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Abstract This paper investigates a mathematical programming based methodol-
ogy for solving the minimum sum-of-squares clustering problem, also known as the
“k-means problem”, in the presence of side constraints. We propose several exact
and approximate mixed-integer linear and nonlinear formulations. The approxima-
tions are based on norm inequalities and random projections, the approximation
guarantees of which are based on an additive version of the Johnson-Lindenstrauss
lemma. We perform computational testing (with fixed CPU time) on a range of
randomly generated and real data instances of medium size, but with high di-
mensionality. We show that when side constraints make k-means inapplicable, our
proposed methodology — which is easy and fast to implement and deploy — can
obtain good solutions in limited amounts of time.

Keywords MINLP, k-means, random projections, side constraints.

1 Introduction

Given a set P of n entities and some pairwise similarity function Px P — R, cluster
analysis aims at finding a set of k subsets C1,...,Cr C P such that each cluster
contains as many similar entities, and as few dissimilar entities, as possible. Cluster
analysis — as a field — grew out of statistics in the course of the second half of the
20th century, encouraged by the advances in computing power. But some forms of

The first author has received funding from the European Union’s Horizon 2020 research and
innovation programme under the Marie Sklodowska-Curie grant agreement n. 764759 “MI-
NOA”. The second author was supported by KASBA, funded by Regione Autonoma della
Sardegna.

Leo Liberti
CNRS LIX Ecole Polytechnique 91128 Palaiseau, France
E-mail: 1iberti@lix.polytechnique.fr

Benedetto Manca

Dip. Matematica e Informatica, Universita degli Studi di Cagliari, Via Ospedale 72, 09124
Cagliari, Italy

E-mail: bmanca@unica.it



2 Leo Liberti, Benedetto Manca

cluster analysis may also be attributed to earlier scientists (e.g. Aristotle, Buffon,
Cuvier, Linné [36]).

We look at one of the most studied cluster analysis problems in Euclidean
spaces:

MINIMUM SUM-OF-SQUARES CLUSTERING (MSSC). Given an integer k > 0
and a set P C R™ of n vectors, find a set C = {C1,...,C}} of subsets of P
such that the function

FO© =" |lp— centroid(C;) 13 (1)

J<kpeC;

is minimum, where

centroid(C;) = ﬁ S )
J peC;

The MSSC is the problem which the celebrated k-means algorithm [46] aims
at solving. The k-means algorithm improves a given initial clustering C by means
of the two following operations:

1. compute centroids c¢; = centroid(C;) for each j < k;
2. for any pair of clusters C,,C; € C and any point p € Cy, if p is closest to ¢;
than to ¢, move p from Cj, to Cj.

These two operations are repeated until C no longer changes. Since the only deci-
sion operation (i.e. operation 2) carries out a change only if it decreases f(C), it
follows that k-means is a local descent algorithm. We note that it offers no guar-
antee on the approximation of the objective function with respect to the global
optimum. It turns out that the MSSC problem can also be seen as a discrete ana-
logue of the problem of partitioning a body into smaller bodies having minimum
sum of moments of inertia [55].

In this paper we look at the MSSC from the point of view of Mathematical Pro-
gramming (MP), and focus on a general class of MSSC variants obtained by adding
more or less arbitrary side constraints. Achieving an almost complete flexibility
in the nature of these constraints is possible because our solution methodology is
MP-based. On the other hand, generality comes at an efficiency cost. We attempt
to moderate this cost by reducing the dimensionality of the input data without
losing too much accuracy.

Methodologically, we construct approximate MP formulations of the MSSC
problems with reduced dimensionality. These formulations have desirable proper-
ties (their continuous relaxations are convex) and they are small enough that good
feasible solutions can be obtained by off-the-shelf MP solvers with a time limit.
Any side constraint can be applied to these formulations as long as the solver can
handle them.

The main original theoretical contributions of this paper are:

— a new formulation for the MSSC which has a convex continuous relaxation
(Sect. 3), and the corresponding norm approximations (Sect. 4.1);

— the application of random projections to the MSSC formulation and their ap-
proximations, as well as its theoretical analysis (Sect. 4.2).
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The rest of this paper is organized as follows. In Sect. 2 we review the literature
about the main topics we touch on. In Sect. 3 we derive a MP formulation of the
MSSC the continuous relaxation of which is a convex program. In Sect. 4 we
discuss some approximations of the formulation of the previous section. In Sect. 5
we present some computational experiments.

2 Preliminary notions

In this section we introduce some basic notions about the three main topics treated
in this paper. We first discuss the MP formulation class of interest, namely Mixed-
Integer Nonlinear Programming (MINLP). Then we discuss the dimensionality
reduction technique we use on the formulations, namely Random Projection (RP),
and their previous applications to MINLP. Then, we briefly survey the MSSC,
with and without side constraints, and discuss existing applications of RPs to the

MSSC.

2.1 MINLP

MP is a formal language for describing optimization problems in terms of pa-
rameters (the input), decision variables (the solution), an objective function to
optimize, and some constraints to be satisfied: formal expressions for objective
and constraints can be built up recursively from parameters, decision variables,
numerical constants, and a finite number of mathematical functions and operators
[34,44,65]. A valid MP sentence is called a formulation.

As with any formal language, formulations are interpreted by a program (called
solver) which implements an algorithm for reading the input (i.e. assigning values
to parameter symbols) and computing the output (i.e. searching for values to assign
to decision variables that optimize the objective and satisfy the constraints). MP
solvers usually aim at solving fairly large subclasses of MP, and try to strike a good
compromise between generality and solution speed (two desirable characteristics
which are most often in a trade-off balance). For an MP formulation F, we denote
val(F) the optimal objective function value of F.

The basic taxonomy for MP formulations depends on the absence/presence of
nonlinear terms in the objective function and constraints, on the absence/presence
of integer variables, and on the provable convexity of the objective function and
the feasible set. Linear forms in continuous variables yield Linear Programs (LP).
Nonlinear terms in continuous variables yield Nonlinear Programs (NLP); if a
proof of convexity of the objective and feasible set is available, we speak of convex
NLP (cNLP). Variants of LP, NLP, cNLP with some integer variables are called
MILP, MINLP, cMINLP. A note on cMINLP: obviously, any MP formulation with
integer variables cannot have a convex feasible set. By “cMINLP” we mean a
MINLP having a ¢cNLP as a continuous relaxation (i.e. after relaxing all of the
integrality constraints). The MINLP class obviously contains all of the other MP
classes we mentioned. In general, MINLPs are undecidable [42]. If the feasible
set can be proved bounded (e.g. if there are range constraints on the decision
variables), then MINLPs become decidable, but most of the practically interesting
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classes are NP-hard (SAT can easily be formulated as a MILP, which is a subset
of MINLP).

When working with floating point numbers and nonlinear functions, using the
Turing machine computation model is unnatural. We therefore often resort to the
real RAM computation model [10], which assumes that elementary operations on
reals can be carried out exactly in unit time, and to a variety of numerical analysis
techniques to keep the algorithms as numerically stable as possible.

The main solution algorithm for general MINLP is spatial Branch-and-Bound
(sBB) [54,57,8,32], which identifies e-approximate globally optimal objective func-
tion values and its corresponding optima. The sBB algorithm is nonetheless termed
“exact” since we often think of it in the real RAM model of computation. It
can be used heuristically by terminating its execution prematurely based on CPU
time. More efficient solution methods can be used for cMINLP [25,29,30,11]. Most
c¢NLPs can be solved to global optimality by using any local descent method [28,
63].

sBB works by partitioning the search space recursively into regions and sub-
regions. Guaranteed lower and and upper bounds for the objective function value
are computed at each sub-region. A region is fathomed and then discarded if:
(i) upper and lower bounds for the current node are within ¢ (in which case the
solution yielding the upper bound on the region is taken as the e-approximate
global optimum for the region); (ii) if the lower bound for the current region is
worse than the incumbent (in which case the current region has no chance of
containing the global optimum of the problem). Thus, finding lower bounds for
MINLP is important. The main techniques in this area are derived from relaxations
of the original MINLP formulations. A relazation is a reformulation the solution of
which yields a lower bound to the optimal objective function value of the original
formulation. Typically, relaxations are obtained by enlarging the feasible region
of the original formulation: the globally optimal objective function value of the
relaxation is then guaranteed to be a lower bound. In general, relaxing integer to
continuous variables in MINLPs yields a nonconvex NLP relaxation, which is just
as hard to solve as the original MINLP.

While MP solvers work best based on the mathematical properties of their
input formulations, for any given optimization problem there exist infinitely many
MP formulations that describe it. There arises an interest in modifying the math-
ematical properties of formulations while making sure that they still describe the
problem either correctly or at least approximately. This modification process is
called reformulation [43]. Reformulations that describe the problem correctly are
called ezact. Reformulations whose optimal objective function value is a guaran-
teed bound (in the optimization direction) of the optimal objective function value
of the original formulation are called relazations. Families of reformulations de-
pending on a parameter, which “tend to” a correct description of the problem
as the parameter tends to some value, are called approzimations [41]; members of
these families are called approzimate reformulations.

In this paper we propose a new set of cMINLP reformulations of the MSSC,
both exact and approximate.
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2.2 Random projections

RPs are d x m matrices T' which pre-multiply m x n data matrices P in view of
obtaining a lower dimensional version TP of P with some approximation guar-
antee. The type of approximation we consider in this context concerns the Eu-
clidean distances between pairs of columns of P. More precisely, the Johnson-
Lindenstrauss Lemma (JLL) [39] states that, for any P € R™*" and ¢ > 0, there
exists a T € R*™ with d = O(4 Inn) such that

Vi, <n (1 —=€)||Pi— Ppll2 < |TP; = TPll2 < (1+¢€)||Pi — Pyll2, (3)

where P;, P, denote the i-th and ¢-th columns of P.
It turns out that, by choosing T so that each component is sampled from a
normal distribution N(0, 2=) (where - is the standard deviation), after some

vd Vd

repeated samplings of T Eq. (3) is satisfied with probability exceeding 1 — ge*(4)
where 6 is a universal constant and u(-) a linear function [21]. Many variants of
this RP construction have been proposed in the literature, with respect to sparsity
[1,58,3,2,60] and other properties [59].

We remark that the application of RP to MP problems is not new [66,50,51,
61,62,49,60,19] but recent. In particular, RPs applied to linear integer feasibility
problems were partly discussed in [62], and RPs applied to quadratic programs
were presented in [60,19]. But, as far as we know, this is the first application
of RPs to a MINLP, albeit with a specific structure imposed by the underlying
application.

2.3 The MSSC problem

The MSSC is a fundamental problem that has attracted a lot of attention from
the data science, optimization, and algorithmic communities over the years. Thus,
a considerable amount of literature is available, most of it under the keyword
“k-means”. Although most papers about this problem are actually about the k-
means algorithm, almost every paper also comments on the problem formulation.
An almost universal consideration is that the MSSC is based on two arrays of
decision variables: z;; € {0,1} = 1 if point p; € P (for ¢ < n) is assigned to cluster
j < k and zero otherwise, and y; € R™ denoting centroid(C;), the centroid of
cluster j. This immediately gives a formulation of Eq. (1) in terms of z,y:

Flay) =Y i —y;li3- (4)

jgk i<n

@i ;=1

The function f(z,y) cannot be employed “as is” as an objective function to be
minimized, since the decision variable x appears in a sum quantifier, which makes
min f(z,y) an invalid sentence in the MP language. We shall see in Sect. 3 that
there is an easy reformulation of f(z,y) so that it becomes valid.

The data science oriented survey [56] presents interesting matrix formulations
of the MSSC. In particular, [56, Eq. (10)] shows that the MSSC is equivalent to



6 Leo Liberti, Benedetto Manca

finding the projection matrix z(z ' z) 'z " (where z € {0,1}"** is the point-cluster
assignment matrix, as in Eq. (4)) minimizing

fl@) =tr(PT(I—2(z"2)"'2")P). (5)

We note that [56, Eq. (33)] shows how Eq. (5) changes when a pre-conditioning
matrix A is applied to the data matrix P. While these considerations do not bear
a direct impact on the present work, they clarify the role that projections play in
the MSSC, and, more specifically, the distinction between a dimensional reduction
operator used as a preconditioner on the data (the matrix A), and a projection
matrix derived by the binary decision variable matrix z. We note, as a curiosity,
that: (i) [56, Eq. (10)] is ascribed to a referee of [33]; (ii) at the publication time
of [56], Eq. (5) had not yielded any major progress on MSSC research; (iii) to the
best of our knowledge, the latter is still the case.

The survey [9] is almost completely algorithmic, but reports an NP-hardness
proof and mentions some inapproximability results. Notably, there exists an € > 0
such that it is NP-hard to approximate Eq. (1) within a factor of (1 + ¢) for
arbitrary n, k.

The introductions of [47,4] provide brief surveys to the MSSC from the point
of view of MP. In particular, it was shown in [4] (and we shall see in Sect. 3) that
the MSSC can be naturally formulated as a Mixed-Integer Nonlinear Program
(MINLP), which is one of the largest subclasses of MP. We are going to reformulate
this nonconvex MINLP formulation of the MSSC to a ¢cMINLP. We are then
going to apply a RP technique to the data points, and show that we obtain an
approzimating reformulation [41] of the MSSC having much smaller size.

2.3.1 Side constraints

The title of this paper refers to “side constraints”. In Sect. 1 we stated that the
object of our attention was a “general class of MSSC variants obtained by adding
more or less arbitrary side constraints”. We now give a more precise description
of the classes of constraints that can be added to the formulations, as well as a
literature review of the MSSC with side constraints.

Adjoining new constraints to an existing MP formulation may make the result-
ing problem harder or easier (both empirically and in terms of worst-case analysis),
depending on the underlying problem and the constraints. In view of keeping so-
lution difficulty from changing too much w.r.t. the underlying MSSC problem, we
pose two limitations to the side constraints we allow.

(i) The new constraint set must consist of a polynomial number of constraints in
function of a polynomial number of variables in the input size of the MSSC
instance.

(ii) The most appropriate MP solver used for solving the underlying MSSC for-
mulation must also be able to solve the formulation once the new constraint
set is added.

Item (i) is designed to keep worst-case complexity of reading the formulation poly-
nomially bounded. Item (ii) is somewhat informal, as the “most appropriate MP
solver” for a given formulation is not well defined. Insofar as MP prescribes certain
solution algorithm classes for certain formulation classes (e.g. sBB for nonconvex
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MINLPs or NLPs, outer approximation or simpler types of Branch-and-Bound
(BB) algorithms for cMINLPs, various types of local descent algorithms for con-
vex NLPs, etc.), Eq. (ii) is a practical limitation. Obviously the new constraint set
must be a valid sentence in the MP language.

Side constraints for clustering problems are usually categorized into “cluster-
level” (e.g. imposing minimum or maximum cardinality on the clusters) and “inst-
ance-level” (e.g. requiring that certain given subsets of the points should be in the
same or different clusters).

The literature about solving MSSC variants with side constraints goes under
the name of “constrained clustering”, and, perhaps unsurprisingly, mostly comes
from the Constraint Programming (CP) community. There are two main method-
ological approaches: (a) trying to adapt k-means to the new constraints, and (b)
using typical CP algorithms such as domain filtering and backtracking. Approach
(a) trades efficiency off for generality, while (b) does the reverse (since it devises
specific algorithms based on the constraint structure).

Here are some typical examples of papers in the group (a) above. Instance-level
constraints concerning given pairs of points, called “must-link” (the two points
must be in the same cluster) and “cannot-link” (the reverse), were first proposed
in [64]. In [40], instance-level constraints are interpreted in a Euclidean space
context, which allows the definition of implied constraints on the point positions:
for example, nearby points to points involved in “must-link” constraints should
also be “must-link” too; methodologically, a CP filtering step is added to the
main clustering algorithm. In [22], more side constraints concerning sets of points
are introduced; the problem determining the feasibility of general subsets of side
constraints is shown to be NP-complete; and a k-means algorithm variant capable
of integrating these side constraints is presented.

An MP approach to solving the MSSC with general side constraints is pre-
sented in [5], which builds on the column generation algorithms of [47,4], but
integrates various types of side constraints by adapting the pricing subproblem
and its solver. An approach based on CP-based modelling and solving is given
n [35]. Another approach based on CP is given in [20], which proposes a global
optimization constraint to represent Eq. (1), and uses CP filtering to handle the
side constraints; the solution algorithm is based on dynamic programming. In [24],
a general approach to solving bi-criteria constrained MSSCs is presented, based on
an existing general-purpose CP solver. The tested instances, however, have very
few features w.r.t. the those we consider in order to apply the dimensional reduc-
tion approach. Moreover, only one instance is solved using the classic MSSC ob-
jective function. This prevents any meaningful computational comparison between
[24] and the methodology presented herein. Both approaches, however, provide for
allowing general classes of side-constraints, each according to the specificities of
the underlying languages (CP in [24], MP in this paper).

Compared to the approaches in the literature, we do not focus on the side con-
straint structure, which we leave as general as possible (similarly to [24]); neither
do we focus on the solution algorithm, for which we exploit an off-the-shelf MP
solver. Instead, we focus on the formulation, which we reduce to a cMINLP and
then approximate using RPs.
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2.8.2 Application of RPs to the MSSC

Based on Eq. (3), RPs are ideal candidates to decrease the dimensionality of the
MSSC. In fact, RPs have been already applied to the k-means algorithm [13],
yielding an approximation ratio of 2 + e. We offer a critique of the analysis of [13]
in Sect. 4.2.1.

One of the most common approaches when applying RPs to the MSSC consists
in considering a relaxation of the MSSC to a low rank approximation problem. To
see this, consider the following formulation of the MSSC [13]:

zz'PT =

“min_[|PT Y%
TEXY (6)
Y,

where X is the set of all nx k cluster indicator matrices, meaning that for any z € X,
i <nand j <k the i-th point belongs to the j-th cluster iff z;; = \/%7, where s; is
the cardinality of cluster j. We note that these £ matrices have the same sparsity
structure, but not the same entries, as the x matrices appearing in Eq. (4)-(5).

Since rank(z) < k for any z € X (by definition), we also have rank(Y) < k
in Eq. (6). We can therefore relax the constraints zz' PT = Y to rank(Y) < k.
By [26], the solution to this relaxation is given by the truncated singular value
decomposition of the matrix P. We note that this relaxation is also equivalent to
finding the rank-k projection operator X minimizing |[PT — XX T PT|%. Based
on this observation, a (1 + ¢) approximation for the optimal rank-k projection
operator was achieved in [53] using RPs mapping m-dimensional vectors to either
O(klogk + k/¢) or O(klog ke ?2) dimensions, depending on the type of RP used.
These results were improved to O(ke™?) dimensions in [17].

These results on the aforementioned relaxation were adapted to the MSSC in
[13], which achieves a 2 + ¢ approximation error using RPs mapping to O(ke™?)
dimensions with high probability (whp). This result was improved in [18] to a
(1 £ &) approximation error; the same paper also presents a 9 + ¢ approximation
error with O(¢ "% log k) dimensions. It was shown in [6] that there is a RP mapping
to O(Wﬂ log(1)) dimensions that preserves the cost of any k-clustering
up to a (1+¢) approximation error. It was also shown that it is possible to further
reduce the projected dimension to O(logkﬂgw log(1)) and obtain a (1 + &)
approximation error whp.

In another line of research following [53,17], a merge-and-reduce approach
based on [14] which finds a (k, e)-coreset for the MSSC objective function is pro-
posed in [16].
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3 A cMINLP formulation for the MSSC

The MSSC with side constraints can be naturally formulated as follows.

: 2
min i — Y5 X4
T i?njgk sz yj ||2 17
Vi <k &2 PiTi =Y
i<n
Vj S k Z -'Eij = Sj
i<n
Vi<n dowyy =1 (MSSC) (7)
5<k
Vi <k y; € R™
G(z,y,7) <0
z e {0,1}"F
s € Nk
The parameters of formulation Eq. (7) are the given set P = {p1,...,pn} of vectors

in R™, and the number of clusters k. The decision variables are:

— for each i < n and j < k, the binary assignment variables z;;, set to 1 iff vector
i is assigned to cluster j and to 0 otherwise;

— for each j <k, the integer variables s;, equal to the cardinality of cluster j;

— for each j <k, the vector y; € R™, containing the centroid of cluster j.

The formula G(z,y,v) < 0 encodes the side constraints (possibly with additional
decision variables v), which may be arbitrary as long as they satisfy the limitations
(1)-(ii) given in Sect. 2.3.1 above. Insofar as we focus on a cMINLP reformulation,
we require that the continuous relaxation of the set {(z,y,7) | G(z,y,7) < 0}
should be convex, in line with limitation (ii). Since our reformulations are not
going to exploit the structure of the side constraints, we do not list them explicitly
in the reformulations below.

We note that Eq. (7) imposes a restriction on the MSSC solution, namely that
each cluster must be non-empty, since the cardinality s; appears in a denominator.
This restriction can be relaxed by multiplying both sides of the equation constraint

Solving Eq. (7) directly is unadvisable for several reasons. It has a mixture of
continuous, binary and general integer variables; some decision variables appear
in the denominator of a fraction; while the objective function consists of sums of
products of convex terms, the products makes it (generally) nonconvex. We shall
address all of these issues by using elementary reformulation steps, and construct
a cMINLP reformulation of the MSSC.
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3.1 Removing centroid constraints

The first reformulation of MSSC consists in eliminating the centroid constraints.
We shall see that this is an ezact reformulation (i.e. preserving global optima).

min Y 3 [Ipi — y;ll5 @ij
LY i<n j<k
Vi <k Say>1
i<n
i<k
Vi <k y; € R™
z e {0,1}"F.

Lemma 3.1
For any j < k, v = centroid(C;) iff Y. |lp—v||3 is minimum over all v € R™.
peC;
Proof By [4, p. 199]. O

Proposition 3.2
C* is a global optimum of Eq. (8) iff it is also a global optimum of MSSC.

Proof Note that any clustering C is completely defined by the binary assignment
variables x, since once the values of x are known, one can easily compute centroids y
and their cardinalities s. Moreover, because of the constraint )", z;; > 1 in Eq. (8),
no cluster in C* may be empty; and, since the term 1/s; in MSSC forces s; > 1 for
all j < k, the same must also hold for an optimum of MSSC. Let z* be the solution
for the binary variables x determined by C*: since the objective functions of the
two formulations (MSSC and Eq. (8)) are identical, when z is fixed at z*, their
optimal values w.r.t. y must match, whence z* yields the same optimal objective
function values in both. If we denote f!(z) the objective function of MSSC and
f2(x) that of Eq. (8), we have

L) =2 )
We also observe that Eq. (8) was obtained by MSSC by removing the constraints
% > i pizij = y; and >, x;; = s;, and adjoining the constraint >, z;; > 1. But the

latter is always satisfied in MSSC as observed above, which implies that Eq. (8) is
a relaxation of MSSC, i.e.

min f'(z) > min f*(2).  (§)

(=) Eq. () implies ming f!(z) < ming f?(x) since z* is a global optimum of
Eq. (8). By Eq. (1), we have min, f*(z) = miny f2(z), showing that z* is a global
optimum of MSSC.

(<) Let C* be a global optimum for MSSC corresponding to z* and suppose z*
is not a global optimum for Eq. (8). By Eq. (1)-(f), z* is feasible in Eq. (8) and
has the same objective function value, so the only way it can fail to be a global
optimum is that C* is not an optimal clustering for Eq. (8). So let C’ be an optimal
clustering for Eq. (8) with corresponding variables (2, y’, s'): the only way it can be
better than C* is that it should be infeasible for MSSC. By Lemma 3.1, 3’ defines
the centroids of the clusters of C’. Moreover, s;v =5 x;j > 1 makes 1/5} well
defined. Hence (z',4’,s") must be feasible in MSSC, against the assumption. O
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The advantage of Eq. (8) w.r.t. MSSC is that the former has fewer nonlinear
terms as well as fewer constraints.

3.2 Linearization of products

In this section we reformulate products of terms involving decision variables in an
exact way. While this is not generally possible, when at least one of the terms in
the product takes a finite set of values and the other can be constrained to lie in a
set of variable ranges, it becomes possible [43, §3.3]. In the case of the formulation
in Eq. (8), we aim at linearizing all products a;j(z,y) = ||p; —y;||32:; over alli <n
and j < k.

We first remark that, even though the centroid variables y are unconstrained
in Eq. (8), no centroid may ever lie outside the hyper-rectangle

L U .
[y, y | = [minp;, maxp], 9)
i<n i<n

where the min and max operators are applied componentwise to the vectors. This
means that ||p; — yj||§ lies in [0, PY] for any i < n, j < k, where

U 2
P~ = max P — . 10
max lpi = pal3 (10)

Next, we replace the products denoted with «;;(z,y) by additional variables x;; €
[0, PY] in the objective function, and adjoin the defining constraints Xij = oz, y)
for each i, j. Since x;; € {0,1}, we have x;; € [0, PY] for all 4, j. Again because the
x variables are binary,

Yij = Ipi — 13 if zij =1
t 0 if z;; = 0.

For each i <n, j <k, let D={0,1} x [y*,4Y], and

Ay = {(xij>zijus) | xij = |pi — ysl32ij A (ij,y;) € D}
U U
Bij = {(xijsvij y5) |0 < xij < PYxij Allpi — yi115 < xij + PY (1 — 245) A (2ij,y;) € D}

It is easy to verify by inspection that A;; C B;; by checking the two cases z;; = 0
and z;; = 1. Now let

B;j = arg min B;j.
Xij

We claim that A;; = Bjj. Let 8" = (xi;,};,y;) € Bij, then x}; must be minimal in
Bij. If a; = 0 then xj; = 0 which yields 8" € A;;. If 2}; = 1 then xj; = [|p; — il
which again implies that 8’ € A;;. Therefore A;; O B;;. Conversely, if g e A;; then
B e B;; as shown above. In order to obtain Xéj =0 if_as;j =0 and ng = |lp; — yj||§
if xgj =1 then xgj must be minimal in B;;, i.e. g e B;; as claimed.
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Thus, we can reformulate Eq. (8) as follows:

min Z Z Xij
Xl j<n j<k
Vi<n,j<k Xij < PU%‘J‘
Vi<n,j<k llpi—y;l5 < xij + PY(1—z45)
Vi <k Nomy > 1
i<k
Vi<n,j<k Xij >0
Vi<k yi € "Y'
z € {0,1}".

By the above discussion, Eq. (11) is an exact reformulation of Eq. (8) and hence,
by transitivity, also of MSSC. The advantage of Eq. (11) w.r.t. Eq. (8) is that the
former is a ¢cMINLP instead of a (nonconvex) MINLP.

4 Approximating reformulations

In this section we introduce two types of approximating reformulations: one based
on replacing the o norm with ¢1 or o (the so-called “linearizable norms”), and
the other obtained by applying a RP to the point set P.

4.1 Linearizable norms

In this section we exploit the well-known inequalities

ISliZe < N1CI3 < lICl? (12)
1
Sl < 11CI3 < mliC5 (13)

which hold for every ¢ € R™. We replace the £2 norm in MSSC with the ¢; and ¢
norms, for which we provide approximate MILP reformulations of Eq. (11). Since
MILP solvers (such as e.g. [37]) are technologically more advanced than ¢cMINLP
solvers (such as e.g. [12]), we can hope to solve larger instances of MSSC with the
MILP formulations: these will derive bounds on the optimal objective values by
means of Eq. (12)-(13).

4.1.1 The Lo morm

We are going to replace ||p; — y;||3 in MSSC by ||p; — y;|lcc, and compute PY with
the oo norm. The same reformulations follow through, and we get to a variant of
Eq. (11) where the (convex) nonlinear constraints are:

Ipi = yjlloo < xij +PY (1 — 5 (14)
for all 4 < n,j < k. This is equivalent to

U
max [pip — yjel < xij + P~ (1 —x45)
<m



Side-constrained min sum-of-squares clustering 13

which can be reformulated to
VE<m  |piy — yjel SXij+PU(1_xij)a
whence
Ve<m py—yje < xij + PY(1— i)
VE<m i —pie < xij + PY(1—a5).

Note that the replacement of a square 3 norm with a non-square £~ norm makes
Xij take a linear, rather than squared, value at the optimum (as long as z;; = 1).
Thus the terms yx;; on the objective function should be squared.

This yields the following approximating reformulation:

min > >’ X?j
XHT,Y i<n j<k
Vi<n,j<k xij < PV
Vi<n,j<kl<m  pi—yje < xij + PYU(1—2y)
Vi<n,j <k L<m  yip—pie < Xij + PY(1 - x;)
Vi<k Yowip > 1 (15)
i<n
J<k
Vi<n,j <k Xij >0
Vi <k yj € [y" Y]
z e {0,1}",

which is again a cMINLP, where the only nonlinearities are in the objective func-
tion (the constraints are wholly linear).
Lastly, we propose to optimize the following linear objective function:

minz inj (16)

i<nj<k

instead of the quadratic form in Eq. (15), so as to be able to use a MILP solver.
We remark that this last step is wholly heuristic. In the worst case, it may find
clusterings which are arbitrarily different from the optima of the MSSC problem.

4.1.2 The £1 norm

Similarly to Sect. 4.1.1, we are going to replace ||p; —yj||§ in MSSC by ||p; — ;|1 for
each i <n, j <k, and compute PV with the ¢; norm. Again, we get to a variant
of Eq. (11) where the (convex) nonlinear constraints are:

lIpi — il < xij + PV (1= i) (17)
for all 4 < n,j < k. This is equivalent to

> Ipie — yjel < xij + PY (1= i)
<m
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Rnkm

which, by means of some additional variables n € can be reformulated to

Ve<m  —nie < DPie — Yje < Nije

Z mije < xij + PY(1 — 25).
<m

As in Sect. 4.1.1, the terms yx;; on the objective function should be squared.
This yields the following approximating reformulation:

: 2
min )
Xty Em%k X
Vi<n,j<k xij < PV
Vi<n,j <k l<m  pip—Yje < Mije
Vi<n,j<kL<m  py—yie > —Nije
Vi<ng<k Y mije<xij+PY(1—ay)
‘ tsm (18)
Vi<k > T > 1
i<n
i<k
Vi<n,j<k Xij > 0
Vi <k vj € [v"y"]
x € {0,1}"F.

We again obtain a cMINLP where the only nonlinearities are in the objective
function. The same comment about heuristically optimizing Eq. (16) with a MILP
solver holds.

4.1.83 Approxzimation guarantees

Proposition 4.1

If x*,x*,y" is a global optimum of Eq. (15) (resp. Eq. (18)), then the globally optimal
objective function value Z” (X;‘j)Q is equal to the globally minimal value of f(C) (see
Eq. (1)) with the £2 norm replaced by the Lo norm (resp. the £1 norm).

Proof 1f p; is not assigned to the cluster C; in Eq. (1), then z;; = 0 and x;; = 0 by
the optimization direction and Eq. (14) (resp. Eq. (17)). For the same reasons, if
p; is assigned to C; then z;; = 1 and ij = |lpi — yjlloc (rvesp. ij = llpi —y;ll1). O

By Eq. (12)-(13) and Prop. 4.1, we have:
val(15) < val(MSSC) < val(18)

%val(lS) < val(MSSC) < mval(15), (19)
whence
max (val(15), %val(lS)) < val(MSSC) < min (val(18),mval(15)) (20)
and
%vaI(MSSC) < val(15) < val(18) < mval(MSSC). (21)

Eq. (20)-(21) is most useful for cases where m is fixed and small (e.g. clustering
in the plane).



Side-constrained min sum-of-squares clustering 15

4.2 Randomly projected formulations

We now address the computational issues arising from assuming m large by pre-
multiplying the vector set P (seen as an m X n matrix) by a d x m RP matrix
T = (Tyy), where d = O(El2 Inn) and € > 0 appears in the approximation guarantee
in Eq. (3). We obtain the same formulations and reformulations as above, with p;
replaces by T'p;, as well as y; replaced by Ty;. While P is given, so TP can be
computed, T'y; depends on a decision variable. More precisely,

T

Vi<k Tyj=| Theyje | h<d

<m

We employ an additional variable matrix z € R*?, replace Ty; by z;j, and relax
the defining constraints z; = Ty;, yielding projected versions of MSSC, Eq. (11),
Eq. (15), Eq. (18) where p; —y; € R™ is replaced by Tp; — z; € R If m > 1 and
d = O(Inn), these projected reformulations have considerably fewer variables than
their original counterparts.

In the rest of this section we only consider the MSSC formulation (i.e. Eq. (7)),
since the others follow by exact or approximate reformulation operations, whether
we use P or TP as data. We denote the randomly projected MSSC formulation by
TMSSC.

4.2.1 Applicability of Boutsidis’ approach [15]

In [13], the authors provide an analysis of a k-means algorithm which solves the
TMSSC instead of the MSSC. The formulation they consider is a slight modification
of Eq. (6), where Y is replaced with its definition:
. T TpT)2
min |P7 - XX P |5 (22)
We recall that X is the set of clustered indicator matrices (see Sect. 2.3.2).

The result provided in [13] is as follows. Suppose the m x n data matrix P
(containing the n points in R™ as columns) is replaced by TP, where T is a d x m
RP matrix with d > Ek/€2, such that ¢ is an instance-independent constant, k is
the number of clusters, and ¢ € (0, %) Then, any exact algorithm for the MSSC
turns into an approximation algorithm with error bounded above by 2+¢, whp. As
stated, the given result clearly applies to our setting. This should let us conclude
that our approximate formulations have a 2 + ¢ error bound at worst whp.

Intuitively, we find this result surprising. It is well known that the JLL essen-
tially says that the reduced dimension d (given as O(Inn/e?) in [39]) is indepen-
dent of the original dimension [39,21]. On the other hand, the result proposed in
[13] appears to take this independence one (sizable) step further: it claims that
d = O(k/<?), which makes the reduced dimension independent of the the number
of points too. The proof of [13, Thm. 1] rests heavily on [53], and proposes a re-
sult [13, Lemma 2] which summarizes other results from [53, Lemma 6, Lemma 8,
Cor. 11]. In particular, transposed in the notation of the present paper, the first
part of [13, Lemma 2] states that

Vi<hk |l—oi(TU) <2 (23)
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whp, where ¢;(-) is the j-th singular value of the argument matrix TUy,, and Uy, is
the m x k matrix of left singular vectors of P corresponding to the diagonal matrix
Xk of top k singular values of P in non-increasing order. Among the results in [53],
the only one that proves Eq. (23) is [53, Cor. 11], which, however, states that, in
this case, the reduced dimension d should be d = O(f(8)kIn(k/e)/e?), where f(4)
controls the probability 1 —§ of success, as explained in [53, Defn. 1]. On the other
hand, [53, Cor. 11] is a corollary of [53, Lemma 10], which is introduced as follows:

The JLL states that k vectors from R™ can be embedded into O(In(k)/e?)
dimensions [...]. As a consequence we prove that given a k-dimensional
subspace [...], embedding it into O(kIn(k/e)/e?) dimensions preserves the
length of all vectors from V. (1)

Therefore, the “k” symbol appearing in [53, Cor. 11] corresponds to the number n
of points in this paper (we denote by (1) this symbolic correspondence between k
in [53] and n). So, what [53, Cor. 11] implies is that, for Eq. (23) to hold, we need
d = O(f(8)nin(n/e)/e?).

‘We now consider the value of d. For the two estimates

— d = 0(k/e?), given in [13, Step 1, Alg. 1]
— d = 0(f(6)nln(n/e)/e?), given in [53]

to match, we should either have

10) = Ty (24)

or k = n and f(§) = m This latter case cannot hold since the number of
clusters k£ and the number of points n must differ for the MSSC to be nontrivial.

In our opinion, the former case of Eq. (24) also cannot hold: the assumption
made in (1), considering the change of symbol (%), is that [53, Lemma 10] is a
statement about embedding an n-dimensional subspace of R™ in d dimensions.
The paper [13], however, uses the number of clusters k rather than the number of
points n.

We were not able to find a proof of the first part of [53, Lemma 2] that cir-
cumvents the difficulties just discussed.

4.2.2 Applicability of the JLL [39]

An alternative to invoking [13] would be to simply rely on the approximation of
Euclidean distances given by the JLL [39], which would directly apply to Eq. (4).
We pursue a different critique for this alternative.

The symbols y; appearing in Eq. (4) are decision variables ranging in contin-
uous space. As such, they represent a potentially uncountable infinity of vectors.
The JLL, however, only applies to finite subsets of vectors.

Observe, however, that there are only as many centroids as there are possible
different partitions of n entities in k& clusters — so the number of vectors assigned
to the y variables may not be known in advance, but it is not infinite. In the worst
case, there are B, partitions of n elements, where By, is the n-th Bell number [7]. It
turns out that By grows like a product of two exponentials in n [45, §1.14, Problem
9], and that In B,, behaves asymptotically like O(nlnn) (plus smaller terms) [15,
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p. 108]. Thus, the JLL would yield d = O(In B, /e?) = O(nlnn/e?). This would
only be useful in cases where n < m, which are a minority.

We also note that the k-means algorithm is not expected to run into the worst
case from complete enumeration: since k-means is a heuristic, it is expected to
reach termination reasonably quickly, after having examined only a few indicator
matrices. This also holds for heuristic utilizations of exact algorithms, such as
e.g. BB algorithms with a time or iteration limit. The JLL therefore provides a
simple and valid analysis for such cases, which are the cases we actually test in
practice in this paper.

On the other hand, we believe that a formulation-based analysis (i.e. indepen-
dent of the algorithm used) would be better. We address this issue next.

4.2.8 The additive JLL for infinite sets

In this section we prove a result that is similar to [13, Thm. 1], but which avoids
the issues described in Section 4.2.1. In view of Sect. 4.2.2 we do not employ the
JLL, but a similar result that also applies to infinite sets, namely the additive JLL
(see Thm. 4.2 below).

We first introduce two quantities, the sub-Gaussian norm of a sub-Gaussian
random variable, and the Gaussian width of a set. A random variable X is sub-
Gaussian iff there exists a constant K such that:

VE>0 Prob(|X|>t) < 2¢~ WK,
We denote the sub-Gaussian norm of X by

1X]|y, = inf{t > 0 | E(eX/D7) < 21,
Given a set S C R™, the Gaussian width of S is

w(T) = E{sup(g,x) | g ~ N(0, Im)},
zeS

where the expectation is computed over all multivariate normal samples g.

Theorem 4.2
Let S ¢ R™, and consider a dxm matriz T' having independent isotropic sub-Gaussian

random vectors T, for rows, K = max T} ||, and T = ﬁT/A Then, with high prob-
3

ability, there exists a universal constant k such that:

Ve,y€ S o —yll2 =0 < || Tz —Tyl2 < [lz — yl2 + 9, (25)

_ kK?w(S)

where § = 7
Proof See [59, Prop. 9.3.2]. O

Our treatment follows the same logical order as the results in [53,13]. Each
of the results below corresponds to a result in [53,13]. We adapted the proofs to
employ the additive RP T satisfying Theorem 4.2 instead of the standard JLL.
We first show that T' preserves inner products approximately.
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Corollary 4.3 For every pair of elements x,y € R™, the following holds with high
probability

19
[Tz, Ty) — (2, u)| < Fllzll2lyll2-

Proof We observe that the parallelogram rule and Eq. (25) imply that, whp, for
any z,y € R™

4T, Ty) = | T +Tyll3 - | Tz — Tyll3
> o+ yl3 -5 — 06— o — yil3
= 4(z,y) — 20.

>

Therefore, (T'z, Ty) — (x,y) > —%. Analogously, we obtain (Tz,Ty) — (z,y) < 5.
Thus,

)
(T2, Ty) = (z,y)| < 5. (26)
Since T is linear, we have
(Tz,Ty) = llzll2llyll2 (Tz/l|zll2, Ty/llyll2)- (27)
The result follows by replacement of Eq. (27) in Eq. (26). O
Lemma 4.4 For every x,y € R™, the following hold:
(i) E({Tz, Ty)) = (z,y)
(ii) Var({Tr, Ty)) < =522 |23 13-
_ 1
Proof We recall that T' = \/ET , thus
(T2, Ty) = 51", T'y). (28)
Moreover,
T'z = ((T1,2), ..., (Tg,x)) }
T/y = ((Tlla y>7 RS <Tc,l7y>)
Thus, we can write
(T',T'y) = (T1,&)(T1,y) + - + (Tg, )Ty, y). (29)

We first prove (i) for z = y. In this case Eq. (29) becomes
<T/1,‘,TIZL‘> = <T1/71">2 +o <Tc/l7 Zl’>2-

Therefore,
E(<T/$7 T/"E)) = E(<T{7 l’>2) +-+ E(<Té7 $>2)
= |lz)3 + - + [l]3
= d||=[|3,

where we have used the isotropy of the random vectors T!. From Eq. (28) we
obtain
E(Te, Ta)) = (z,3). (30)

In order to prove (i) for generic z,y € R™, it is enough to apply Eq. (30) to the
vector z —y and use the linearity of the expected value. For the proof of (ii) we first
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set X = (Tx,Ty) — E((Tz,Ty)) = (Tx, Ty) — (x,y). The properties of the variance
and (i) give
E(X?) = Var(X) 4+ E(X)? = Var((Tz, Ty)).
Moreover,
E(X?) = E((Tz, Ty)* + (z,y)* — 2(Tz, Ty)(z,y))

=E((Tw,Ty)?) + (2,9)% — 2(z,y)*
=E((Tz,Ty)?) — (z,9)°.
From Corollary 4.3 we have
1)
(Ta,Ty)? < (x,y)* + Z\Iw\lgllyllg + 0(z, y)llzll2llyll2- (31)

Exploiting Eq. (31) and (z,y) < ||z||2]ly|]l2 we obtain

Var((Tz, Ty)) = E(X?) = E((Tz, Ty)?) - (z,y)°
< E((x,9)* + {3yl + 6, v)lellzllyll2) - (z,y)
(@,9)® + FlellBllyll3 + 8(z, v)l2ll2llyll2 — (@, y)

52 29,112 211,112
< Zllzll2llyllz + ollzllzllyllz
) 1)
= S5 lzl3lyl3,
which concludes the proof. ad

Following the work of Sarlos [53], it is possible to use Corollary 4.3 and Lemma
4.4 to prove that the RP T can also be used to approximate the product of two
matrices.

Lemma 4.5 Let A € R"™*™ and B € R™** be two matrices. Then the following hold:

(a) |AB— AT TB||p < §||A|lr||Bllr whp;
(b) E(ATTTB) = AB

2
(c) E(|AB - ATTTB|%) < =2 | A| 7B %

Proof Set a; = A; and b; = BJ. Then,
(AT"); = Ta;, (TB) =TB;.

Let Y;; = (AB);j — (ATTTB),] = (a;,bj) — (T'a;, Tb;), then from Corollary 4.3 we
have that, whp,
1
Yijl < 5 llasll2bsll2-

Hence,

52
1AB ~ AT TB| =YV < Z ~losl316513 = T lAIBIBIZ,
1)
which proves (a). Applying Lemma 4.4 to the random variable Y;; we obtain
E(Y;;) = 0 for all 4,5 and thus (b). Moreover, IE(YE) = Var((Ta;, Tb;)) and, from
Lemma 4.4 we obtain

6+ 40
E(|AB - AT TB|}) = Y E(Y) < Al IB%,

which concludes the proof. ad
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Moreover, the RP T almost preserves the Frobenius norm of any matrix, in
the sense of the next result.

Lemma 4.6 Let C € R™*" be a matriz and X = ||TC||%. Then we have: (i) E(X) =
ICII%, and (i) Var(X) < Z]C]|-

Proof We prove (i) first. We recall that T = ﬁT/, where the rows of T’ are

isotropic sub-Gaussian random vectors. Let Y; = ||T/C||3, then

’L

Q.M—‘

d
Using the isotropy of T}, we obtain
E(Y;) = E(ITC|I3) = E(X (T}, C?)?)
=3, E( (T}, C7)?)
= Z 16713
= HCIIF

Thus,

= |IC|I%

&M—'
QJ»—*

d d
As for (ii), from Lemma 4.4 and Var(X) = E(Xz) —E(X)? we have
E(((TH, 2)(T],9)°) < 3llal3llyl3 o,y € R

Thus,

E(Y?) = E(C(T],C7)?)?) = 3, n E((T], CI)(T,C))?)
<33, IC7I3ICH 113 = 3l

Thus Var(V;) = E(Y;?) — E(Y;)? < 2||C||% and we obtain

Var(X Var(z dY) = Z dQVar(Y f||CH411:,

which concludes the proof. O
The next result corresponds to [53, Cor. 11] discussed in Sect. 4.2.1, where

T, however, is the RP in Thm. 4.2, which can be applied to possibly infinite sets

S cR™.

Corollary 4.7 Let U € R™¥F be q unitary matriz. Then, the following holds whp:

Vi<k |1-oi(TU) <. (32)
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Proof The singular values o;(TU) are the square roots of the eigenvalues \; of
the matrix U TTTU. Let z be the unitary eigenvector corresponding to A; for a
generic i € {1,...,k}. Then,

|TUz||2 = \/(TUz, TUz) = \/(TUz) " (TU=z)
=VeTUTTTTUz = \/xT)\ix
= Villzllz = V.

Therefore, Eq. (32) is equivalent to

|1 —||TUz|2| <6. (33)

In order to prove Eq. (33), since |z||2 = 1 and U is a unitary matrix, we have
|Uz||2 = 1. Thus, if the set S in Theorem 4.2 contains the points

{Uz |  unitary eigenvector of UTTTTU},

we have, whp,
1= [[TUz|]2| = [[Uz|s = ITUz[|2] <6,

which concludes the proof. ad

With all the preliminary results we proved so far, we can now prove the equiv-
alent of Lemmata 3-5 in [13] for the RP T satisfying Eq. (25).

Lemma 4.8 Let P € R™*"™ be the matriz representing the points we want to cluster
and Py = UkEkaT its SVD of rank k. Then, whp,

242
1-5"

(TU)T = (TU) |12 <

where M is the Moore-Penrose left pseudoinverse of M.

Proof Let ® =TUy, and ¢ = UpXeVp | be its SVD. If we consider the SVD of ¢+
and &' and the fact that the spectral norm of a matrix is invariant with respect
to unitary matrices, we obtain

T _
(TU)T = (TU) |2 = VoL Us ' — vqsqusUJHz
= ||V45(12(,1§1 - Y3)Us |2
=Yg — Zoll2-

Now, let ¥ = Z‘djl — X%, o; be the i-th singular value of @ and 7; the i-th entry of
¥. Then, a simple computation shows that

_1-0iopkq1-
Ok4+1—i

Ti

From Corollary 4.7 we know that 1 —§ <o; <144, for i =1,..., k. Therefore,

1 1 2 — 62
= —0; < 146=2"2
e St R

Since ¥ is diagonal we have |[¢||2 = max; 7;, which concludes the proof. O
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Lemma 4.9 Let C € R™*"™, then, whp,
ITCllF < V146[C]F.

Proof Let Z = | TC||%, from Lemma 4.6 we have E(Z) = ||C||% and Var(Z) <
%HC ||‘11; Applying the Chebyshev inequality to the random variable Z we obtain

Var(Z) 2
- > )< =22 < 2
Prob(|7 ~ B(2)] 2 9IC1) < it <
Hence,
Prob(Z > (1+8)ICI[}) < 2 & Prob(vZ > VIFd|ClIr) < .
which concludes the proof. O

Lemma 4.10 The following holds whp:

P, = Up(TU) TP+ E,

2
where E € R™*"™ satisfies |[E|lp < f1(0)||P — Py, f1(8) = % +/1+ 621:66 .
Proof Define E = P}, — U, (TU,)TTP. We want to prove that
IEIF < f1(O) 1P — Pyl

Let p = rank(P), then we can write P = P, + P,_j, where P,_j, = P — P,.
Replacing P with P + P,_j, in the definition of £ we have

E = Py, — Up(TUR) " T(Py + Po_i)
= (Py — Up(TU,) " TPy) + (Up(TUR) T TP, ).

If we consider the Frobenius norm and we use the triangular inequality we get
IEllp < |P; — Up(TUR) " TPyl 5 + |UR(TUR) Y TP,k || . (34)

In the first term appearing in the second member of Eq. (34) we can replace
P, = U, X,V " and exploit the fact that (TU) " (TU,) = I, to obtain

| Py — U (TUR) T TPyl p = |Up 2k Vi | — Up(TU) T TUL S,V T |
= U ZeVie " = Up Zk Vi | = 0.

It remains to bound the second term in the second member of Eq. (34). We add

and subtract Uk(TUk)TTPp, 1, we use the fact that the Frobenius norm is invariant
with respect to unitary matrices, as well as the strong sub-multiplicativity of every
pair of matrices X, Y of appropriate dimensions, namely that | XY || r < || X||r|Y ||2-
We then obtain

|UR(TUR) TP,y — Up(TU) ' TP,y + Up(TUL) ' TP,k ¢
< NUR(TUR) TP, gl + U (TUR) Y = (TU) TPyl r
< (TUR) " TP, gl g + TPyl e I(TUR) T — (TUL) |2
=|Ux"T TP, _i|lp + |TP,—i | ¢ (TU) T — (TU) " ||2-

(35)

We bound the last three terms in Eq. (35) separately.
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1. For ||U;CTTTTPp_k||F, we observe that
Up Py =Up Uy 15y 1V =05, 4V, 1 =0,

since U and U,_j have orthogonal columns by definition. Therefore, we can

apply Lemma 4.5 (a) and obtain, whp,
U " T TP, tllp = |Us Py —U T TP, 4|

19 T )
< §||Uk Pl Pkl = §||prk||F~

A

2. In order to bound || TP,_||F, it is enough to apply Lemma 4.9 with C' = P,_j.
This yields
ITPp—kllr < V1+0[PpglF

3. As concerns ||(TU;)" — (TUk)T”Q, we can apply Lemma 4.8 and obtain, whp,

242
1-6°

T
(TUR)T = (TUR) |2 <
Putting these bounds together we obtain:
T
IEIr <UL TTT TP, llr + ||T§p—k||F||(TUk)+ = (TUk) " l2
< SIPp—illr + vi+ 032 11P, kI
= (3 +VIFIEG) P klr
= (§ +VIF+355)IP - Pellr,

N

which concludes the proof. O

Remark 4.11 Let Xopt = argmin |[PT — XX T PT||2, where X is the set of all clus-
Xex

ter indicator matrices. Since XoptXopt | P is a matrix with rank at most k, the
Theorem of Eckart-Young implies

T2 T T2 T T oT 2
1Bp—i Ip =11P =Py llp <[P — XoptXopt P ||

We are finally ready to state and prove the equivalent of [13, Theorem 1] for
the RP T satisfying Eq. (25).

Theorem 4.12 Let P € R™*™ be the matriz representing the points we want to clus-
ter, k the number of clusters, and T € RY*™ the RP satisfying Theorem 4.2. Assume
that we have access to an algorithm which takes as input P, k, T and returns a cluster
indicator matriz X which satisfies, with high probability

I(P)" — %X, T (TP) "7 <y min |(TP) " — XX T(TP)" |},
where X is the set of all cluster indicator matrices and v > 1. Then, with high proba-
bility we have
1PT = X3, TP T[E < 00, )IIPT — XoptXopt ' P, (36)

where Xopt = argmin |[PT — XXTPT||% and
Xex

_ 52 2
4(6) = (1+ 2-5 )(\i§1)\ﬁ1+5+g> |
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Proof In Eq. (36) we replace P = P + P,_;, and we use the fact that Pl -
XA,XA,TPkT and Pp,k—r — XAYXAYTPP,,C—r generate orthogonal subspaces to obtain
IPT - Xy, TP
=|1P" - XVX%VTP@:!% +IPk ' - )waXwTIT:’pEkTH% (37)
= (I = X5 X5 )P e + (1 = X5 Xy )Pp |
We can bound the second term in the second member of Eq. (37) using the fact
that I — X, X' is a projection matrix and the Frobenius norm does not increase
if we drop a projection matrix

T T T T TpT

(T = X3 Xy "By HE < 1Ppi 1B <IIP" = XoptXopt ' P [7,  (38)
where we used Remark 4.11 in the last inequality. We now bound the term
(I = X4Xy )P, " ||%. Using Lemma 4.10, the triangular inequality and the fact
that I — X4 X, ' is a projection matrix we get

T
I = XXy DR Nl < I = X9 Xy DY UUTU)TP) |l + 1B | }
T
= (I = Xy Xy " )TP) (TU)Y) |IF + | Elle,

where the last member is obtained from the fact that the Frobenius norm is in-
variant with respect to unitary matrices and that |AT ||z = ||A||z holds for every
matrix A. Now we can apply strong sub-multiplicativity:

T T
(1 - XvaT)(TP)T (TU)T) lr +1Ellr
< = Xy Xy N TP) e (TUR) T [l + | Ell -

From the construction of X, we have that
I(7 = X35 )TP) |l p < VAU — XoptXope )(TP)"
Thus, applying Lemma 4.8, Lemma 4.10 and Remark 4.11 we obtain
T
(T - XXy T)(TP) HFH(TTUk)JrH; +EllF
<Vl - XothogtT)(TP) IF 355 (39)
+ (5 + VIF25)I(I — Xopt Xopt )P |-

Now we observe that

(7 = XoptXopt )(TP) "1
= ||((I—){()pt)fopt—l—)-F)—I—,—T’—r HF
= ||T((I*Xoth0PtT)PT)

Therefore, we can apply Lemma 4.9 with C' = ((1 — Xc,thoptT)PT)—r and obtain
I(Z = XoptXopt )(TP) " [lp < VIFS)I(I = XoptXopt )P |- (40)
Replacing Eq. (40) in Eq. (39) we get

(o= X'YX‘YT)PkTHF
< VWI+3 Pk
+ ( + 1+ )H(I XothoptT)P lF
= (VI+463= & )(\f*l) S = Xope Xopt )P |17

(41)
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Finally, putting Eq. (38) and Eq. (41) together we obtain:
IPT - XyXy P17

2
< (14 (vIFT) (V1) +5) 1PT ~ XomXenTPTI,

which concludes the proof. ad

5 Computational experiments

In this section we present results from experiments with the exact and approximate
reformulations presented in Sect. 3-4. All results were obtained on a Linux machine
with 8 quad-core Intel Xeon E5-2620 CPUs at 2.1GHz and 64GB RAM.

The formulations we test are:

— Eq. (11) (labeled £2 with original data, T2 with RP);

— Eq. (18) (labeled £1 with original data, Tf1 with RP);

— Eq. (18) with Eq. (16) as objective function (labeled fim with original data,
Tfim with RP);

— Eq. (15) (labeled finf with original data, Tfinf with RP);

— Eq. (15) with Eq. (16) as objective function (labeled finfm with original data,
Tfinfm with RP).

Given that our approximation guarantees apply to the optimum, whereas we solve
our formulations with a given time limit, we structure our tests in two phases.
In the first phase, which we run on instances without side constraints, we simply
want to make sure that the relative difference in MSSC cost between the solutions
of original and projected formulations is reasonably low. This will justify the ap-
plication of projected formulations with a time limit. In the second phase, we add
side constraints that the k-means algorithm cannot deal with, and show that our
methods can.

For any MSSC instance, our code tests each of the 10 formulations above, and
runs k-means on both P and TP whenever no side constraints are present. So
every instance is solved by 10 or 12 different methods, depending on the presence
of the side constraints. We label k-means on the original data by fkm, and on
the projected data by Tfkm. For each of these methods, we compute the optimal
objective function value found and the CPU time. The code, written in a mixture
of Python 3 [52] and bash shell scripts, uses the amplpy interface to call AMPL
[31] and solves the corresponding instance with the specified method using CPLEX
12.10 [38]. The k-means implementation is that of the sklearn [48] python library
with default configuration (see the user manual for more details).

Our code was deployed on two instance sets: random and UCI. The random
set contains randomly generated instances of the MSSC without side constraints.
Again, the only aim of the experiments on the random set is to verify that RPs
yield good approximations on the tested formulations. The UCI set contains some
instances from the UCI data archive [23] having relatively few points in many
dimensions, to which we adjoined some side constraints, as detailed in Sect. 5.3
below.
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5.1 Improvement of the PV bound

The formulations presented above all use PV as a “big M” parameter used in order
to model a variable product linearly. It can be shown that formulation tightness
(i.e. the extent of the gap in optimality /feasibility between an integer formulation
and its continuous relaxation) can be improved by making such parameters as
small as possible, without losing exactness or relaxation guarantees. In the case
of PY, which is defined as the maximum possible distance (in various norms)
between two points in P, an obvious tightening consists in defining a different
bound depending on i < n:

Vi<n P/ =max|p; —pl, (42)
h#i

where the norm can be £1,¢2, . This applies to formulations in Eq. (11), (15),
(18).

5.2 Tests on random instances

Our algorithm for creating random MSSC instances with given n,m, k is as follows:

1. initialize scalars B > 0 (domain, set to 10 in our experiments), A € [0, 1] (cluster
overlap factor), N € [0, 3] (cluster cardinality difference factor);

2. randomly generate k candidate centroid vectors y1,...,9x € [-B, B]™;

3. randomly generate k cluster cardinality integers ni,...,ny such that:

() X nj = n, (i) ¥j < kny € (1 N)n/k];
i<k

4. for each cluster j < k let p; = % Ze;éj % be the radius of a sphere
around y; such that these spheres overlap by a factor of their volume controlled
by A;

5. for each cluster j < k uniformly generate n; points in the ball B(y;, p;), and
label them with j.

This algorithm creates some centroids and cluster cardinalities randomly, then
defines appropriately sized balls around the centroids and samples points uniformly
in those balls. The parameters N and X control how much the cluster cardinalities
differ from n/k, and, respectively, the overlap of the balls. The algorithm also saves
the obtained clusterings: while these may not be optimal w.r.t. Eq. (4), in general
they provide a good approximation by construction.

We generated three subsets of random instances: small, medium and large. The
purpose of this partition based on size is that we would like to test formulations on
both original and projected data; and given the relative size differences, fair testing
requires instances with different sizes. The first subset, small, is intended to allow
formulations on the original data to be solved at optimality. The second, medium,
allows feasible solutions to be found by both original and projected formulations.
The third, large is such that feasible solutions are mostly found with randomly
projected formulations. All these instances were tested using a CPU time limit of
900s. Those instances reporting a CPU time exceeding 900s may not have been
solved to global optimality. We remark that the value of Eq. (4) considered in
the results table is evaluated on the best clustering found by the corresponding
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formulation. Thus, certain clusterings found by approximating reformulations yield
values of Eq. (4) that are worse than the optima found by k-means.

The details and results of the small set are reported in Table 1. The results vali-
date the formulation approach: when k-means does not achieve a global optimum,
MP formulations can. In this table we only report formulations on the original
data, since none of the instances has sufficiently high dimensionality to undergo
effective dimensional reduction using RP. We note that certain formulations solved
to global optimality on certain instances improve the quality of the solution found
by k-means. Obviously, the exact cMINLP reformulation Eq. (11) is always among
them; but there is no clear rule about the approximations. The CPU time of k-
means is always a fraction of that of CPLEX solving the MP formulations: this is
a fixture of the proposed methodology.

The details and results of the medium set are reported in Table 2. For every for-
mulation considered in the paper, we computed the relative difference between the
value of Equation (4) for the original formulation and its projected version. These
results show that RPs yield lower dimensional instances that are very accurate in
practice (very few pairs of original vs. projected formulations exhibit a noticeable
difference). Projected formulations were obtained with a RP with e = 0.3 and
density 0.9. We note that no feasible solutions were found by the £2, Tf2, and finf
formulations in the 900s of allotted computation time: we therefore do not report
the columns corresponding to £2 - T£2 and finf - Tfinf. Moreover, every solu-
tion process was terminated after 900s of computation time, so we do not report
CPU time. We recall that d only depends on n, not on m.

The details and results of the large set are reported in Table 3. For every
formulation considered in the paper, we computed the relative difference between
the value of Equation (4) for the original formulation and its projected version.
For most of the instances, formulations £1, £im and finfm were not able to find a
solution, but in all the other cases we observe that the projected formulations were
able to obtain a smaller or equal value of Equation (4). Projected formulations were
obtained with a RP with e = 0.3 and density 0.9. Again, no feasible solutions were
found by the £2, Tf2, and finf formulations in the 900s of allotted computation
time: we therefore do not report the columns corresponding to £2 - Tf2 and finf -
Tfinf. And, again, every solution process was terminated after 900s of computation
time, so we do not report CPU time. We recall that d only depends on n, not on
m.

The fact that formulations do not achieve the same quality as k-means is due
to the limit on CPU time. To show this, we took the most promising formulation
(Tfinf) and solved it with larger time limit (4h), yielding 3 instances (one from
medium and two from large) where Tfinf found a clustering yielding the same
value of Eq. (4) as k-means.

Instance Value of Eq. (4)
n m d k AN Tfinf fkm
500 500 155 2 0.1 0.1 5136288.6 5136288.6
1000 1000 173 2 0.1 0.1 | 199329869.3 199329869.3
1000 10000 173 2 0.1 0.1 20175599.2 20175599.2

The projected formulation Tfinf used in the above table was obtained with a RP
with e = 0.2 and density 0.5. Raising the CPU time limit to 8h yielded a few more
instances having the same value of Eq. (4) as k-means.
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Instance Value of Eq. (4) CPU time

n m k A N 2 f1 fim finf finfm fkm £2 f1 fim finf finfm fkm
10 2 2 01 01 111.089 111.089 111.089 111.089 111.089 111.089 2.77 0.96 1.45 0.48 1.38 0.02
10 2 2 01 03 142.937 142.937 142.937 142.937 154.461 142.937 2.03 1.20 1.20 0.84 1.69 0.01
10 2 2 03 01 95.511 95.511 95.511 107.359 95.511 95.511 2.28 0.82 2.80 2.56 1.24 0.01
10 2 2 03 03 77.582 77.582 77.582 77.582 90.016 77.582 1.83 0.71 2.14 0.86 1.96 0.01
10 2 3 01 01 58.414 58.414 58.414 58.414 58.414 58.414 2.09 1.49 1.62 1.76 2.11  0.02
10 2 3 01 03 130.465 133.579 133.579 130.465 130.465 130.465 2.09 1.30 1.44 1.39 3.73 0.01
10 2 3 03 01 191.885 191.885 191.885 196.659 191.885 191.885 2.09 1.42 1.49 1.44 1.88 0.01
10 2 3 03 03] 207.349 220.556 220.556 207.349 241.860 224.134 1.95 1.52 1.35 1.25 2.95 0.01
10 5 2 0.1 0.1 | 1449.714 1449.714 1449.714 2130.912 2147.024 1449.714 2.30 1.03 0.82 0.61 0.56 0.01
10 5 2 01 03 527.950 527.950 527.950 527.950 527.950 527.950 2.80 0.93 0.72 0.59 0.89 0.01
10 5 2 03 01 883.103 883.103 883.103 883.103 883.103 883.103 2.04 2.55 0.75 0.70 0.8 0.01
10 5 2 03 03 455.986 455.986 455.986 519.779 519.779 455.986 2.37 0.77 1.45 0.64 0.77 0.01
10 5 3 01 0.1 648.298 665.388 665.388 648.298 665.388 648.298 2.14 1.64 1.57 1.49 1.83 0.03
10 5 3 01 03 479.700 586.810 586.810 479.700 613.309 479.700 2.50 1.42 1.49 1.45 1.52 0.01
10 5 3 03 01 520.428 533.656 533.656 520.428 520.428 520.428 2.63 1.70 1.59 1.35 1.32 0.01
10 5 3 03 03] 170.775 175.940 175.940 177.624 176.149 185.192 2.39 1.67 3.73 1.46 1.46 0.01
20 2 2 01 01 44.770 44.770 44.770 44.770 44.770 44.770 3.11 0.86 1.28 0.64 1.12  0.01
20 2 2 01 03 402.803 402.803 402.803 402.803 421.095 402.803 2.22 0.65 1.42 0.73 0.71 0.01
20 2 2 03 01 645.169 645.169 645.169 645.169 645.169 645.169 1.86 0.70 1.40 0.70 0.65 0.01
20 2 2 03 03 581.553 588.950 588.950 583.957 583.957 581.553 2.60 0.84 1.69 1.24 1.83 0.01
20 2 3 01 01 81.574 81.574 81.574 81.574 81.574 81.574 2.23 1.47 5.21 1.70 1.65 0.02
20 2 3 01 03 277.817 287.993 287.993 277.817 277.817 277.817 2.17 1.53 6.63 1.63 2.03 0.02
20 2 3 03 0.1 162.896 162.896 162.896 163.158 163.158 163.158 3.15 4.23 13.99 1.91 3.71  0.02
20 2 3 03 03 440.198 461.291 461.291 440.198 440.198 440.198 4.07 5.58 25.52 1.68 4.47 0.03
20 5 2 0.1 0.1 | 2084.071 2084.071 2084.071 2084.071 2084.071 2084.071 2.36 1.59 2.92 1.34 097 0.01
20 5 2 01 03 543.065 544.044 544.044 543.065 544.044 543.065 2.05 1.70 3.27 1.37 4.2  0.01
20 5 2 03 0.1 | 2175.156 2175.156  2175.156  2244.987  2244.987  2175.156 2.74 1.49 5.17 1.24 4.41 0.01
20 5 2 03 03| 1451.049 1463.957 1463.957 1451.049 1451.049 1451.049 2.03 1.63 4.17 1.37 4.43 0.01
20 5 3 01 01 867.195 893.865 893.865 867.195 867.195 867.195 | 11.37 15.87 255.14 12.63 65.83  0.02
20 5 3 01 0.3 | 1434.383 1439.256  1439.256  1439.256  1556.837 1434.383 | 10.30 11.97 112.99 12.78 31.81 0.02
20 5 3 03 0.1 | 1867.578 1867.578 1867.578 2247.412 2247.412 1867.578 | 19.27 15.42 335.3 23.52 104.44 0.02
20 5 3 03 03] 2427.466 2506.625 2506.625 2959.899  3184.599  2427.466 | 54.23 26.19 381.61 104.31 405.88 0.02

Table 1 Details and results of small random set. Optima better than those found by k-means are reported in bold.
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Instance Value of Eq. (4)

n m d k A N f1 - Tf1 fim - Tfim finfm - Tfinfm
500 300 69 2 0.1 0.1 0.0 0.3483 0.1986
500 300 69 2 0.1 0.3 0.0 0.3445 0.1661
500 300 69 2 03 0.1 0.0 0.0912 0.3014
500 300 69 2 03 0.3 0.0 0.0034 0.1589
500 300 69 5 0.1 0.1 0.0 0.0 0.0007
500 300 69 5 0.1 0.3 0.0 0.0 0.0220
500 300 69 5 0.3 0.1 0.0 0.0 0.0
500 300 69 5 03 0.3 0.0 0.0 0.0041
500 300 69 10 01 0.1 0.0 0.0 0.0010
500 300 69 10 0.1 0.3 0.0 0.0 -0.0001
500 300 69 10 03 0.1 0.0 0.0 0.0005
500 300 69 10 0.3 0.3 0.0 0.0 0.0012
500 500 69 2 0.1 0.1 0.0 0.4254 0.1546
500 500 69 0.1 0.3 0.0 0.2603 0.0561
500 500 69 2 03 0.1 0.0 0.1448 0.0431
500 500 69 2 03 03 0.0 0.1022 0.1802
500 500 69 5 0.1 0.1 0.0 0.0 0.0041
500 500 69 5 0.1 0.3 0.0 0.0 0.0
500 500 69 5 0.3 0.1 0.0 0.0 0.0112
500 500 69 5 03 0.3 0.0 0.0 0.0
500 500 69 10 01 0.1 0.0 0.0 -0.0017
500 500 69 10 0.1 0.3 0.0 0.0 0.0012
500 500 69 10 03 0.1 0.0 0.0 0.0018
500 500 69 10 0.3 0.3 0.0 0.0 0.0003

1000 300 77 2 0.1 0.1 N.a. N.a. 0.0553
1000 300 77 2 01 0.3 N.a. N.a. 0.0619
1000 300 77 2 03 0.1 0.0 0.0 0.0515
1000 300 77 2 03 0.3 0.0 0.0 0.0214
1000 300 77 5 0.1 0.1 0.0 0.0 0.0
1000 300 77 5 0.1 0.3 N.a. 0.0 0.0001
1000 300 77 5 0.3 0.1 0.0 0.0 0.0
1000 300 77 5 03 0.3 N.a. 0.0 0.0003
1000 300 77 10 0.1 0.1 N.a. N.a. -0.0002
1000 300 77 10 0.1 0.3 N.a. N.a. N.a.
1000 300 77 10 0.3 0.1 N.a. N.a. -0.0002
1000 300 77 10 0.3 0.3 N.a. N.a. -0.0001
1000 500 77 2 01 0.1 0.0 N.a. 0.0544
1000 500 77 2 01 0.3 0.0 N.a. 0.0352
1000 500 77 2 03 0.1 0.0 0.0 0.1143
1000 500 77 2 03 03 0.0 0.0 0.0233
1000 500 77 5 0.1 0.1 N.a. 0.0 0.0
1000 500 77 5 0.1 0.3 N.a. 0.0 0.0002
1000 500 77 5 0.3 0.1 N.a. 0.0 0.0
1000 500 77 5 03 0.3 N.a. 0.0 0.0
1000 500 77 10 0.1 0.1 N.a. N.a. -0.0004
1000 500 77 10 0.1 0.3 N.a. N.a. -0.0019
1000 500 77 10 0.3 0.1 N.a. N.a. -0.0005
1000 500 77 10 0.3 0.3 N.a. N.a. N.a.

Table 2 Details and results of medium random set. We computed the value of Equation (4) for
the formulations £1, fim, finfm and their projected versions. In the table it is shown the relative
difference (£-Tf)/max{|£f|,|Tf|} between the value of Equation (4) of the initial formulation
and the corresponding projected formulation. A positive (resp. negative) difference means that
the projected formulation reached a smaller (resp. bigger) value. For every instance for which
the original formulation or its projection was not able to obtain a solution we indicated N.a.
(Not applicable). No feasible solution were found by the £2, Tf2, and finf formulations in the
900s of allotted computation time: we therefore do not report the corresponding columns.

The fact that we were not able to improve strictly on the k-means results may
simply be a consequence of the fact that k-means found global optima on medium
and large. An indication to this effect is the fact that the value of Eq. (4) of the
(known) clustering used to generate the instances is always equal to the value of
Eq. (4) of the clustering found by k-means, with one exception. This exception
is the single instance (n = 1000, m = 500,k = 10, A = 0.3, N = 0.3), where the
values of Eq. (4) are 14435118.41 for the generating clustering, and 15532981.13
for k-means. Unfortunately, the solver ran out of memory on the Tfinf formulation
applied to this instance before finding any feasible solution, even when run on a
more powerful computer with 256GB RAM.
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Instance Value of Eq. (4)

n m d k A N f1-Tf1 fim - Tfim finfm - Tfinfm
500 1000 69 2 0.1 0.1 0.0 0.2887 0.3139
500 1000 69 2 01 0.3 0.0 0.0021 0.3523
500 1000 69 2 03 0.1 0.0 0.0299 0.2640
500 1000 69 2 03 03 0.0 0.1072 0.0561
500 1000 69 5 01 0.1 0.0 0.0 0.0
500 1000 69 5 0.1 0.3 0.0 0.0 0.0362
500 1000 69 5 03 0.1 0.0 0.0 0.0
500 1000 69 5 0.3 0.3 0.0 0.0 0.0
500 1000 69 10 0.1 0.1 N.a. 0.0 0.0004
500 1000 69 10 0.1 0.3 N.a. 0.0 0.0017
500 1000 69 10 0.3 0.1 N.a. 0.0 0.0002
500 1000 69 10 0.3 0.3 N.a. N.a. 0.0
500 10000 69 2 0.1 0.1 N.a. N.a. N.a.
500 10000 69 2 01 0.3 N.a. N.a. N.a.
500 10000 69 2 03 0.1 N.a. N.a. N.a.
500 10000 69 2 03 0.3 N.a. N.a. N.a.
500 10000 69 5 01 0.1 N.a. N.a. N.a.
500 10000 69 5 0.1 0.3 N.a. N.a. N.a.
500 10000 69 5 0.3 0.1 N.a. N.a. N.a.
500 10000 69 5 03 0.3 N.a. N.a. N.a.
500 10000 69 10 0.1 0.1 N.a. N.a. N.a.
500 10000 69 10 0.1 0.3 N.a. N.a. N.a.
500 10000 69 10 0.3 0.1 N.a. N.a. N.a.
500 10000 69 10 0.3 0.3 N.a. N.a. N.a.

1000 1000 77 2 01 0.1 0.0 N.a. 0.2549
1000 1000 77 0.1 0.3 0.0 N.a. 0.1275
1000 1000 77 2 03 0.1 0.0 N.a. 0.1629
1000 1000 77 2 03 0.3 0.0 N.a. 0.0195
1000 1000 77 5 0.1 0.1 N.a. N.a. 0.0
1000 1000 77 5 0.1 0.3 N.a. N.a. 0.0
1000 1000 77 5 0.3 0.1 N.a. N.a. 0.0006
1000 1000 77 5 03 0.3 N.a. N.a. 0.0007
1000 1000 77 10 0.1 0.1 N.a. N.a. N.a.
1000 1000 77 10 0.1 0.3 N.a. N.a. N.a.
1000 1000 77 10 0.3 0.1 N.a. N.a. N.a.
1000 1000 77 10 0.3 0.3 N.a. N.a. N.a.
1000 10000 77 2 01 0.1 N.a. N.a. N.a.
1000 10000 77 2 0.1 03 N.a. N.a. N.a.
1000 10000 77 2 03 0.1 N.a. N.a. N.a.
1000 10000 77 2 03 03 N.a. N.a. N.a.
1000 10000 77 5 0.1 0.1 N.a. N.a. N.a.
1000 10000 77 5 0.1 0.3 N.a. N.a. N.a.
1000 10000 77 5 0.3 0.1 N.a. N.a. N.a.
1000 10000 77 5 0.3 0.3 N.a. N.a. N.a.

Table 3 Details and results of large random set. We computed the value of Equation (4)
for the formulations f1, fim, finfm and their projected version. In the table it is shown the
difference (£-Tf)/max{|£f|,|Tf|} between the value of Equation (4) of the initial formulation
and the corresponding projected formulation. A positive (resp. negative) difference means that
the projected formulation reached a smaller (resp. bigger) value. For every instance for which
the original formulation or its projection was not able to obtain a solution we indicated N.a.
(Not applicable). No feasible solution were found by the £2, Tf2, and finf formulations in the
900s of allotted computation time: we therefore do not report the corresponding columns.

5.3 Side constraints

Having ascertained that the proposed formulation-based methods are sound and
behave according to expectations, we now exploit the flexibility and generality
of MP-based approaches w.r.t. purely algorithmic ones, and adjoin some side
constraints to the formulation. In particular, we consider classic “must-link” and
“cannot-link” constraints. We then also add more exotic constraints, i.e. that cen-
troids must be inside given balls (to the best of our knowledge, no k-means variant
targets such constraints).

— Must-link: for a given set L C {{i,h} | i < h < n} and for every j < k we require
Zij = Thy-

— Cannot-link: for a given set L C {{i,h} | i < h < n} and for every j < k we
require z;; < 1 — xp;.

— Centroids in balls: given a set B = {(g;,7;) | j < k} of £2-balls centered at §;
with radii 7;, we require that ||y; — g}jH% < f? for all j < k.



Side-constrained min sum-of-squares clustering 31

We remark that the centroid constraints turn every MILP formulation into a more
challenging cMINLP one.

In computational experiments, we generate a certain number of side constraints
randomly from the above families, and adjoin them to instances downloaded from
the UCI archive [23]. Specifically:

— we generate “must-link” constraints by picking a random sample S of 0.1% ran-
dom points in P, and considering the pairs p;,p; (for ¢,j € 5’) whose Euclidean
distance is within a threshold }(avgD 4 min D), where D is the Euclidean
distance matrix of the points in S;

— “cannot-link” constraints are generated similarly: we consider random sam-
ple of points generated like S, and take all the point pairs from the sample,
excluding those that were used in “must-link” constraints (if any);

— the centers g of the balls in B defining the centroid constraints are chosen
randomly in a box containing all the points in P; the radii are chosen to be all
equal to %enéiﬁ(yg —yb) (see Eq. (9)).

5.8.1 Easing feasibility by local branching constraints

The first tests on these constrained instances witnessed the extreme difficulty
to find a feasible solution. We therefore add one more class of local branching
constraints, the only purpose of which was to encode a nearly-feasible solution in
the formulation. For each instance, we consider the solution z given by k-means,
and then adjoin the following constraints [27, Eq. (7)]:

i<n,j<k i<n,j<k
&;;=0 @;5=1

Such constraints allow the encoding of a local search neighbourhood (centered at
Z and having Hamming radius «) within the formulation itself. They essentially
states that at most s binary variables can switch their value from z. We note that
letting x = 0 makes & the only possible solution, and that reasonable pre-solving
codes within commercial solvers would immediately fix # = & based on Eq. (43)
with x = 0. In thise sense, local branching constraints can endow a formulation
with some knowledge of a good solution.

In the present case, z is feasible for the MSSC problem, but not w.r.t. the
side constraints. Moreover, we still want the search to be global rather than local.
We therefore let « = nk, which means that the constraint is satisfied by every
binary vector z. Even though Eq. (43) with k = nk are redundant constraints, our
computational experience shows that they allow solvers to find a feasible solution
much more easily.

5.4 Tests on UCI instances

We considered datasets from archive.ics.uci.edu/ml/datasets/ with relatively
few points in a large dimensional spaces. Notably, we consider the following datasets:

— SCADI (labelled scadi);
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DBWorld e-mails (labelled dbworld);

Gastrointestinal lesions in regular colonoscopy (labelled gastroent);
— A study of Asian religious and biblical texts (labelled asianrel);

— Gas+sensor array under flow modulation (labelled pulmon);

— DrivFace (labelled drivface).

For those instances containing categorical values, we mapped each categorical
string to ASCII codes and concatenated them. The properties of these instances
are given in Table 4.

Name | n m d
dbworld 64 4702 46
scadi 70 206 47

asianrel 590 8266 71
drivface 606 6400 71
gastroent | 700 152 73
pulmon 928 7509 76

N NN NN NS

Table 4 Properties of the UCI instances.

Our first validation experiment consists in solving these instances with k = 2,
without side constraints, allowing each formulation 900s of CPU time. Detailed
instance data and results concerning the value of Eq. (4) at the best optima found
by each formulation are given in Table 5 (above). CPU times taken by k-means
are negligible (in the range 0.22s-3.36s). In one case (dbworld) the best optimum
was found by a formulation method rather than k-means. The large number of
failures found in pulmon might be due to ill scaling of the instance data, which is
present both in the original numerical data (five orders of magnitude), and also
partly derived by our own category-to-number mapping.

Finally, the results of our experiment with side constraints are reported in
Table 5 (below). For these tests, we allowed a maximum CPU time of 8h per
formulation. We note that most randomly projected formulations can be solved to
feasibility.

6 Conclusion

“Minimum Sum-of-Squares Clustering” is the name of the problem that the fa-
mous k-means heuristic aims at solving: given a set of points in some Euclidean
space, find clusters and their centroids so that the sum of squared Euclidean dis-
tances between points and the corresponding centroid is minimum. It is one of
the foundational problems related to clustering using Euclidean distances. Its nat-
ural Mathematical Programming formulation is of the Mixed-Integer Nonlinear
Programming class. We considered variants that add arbitrary constraints to the
classic formulation. We proposed reformulations yielding convex continuous relax-
ations. We presented approximations based on other norms than Euclidean and
on the application of random projection techniques to decrease dimensionality of
the data points.

We emphasize the extreme ease and speed of implementation and deployment
of our proposed methodology. The algorithmic part rests almost completely on
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off-the-shelf solver components. Random projections, though their analyses are
certainly not simple, are based on well-known sampling techniques and a single
matrix multiplication. Computational results were carried out on both random and
real data instances. While k-means is decidedly the better option for solving the
original problem as stated, the variant with side constraints limits the applicability
of this successful heuristic. We think that, in such cases, our methodology based on
randomly projected formulations is a viable alternative, in that it provides good
quality solutions in limited amounts of time.

Data availability statement

The datasets generated and analysed in this paper are available upon request from
the corresponding author.
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