are linear
combinations of the vectors si,...,s,. This immediately implies that for any a-

approximate solution C' of J an a-approximate solution L of (A, r) can be constructed
in time O(rnd). O

Thus, Theorem 11.1 follows from Theorem 11.3 and Lemma 11.15.

Low Boolean-Rank Approximation. Let A be a binary n x d matrix. Now
we consider the elements of A to be Boolean variables. The Boolean rank of A is
the minimum r such that A = U AV for a Boolean n x r matrix U and a Boolean
r x d matrix V, where the product is Boolean, that is, the logical A plays the role of
multiplication and V the role of sum. Here 0AN0=0,0A1=0,1A1=1,0v0=0,
OV1=1,and 1Vv1 = 1. Thus the matrix product is over the Boolean semi-ring
(0,1,A,V). This can be equivalently expressed as the normal matrix product with
addition defined as 1+ 1 = 1. Binary matrices equipped with such algebra are called
Boolean matrices.

In BOOLEAN L;-RANK-r APPROXIMATION, we are given an n X d binary data
matrix A and a positive integer r, and we seek a binary matrix L optimizing

minimize ||A — L||;
subject to rank(L) < r.

Here, by the rank of binary matrix L we mean its Boolean rank, and norm || - ||;
is the column sum norm. Similar to Lemma 11.15, one can prove that BOOLEAN
L;1-RANK-r APPROXIMATION is a special case of BINARY CONSTRAINED k-CENTER,
where k = 2", Thus, we get the following corollary from Theorem 11.3.

Corollary 11.16. There is an algorithm for BOOLEAN Li-RANK-7 AIZPR?XIMA—
TION that given an instance I = (A,r) and 0 < e < 1, runs in time nOE7" /) o),
and outputs a (1 + €)-approximate solution with probability at least 1 — 2n=2.
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Projective k-center. The BINARY PROJECTIVE k-CENTER problem is a vari-
ation of the BINARY k-CENTER problem, where the centers of clusters are linear
subspaces of bounded dimension r. (For » = 1 this is BINARY k-CENTER and for
k = 1 this is L1-RANK-r APPROXIMATION OVER GF(2).) Formally, in BINARY
PROJECTIVE k-CENTER we are given a set X C {0,1}¢ of n vectors and positive
integers k and r. The objective is to find a family of r-dimensional linear subspaces
C ={C,...,Ck} over GF(2) minimizing maxxe x dm (X, Ule ).

To see that BINARY PROJECTIVE k-CENTER is a special case of BINARY CON-
STRAINED k-CENTER, we observe that the condition that C; is an r-dimensional
subspace over GF(2) can be encoded (as in Lemma 11.15) by 2" constraints. This
observation leads to the following lemma.

Lemma 11.17. There is an algorithm that given an instance (X,r, k) of BINARY
PROJECTIVE k-CENTER, runs in time O(n+d+2°%) and outputs an instance J =
(X, k" = 2" R) of BINARY CONSTRAINED k-CENTER with the following property.
Given any a-approzimate solution C to J, an a-approximate solution C' to (X, r, k)
can be constructed in time O(rknd) and vice versa.

Combining Theorem 11.3 and Lemma 11.17 together, we get the following corol-
lary.

Corollary 11.18. There is an algorithm for BINARY PROJECTIVE k-CENTER that
given an instance I = (X,r, k) and 0 < ¢ < 1, where X C {0,1}? is a set of n vectors
andr,k € N, runs in time n0(24k7./54)do(1), and outputs a (14-¢€)-approzimate solution
with probability at least 1 — 2n 2.

11.5 Conclusion

In this chapter we gave a randomized PTAS for the BINARY CONSTRAINED k-
CENTER problem. This yields the first approximation scheme for L;-RANK-r AP-
PROXIMATION OVER GF(2) and its Boolean variant. This result leaves several inter-
esting open problems. The running time of our (1 + ¢)-approximation algorithm is
n@@"eH g0 How far is this running time from being optimal? A simple adap-
tation of the result of Cygan et al. [71] for CLOSEST STRING, yields that already for
r =1, an (1 4 €)-approximation in time n®® . f(¢), for any computable function f,
would imply that FPT = WJ[1]. Also the existence of a PTAS for » = 1 with running
time f(e)n°(1/2), for any computable function f, would contradict the Exponential
Time Hypothesis [71]. But these results do not exclude the opportunity of having
an algorithm of running time f(r,¢) - (nd)P*Y(*/%) for some function f. Even the
existence of an algorithm for L;-RANK-r APPROXIMATION OVER GF(2) of running
time nPOY(E)dO() ig an interesting open question.
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Future Directions

We conclude with listing key open problems that follow from the results presented
in this thesis. A number of open questions and concluding remarks are stated in
the respective sections at the end of each chapter. However, here we would like to
spotlight the most important directions for further research.

Parameterized complexity of k-Means The most intriguing question about
parameterized complexity of k-MEANS concerns the parameterization by d+k%. Recall
that an n®(@)_time algorithm by Inaba et al. [118] is known from the 1990s, however,
so far nothing would contradict an FPT algorithm with respect to this parameter.
On the other hand, the W[1]-hardness parameterized by k for constant d, shown by
Cohen-Addad et al. [63] in the discrete case?, strongly suggests that the continuous
case might very well have the same behavior. Also, in Chapter 5, we have shown
quite strong W([1]-hardness results for several variants of L,-k-CLUSTERING: for the
parameter d + D in the case p = 0, the parameter D in the case p = oo, and the
WI(1]-hardness of L,-CLUSTER SELECTION for the parameterization by ¢ + d in the
case p = 1, and t + D in the case 1 < p < co. Recall that d is the dimension, & is
the number of clusters, D is the optimal cost of clustering, and in the case of L,-
CLUSTER SELECTION t denotes the size of the target cluster; for the formal definition
of L,-CLUSTER SELECTION we refer to Chapter 5. While in general the parameters
D, d and k can compare arbitrarily, intuitively it seems that the parameter D is more
or less the “strongest” out of these three. From this discussion, we get naturally the
following.

Open Problem 1. Is k-MEANS W([1]-hard parameterized by d+k? Can this at least
be said about some other variant of L,-k-CLUSTERING ¢

Another natural open problem concerns FPT algorithms parameterized by D for
versions of L,-k-CLUSTERING. In Chapter 5, we encountered a curious distinction:
while for p € {0,000} we showed W[1]-hardness, and for p = 1 an FPT algorithm, for

2Recall that in the discrete version of a clustering problem, the set of possible center locations
is given in the input.
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the most interesting case p = 2 we have neither. We know only W([1]-hardness of
Lo-CLUSTER SELECTION, meaning that our approach for an FPT algorithm is not
applicable in this case. Thus we arrive to the second question of interest.

Open Problem 2. Is there an FPT algorithm for k-MEANS parameterized by D,
where input is in 72

Constrained clustering problems In Chapter 7, for a number of constrained
clustering problems we have shown the existence of a small-sized coreset. Namely,
for any kind of constraints that can be defined in terms of partitioning the input into
{ colors and measuring the cardinality of each color in each cluster, e.g. capacity or
fairness constraints, there is an £ - poly(k,logn, €)-sized (1 + £)-coreset for both k-
MEDIAN in general discrete metric spaces and k-MEANS in R?. While this bound has
a very modest dependence on the size of the input and approaches the best known
coresets even in the vanilla setting, it is not “tight” in two aspects. First, while in
general metric spaces it is known that the size Q((klogn)/e) is required [16], for Eu-
clidean k-MEANS in the vanilla setting there is a better upper bound of poly(k/¢) [84],
that is, the size of the coreset is completely independent of the input size. The ana-
logue of this would be interesting even for the simplest kind of constraints that can
be defined in terms of only one color, like capacitated or lower-bounded clustering.
Second, since there is no colors in the vanilla setting, there is also no dependence on
{ for vanilla clustering coresets. While the size of the coreset depends linearly on ¢
in all coreset constructions for constrained clustering, to the best of our knowledge
there is no known lower bound requiring such a dependence. And if we would aim
not for a coreset, but just a (1 + ¢)-approximate algorithm, for k-MEANS in RY it is
known that any kind of constraints admits an efficient FPT-time algorithm that does
not depend exponentially on ¢, as long as the assignment problem can be solved in
the same time [27]. We summarize the above in the following open problems.

Open Problem 3. For (a,)-FAIR CLUSTERING, is there a non-trivial coreset

construction that achieves a size bound that is independent of the number of colors
02

Moreover, this question is interesting for any variant of fairness constraints, and
in fact for any version of color-constrained clustering.

Open Problem 4. For capacitated k-MEANS problem in the Fuclidean space, is
there a coreset of size independent of n?

We have chosen capacitated clustering as a working example for Open Problem 4,
however this kind of result would be interesting for any non-trivial clustering con-
straints.

Additionally, in Chapter 7 we provided a (3 4 ¢) approximation algorithm for
color-constrained k-MEDIAN in general discrete metric spaces in time f(k,¢,¢)-n®™)
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for a certain function f. To the best of our knowledge, there are no known algorithms
with a similar running time that improve this approximation factor. On the other
hand, it is known that for the vanilla version, such an FPT-time algorithm allows to
achieve an approximation factor of (1+2/e+¢), and this is tight [64]. Thus, even for
the simplest kind of constraints, such as capacitated clustering, beating the factor of
3 remains an interesting question.

Open Problem 5. For capacitated k-MEDIAN problem in the general metric setting
and any € > 0, is there a (3 — ¢)-approximation algorithm with running time f(k) -
nPW | for some function f?

Again, such results are not known for any kind of constraints, so progress here
would be interesting for any constrained clustering problem.

Clustering affine subspaces In Chapter 8, we presented a (14 ¢)-approximation
algorithm for k-MEANS clustering of A-points in R? with running time f(k, A, ¢) -
(nd)®M). Recall that A-points are vectors in R? that can have at most A coordinates
replaced with the unknown “?” value. Another way to look at this problem, is that
the objects to cluster are axis-parallel affine subspaces in R? of dimension at most
A. A natural and intriguing question is whether it is possible to extend this result
to clustering of arbitrary low-dimensional affine subspaces in the Euclidean space.

Open Problem 6. Given a set of A-dimensional affine subspaces in R?, is it possible
to find a (14¢)-approxrimate k-MEANS clustering of these subspaces in time f(k, A, €)-
(nd)®M) 2 The clustering objective here is the sum of squared distances from each
subspace to the respective center, where the center is a point in R% and the distance
is the Fuclidean distance from the center to the closest point on the subspace.

Efficient dimensionality reduction for PCA with Outliers Recall that in
Chapters 9 and 10 we presented an exact n®"%-time algorithm and a 1+ ¢e)-
approximate n®("10g re*)_time algorithm for PCA wiTH OUTLIERS. Since we also
know that there is no n°®-time algorithm with any approximation factor, these al-
gorithms are practically tight. However, in our reduction the number of outliers is
of order n, so better algorithms in the case k = o(n) are not excluded. Moreover, for
the a-heavy assumption on the outliers, we give a 2Pol(mlogkloglogn) (5 yO(1)_time
algorithm, which is, in particular, FPT-time when parameterized by k + r. So a nat-
ural question is, could the same be achieved for other assumptions on the outliers,
or for a general-case (14 ¢)-approximation algorithm with a suitable dependence on
€? Such an algorithm would be interesting even if the dependence of the running
time on k is worse than ours, which is exponential in poly(logk). Our algorithm
is based on the existence of an efficient dimensionality reduction procedure for the
problem, therefore one potential approach to addressing this question may lie in de-
veloping a custom dimensionality reduction routine that works well with the PCA
wITH OUTLIERS objective.
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Open Problem 7. Is there a (1+¢)-approzimation algorithm for PCA wiTH OUT-
LIERS with running time f(k,r,€)-(nd)®D), for some function f? Could it be possible
with a certain reasonable assumption on the outliers?
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