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Abstract. We consider a strongly NP-hard problem of finding a family of dis-
joint subsets with given cardinalities in a finite set of points from Euclidean
space. The minimum of the sum over all subsets from required family of the
sum of the squared distances from the elements of these subsets to their cen-
ters is used as a search criterion. The subsets centers are optimizable variables
defined as the mean values of the elements of these subsets. With an additional
restriction on the problem that the coordinates of the input points are integer,
an exact algorithm is proposed. This algorithm is pseudopolynomial in the case
of fixed space dimension and of fixed number of required subsets.

Keywords: Euclidean space, subsets search, clustering, NP-hard problem, ex-
act pseudopolynomial-time algorithm.

Introduction

The subject of our study is a strongly NP-hard problem of finding a family of disjoint
subsets in a finite set of points from Euclidean space. Our aim is justification of an
exact pseudopolynomial algorithm for a special case of this problem.

The investigation is motivated by poor study of the problem and its importance in
applications, in particular, for mathematical problems of data analysis, approximation
theory and mathematical statistics. The problem models a situation where it’s required
to classify noisy data provided from experimental observations for the states of some
material objects (see [1-4] and works cited there).

The paper is organized as follows. In the next section the formal definition of the
problem under study is given; an example of application (origin) of the problem being
investigated is also presented. In Section 3, we provide a review of the known results and
announce the obtained algorithmic result. Basic definitions and statements, that give
elements to prove the properties of the proposed algorithm, are presented in Section
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4. Finally, in Section 5 we construct an exact algorithm for solving the problem under
study, justify its properties and show its pseudopolynomiality for a special case of the
problem.

1 Problem formulation and its origin

Everywhere below R denotes the set of real numbers, || - || denotes the Euclidean norm,
and Z denotes the set of integer numbers.
We consider the following problem.

Problem 1. Given aset Y = {y1,...,yn} of points from R? and some positive integers
My, ..., Mj. Find a family {Cy,...,C;} of disjoint subsets of ) such that

J
F(Crie s C) =D > lly = 5(CH)I° = min | (1)
j=1yeC;
where 7(C;) = ﬁ > y is the centroid (geometrical center) of the subset C;, under
7 yec;
constraints |C;| = M;,j=1,...,J, and

J
> M;<N, (2)
j=1

on the cardinalities of the required subsets.

The Problem 1 has the following origin [5]. Given a table ¥ = {y1,...,yn} con-
taining results of multiple measurements of the g-dimenstional tuple y of numerical
characteristics corresponding to J unique objects. Numbers M;, j =1,...,J, of mea-
surements for the j-th object are known. Moreover, the table includes (N — Z}‘le M;)
results of single measurements of the states of some random objects. Each result of
measurement, presented in the table, has an error. Furthermore, the correspondence
between the measurements and the objects is unknown. It’s required to find a family
{Cy,...,C;} of disjoint subsets of the set ), using the minimum of squared distances
criterion, where each subset contains the elements corresponding to the appropriate
unique object, and estimate values y(Cy),...,7(Cs) corresponding to the numerical
characteristics of the unique objects (assuming that the data has a measurement er-
ror).

The Problem 1 regularly appears as a mathematical problem, in particular, for Data
Analysis and Pattern Recognition, and is induced [5] by the following approximation
model.

Given aset Y = {y1,...,yn} of points from R? and some positive integers My, ..., M.
Find a family {M,..., M } of disjoint subsets of the set A" = {1,..., N} such that

Z lyn — anQ — min , (3)

neN
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where
wy; € RY, n € My,

o) 1
" wy €RY, ne My, )

vn €RY, ne N\(U/_, M),

under the same constraints on the required subsets, as in Problem 1.

This problem consists in approximation of the sequence y,, by the sequence x,, using
the minimum of squared distances criterion under the condition that the structure of the
sequence x,, is described by the formula (4). In this formula, the points w1, ..., w; are
interpreted as the numerical characteristics describing the unique objects. The points
from the set {v;,i € N\(U/_;M;)} are considered as the collection of characteristics
describing the random objects.

Having uncovered the sum (3) using (4) and grouped the terms, we can check
using derivation, that for each fixed collection {M,..., M} of sets, the values w; =
y(M;), 7 = 1,...,J, provide the points where the objective function (3) attains its
minimum. If we put these values in the formulae (3), (4) and let C; = {y; € Y |i € M,},
then we can simply verify (see also [5]) that the model (3), (4) induces Problem 1.

A similar to Problem 1 is well-known strongly NP-hard [6] problem MSSC (Min-
imum Sum-of-Squares Clustering) of clustering, which is also known as k-means [7],
[8], [9]. In this problem the objective function is the same as in Problem 1, but the
cardinalities of the required clusters are optimizable variables and instead of searching
a family of subsets which union could not cover all input set, we have to find a partition
of this set.

Notice, that the numbers from the set A"\ (U/_, M) in the model (3), (4) correspond
to the elements from the set y\(Ulecj) in Problem 1. Elements of these sets do not
appear in the formulae for the estimation of the values w;, j = 1,...,J, and the
corresponding centroids 7(C;), j = 1,...,J, in Problem 1. Therefore, Problem 1 could
be considered as a problem of Data Censoring [10]. In this applied problem, a part
of the data (generally, unknown part) of obtained experimental results in a situation
of random failure of measurement instument has to be excluded from the estimation
procedure, because this data distorts final estimations.

2 Known and obtained results

The strong NP-hardness of Problem 1 is implied from the results obtained in [11],
since in the cited work it was proved that the special case of Problem 1 when J =1 is
NP-hard in the strong sense problem.

The Problem 1 is referred to the algorithmically poorly-studied problems of the dis-
crete optimization. In [5] for this problem, was proposed a 2-approximation algorithm
which time complexity is equal to O(N?(N7*! + ¢)). For the case of Problem 1 when
the number J of required subsets is fixed (not the input of the problem), this algorithm
is polynomial. Currently, there are no other algorithmic results for Problem 1 and the
known results [12-15] were obtained only for its special case when J = 1. These results
are described below.
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For Problem 1 in [12], a 2-approximation polynomial-time algorithm of complexity
O(gN?) was constructed.

For the variation of Problem 1 with an additional restriction that the coordinates
of the input points are integer and for the case of fixed space dimension, in [13] an
exact pseudopolynomial algorithm was presented, which time complexity is equal to
O(N(MB)1), where B is the maximum absolute value of the coordinates of the input
points.

Furthermore, for the case of the fixed space dimension in [14] an FPTAS was pro-
posed. This scheme for a given relative error € finds (1 4 ¢)-approximate solution in
O(N?(M/¢g)?) time, that is polynomial in the size of input and 1/e.

A PTAS of complexity O(gN?/5+1(9/£)3/¢), where ¢ is a guaranteed relative error,
was found in [15].

In the current work, for the variation of Problem 1 with an additional restriction
that the coordinates of the input points are integer, an algorithm which finds an exact
solution in O(N(N? + ¢J)(2M B + 1)?7 + J?10og?N) time is constructed, where B is
the maximum absolute value of the coordinates of the input points and M is the least
common multiple for the numbers M;,..., M . In the case of the fixed dimension ¢
of the space and of the fixed number J of required subsets, the proposed algorithm is
pseudopolynomial and its time complexity is bounded by O(N?3(M B)?7).

3 Fundamentals of algorithm

In order to justify the properties of the algorithm, we need a few basic statements, an
auxiliary problem and an exact polynomial-time algorithm finding its solution.
The following statements are the geometrical basis of the algorithm.

Lemma 1. Let all conditions of Problem 1 be satisfied and Y C Z9. Moreover, let

B = ma a i 5
?effiei?,,..’fq}‘(y) | (5)

be the mazimum absolute value of the coordinates of the input points, where (y)* is the
i-th coordinate of the pointy. Then, Y(C;) € D, j=1,...,J, where

D= {z R (2)F = %(v)k,(v)k €z () < MBk=1,....q} ,  (6)

where M is the least common multiple for the numbers My,..., M.

Proof. According to the definition of the geometrical center (as the mean over the set),
we have

where p is an integer such that

pl=1>_ W" <M;B<MB .
y€eC;
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By the definition of the least common multiple M, for each j = 1,...,J, there
exists an integer s(j) such that 0 < s(j) < M, and M = s(j)M;. Therefore,

EVE . = y J = 17 . a‘]
M;  s(j)M; M
To conclude, notice that s(j)p € Z and
|S(J\]4)p| < Bs(j) < BM

O

The set D is the multi-dimensional grid with the rational step and with a center in
the origin. For the cardinality of this grid the following obvious equality holds

ID| = (2MB +1)7 . (7)

Lemma 2. For each non-empty finite set Z of points from R?, the minimum over x
of the > ||z — x||? is attained at x = Z = % Yoz 2
z2€EZ
It could be easily checked by the derivation.
The calculation basis of the algorithm is given by an exact polynomial-time algo-
rithm finding the solution of the following auxiliary problem.

Problem 2. Given a set Y = {y1,...,yn}, a tuple b = (b1,...,bs) of points from R?
and some positive integers My, ..., M;. Find a family {By, ..., B} of disjoint subsets
of the set ) such that

J
G*(Bi,....By) = Y lly = byl* = min , (8)

Jj=1y€B;

under constraints |B;| = M;, j =1,...,J, and (2) on the cardinalities of the required
subsets.

The Problem 2 can be reduced [5] to the known assignment problem (see for example
[16]) and its exact solution can be found [5] in O(N(N? + ¢J)) time. In the following,
the algorithm solving Problem 2 is noted by Aj;.

The following technical lemma lies in the fundamentals of the alorithm and is given
for the completeness of the description.

Lemma 3. The least common multiple for the numbers My, ..., My, can be found in
oJ Z‘j]:l log? M;) time.

Proof. Let M = lem(My,..., M) be the least common multiple for the numbers
My, ..., Mj. Using well known properties of the least common multiple, we have the
following equalities.

M;M;

lem(Mi, M) = —anr gy !
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where ged(M;, M;) is the greatest common divisor for the numbers M;, M;.
lcm(Ml, ey MJ) = lcm(lcm(Ml, ey MJ_l),MJ) . (10)

It’s known that the greatest common divisor for the numbers a,b can be found by
the Euclidean algorithm in O(log?(maz(a,b))) time.

From (9) and (10), the obvious recurrent algorithm of computing the least common
multiple for the numbers M, ..., M, is implied. For the complexity of computing the

least common multiple for the numbers My, ..., M, we have
J-1 J J—i+1
> " (log(max(Mj_141,lem(My, ..., M;_)))* <Y (log’( [[ M)
i=1 i=1 k=1

J
= 0(J(Y_log® My))
k=1
where we used the following obvious upper bound on the least common multiple

J—i
lcm(Ml,...,MJ_i) < HMk, .
k=1

4 Exact pseudopolynomial algorithm

The idea of the proposed algorithm is as follows. In the region of the input space,
defined by the maximum absolute value of the coordinates of the input points, a multi-
dimensional grid is constructed which is uniform over each coordinate and has the
rational step. By construction, all centroids including optimals belong to the grid.

For each tuple of J points from the constructed grid, the auxiliary Problem 2 is
solved. Its solution — a family of disjoint subsets — is included in the collection of the
candidates on the solution for Problem 1.

The family of the subsets with minimum value of the objective function of Problem
2 is taken as a solution of Problem 1.

Let us formulate an algorithm which implements the described approach.

Algorithm A.

Input: Set Y and positive integers My, ..., M.

Step 1. Find the least common multiple M for the numbers M;, ..., M; using (9)
and (10), and the value B using formula (5). Construct the grid D using formula (6).

Step 2. For every tuple d = (dy,...,d;) € D’, using Algorithm A;, find and
memorize the exact solution {Bi(d),...,Bs(d)} of the auxiliary Problem 2 and the
value of the objective function G?, putting b = d in the formula (8).

Step 3. In the collection {B;(d),...,Bs(d)}, d € D7, of the solutions found on
step 2, find the tuple d4 = (df}, ..., dﬁ‘) on which the objective function G¢ attains its
minimum. As the solution {C{,...,C4} of Problem 1, we take constructed on step 2
subsets By (d4),...,Bs(d"*) corresponding to the tuple d*.
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Output: Collection {C{,...,C4}.
Next statement specifies the properties of the proposed algorithm.

Theorem 1. Let in the conditions of Problem 1, the coordinates of all points from the
set Y have integer values in the interval [—B, B]. Then, algorithm A finds an optimal
solution of this problem in O(N(N? + qJ)(2M B + 1)% + J%l0og®N) time.

Proof. Let the subsets Cj,...,C} be the optimal solution of Problem 1. According to
the definition of step 3, algorithm A finds the solution of Problem 1 in the form:

{ci,....cy ={Bu(d?),...,B;(d™)} , (11)
where
d4 = arg min GYBi(d),...,Bs(d) . (12)

Thus, noticing that the elements of the optimal tuple ¥* = (7(C7),...,¥(C})) be-
long to the set D, according to Lemma 1, from the definitions (8), (12) and (1), the
following is implied

A J * *
G <y D ly=wCHIP =F(C,....C) (13)
yecC;

Then, using Lemma 2, definitions (1), (8), (11), we obtain

Fct,....ch = Zj:l > lly =g
yGCf
J Az _ X\ A2 _ dt
S SD S TE IS Sl SR PRIy
yecs yEB;(d*)

Combining (13) and (14), we find the estimation
F(C,...,CH) < F(C,....Ch)

On the other hand, the sets C{}, ... ,Cj‘ are the feasible solution of Problem 1. Thus,
we have the estimation

F(C;,....C) < F(Ci.....cP) .
From the obtained estimations, we have the equiality
F(Ct,....cH =F(C},....Ch) .

Let us estimate the time complexity of the algorithm using its stepwise notation.

By Lemma 3, computational costs of computing the least common multiple for
the numbers M, ..., M; on step 1 are O(J Zizl log? M), which is not greater than
o(J? log® N ). On this step, computational costs of calculation of the values B and D
are bounded by O(¢gN) and O(1) respectively.
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The time complexity required to find an exact solution for the auxiliary Problem 2
(see Section 4) is equal to O(N(N?2 + ¢J)). On step 2, this problem is solved O(|D|”)
times. Therefore, according to (7), the complexity of step 2 is equal to O(N(N? +
qJ)(2M B + 1)7).

Summing up all the costs on all the steps, we find that the time complexity of the
algorithm is bounded by O(N(N2 + ¢J)(2M B + 1)% 4 J%l0og?N). O

Remark 1. If the dimension ¢ of the space and the number J of desired subsets are
fixed, the coordinates of the input points from ) are integer and belong to an interval
[—B, B], then algorithm 4 is an exact pseudopolynomial algorithm solving Problem 1
in O(N3(MB)?7) time.

5 Conclusion

In the paper, we have considered the strongly NP-hard problem of finding a family of
disjoint subsets in a finite set of points from Euclidean space.

For the special case of the problem when the input points coordinates are integer,
we have constructed an exact algorithm. This algorithm is a pseudopolynomial one
when the input space dimension and the number of required subsets are fixed.

Of considerable interest is justification of faster approximation polynomial-time
algorithms with guaranteed accuracy for general problem.
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