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Abstract

We study the problem of optimizing the clustering of a set of vectors when the quality of the
clustering is measured by the Entropy or the Gini impurity measure. Our results contribute to
the state of the art both in terms of best known approximation guarantees and inapproximability
bounds: (i) we give the first polynomial time algorithm for Entropy impurity based clustering
with approximation guarantee independent of the number of vectors and (ii) we show that the
problem of clustering based on entropy impurity does not admit a PTAS. This also implies an
inapproximability result in information theoretic clustering for probability distributions closing a
problem left open in [Chaudhury and McGregor, COLT08] and [Ackermann et al., ECCC11]. We
also report experiments with a new clustering method that was designed on top of the theoretical
tools leading to the above results. These experiments suggest a practical applicability for our
method, in particular, when the number of clusters is large.

1 Introduction

Data clustering is a fundamental tool in machine learning that is commonly used to reduce the
computational resources required to analyse large datasets. For comprehensive descriptions of
different clustering methods and their applications refer to [I4, I5]. In general, clustering is the
problem of partitioning a set of items so that, in the output partition, similar items are grouped
together and dissimilar items are separated. When the items are represented as vectors that
correspond to frequency counts or probability distributions many clustering algorithms rely on so
called impurity measures (e.g., entropy) that estimate the dissimilarity of a group of items (see,
e.g., [13] and references therein) In a simple example of this setting a company may want to group
users according to their taste for different genres of movies. Each user u is represented by a vector,
where the value of the ith component counts the number of times v watched movies from genre
i. To evaluate the dissimilarity of a group of users we calculate the impurity of the sum of their
associated vectors and then we select the partition for which the sum of the dissimilarities of its
groups is minimum. The design of clustering methods based on impurity measures is the central
theme of this paper.



Problem Description. An impurity measure [ : v € RY — I(v) € R* is a function that assigns to
a vector v a non-negative value I(v) so that the more homogeneous v, with respect to the values of
its coordinates, the larger its impurity. Well-known examples of impurity measures are the Entropy
impurity (aka Information Gain in the context of random forests) and the Gini impurity [7]:
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We are given a collection of n many g-dimensional vectors V' with non-negative values and we
are also given an impurity measure I. The goal is to find a partition P of V into k disjoint groups

of vectors V7,..., Vi so as to minimize the sum of the impurities of the groups in P, i.e.,
k
I(P) = ZI( > v>. )
m=1 veVm

We refer to this problem as the PARTITION WITH MINIMUM WEIGHTED IMPURITY PROBLEM
(PMWIP). While we present results for Ig;,; our main focus is on the Entropy impurity Ig,;. We
use PMWIP g,y (PMWIPg4yi) to refer to PMWIP with impurity measure Ign: (Igini)-

Motivations. Clustering based on impurity measures is used in a number of relevant application
as: (i) partition the values of attributes during the branching phase in the construction of random
forest/decision trees [7, 8, 11l 12 19]. (ii) clustering of words based on their distribution over
a text collection for improving classification tasks [0, [13] and (iii) quantization of memoryless
channels/design of polar codes [28] 18] [17, 25| 24]. Although these papers present their clustering
optimization criterion in terms of different information theoretic concepts, e.g., mutual information,
information gain, KL-divergence, we note that all of them can be rephrased in terms of our objective
function, the entropy impurity measure. These equivalences are discussed in [11].

Despite of its wide use in relevant applications and entropy being, arguably, the most important
measure in Information Theory as well as relevant in Machine Learning, the current understanding
of PMWIP from the perspective of algorithms/complexity is very limited as we detail further.
This contrasts with what is known for clustering in metric spaces where the gap between the ratios
achieved by the best known algorithms and the largest known inapproximability factors, assuming
P # NP, are somehow tight (see [5] and references therein). Our study contributes to change this
scenario.

Our Results. First we present a simple linear time algorithm that simultaneously guarantees (i)
an O(log >, ¢y |IV]l1) approximation for PMWIP g,,; (ii) an O(log n+log g) approximation for the
case where all vectors in V' have the same ¢; norm and (iii) a 3-approximation for the PMWIP ;.
The last is tight in the sense that one cannot obtain a PTAS for PMWIP g4, unless P=NP, due
to its connection with the k-means problem [5l 20].

Then, we present a second algorithm that provides an O(log?(min{k, g}))-approximation for
PMWIP g, in polynomial time. Our algorithm is the first approximation algorithm for clustering
based on entropy minimization, among those that do not rely on assumptions over the input data,
which achieves an approximation that does not depends on n. We also explore a relation between



vertex covers and star decompositions in cubic graphs to prove that PMWIP g,,; is APX-Hard even
for the case where all vectors have the same f1-norm. This result solves a problem that remained
open in previous work [9] 2].

In order to assess the potential of our theoretical tools/findings for practical purposes we devel-
oped a new clustering method, on top of them, and compared it with DivisiveE CLUSTERING [13],
an adaptation of k-means that uses Kullback-Leibler divergence (KL-divergence) instead of squared
Euclidean distance. We observe in our experiments, over two datasets, that the new method ob-
tains partitions with impurity close to that obtained by D1visivE CLUSTERING. The advantage of
our method is that it is much faster, especially when the number of clusters is large, since it runs
in O(nlogn + ng) time while D1viSIVE CLUSTERING has O(ngk) complexity per iteration.

Techniques. In terms of algorithmic techniques, when g > k, the first step of both algorithms
proposed here is to employ an extension of the approach introduced in [19] that allows to reduce the
dimensionality of the vectors in V from g to k with a controllable additive loss in the approximation
ratio. In [19], where the case k = 2 is studied, after the reduction step, an optimal clustering
algorithm is used. However, for arbitrary k, the focus of our work, the same strategy cannot be
applied since the problem is NP-Complete. Thus, it is crucial to devise novel procedures to handle
the case where g < k.

The procedure employed by the first algorithm is quite simple: it assigns vectors to groups
according to the dominant coordinate, that is, one with the largest value. The procedure of the
second algorithm is significantly more involved, it relies on the combination of the following results:
(i) the existence of an optimal algorithm for g = 2 [I8];(ii) the existence of a mapping x : RY > R?
such that for a set of vectors B which is pure, i.e., a set of vectors with the same dominant
component, Ip, (D ycpV) = O(log 9)Ient (Y yep x(v)) and (iii) a structural theorem that states
that there exists a partition whose impurity is at an O(log?g) factor from the optimal one and
such that at most one of its groups is mixed, i.e., it is not pure. The search for a partition of this
type with low impurity can be achieved in pseudo-polynomial time via Dynamic Programming. To
obtain a polynomial time algorithm we then employ a filtering technique similar to that employed
for obtaining a FPTAS for the subset sum problem.

Related Work. We first discuss theoretical work on the problem. Kurkoski and Yagi [I8] showed
that PMWIP g,,; can be solved in polynomial time when g = 2. The correctness of this algorithm
relies on a theorem, proved in [7], which is generalized for g > 2 and k groups in [I1], [8 [12].
These theorems state that there exists an optimal solution that can be separated by hyperplanes
in RY. These results imply the existence of an O(nY) optimal algorithm when k& = 2. Recently,
it was proved that PMWIP g,,; is N P-Complete, even when k£ = 2, and constant approximation
algorithms were given for a class of impurity measures that includes Entropy and Gini for £ = 2
[19]. As noted before their approach cannot be directly employed to handle the case where k is
arbitrary.

PMWIPg,; has recently attracted large interest in the information theory community in the
context of efficient quantizer design, and also motivated by the construction of polar codes [28] [I8],
17, 25], 24] In our terminology, the focus of this series of work is proving bounds on the increase of
impurity when we reduce the number of clusters from n to k.

PMWIP g, is a generalization of MTCgyp, [9], the problem of clustering a set of n probability
distributions into k& groups minimizing the total Kullback-Leibler (KL) divergence from the dis-
tributions to the centroids of their assigned groups. MTCgy, corresponds to the particular case
of PMWIP g,; where each vector in V has the same #; norm. While the optimal solutions of



PMWIPg,,; and MTCgp, match, the problems differ in terms of approximation since the objective
function for MTC g, has an additional constant term — ZVEV Ipnt(v) so that an a-approximation
for MTCg, problem implies an a-approximation for PMWIP g,,; while the converse is not neces-
sarily true.

In [9] an O(logn) approximation for MTCgp, is given. Some (1 + €)-approximation algorithms
were proposed for a constrained version of MTC g, where every element of every probability distri-
bution lies in the interval [\, v] [3, 1, @, 22]. The algorithm from [3} 4] runs in O(n20(mk/clog(mk/<)))
time, where m is a constant that depends on e and A. In [I] the running time is improved to
O(ngk 4 g20(k/€log(k/) 1ogk+2(n)) via the use of weak coresets. Recently, using strong coresets,
O(ngk +2Poly(9k/€) time is obtained [22]. We shall note that these algorithms provide guarantees for
p-similar Bregman divergences, a class of metrics that includes domain constrained K L divergence.
By using similar assumptions on the components of the input probability distributions, Jegelka
et. al. [16] show that Lloyds k-means algorithm—which also has an exponential time worst case
complexity [29]—obtains an O(log k) approximation for MTCxkr,.

Among the algorithms mentioned for MTCgp,, the one that allows a more direct comparison
with ours is the method proposed in [9] since it runs in polytime and does not rely on assumptions
over the input data. As discussed before an a-approximation for the MTCygy problem implies
a-approximation for the special case of PMWIPg,; with vectors of the same ¢; norm, so the
approximation measure used in [9] is more challenging. However, our results apply to a more
general problem and nonetheless we are able to provide approximation guarantee depending on the
minimum between the logarithm of the number of clusters and the dimension while the guarantee
in [9] depends on the logarithm of the number of input vectors.

In terms of computational complexity, Chaudhuri and McGregor [9] proved that a variant of
MTCgk, where the centroids must be chosen from the vectors in V' is NP-Complete. Ackermann
et. al. [2] proved that MTCgy is NP-Hard. Our hardness result for PMWIP g, implies that
clustering with KL-Divergence if APX-Hard, improving the previous results.

Experimental work on clustering using impurity measures have been performed by a number of
authors [6l [12] 27, 13| 211 22]. A variant of Loyds k-means that uses Kullback-Leibler divergence
rather than squared Euclidean distance was proposed independently in [11l [13]. Experiments from
[13] suggest that this method, denoted by them as Di1visSIVE CLUSTERING, is superior to those
proposed in [6, 27]. That is the reason why we decided to compare our method with this specific
one.

2 Preliminaries

We start defining some notations employed throughout the paper. An instance of PMWIP is a
triple (V, k, I), where V is a collection of non-null vectors in RY with non-negative integer coordi-
nates, k is an integer larger than 1 and [ is a scaled impurity measure.

We assume that for each coordinate i = 1,..., g there exists at least one vector v € V whose
ith coordinate is non-zero, i.e., the vector ) . v has no zero coordinates—for otherwise we
could consider an instance of PMWIP with the vectors lying in some dimension ¢’ < g. For
a set of vectors S, the impurity I(S) of S is given by I(} V). The impurity of a partition
P=WWO, ... V&) of the set V is then I(P) = S-F  1(V®). We use OPT(V, I, k) to denote the
minimum possible impurity for an k-partition of V' and, whenever the context is clear, we simply
talk about instance V' (instead of (V, I, k)) and of the impurity of an optimal solution as OPT(V')



(instead of OPT(V, I, k)). We say that a partition (V1 ... V() is optimal for input (V, I, k) iff
SEL I(V®) = OPT(V, I, k).

For an algorithm A and an instance (V,I,k), we denote by A(V,I,k) and I(A(V,1,k)) the
partition output by A on instance (V, I, k) and its impurity, respectively. Whenever it is clear from
the context, we omit to specify the instance and write I(.A) for I(A(V,I,k)).

We use bold face font to denote vectors, e.g., u,v,.... For a vector u we use u; to denote its ith
component. Given two vectors u = (u1,...,uy) and v = (vi,...,vy) we use u-v to denote their
inner product and uov = (u1vy,...,ugv,) to denote their component-wise (Hadamard) product.
We use 0 and 1 to denote the vectors in RY with all coordinates equal to 0 and 1, respectively.
We use [m] to denote the set of the first m positive integers. For i = 1,...,g we denote by e; the
vector in RY with the ¢th coordinate equal to 1 and all other coordinates equal to 0.

The following properties will be useful in our analysis.

Proposition 1. Let p € [0,0.5). Then, plog(1/p) > (1 — p)log[1/(1 — p)]

Proof. For p = 0 and p = 0.5 the result holds. Moreover, the derivative of plog(1/p) — (1 —
p)log[1/(1 —p)]is [In(1/(p)(1 = p)) = 2]/In(2) -

Proposition 2. Let A > 0. The function f(x) = xlog(A/x) is increasing in the interval (0, A/e]
and decreasing in the interval (A/e, A] so that its mazimum value in the interval [0, A] is (Aloge)/e.

Proof. The result follows because f'(x) = (In(A) —Inz — 1)/In2, the derivative of f(x) is positive
in the interval (0, A/e) and negative in the interval [A/e, A). O
2.1 Frequency weighted impurity measures with subsystem property

The impurity measures we will focus on, namely Gini and Entropy, are special cases of a larger
class of impurity measures, which we denote by C, that satisfy the following definition

dim(u) '
= 3 (i) (o)

where dim(u) is the dimension of vector u and f : R — R is a function satisfying the following
conditions:

L £(0) = £(1) =0 (P1)
2. f is strictly concave in the interval [0,1] (P2)
3. Forall 0 < p < q <1, it holds that f(p) < Z- f(¢) +¢- f (g) (P3)

Impurity measures satisfying the conditions (P0)-(P2) are called frequency-weighted impurity
measures based on concave functions [12]. A fundamental properties of such impurities measures
is that they are superadditive as shown in [12]. We record this property in the following lemma.

Lemma 1 (Lemma 1 in [12]). If I satisfies (P0)-(P2) then for every vectors ug and ug in RS, we
have I(ug +ug) > I(ux) + I(ug).



The Entropy and the Gini impurity measure satisfy the definition (P0) by means of the functions
fentr(x) = —zlogx and faini(z) = x(1 — ). In fact, for a vector u € RY the Entropy impurity
Igni(u) and the Gini impurity Igini(u) are defined by

Tne(w) = [July ZfEm(H H) and  Tgimi(u) = [l chmz<| H) 2)

It is also easy to see that g, (u) = ||ul1 H ( 4 g ) where H(-) denotes the Shannon

uy
afle? flaffe> = lufl

entropy function.
The following fact states that both the Gini and Entropy impurity measures belong to the class
C. For the sake of self-containment we have deferred a simple proof of this fact to the appendix.

Fact 1. Both frn and faini satisfy properties (P1)-(P3), and, in particular, we have that fgp.,
satisfies (P3) with equality. Therefore both the Gini impurity measure Igin; and the Entropy im-
purity measure Ipye belong to C.

We now show that the impurity measures of class C satisfy a special subsystem property which
will be used in our analysis to relate the impurity of partitions for instances of dimension g with
the impurity of partitions for instances of dimension k.

Lemma 2 (Subsystem Property). Let I be an impurity measure in C. Then, for every u € RY
and pairwise orthogonal vectors dW, . .. d® e {0,1}9, such that Zle d® =1, we have

k
I(u) < [((u AWM u-d?, . u- d(k))> +Y I(uod®). (3)
=1

Moreover, for I = Igy: we have that (@ holds with equality.

Proof. Let f be the concave function used by the frequency-weighted impurity measure 1.
Fori=1,...,k let u = uod®. We have

9 .
I(w) =l Zﬂufj”,h) ()

= ||u||1Z Z £ ||u||1 (5)
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_ [((u-d<1>,u-d<2>,...,u-d<k>))+Zl(uod(i>) (9)
=1



where . follows from (4) by splitting the second summatlon according to the partition of [g]
induced by the non zero components of the vectors d(?) @ follows from . ) by applying property

. (%)
(P3) with p = u—Jl and ¢ = lu’* ”1, follows from by simple algebraic manipulations; @D

[[all l[allx

=1 1 = [u®||1; (8) follows from (7)) since

[y =u-d® and I(wed®) = 32 o lue d |y f(rttr) and [lue |y = [[u®]y.

follows from l’ since by definition of u(i) we have )

The second statement of the lemma follows immediately by the fact that the concave function
fEntr satisfies property (P3) with equality (see Fact . Hence, for Ig,; the inequality in @ becomes
an equality.

O

Remark 1. The Subsystem property in the previous lemma holds also under the stronger assump-
tion that vectors d’s are from [0,1]9 and not necessarily orthogonal.

3 Handling high-dimensional vectors

In this section we present an approach to address instances (V,I,k) with I € C and g > k. It
consists of two steps: finding a ’good’ projection of RY into R* and then solving PMWIP for the
projected instance with g = k. Thus, in the next sections we will be focusing on how to build this
projection and how to solve instances with g < k. The material of this section is a generalization
for arbitrary k of the results introduced in [19] for k& = 2.

Let D be the family of all sequences D of k pairwise orthogonal directions in {0,1}9, such
that » 4.pd = 1. For each D = (d®,...,-d®) € D and any v € R? we define the operation
Projp : Ri — Ri by

projp(v) = (v-dM,. . v.d®).

We also naturally extend the operation to sets of vectors S, by defining projp(S) as the multiset
of vectors obtained by applying projp to each vector of S.

Let A be an algorithm that on instance (V, I, k) chooses a sequence of vectors D = {d(l), e d(k)} €
D and returns a partition (V1) ... V*)) such that (projp(VV),...,projp(V¥))is a ’good’ par-
tition for the k-dimensional instance (projp(V'),I, k). In this section we quantify the relationship
between the approximation attained by (projp(V)), ... projp(V*)) for instance (projp(V), I, k)
and the corresponding approximation attained by (V(l), e V(k)) for instance (V,I,k).

Letu=> . vand uld = Y vey( V. From the subsystem property we have the following upper
bound on the impurity of the partition returned by A.

k
Z] ()<ZI< u®.a®, ... )d(k)+z I(u

i=1deD
Thus, by the superaddltlwty of I we have

k
A <> ((u(i) dD @ d(’“))> + Y I(uod). (10)
=1 deD

We now show two lower bounds on OPT(V, I, k). For the sake of simplifying the notation we
will use OPT(V) for OPT(V, I, k).



Lemma 3. For any instance (V,1,k) of PMWIP and any D = {dV,...,d®} € D we have
OPT(V) > OPT(projp(V)).

Proof. Let V), ... V%) be an optimal partition for V, i.e.,

S I v)=0PT(V). (11)

=1 yey®

We define the corresponding partition on the vectors ¥ in projp(V) by letting V& = {projp(v) |

v € VW}. We have
k

SIS %) > OPT(projp(V)). (12)

Let ul® = > vey V. Moreover, by the subadditivity of f, we have that for each i =1,...,k,

it holds that
>=\| I Z Z f<|u )

I() ) v) =" HlZf(

veV @)
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which implies
k
OPT(V)=>"I( > v 22 Z V)
i=1  yey @) =1 i

that combined with gives the desired result. O

The following result, proved in [8| [12], states that the groups in the optimal solution can be
separated by hyperplanes in R*. We recall it here as it will be used to derive our second lower
bound on OPT(V) contained in Lemma [5 below.

Lemma 4 (Hyperplanes Lemma [8, 12]). Let I be an impurity measure satisfying properties (P0)-
(P2). If (Vi)i=1,. .k is an optimal partition of a set of vectors V', then there are vectors v, vR) ¢
RY such that v € V; if and only if v- v < v -vU) for each j # i.

Lemma 5. Let (V,1,k) be an instance of PMWIP. Let u =} v. It holds that

OoPT(V >m1n Z uod'

d/GD
Proof. Let W be the multiset of vectors built as follows: for each v = (v1,...,v4) € V we add
the vectors vier,...,v4e, to W. Hence, W has ng vectors, all of them with only one non-zero

coordinate.
It is not hard to see that for every partition V), ... V() of V there is a corresponding partition

WO, . W® such that Zle IO ey V) = Zle I3 wew W), hence,
OPT(V) > OPT(W).



Let us now employ Lemma [ to analyze OPT(W). Let W, ... . W®) be a partition of W
with impurity OPT(W). From Lemma {4] if two vectors w,w’ € W are such that w = we; and
w’ = w'e; for some i (i.e., they have the same non-zero component) then there is a j such that
both w and w’ belong to W),

For j = 1,...,k, let d¥) be the vector in {0,1}9 such that dgj) = 1 if and only if the vectors

of W whose only non-zero coordinate is the ith one are in W), Then {d®,... d®)} € D and we
have
OPT(W) =Y I(Y wod)=>"1(> vod?)=> T(uod?)>min Y Iuod).
i=1  weWw i=1  vev i=1 PEP 4e
O

Putting together and Lemmas we have

I(A) - _ ST (@ a®, . u® . a®)) 43 T(uod)

OPT(V) =  max{OPT(projp(V)), minpep Y qepl(uod’)}
ST ((u®-a®, L a® . d®)) Sqep [(uod) (13)
- OPT(projp(V)) minpep Y qep I(uod’)

Since the first ratio in the last expression is the approximation attained by the partition
projp(VW), ..., projp(V®) on the instance (projp(V),I,k), this inequality says that we can
obtain a good approximation for instance (V,I,k) of PMWIP (where the vectors have dimension
g > k) by properly choosing: (i) a set D of k orthogonal directions in {0,1}9, and—given the
choice of D—(ii) a good approximation for the instance (projp(V),I, k), where the vectors have
dimension k.

4 The dominance algorithm

For a vector v we say that ¢ is the dominant component for v if v; > v; for each j # 4. In such a case
we also say that v is i-dominant. For a set of vectors U we say that ¢ is the dominant component
in U if i is the dominant component for u =73, v.

Given an instance (V,I,k) let u = .y v and let us assume that, up to reordering of the
components, it holds that w; > w41, fori=1,...,9 — 1.

Let AP°™ be the algorithm that proceeds according to the following cases:

i g>k AP™ assigns each vector v = (v, ... ,Vg) € V to group i where i is the dominant
component of vector v/ = (vq,...,vk_1, Z?:k vj)

ii g <k. AP°™ assigns each vector v € V to group i where i is the dominant component of v.

The only difference between cases (i) and (ii) is the reduction of dimensionality employed in the
former to aggregate the smallest components with respect to u.

Let D ={d®,...,d®} € D where d®) =e; fori=1,...,k—1and d® =1 - 35"1d®. We
notice that that vector v/ in case (i) is exactly projp(v). Thus, if g > k, we can rewrite as



I(APm(V)) _ I(AP™(projp(V)) 2aepl(ucd)
OPT(V) — OPT(projp(V)) Minpep ) gep [(uod)

The next lemma is useful to prove an upper bound on the approximation of A”°", when g < k.

(14)

Lemma 6. Let (V,1,k) be an instance of PMWIP with I € C and s.t. the dimension g of the
vectors in V satisfies g < k. For a subset S of V let u® = > ves V- If there exist positive numbers
a, B such that for each S CV we have

Bllul1 — [u]lx) < I(u®) < a(fu]l — [u]lx)

then the algorithm AP°™ guarantees /B approzimation, i.e.,

I(APo™(V))

oPT(V) =

@
5
Proof. Let (V(l), ce V(k)) be the partition of V returned by AP°". Then, by the superadditivity

of I g
IAP™) S (S ey V)

OPT(V) X1 Y veve I(v)
Thus, it is enough to prove that fori=1,...,¢g

I(ZVEV@) V) g
Yovev I(v) T B

@) V. By hypothesis, we have

<

Fixi € [glandlet u=73" .

1(w) < a(fjull  [[ullso) and  I(v) = B(|[vlls — [[vllse) for every v € V0.

Moreover, by construction, for every vector v € V() we have ||[v||sc = v, so that 3", ey [|[V]leo =
|ul|so. Putting everything together we have

I veve V) a(llully = Jullee) — _ e(fuli = fluflo) _

«
Yvev Iv) = Yyevor BUIVIL = IVlee) — Blulli = [ulle) — 8
as desired. O

4.1 Analysis of AP’ for the Gini impurity measure Ig;,;

In this section we show that algorithm AP°™ achieves constant 3-approximation when the impurity
measure is Iqini.

The following lemma together with Lemma @ will show that AP°™ guarantees 2-approximation
on instances with g < k.

Lemma 7. For a vector v € RY we have [|[v|1 — ||[V|lo < IGini(v) < 2([[v[I1 — [[V]]oo)-

10



Proof. First we prove the upper bound. We have that

g g
() w ) S e
fom() = W Lo (1= iy ) = = 1
=1

vl

[V lloo (VI = 1¥lloo) + 3101w o0 Vi 222 i

= (16)
vy
— 2[[vlloo IVl = [1¥lloo) + D ijvitliviice Vi 2t lvilos iz Y (17)
vl
= 2Vleo(vilz = lIvllso) + (Vs = [Ivlle0)? (18)
- vl
_ (vl = [Vlleo) U2l ¥lloo + vl = [[¥]loo) (19)
vl
Uil = lIvllco) (vl + Vi)
= T = < 2(|Ivll = [[vlleo) (20)
vl
For the lower bound we observe that > 7_, v < ||v|s|Vv||1. Therefore, we have
g 9 .2
vi v =1 Y; [VlloollvIlx
Tgimi(v) = U2 ) o)y — =ELY s ||y - DMeelVIL oy .
o) = 2 i (1 ) =t = S = i = B = -
(21)
0

Theorem 1. Algorithm AP°™ is a 2-approzimation algorithm for instances (V, I, k) with I = Igin;
and g < k.

Proof. Directly from Lemmas [6] and O

The following lemma will provide an upper bound (in fact an exact estimate) of the second

ratio in (14).

Lemma 8. Fiz a vectoru € RI such that u; > u;1q foreachi=1,...g—1 and D = {d(l), e d(k)} €
D with d? =e; fori=1,....k—1and d® =Y 9_ e; =1—3""1dU). It holds that

deD

Proof. Let D* € D be such that

I(uod") = min I(uod’ 22
d;* ( )= min {d%; ( )} (22)
and |[D* N D| is maximum among all D* satisfying (22).

Let us assume for the sake of contradiction that D* # D. Let d € D* such that Elg =1. We
note that d £ d® for otherwise we would have D* = D.

Let ¢ € D*\ (D U {d}) such that for all other d € D*\ (D U {d}) we have min{i | ¢; = 1} <
min{i | d; = 1}, i.e., ¢ is the vector in D*\ (D U {d}) with the smallest non-zero component.

11



Let v = ¢ +d and i* be the minimum integer such that v;« = 1. Note that i* < k — 1, for
otherwise we would have D* ¢ D. Let F' be the set of vectors from D defined by

F = (D*\{d,c})u{d) v —di}.

The following claim directly follows from [19, Lemma 4.1]. For the sake of self-containment we
defer its proof to the appendix.
Claim. Fix u € RY such that u; > u;11 foreach i =1,...,9 — 1. Let z®) and z®? two orthogonal

vectors from {0,1}9 \ {0}. Let * = min{i | max{zi(l),zi(z)} = 1} and v() = ex and v(® =
z) + 22 — e;.. Then

TuovD) 4+ T(uov®?) < I(uozM) + I(uoz).

By the Claim, we have that

Y I(uod) = I(uod™))+I(uo(v-d™))+ Y  I(uod)
deF de FnD*

< I(uod)+I(uoc)+ >  I(uod)= > I(uod),
de FND* deD*

hence since D satisfies we have that F also satisfies (22)).

In addition we observe that |[D N F| > |D N D*| as by definition it shares with D all that was
shared by D* and also d(*"). This would be in contradiction with the maximality of the intersection
of D*. Therefore, we must have D* = D which concludes the proof. O

Putting together inequalities , Theorem (1| and Lemma |8 we get that

Theorem 2. Algorithm AP°™ is a linear time 3-approzimation for the Icin;

4.2 Analysis of A”°™ for the Entropy impurity measure Iz,

The following lemma will be useful for applying Lemma [6] to the analysis of the performance of
AP™ with respect to the entropy impurity measure Igy,;.

Lemma 9. For a vector v € Ri we have

(vl = vl o ptt ) < T < 201l = vl tog (A1)

min{[|v{ly = |V, [Vl } vl = [[vlloo

Proof. Let i* be an index in [g] such that v;» = ||V|leo. We have that

A% \'%
Igm(v) = [|v]oolog Ivilx +ZwlogM (23)
Vlleo v;
1#£0
v
[vloo log M’l + (VI = [[vlloo) Jog [v][1 = > vilogv;. (24)
o0 iFix

12



For the upper bound, we observe that the expression in is maximum when v; = (||v|j1 —
[v]loo)/(g — 1) for i # i*. Thus,

vl

(Uvlls = lIvilo)

To show that this satisfies the desired upper bound, we split the analysis into two cases:

vl

[[Vloo

Ignt(v) < [|[V]loo log + (vl = [Iv]loo) log + (vl = Ivlloc) log(g — 1) (25)

If ||v]oo > @ we have that

[Vl
[vllr = [[vlloo

[l
[[Vloo

Ignit(v) < [[v]loolog + (vl = lIvlleo) log + (vl = lIvlleo) log(g — 1)

IN

vl
oo

glvih
oo

+ (vl = lIvlleo) log(g — 1)

where the second inequality follows from Proposition (1| using p = (||[v|l1 — ||V]|eo)/l[V]|1-

If [V]oo < @ we have that

loge vl
Tpn(v) < 2([vlli = [IVlloo) ==+ ([l = [[V]loc) log ™ = Ve T (Ivlly = [Iv]loo) log(g — 1)
[e.e]
glvih
o0

where the first inequality follows from and Proposition

For the lower bound, consider the same two cases:

If [Vl > @, the expression in is minimum when there is a unique index j # ¢* such that
vj = ||v|[1 = ||[v]|ec and v; = 0 for each i € [g] \ {7,7*}. Thus,
A4l [l ([l
Ipnt(v) 2 [[Vljoc log vl =lvlleo)log r—==—r—— > ([[Vl]1=[Vlle0) log —
! T vl T VIR = vl =0 min|vily = [ vlloo, [vlloo}

If |[v]oo < @, the expression in is minimum when there exists a set of indexes A C [g] with
Al = [|Ivl[1/l[Vlleo] — 1 such that v; = ||v||s for each i € A and (possibly) an index j ¢ A such
that v; = [[v][1 — |A| - ||V]|oc. Thus,

vl
ming||v[i = [[v[loo, IVl }

vl

[V ]loo

Int(v) = ([[v]ly = [[v]loo) log Z (vl = Iv]loo) log

O]

From the bounds in the previous lemma and Lemma [6] we obtain our first guarantee on the
approximation of algorithm AP°™ for the Entropy Impurity measure on instances with ¢ < k.

Theorem 3. Let (V,1,k) be an instance of PMWIP with I = Ig,; and g < k. Let p = logg +
log(Xvey IIvI1)). Then, AP°™ guarantees a 2p-approzimation on instance (V,1,k).

13



Proof. Let S be a subset of V and let u® = > veg V- Define a =1 and 3 = 2p.
If |u®||; = |[u¥ls then I(u®) = 0 so that the conditions of Lemma |§| is satisified. Otherwise,
Lemma [9] guarantees that

[l = [[u¥loo < I(u¥) < 2([[u1 = [u®]|oo) log(gl[u” 1) < [[u]1 = [u”]|o2p-
Thus, it follows from Lemma [6] that we have a 2p—approximation. O

Remark 2. Let s be a large integer. The instance {(s,0),(2,1),(0,1)} and k = 2 shows that the
analysis is tight up to constant factors. In fact, the impurity of AP°™ is larger than log s while the
impurity of the partition that leaves (s,0) alone is 4.

Theorem 4. Let Uniform-PMWIP (U-PMWIP ) be the variant of PMWIP where all vectors
have the same {1 norm. We have that AP°™ is an O(logn + log g)-approzimation algorithm for
U-PMWIP with I = Ig,: and g < k.

Proof. Let (V,I,k) be an instance of U-PMWIP with I = Ig,; and vectors of dimension g < k.
Let (V(l), ce V(k)) be the partition of V returned by AP°". By the superadditivity of I it holds
that

I(APom) 3 I vevm V)
OPT(V) T Y veve I(v)

Thus, it is enough to prove that for i =1,...,¢g

IO vevo V)

2vevn 1(v)
Let s be the £; norm of all vectors in V, let u = >y v and let ¢ = [Jul|1 — [[u[/oc. By Lemma
[0, we have that

= O(logn + log g)

I(u) < clog@.
c

Moreover, we have

Y I(v) zmax{eclogs — Y ([IvIh = [Vlleo) log([[v]l1 = [v]loo)

veV @) vev ()

If ¢ > s/2 then we have a O(logn + log g) approximation using ¢ as a lower bound. If ¢ < s/2
we get that

Z I(v) > clog s — clog c = clog(s/c)
veV (@

and the approximation is O(logn + log g) as well O

Remark 3. Let s be a large integer. The instance with n — 1 vectors equal to (s,0), one vector
equals to (s,s/2) and k = 2 shows that the analysis is tight.

To obtain an approximation of AP°™ for I, for general k and g we need an upper bound on
the second fraction in Equation . This is given by the next lemma.

14



Lemma 10. Fiz a vector u € RY such that u; > w41 for each v = 1,...9g — 1 and D =
{dW,...d®} € D with d9 = e; fori =1,....k -1 and d¥ = °9_ e; = 1 - Y11 dY.
It holds that

Proof. Let D* = {dil), ... ,dik)} € D be such that

Y Ign(uod) = min { > Ign(uo d/)} (26)

deD* d’'eD’

and |D N D*| is maximum among all set of vectors in D satisfying (26]). Assume that D # D* for
otherwise the claim holds trivially. R R
By Lemma [2[ we have that for every D = {d(l), ey d(k)} €D

k
> Ip(uod®) = Igy(u)—Ign(u-dY, . u-d®)
=1

Y T e R L S
1 g0y - g e ey
ull " Tl s Tl

where H() denotes the Entropy function. Let us define H(D) = H (““'Eﬁi) ey ‘T"Eﬁ?)

Then D is a set of vectors that minimizes Zle Ipni(uod®) iff it maximizes H (D).
We can think of the vectors in D as buckets containing components of u, and we say that u; is

in bucket ¢ if a?y) = 1. From the above formula and the concavity property of the Entropy function
we have that the following claim holds.
Claim 1. Assume that there exists a subset A C {j | ciy) = 1} of bucket 7 and a subset B C {j’ |

dy/) = 1} of bucket ¢’ such that

&(i)-u—Zuj+ Zuj/ —dY . u— Zuj/+2uj < |dD . u—d® .y (27)

jEA j'eB j'€B jeA

i.e., swapping bucket for elements in A and B does not increase the absolute difference between the
sum of elements in buckets i and i’. Then, for the set of vectors D = {d™M),... . d®} € D defined
by

4o 0 {i,i'}
d® =40 _ djea®it X icpey (=i
d® — djepeitdjeae; (=1,
i.e., for the set of vectors corresponding to the new buckets, it holds that H <1T|.1€11|(|11) ey lhflll(c)) <
H (‘Tl'fli'('ll) ey ‘h’gﬁ?) , with the equality holding iff inequality is tight.
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Because of Claim 1, we have that D* satisfying is a set of vectors that coincides with
buckets that distribute the components of u in the most balanced way, i.e., H(D*) is maximum
among all D € D.

From these observations, we can characterize the structure of buckets of D*. For the sake of a
simpler notation, let us denote with S the sum of components in bucket de), ie, S =u- de).
We have the following

Claim 2. The set D* satisfies the following properties:
(i) there is no bucket i that consists of a single element u; with j > k;
(i) if u; is not alone in bucket i then for each i’ # i it holds that S) > u;;
(iii) if u; is not alone in bucket i then for each 7’ # i it holds that S() > () —

For (i), assume, by contradiction that such ¢ and j exists. Then, since D* # D, there exists
a bucket i’ # i that contains at least two elements, with one of them being u; for some j' < k.
Then, by Claim 1, swapping the buckets for u; and u; produces a new set of vectors with entropy
not smaller than H(D*) and intersection with D larger than that of D*, which is a contradiction.

For (ii), we observe that if there exists a bucket ' such that S) < u; by moving every element
but u; from bucket ¢ to bucket ¢/, by Claim 1, we get a new set of vectors with entropy larger than
H(D*), which is a contradiction.

For (iii), we observe that if there exists a bucket ¢’ such that S0 < §() — u;j then by moving
u; from bucket i to bucket ¢, by Claim 1, we get a new set of vectors with entropy larger than
H(D*), which is a contradiction.

We are now ready to prove the statement of the lemma. We have that Ig,(uo d(i)) = 0 for
i=1,...,k—1. This holds since buckets 1,...,k — 1 contain only one element. Let S = ZjZk uj,
and define i(j) to be the bucket of D* that contains u;, for each j =1,...,g. We have

k
k
ZIEnt(uod(z)) = Ipn(uod®) = Zuj 108;; = Z uj log;%— Z ujlog - (28)
=1 Jj>k J i>k J >k J
u; <SG /2 u;>S((0) /2

where in the last expression we split the summands according to whether u; > S (i(7)) /2 or uj <
5(0)) /2. We will argue that

k
Z ujlog £l is  O(logk) Z Igni(uo dgf)) (29)
>k U i=1
ujgs(i(ﬂ)/g
s - »
S wlog > is O(logh) Y Ipn(uodl), (30)
>k g i=1

u;>SG0) /2

from which the statement of the lemma follows.

Proof of Inequality (@)
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Since

(i)

g

ZIEm uod() :Z Z u; log —— (31)

i=1 j=1 i>k J

u.gs(i(j))/g
it is enough to show that for each j > k, with u; < S(i3))/2 | we have
u; log(S/u;)

— < log(4k). 32
wrlog(STD fuy) = ) o

The above inequality can be established by showing that S < 2k - S(¢(U)) and, then, using the
bound ﬁg 3 <log(2a/b), which holds whenever b > 2 and a > b.

To see that S < 2k - S((7) let £ be a bucket in D* containing some uy for j' > k. By Claim 2,
item (i), we have that bucket ¢ contains at least two elements. Let e(¢) be the element in bucket ¢
of minimum value. Then, by Claim 2, item (iii), we have

SEON > §0 — 4y > 502, (33)

where the last inequality follows from the fact that bucket ¢ has at least two elements. Let B = {/ |
bucket ¢ has at least one element uj with j' > k}. Then, we have kS(()) > Y tcB SO /2 > 5/2,
that gives S/S00) < 2k, as desired.

End of proof of Inequality (@)

Proof of Inequality @
First we argue that we can assume that there exists at most one j, With Jj = k, with u; >
) /2. Tn fact, if there exist j # j' such that u; > S@)) /2 and u; > SC W) /2 then i(j") # i(5)
and no element u,., with r < k, is either in bucket z( ) orini(j’). Hence by the p1ge0nhole principle,
there must exist elements u, and us, with r, s < k that are both in some bucket " ¢ {i(5),i(j)}
Thus, by Claim 1, swapping buckets for u, and u; we get a new set of vectors D’ whose buckets
are at least as balanced as those of D* (H(D') > H(D*) ) and |D' N D| > |D* N D|. However, in
D' there is one less index j with j > k and u; > S (i / 2. Thus, by repeating this argument, we
eventually obtain a D’ satisfying H(D*) = H (D’ ) (maximum) and there is at most one j satisfying
uj > SUD) /2,

We also have that u; = wuy. For otherwise, if u; > wj, by the previous observation we have
that SG(k) > 24, hence swapping u; and u; we obtain a more balanced set of vectors D’ with
H(D') > H(D*), against the hypothesis that H(D*) is maximum. Therefore, we can assume,
w.l.o.g., that j = k and i(k) = k.

Finally, for each ¢, ¢ < k we can assume that uy and uy are in different buckets. For otherwise,
swapping buckets for u; and uy > u; = ug, > S*) — uy, we get a new set D' with H(D') > H(D*),
|D'ND| > |D*ND| and for all j > k, u; < S0 /2. Then, the desired result would follow because
we already proved that inequality holds. Note that |[D' N D| > |D* N D| must hold because
the bucket k before the swap cannot be equal to {ug, ug41, ..., uq} for otherwise we would have an
empty bucket.

Because of the previous observations we can assume that in D*, up to renaming the buckets, for
each m € [k] the element w,, is in bucket m. Let X,,, = S(m) _ 4. Note that uy + an:l X, =25.
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Then, we have the following lower bound on the impurity of the buckets of D*:

k 0 k g(m) g(m)
;IEnt(uod* ) > mZZIUmlog - > up Zlog o (34)

m=1

k k—1
= uylog (H 7(%” i Xm)) = ug log <(uk t Xp) iy (0 + Xm)) (35)

m=1 Um Uf; H 1 Um,

On the other hand, because of the standing assumption, j = k, we can write as upper bound
on the only summand in the left hand side of

uk—l—Xk)-i—Zk ! Xm )

ujlog E = uy log (
Uj Uk

Therefore, to prove the bound in it is enough to show

k-1
(up + Xp) + Y X < <(uk+Xk)H 1 (Ko +um)>-
m=1

k—1
Hm:l Um

We can now show that this inequality holds by using Claim 2 (ii), which gives (up + Xj) > us
for each s < k such that X # 0. Therefore, we have

k—1 k—1 k—1
((Xk+uk)+ZXs> Hum = (X +ug) Hum+ZX Hum
m=1

s=1
ur + X k—1

< ( Xk +ug) Hum+z b kX Hum
k—1 k—1

= (Xp+up) [Jum++X)d (X J]  m
m=1 s=1 me[k—1]\s

= (ug + Xx) Hum—i—ZXs H Um

melk—1]\s

k—1

< (uk + Xg) H (tm + Xom),
m=1

which concludes the proof of .
The proof of the lemma is complete. O

By , combining the results in the previous lemma with Theorems and the fact that
k <n, we have the following results that apply regardless the relation between g and k.

Theorem 5. Let (V, gy, k) be an instance of PMWIP and let p = min{log k,log g}+log(D_,cy [ VI[1)-
Then, AP°™ on instance (V) Ignt, k) guarantees 2p-approzimation.

Theorem 6. Let Uniform-PMWIP (U-PMWIP ) be the variant of PMWIP where all vectors
have the same {1 norm. We have that AP°™ is an O(log g + logn)-approzimation algorithm for
U-PMWIP with I = Igy;.

18



5 An O(log*(min{g, k}))-approximation for PMWIP with Iy,

In this section we present our main result on the entropy measure. Under the assumption g < k,
we will show the existence of an O(log? g)-approximation polynomial time algorithm. Note that in
the light of Lemma and the approach of Section |3 (see, in particular equation ), this implies
an O(log?(min{g, k}))-approximation algorithm for any ¢ and k.

Recall that a vector v is called i-dominant if ¢ is the largest component in v, i.e., v; = ||V|/co-
Accordingly, we say that a set of vectors B (often, in this section, referred to as a bucket) is i-
dominant if i is the largest component in the bucket, i.e., || > cp Voo = D vep vi- We use dom(v)
and dom(B), respectively, to denote the index of the dominant component of vectors vand ) .5 V.

We will say that a bucket B is i-pure if each vector in B is i-dominant. A bucket which is not
i-pure for any ¢ will be called a mized bucket.

Following the bound on the impurity of a vector v given by Lemma [9] we define the ratio of a
vector v as
ratio(v) = ﬂ
vl = [[vlloo

and, accordingly, the ratio of bucket B as

_ | ves vl
[Sver vl — [Sees vie

Abusing notation, for a set of vectors B we will use ||B||; to denote || >, .5 V|1 and || B/« to
denote || >, cp Vllco- Moreover, we use B(j) to denote the set of the j vectors in B of minimum
ratio. Since in this section we are only focusing on the entropy impurity measure, we will use I to
denote gy,

We will find it useful to employ the following corollary of Lemma [0

ratio(B)

Corollary 1. For a vector v € RY. and i € [g] we have

(vl = vl maoe {110 (L Y < 1) < vl =yt (2

Vil =Vl Vil — v

Proof. The second inequality follows from Lemma [9] and Proposition [2| using 4 = 2g||v|};. O

5.1 Our Tools

In this section we discuss the main tools employed to design our algorithms.

The example of Remark [2, apart from establishing the tightness of AP°™ for Ig,;, also shows
that we cannot obtain a very good partition by just considering those containing only pure buckets.
However, perhaps surprisingly, the situation is different if we allow at most one mixed bucket. This is
formalized in Theorem|[7] our first and main tool to obtain good approximate solutions for instances
of PMWIP. This structural theorem will be used by our algorithms to restrict the space where
a partition with low impurity is searched. Its proof, presented in the next section, is reasonably
involved: it consists of starting with an optimal partition an then showing how to exchange vectors
from its buckets so that a new partition P’ satisfying the desired properties is obtained.
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Theorem 7. There exists a partition P' with the following properties: (i) it has at most one mized
bucket; (i1) if v is an i-dominant vector in the mized bucket and v' is an i-dominant vector of a
i-pure bucket, then ratio(v) < ratio(v'); (iii) the impurity of P' is at an O(log? g) factor from the
minimum possible impurity.

Our second tool is a transformation x2¢ that maps vectors in RY into vectors in R2. The nice
property of this transformation is that it preserves the entropy of a set of i-pure vectors up to an
O(log g) distortion as formalized by Proposition Thus, in the light of Theorem (7, instead of
searching for low-impurity partitions of g-dimensional vectors with at least k-1 pure buckets, we
can search for those in a 2-dimensional space.

The transformation y2¢ is defined as follows

20 (y) = (IVlloos IVl = lIvlloc) if [[Vlloe = 3lIviI
(vll/2,lIvil/2) if [V]lo < 3Vl

Let I5(B) to denote the 2-impurity of the set B, that is, the impurity of the set of 2-dimensional
vectors obtained by applying x> to each vector in B. We have that

Proposition 3. Fiz i € [g] and let B be an i-pure bucket. It holds that

(1/2)12(B) < I(B) < 2I5(B) + 4(log g) > I(w).
weB

Finally, our last tool is the following result from [I8], here stated following our notation, that
shows that PMWIP can be optimally solved when g = 2.

Theorem 8 ([I8]). Let V be a set of 2-dimensional vectors and let k be an integer larger than
1. There exists a polynomial time algorithm to build a partition of V' into k buckets with optimal
1mpurity.

In addition, the partition computed by the algorithm satisfies the following property: if B is a
bucket in the partition and if v € V' \ B then either ratio(v) > maxyecpg{ratio(v')} or ratio(v) <
miny e g{ratio(v')}.

Motivated by the previous results we define A%¢ as the algorithm that takes as input a set of
vectors B and an integer b and produces a partition of B into b buckets by executing the following
steps: (i) every vector v € B is mapped to x?¢(v); (ii) the algorithm given by Theorem [§] is
applied over the transformed set of vectors to distribute them into b buckets; (iii) the partition of
B corresponding to the partition produced in step (ii) is returned.

Algorithm A%¢ is employed as a subroutine of the algorithms presented in the next section.
The following property holds for A2C.

Proposition 4. Let B be an i-pure set of vectors. The impurity of the partition P constructed by
the algorithm A%C on input (B,b) is at most an O(log g) factor from the minimum possible impurity
for a partition of set B into b buckets.

Proof. Let P* be the partition of B into b buckets with minimum impurity. We have that

I(P) < 2I,(P)+4logg Z I(w) < 2I,(P*) +4logg Z I(w)
weB weB

< 4I(P*)+4(logg) Z I(w) = O(log g)I(P"),

weB
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where the first inequality follows from Proposition (3| (applied to each bucket of P), the second one
from the optimality of P, the third one by Proposition (3| (applied to each bucket of P*), and the
last one by observing that by superadditivity of I we have I(P*) > > .5 I(W). O

5.2 Proof of Theorem [T

The proof proceeds in steps. Lemma [I1]shows that there exists a partition with at most one mixed
bucket whose impurity is O(logg) factor from OPT(V). Next, we explain how to modify this
partition in order to obtain a new partition P with at most one mixed bucket, impurity limited
by O(log g)OPT(V) and such that the vectors in its i-pure buckets are ordered according to their
ratios. Finally, we show how to modify P so that we obtain a partition P’ that satisfies the
properties of Theorem

Lemma 11. There exists a partition with at most one mized bucket that satisfies: (i) the impurity
of the mized bucket is at a O(logg) factor from the optimal impurity and (ii) the sum of the
impurities of the pure buckets is at most the optimal impurity.

Proof. Let P* be an optimal partition. If P* has at most one mixed bucket we are done. Otherwise,
let By,...,Bj, with j > 2, be the mixed buckets in P*. We assume w.l.o.g. that By is the bucket
with the smallest ratio among the mixed buckets.

For i = 2,...,7, let S; = {v|v € B; and dom(v) # dom(B;)}. Let P be a new partition
obtained from P* by replacing By with B} = By U S>...US; and B; with B, = B; \ S;, for i > 2.
It is clear that Bj is the unique mixed bucket in P.

It follows from subadditivity that I(B]) < I(B;) for ¢ > 1, which establishes (ii). Thus, in order
to complete the proof it is enough to establish an upper bound on I(B}).

Fori=2,...,7,let uld = > vep, vV and w(i) = > ves, V- Moreover, let s; = [w®|;. Thus,
i i i i i Si
a1 = [0l = @1 — é.vdom(&) > jwiy - ; Vaom(s,) = Wl /2=,

where the leftmost inequality holds because for each v € S; we have dom(v) # dom(B;), so that

HV”1/2 > Udom(B;)-
Therefore, it follows from Corollary [I] that

I(By) > (Ju” |y = [0]|o) max{1, log(ratio(B;))} > %max{l,log(ratio(Bi))}, (37)

for each ¢ > 1
We assume w.l.o.g. that Bj is 1-dominant. Let u() = Y oven, vV and let s; = [uM|); and

c1 = [[uM]|; — [uM]| . Again, from Corollary [1, we have
I(B1) > ¢y max{1,log(ratio(B1))} (38)
Fori=2,...,jlet ¢; = [|[w®|; — wgi). Let u = ZveB; v. Then, u = u® + Z{:Q w(_ hence

[ully = 37, si and |[ulli — w1 = S0, ¢
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By Corollary [J] (with i = 1) we have that

I(Bi) < 2 (i Ci> -log (Qgggl ‘91')

i=1 i=1Ci
(o5 50)
< 2la+ Zsi log [ 29— =1==— (39)
=2 1+ s si
J 81 J
< 2|+ Z s; | log (2901) =2+ Zsi log(2g - ratio(B1)), (40)
=2 =2

where the second inequality follows from Proposition [2]
Since ratio(By) < ratio(B;) for i > 1 we can conclude, by using the lower bounds and
that I(B7) = O(logg) >_7_, I(B;). O

Using the mapping x2¢ and Proposition 4, we can derive the following result.

Lemma 12. There exists a partition with the following properties: (i) it has at most one mized
bucket; (ii) if B; is a i-pure bucket and v is a i-dominant vector that belongs to an i-pure bucket
different from B; then either ratio(v) > maxyep,{ratio(v')} or ratio(v) < minycp,{ratio(v’)}
and (iit) its impurity is at a O(log g) factor from the minimum possible impurity.

Proof. Let P be a partition that satisfies Lemma Let V; be the set of --dominant vectors that
are not in the mixed bucket. If V; # 0 let B}, ..., Bf(z) be the i-pure buckets where they lie. We
replace these (i) buckets by the ¢(i) buckets obtained by running algorithm A2 for input (V;, £(4)).
This replacement is applied for every i. It follows from Proposition 4] that the total impurity of
the pure buckets in the new partition is at most at a O(log g) factor from the total impurity of the
pure buckets in P.

The property (ii) is assured by the structure of the partition constructed by Algorithm A%¢. In
order to guarantee that the ties are broken correctly we present the i-dominant vector for algorithm
A2C in the order of their ratios. O

Now, we conclude the proof of Theorem [7] Our starting point is the partition P that satisfies
items (i)-(iii) of Lemma We show how to obtain a partition P’ from P that satisfies the
properties of Theorem [7]

Let Bj,iz be the mixed bucket in P. We assume w.l.o.g that dom(B,,;;) = 1. Moreover, let B;
be the i-pure bucket that contains the i-dominant vectors with the smallest ratios. In what follows
we assume that the vectors in B; are sorted by increasing order of their ratios so that by the jth
first vector in B; we mean the one with the jth smallest ratio.

Let s; = || Bi|l1 (p indicates a pure bucket, ¢ indicates the dominance, and s indicates that we
are considering the total sum of the components of the vectors). Let V; i, be the set of i-dominant
vectors in Bz, 1.e., Vi miz = {V € Bz | dom(v) =i}.

Let Simiz = ||Vimiz||1, i-€., Simiz denotes the total sum of the components of the i-dominant
vectors from bucket Biz.
In order to explain the construction of P’ we need to define 2g set of vectors X1,Y1,..., Xy, Y,

that will be moved among the buckets of P to obtain P’. Those are defined according to the
following cases:

22



case 1. s;, < S;miz-

subcase 1.1 7 > 1 (i is not the dominant component of By,z).
Let r; be the largest ratio among the ratios of the vectors from B;. In addition, let Y; = B; and
let X; be the set of i-dominant vectors from B,,;, whose ratios are larger than r;.

subcase 1.2 i = 1. Let m be such that ||V} miz(m — 1)|1 < s1, and [|[Vimiz(m) |1 > s1,p-

Moreover, let r1 be the ratio of the m-th first 1-dominant vector of Vi miz. Let X1 = Vi iz \
V1,miz(m — 1) (the set containing all the 1-dominant vector of B, but the first m — 1 ones) and
let Y1 = {v € By | ratio(v) < r1} (the set containing every vector in B; with ratio smaller than
’I“l).

case 2. S;p, > Simiax-

In this case, let m be such that ||B;(m — 1)|[1 < Simiz and [|B;(m)||1 > Simiz. Moreover, let r;
be the ratio of the m-th vector of B;. We define Y; = B;(m — 1) (the set containing the m — 1 first
vectors of B;) and X; = {v € Vi iz | ratio(v) > r;} (the set containing every i-dominant vector in
Bynir with ratio larger than r;).

Let X = U2, X, and let Y = (J?_;Y;. The partition P’ is obtained from P by replacing
the bucket By, with the bucket B! . = (Bmiz UY)\ X and the bucket B;, for every ¢, with

Lemma 13. The partition P’ satisfies item (i) and (ii) from Theorem[]

Proof. By construction every i-dominant vector in B] ; has ratio at most r; and every i-dominant

vector in V'\ B/ . has ratio at least r;. O

Lemma 14. The impurity of the partition P is at most O(log g) times larger than that of P.
Proof. See the Appendix. O

5.3 The approximation algorithm

We first present a pseudo-polynomial time algorithm that provides an O(log? g) approximation and
then we show how to convert it into a polynomial time algorithm with the same approximation.
The key idea is to look among the partitions that satisfy the properties of Theorem [7| for one that
(roughly speaking) minimizes the impurity of its mixed bucket plus the sum of the 2-impurity of
its pure buckets.

A special case: no mixed bucket. Theorem [7] establishes the existence of a partition P* whose

impurity is an O(log? g) approximation of the optimum and has at most one mixed bucket. For a
better understanding of the strategy at the basis of our algorithm, let us first discuss how one can
efficiently construct a good partition for the case where the partition P*, achieving the O(log? g)
approximation, has no mixed buckets.

In this case, we can employ algorithm A% to obtain a partition with minimum 2-impurity
among those that only have pure buckets. By Proposition [J] it follows that the impurity of a
partition made only of pure buckets, is upper bounded by its 2-impurity plus O(log g) times a lower
bound on the optimal impurity. Proceeding like in the proof of Proposition [4] then we can show
that the impurity of the partition of minimum 2-impurity is upper bounded by the same upper
bound on the impurity of P*.
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The partition with minimum 2-impurity made only of pure buckets can be obtained by means
of dynamic programming.
To see this, for each j =1,...,g let

V; = {vldom(v) =j} and S;={v|dom(v)=j for some j' < j} (41)

Moreover, for each b =1,...,k let Q*(S;,b) be a partition of the vectors of S; into b pure buckets
such that its 2-impurity, denoted by OPT4(j, b), is minimum. It is not hard to see that the following
recurrence holds:

L(A*C(V;,0)) if j =1

. 20 . o (42)
mlnlgb/<b_j{]—2(./4 (‘/Jv b/)> + OPTQ(] — 1, b— b/)} lfj > 1

where AQC(VJ-, b) is the partition of V; into b buckets obtained by the Algorithm A%¢ discussed in
the previous section.

Thus, if there exists a partition P*, without mixed buckets, for which I(P*) = O(log? g)OPT(V),
then the impurity of the partition Q*(Sy, k) constructed by a DP algorithm based on the equation
(42) satisfies

I(Q*(Sy, k) < In(Q*(Sy, k) + O(logg) > I(v)
veV
< L(P*) + O(log g)OPT(V) < 2I(P*) + O(log g)OPT(V) < O(log? g)OPT(V),

where the first inequality in the first line follows from Proposition [3 the first inequality in the
second line is due to the minimality of the 2-impurity of Q*(S,,k) and the superadditivity of I
impying that )y I(v) is a lower bound on OPT(V).

A pseudopolynomial time algorithm for the general case. Now, we turn to the case where
there exists at most one mixed bucket in the partition given by Theorem [} Given an instance
(V,1,k) of PMWIP, let C =} . [[V[1 and for each i = 1,...,g, let V; and S; be as in . For
fixed w,i € [g],£ € [|[V]],c € [C],b € [k] let us denote by Q*(w, ¥, S;,b,c) a partition of S; into b
buckets that satisfies the following properties:

a it has one bucket, denoted by B<", that contains exactly ¢ vectors that are w-dominant;
b it contains at most one mixed bucket. This mixed bucket, if it exists, is the bucket B<".

¢ For every i, if v and v’ are, respectively, i-dominant vectors in B<" and V \ B9, then
ratio(v) < ratio(v');

d the total sum of all but the w-component of vectors in BC" is equal to ¢, i.e., ¢ = | B ||, —

(ZVGBQ* Uw)?

e the sum of the 2-impurities of the buckets in Q*(w, ¢, S;,b,¢) \ BS" is minimum among the
partitions for S; into b buckets that satisfy the previous items.

The algorithm builds partitions Q* = Q*(w, £, Sy, k, ¢) for all possible combinations of w, ¢ and
c and, then, returns the one with minimum impurity.

24



This approach is motivated by the following: Let P* be a partition that contains one mixed
bucket, denoted by B . , and satisfies the properties of Theorem m For such a partition, let w* =
dom(B,,.), {* be the number of w*-dominant vectors in B} and ¢* = || B}, |1 — ZveB;m Vg
(the sum of all but the w* component of the vectors in B} . .) Then, it is possible to prove that
the impurity of a partition Q* = Q*(w*,(*,S,,k,c*) is at an O(logg) factor from that of P*
(see the proof of Theorem [0 below). The key observations are: (i) the impurity of the bucket
B2 of Q* is at an O(log g) factor from that of B, since ||[B<"||; is at most twice ||B},..|l1 and
1B 11— veper v = | Bl _EVEB:,”-I vy = ¢*; (ii) the sum of the 2-impurity of the buckets

in Q*\ BY is at most the sum of the 2-impurity of the buckets P* \ B, so that their standard
impurities differ by not more than a logarithmic factor.

Building the partitions Q*(w, ¢, S;,b,c). To simplify our discussion let us assume w.l.o.g. that
w=1.

Let Q* = Q*(w, ¥, S;, b, ¢) be a partition that satisfies properties (a)-(e) above and let I5*"(Q*) =
I,(Q*\ BL) be the total 2-impurity of the buckets of Q which are surely pure. Moreover, let V;(j)
be the set of the j vectors of V; of smallest ratio, and let ¢;(j) = ||Vi(4)I1 — >_ )1, ie., the
total sum of all components but the first of the vectors in V;(j).

For i =1 we have

veVi(j

IQ(.AzC(Vl \ Vl(f), b— 1)), ifc= Cl(ﬁ)

00 otherwise

IP(Q*(1,¢,8:,b,¢)) = {

For 7 > 1 we have

IQPure(Q*(lv ¢, 5;,b, C)) = 0<r§1<i‘I%/.‘ {IZ('A2C(V; \ VZ(])? b/)) +I§mre(Q*(1? €, Si—1,b— b,’ c— CZ(])))} (44)
0<b/ <b

Algorithm (1] relies on equations and . First, at line |1} it preprocesses the partitions
generated by algorithm A%C that are used by these equations. Next, it runs over the possible
combinations (w, £) and, for each of them, the procedure M is called to search for a partition with
impurity smaller than those found so far.

For a fixed pair (w, ), procedure M constructs partitions Q*(w, ¢, S;, b, ¢) for all the possible
combinations of ¢ and b and all the possible corresponding ¢. Thus, to simplify we use Q*(.S;, b, c¢)
to refer to Q*(w, ¢, S;,b,c). The first step of procedure M, where component w is relabeled to
1 is only meant to keep a direct correspondence with the assumption w = 1 in equations
and . Equation is implemented in lines to build the list U; that contains all the
partitions Q*(1,b,¢) for which IF""“(Q*(1,b,¢)) # oo. The loop of lines calls procedure
GenerateNewList, that employs Equation , to build a list U;, from list U;_1, containing all
partitions Q*(i,b,c) with IJ""“() # oco. We note that at line the special bucket B’ of the
new partition under construction, is obtained as an extension of the bucket B of the partition
Q*(i — 1,b,) in U;_1, which includes the vectors in Vi ().

At the end of the procedure M the partition of minimum impurity in U, is returned. This is
the partition of minimum impurity among the partition Q*(w, ¥, Sy, b, ¢) stored in list U, for some
b and c. Hence, for w = w* and £ = £*, in particular, it is a partition that has impurity not larger
than the partition Q*(w*, £*, Sy, k, ¢*) which we already observed to be an O(log g) approximation
of the minimum impurity partition satisfying Theorem
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Since ¢ < C' =Yy ||v[1 and the lists U; cannot grow larger than gkC' it is easy to see that
the proposed algorithm runs in polynomial time on n = |[V] and C =) [|v]|1.

The following theorem gives a formal proof of the approximation guarantee for the solution
returned by Algorithm

Algorithm 1 (V: set of g-dimensional vectors; k: integer )

1: Preprocess A2°(V; \ V;(j'),b) for j=1,...,9,5' =1,...,|V;land b= 1,...,k
2: Qpest < arbitrarily chosen partition of Sy into k buckets

3 forw=1,...,gand ¢ =1,...,|V,| do

4: if IM(w,?)) < I(Qpest) then

5: Update Qpest to M(w, £)

6: procedure M (w:class,l:integer)

7: Relabel the components of the vectors so that label of component w becomes 1.
8: for ¥ =1,...,k do

9: Q {V1<£)} U AQC(Vl \ Vl(g), b — 1)

10: Add Q to Uy.

11: fori=2,...,9 do

12: U; + GenerateNewList(U;_1)

13: Return the partition with minimum impurity in U,

14: function GenerateNewList(U, 1)
15: for every partition Q in the list U do

16: Let (i,b, c) be the values s.t. Q = Q(i, b, ¢)
17: if b < k then
18: fortY =1,....k—bdo
19: for j=0,...,|V;| do
20: B’ + B2 UV(j)
21: Q'+ {B'YU(Q\ B9 UAC(V;\ Vi(4),b).
22: Add @ to U
2, ¢ Bl = Syep v
24: if U contains another Q" with parameters (i,b+ ¥, ¢') then
25; if 127(Q") > I""(Q’) then
26: remove Q" from U
27: else
28: remove Q' from U
return U

Theorem 9. For instances with vectors of dimension g < k, there exists a pseudo-polynomial time
O(log? g)-approzimation algorithm for PMWIP.

Proof. Let Q be the partition with smallest impurity between the one returned by Algorithm
and the one returned by the DP based algorithm that implements Equation . In addition,
let P* be a partition that satisfies the conditions of Theorem 7| In particular, we have I(P*) <
O(log? g)OPT (V).

To show that I(Q) is O(log? g)OPT(V) we compare I(Q) with I(P*). We argue according to
whether P* has a mixed bucket or not.

Case 1. P* has a mixed bucket. We can assume that P* coincides with the partition P’ of Lemma

14
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Let By, be the mixed bucket of P’ and assume w.l.o.g. that w’ is the dominant component in

B! Let s = ||B,) .1, ¢ = 8" — || Bzl and ¢ = 8" = > cp/ w1 (recall that in the proof of

Lemma [14] component 1 is the dominant component of the bucket Biniz from the partition P that
is used as a basis to obtain P’; note that it is possible to have 1 # w’). From Proposition [2] since
c < ¢, and the proof of Lemma (14| we have that

/ /

2 2
2c log g/s < 2clog 95
c c

< O(log? g)OPT(V). (45)

In particular, the second inequality in is proved in Appendix D, Bounds on the mixed
buckets B/ . —note that with our present definition of s’ and ¢ the middle term of coincides
with the right hand side of .

Let ¢’ be the number of w’-dominant vectors from P’ that lie in B/ . . We know that the impurity
of the output partition Q is not larger than that of Q*(w’, ¢, Sy, k,c’), one of the partitions built
by Algorithm Thus, it is enough to show that the impurity of Q*(w', ¢, Sy, k, ¢) is at a O(log? g)
factor from the optimum. For this we will show that I(Q*) is O(I(P’) + OPT(V)logg). In what
follows we use Q* to refer to Q*(w', ', S,, k, '), and as before, BS" denotes the special bucket in

Q.

Let
s1 = || Z vlp and ¢ =s1 — Z V-
VEB 0 veB! .
dom(v)=w’ dom(v)=w’
By Corollary |1}, with 7 = w’, we have that
. 29 - (2(d —c1) + 1) 4gs
I(B9) < 2 log ( > <2l log — < O(log? g)OPT(V) (46)

where

e for the first inequality, we are also using the fact that |[B<" ||} < 2(¢’ — ¢1) + s1. To see that
the last relation holds we note that

I Z v — Z vy = — 1,
veBe” veBe”
dom(v)#£w’ dom(v)#£w’
hence 2(¢’ — ¢1) is an upper bound on the total mass of the vectors in B<" which are not

w’-dominant. Therefore, we have the upper bound 2(¢’ — ¢1) + s1 used in the first inequality
for | B<"|1.

e for the second inequality we are using s’ > ¢ — ¢1 + s7.

e the last inequality follows from

We now focus on the buckets of Q* different from B —which are surely pure. From the proof
of Lemma [14] ( Appendix D, Bounds on the i-pure buckets ) we have that the total impurity
of the buckets in P’ different from B/ . satisfies

> I(B) =O0(log? g)OPT(V). (47)
BeP'\B!

mix
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In addition, we have

Yoo < Y (2L(B)+4(logg) > I(w)) (48)
BeQ*\B<" BeQ*\B<* weB
= 2 Y DL(B)+4(logg) > I(w) (49)
BeQ*\B<* wev
< 2 Y (B +4(ogg) Y I(w) (50)
BeP'\B! .. wev
< 4 ) I(B)+4(logg) Y I(w) (51)
BEP\B,, .. wev
< O(log®)OPT(V) + OPT(V)logyg, (52)

where the inequality in follows from Proposition follows from by the property (e);
follows from by Proposition and, finally, to obtain we use for the left term and
superadditivity for the right term;

From and — we have

Q) <I(Q)=1(BY)+ >  I(B)=0(log’g)OPT(V)
BeQ*\B<*

and the proof for Case 1 is complete.

Case 2. P* does not have a mixed bucket. In this case, let Q' be the partition built according to
the recurrence in . It was argued right after this inequality that I(Q') is O(log? )OPT (V).
Thus, 1(Q) is also O(log? g)OPT (V). O

The polynomial time algorithm. Let P* be a partition that satisfies the conditions of Theorem
If P* does not have a mixed bucket then the DP based on Equation is a polynomial time
algorithm that builds a partition whose impurity is at most O(log g) times larger than that of P*.
Thus, we just need to focus in the case where P* has a mixed bucket.

Let ALGO-PRUNE be the variant of Algorithm [I] that together with the instance takes as input
an extra integer parameter ¢ and uses the following additional conditions regarding the way the
lists U/s are handled: (i) only partitions for which the fifth parameter ¢ is at most ¢ are added to
Ui; (ii) after creating the list U; in line [12 and before proceeding to list U;41 the following pruning
is performed: the interval [0, ¢] is split into 4g subintervals of length ¢/4¢ and while there exist two
partitions Q(w, ¢, S;, b, ¢) and Q' (w, £, S;, b, ¢') in U; with both ¢’ and ¢ lying in the same subinterval,
the one for which the I5*"°() is larger is removed. This step guarantees that a polynomial number
of partitions are kept in Uj.

Let us consider the algorithm Ay, that executes ALGO-PRUNE e = [log(D_,cy [[V||1)] times.
In the jth execution ALGO-PRUNE is called with ¢ = 27. After execution j the partition with the
minimum impurity found in Uy is kept as 0. After all the e executions have been performed, the
partition with minimum impurity in {Q™", ..., Q®)} is returned.

From the above observation that in each call of ALGO-PRUNE the number of partitions kept in
the lists is polynomial in size of the instance and the fact that the number of calls to ALGO-PRUNE

28



is also polynomial in the size of the input, we have that Ay, is a polynomial time algorithm for
our problem.

It remains to show that Ay, is also an O(log3 g)-approximation algorithm. For this, let us
consider again the partitions P* and Q*(1,¢*, Sy, k, ¢) defined in the case 2 of the proof of Theorem

We can show that there is a partition Q among those constructed by A, such that I5*"(Q) <
I5'"(Q*(1,¢*, Sy, k, ¢)) and such that the special bucket B of Q has £* vectors that are 1-dominant
and satisfies | BC|l1 — Y cpe v1 < 2(||Bmizlli — | Bmizllso) = 2¢.

Note that these properties are enough to obtain our claim since, with them, proceeding as in
the proof of Theorem |§| one can show that the impurity of Q is at most an O(log® g) factor larger
than the optimal impurity.

For the definition of Q@ we need some additional notation. As in Theorem EL let us denote with
Q* the partition Q*(1,¢*, Sy, k,c). Then B<" denotes the special bucket of this partition.

For i =1,...,g let b; be the number of i-pure buckets in Q* \ BC" and let n; be the number of
i-dominant vectors that lie in the bucket B<". Moreover, let ¢; = ||V;(n;)|l1 — D veVi(ny V1. With
this, we have that Y7, ¢; = ¢ = || Bmiz|l1 — || Bmia /| oo-

The partition Q is defined as the last partition of the sequence Qq,..., Q,4, where

e Q; is the partition Q*(1,¢*,S1, b1, c1) constructed in the [log ¢]-th execution of ALGO-PRUNE,
i.e., with t = 2Megel > ¢,

e For i > 1, let Q) be the partition obtained by extending Q;_; with the b; buckets from the
partition A%¢(V; \ V;(n;), b;) and replacing the bucket B9, from Q; 1, with BZ-1 UV;(n;).
Note that such a partition is added to U; before the pruning step (ii) is executed. Then, Q;
is defined as the partition that survives (after the pruning step (ii)) in the subinterval where
Q! lies.

Let ¢} = || B9|[1 — 3 ,cpe; v1 (the total mass of vectors in the special bucket B of Q;, minus

the mass of such vectors in the component 1).
We can prove by induction that

For i = 1 the result holds since ¢; = ¢}. It follows from the induction that

i—1 .
(i—1)-t
G- Sz U0
=1 g

The result for 7 is established by observing that the pruning step (ii) above, ensures that

t

(el < 4

Let Q; be the subpartition of Q* that contains bucket B2 and all i-pure bucket for each
i’ < i. We can also prove by induction that I}*"(Q;) < IF*"“(Q%). For i = 1 the result holds since
Q1 = Qj. For a general 7 we have that
Be(Qi) < IB(Qi1) + AV \ V(ni), by)
< IDT(QLy) + AC(Vi\ V(ng), bi) = I5E(Q).
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Thus, by using the same arguments employed in the proof of Theorem [9) on can show that the
impurity of Q is at an O(log? g) factor from the optimal one. We can now state the main theorem
of the paper.

Theorem 10. There is a polynomial time O(log?(min{g, k})) approzimation algorithm for PMWIP.

Proof. By the above argument we have that Algorithm A, is a polynomial time O(log2 g) ap-
proximation algorithm for PMWIP with g < k. For g > k, applying Lemma [10]and the approach of
Section (see, in particular equation ), we have an O(log? k)-approximation algorithm. Putting
together the two cases we have the claim. O

6 Hardness of Approximation of PMWIPg,,

The goal of this section is to establish the following result.
Theorem 11. PMWIPg,; is APX-Hard.

We start with the definition of a gap decision problem associated with the minimum vertex
cover problem on bounded degree graphs.

Definition 1. For every € > 0 and integer D, we define the following (gap) decision problem: e-
GAP-MINVC-3: given a cubic graphs G = (V, E) and an integer k, decide whether G has a vertex
cover of size k or all vertex covers of G have size > k(1 + €).

Definition 2. For everyn > 0, we define the following (gap) decision problem: n-GAP-PMWIP g, :
giwen a set of vectors U, an integer k, and a value k', decide whether there exists a k-clustering
C =Ch,...Ck of the vectors in U such that the total impurity Ip,(C) = Z§=1 I (Cy) is at most
k' or for each k-clustering C of U it holds that Ig,:(C) > (1 + n)k'.

We will use the following result from the proof of [10, Theorems 17 and 19] as the basis for
a gap-preserving reduction from MINIMUM VERTEX COVER IN CUBIC GRAPHS to PMWIP g,
which will in turn imply APX-hardness of the latter problem.

Theorem 12. For some constants € > 0 the e-GAP-MINVC-3 is NP-hard.
We will use the following definition of a (constant) gap-preserving reduction:

Definition 3. Let A,B be minimization problems. A gap-preserving reduction from A to B is a
polynomial time algorithm that, given an instance x of A and a value k, produces an instance y of
B and a value k' such that there exists constants e, > 0 for which

1. if OPT(z) < k then OPT(y) < k/;
2. if OPT(z) > (1 + €)k then OPT(y) > (1 + n)k’;

The reduction. Given a cubic graph G = (V = {v1,...,v,}, E), with |E| = m, we can construct
(in polynomial time) a set of m n-dimensional binary vectors U = {v¢ | e € E} C {0,1}" by
stipulating that if e = (v;, v;) then only the i-th and j-th components of v® are 1 and all others are
0.
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In what follows, for a set of vectors C' C U we use g, (C) to denote the impurity of C, that
is, IEnt(C) = IEnt(ZveC V)'

We will find it convenient to visualize vectors in U in terms of their corresponding edges. For
a subset of C' C U we will say that C is a p-star if the corresponding set of edges form a star
in G, ie., if |C| = p and there exists a coordinate j € [n] such that for each vectors v¢ € C' the
jth components of v¢ is 1. By directly applying the definition of the impurity Ig,: we have the
following.

Fact 2. If C C U is a p-star, then we have I, (C) = 2p+ plogp

We also have that p-stars are sets of p edges of minimum impurity as recorded in the following
fact.

Fact 3. Let C C U be a set of p edges. Then Ig,(C) > 2p + plogp.

Proof. Let d°(v) be the number of edges of C' incident in v. Then, we have

d(v1)  d%(vn)
2p Yty 2p ’

Ipw(C) =2pH ( (53)
where H () denotes the Shannon entropy.

By the concavity of H(), we have that the minimum of the entropy appearing on rights hand
side of is attained when the maximum possible mass is concentrate in one component, i.e.,

d d 1 1
min  H( . Sy g (B2 2 0,....0). (54)
di,...dy 2p 2p 2p " 2p 2p
dielp] 5, di=2p

The desired result now follows by noticing that the entropy on the right hand side of is equal
to 1+ %log P. O

The following lemma, which is key for our development, relates minimal vertex covers with star
decompositions in cubic graphs. This result might be of independent interest.

Lemma 15. Let G = (V, E) be a cubic graph and U be a corresponding set of vectors obtained by
the reduction described above. If G has a minimal vertex cover of size k then there is a k-clustering
C ={C4,...Cx} of U where for each i, the cluster C; is either a 2-star or a 3-star.

Proof. Let S = {v1,...,vx} be a minimal vertex cover in G. Let G[S] = (S, E[S]) be the subgraph
of GG induced by the vertices in S.

For each i = 1,...,k let D; be the set of edges in E \ E[S] that are incident to v;.

We say that v; is of type j if | D;| = j. Since the graph is cubic and S is minimal then the only
possible types are 1, 2 and 3. We then extend the sets D; by applying the following procedure:

While there exists an edge e = v;v; € G[S], with v; having type 2 do
Remove e from G[S] and add it to D;
Increase the type of v; by one unit.

Let G[S] be the resulting graph. Since the graph G was cubic, every vertex of type 2 or 3 in
G[S5] is isolated and every vertex of type 1 is adjacent to two vertices of type 1. Therefore, in G[S5],
the edges define a collection of disjoint cycles of vertices of type 1. Let v;,,v;,, ..., v;. be one such
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cycle, where v;, = v;,. Then, for j =1,...,7 — 1 we remove edge (v;;,v;;,,) from G[S] and add it
to D;; so that v;; becomes a vertex of type 2. After repeating this for each cycle, we have that for
all 7, the set D; has cardinality 2 or 3. Moreover, by construction, we also have U;D; = E.

Then, the clustering C = {C1,...,Cx} where C; = {v° | e € D;}, satisfies the claim. O

Corollary 2. Let G = (V, E) be a cubic graph and U be a corresponding set of vectors obtained by
the reduction described above. If G has a minimal vertex cover of size k then there is a k-clustering
C={Cy,...Cx} of U of impurity Ip,;(C) = 6k + 3(|U| — 2k) log 3.

Proof. Let m = |U| = |E|. Let C = {C1,...C)} be the clustering given by Lemma [15] Let a and b
denote the number of 2 and 3 stars in C, respectively. Then 2a + 3b = m and a + b = k, whence,
a = 3k —m and b = m — 2k. Finally, from Fact [2| we have

Igni(C) = 6a+b(6 + 3log3) = 6k + 3(m — 2k) log 3.
O

The consequence of the last corollary is that setting k' = 6k + 3(m — 2k) log 3 we have that the
reduction described above satisfies property 1 in Definition

6.1 Preservation of the Gap

We want to show that when the minimum vertex cover of the graph G has size at least k(1 + €)
then the impurity of every k-clustering is at least a constant times larger than 6k + 3(|U| —2k) log 3,
which is the impurity of the clustering in Corollary [2] which exists when the minimum vertex cover
of G has cardinality < k. This will imply that our reduction satisfies also the second property in
Definition [3

In the following, C will denote a clustering of minimum impurity for the instance of PMWIP g,,;
obtained via the reduction, when, for some constant € > 0, the size of the minimum vertex cover
for G is at least k(1 + €).

We will use the following notation to describe such a clustering C of minimum impurity.

e a: number of clusters in C consisting of a 3-star; we refer to these clusters as the a-group of
clusters;

b: number of clusters in C consisting of a 2-star; we refer to these clusters as the b-group of
clusters;

e ¢: number of cluster in C consisting of a 1-star (single edge); we refer to these clusters as the
c-group of clusters;

d: number of clusters in C consisting of 2 edges without common vertex (2-matching); we
refer to these clusters as the d-group of clusters;

e e¢: number of remaining clusters in C; we refer to these clusters as the e-group of clusters;
e ¢: number of edges in the e-group of clusters.

In the definitions above the letters a, b, ¢, d and e are used to denote both the size and the type
of a group of clusters. We believe this overloaded notation helps the readability.
The following proposition will be useful in our analysis.
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Proposition 5. Let x > 2 and let ni,ny be positive integers. We have that
n1(2z + zlogx) + no(2(x + 1) + (x + 1) log(xz + 1)) > (n1 + n2)(2Z + T logT),

where T = (n1x + no(x + 1)) /(n1 + na).

Proof. 1t is enough to prove that
nizlogx + na(x + 1)log(x + 1) > (n1 + n2)xlog .

This inequality follows from Jensen inequality since f(x) = zlogx is convex in the interval [2, co]

O]

The next two propositions give lower bounds on the sum of the impurities of the clusters in the
e-group.

Proposition 6. The total impurity of the clusters in the e-group is at least 2q + q/elog(q/e).

Proof. Let C1,...,C, be the clusters in the e-group. Note that each one of these clusters has
cardinality > 3. Let p = |g/e]. Then, we have p > 3. Suppose that there exist clusters C;, C; such
that |C;| = z and |Cj| = y with y > 2+ 1. Let C] be an (x + 1)-star and C} be a (y — 1)-star, then
we have

Ient(Cs) + IEnt(Cj) > 2z +zlogz + 2y +ylogy
> 2(x+ 1)+ (z+1)log(zx+1)+2(y—1)+ (y — 1) log(y — 1)

where the first inequality follows from Fact [3] the second inequality holds true for each 3 < 2z < y—2
and the last inequality follows from Fact

The above inequality says that if we replace C;, C; with CY, C}, the impurity of the resulting
set of e clusters is not larger than the impurity of the original e-group. Moreover, the total number
of edges has not changed. By repeated application of such a replacement we eventually obtain a
group of e clusters C = {C’l, ces ,C’e} each of cardinality p or p + 1 and containing in total e edges
and such that >, | Ipnu(Ci) > >, 1 Ent(é'i). In particular, the total impurity of such clusters is
not larger than the total impurity of the original e clusters. Note that these new e clusters need
not exist and are only used here for the sake of the analysis.

Let n; be the number of clusters in C with p edges and ny be the number of clusters in C with
p+ 1 edges and let p = %ﬂéﬂ). Then, g = n1p + na(p + 1) and e = ny + ng, hence p = g/e.

Finally, by applying Proposition [5, we have the desired result:

j=1 Jj=1

n1(2p + plogp) +na(2(p +1) + (p+ 1) log(p + 1))
> (n1+n2)(2p+Dplogp) = 2q + glogg.
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We say that C' is an S-structure if it correspond to a set of 3 edges, of which two form a 2-star
and the third one is not incident to any one of the first two edges. Moreover, we say that C' is a
3-path structure if it corresponds to a set of 3 edges forming a path.

Fact 4. The impurity of a 3-path structure is 2+ 6log 3, the impurity of a S-structure is 4+ 6log 3
and the impurity of a cluster corresponding to 8 disjoint edges is 6 4+ 6log 3.

Proposition 7. If ¢ < 4e then the total impurity of the clusters in the e-group is lower bounded
by the impurity of a partition of q edges into e sets, each of which is either a 4-star or a 3-path
structure.

Proof. First we consider two simple cases. In the first one no cluster in the e-group has cardinality
larger than 3. In this case, all clusters have cardinality 3 and the result holds since Fact [4] assures
that the impurity of each of these clusters can be lower bounded by the impurity of a 3—path
cluster. In the second case, all clusters in the e-group, with more than three edges, are 4 stars.
Again, we can establish the result by using the same reasoning.

In the most interesting case there is a cluster C in the e-group with cardinality r» > 4 that does
not correspond to a 4—star. In this case, there exist » —3 clusters of cardinality 3 in the e-group, for
otherwise the average cardinality would be > 4, violating the assumption ¢ < 4e. Let Dy,...D,_3
be these clusters. Moreover, let C’ be a 3-path structure and Dj,...D]_4 be 4-stars. We have

=3 r—3
IC'+ Y IDj| =3+4(r—3) =r+3(r—3) =[C|+ > |Dj]. (55)
j=1 J=1

Furthermore, by definition clusters of cardinality 3 that are in the e-group are not 3-stars. Thus,
by Fact [4f we have that for each ¢ = 1,...7r — 3, it holds that Ig,:(D;) > 2+ 6log3 and by Fact
it holds that Ig,(C) > 2r + rlogr. Then

r—3
Ign(C) + ZIEnt(Dj) > 2r+rlogr+ (r—3)(2+6log3)
j=1
> (24 6log3) + 16(r — 3)

r—3
— IEnt(Cl) + ZIEnt(D;)a
=1

where the second inequality holds for each r > 4.
The above inequalities together with say that if we replace C, D1, ... D,_3with C', D},... D] _5,

the impurity of the resulting set of e clusters is not larger than the impurity of the original set
of e clusters. Moreover, the total number of edges does not change. By repeated application of
such a replacement we eventually obtain a group of e clusters C = {C’l, .. .,C’e} each of which
is either a 3-path structure of a 4-star. Moreover, these clusters contain in total e edges and
Yoic1 LEnt(Cs) > >, IEm(éi), i.e., the total impurity of the new cluster is not larger than the
total impurity of the original e clusters. The proof is complete. O

Proposition 8. If the minimum vertex cover for G has size at least k(1 + €) then the following
inequality holds: ¢+ d+ q > ke/2.

Note that these e clusters need not exist and are only used here for the sake of the analysis.
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Proof. If it does not hold we could construct a vertex cover of size smaller than k(1+€) by selecting
a vertex to cover the edges of the 3-stars, b vertices to cover the edges of the b stars and one vertex
per edge of the other clusters. The number of edges in these other clusters is ¢+ 2d 4+ ¢. Hence, we
must have a + b+ c+2d+ ¢ > k(1 + €). Since a + b < k we conclude that ¢ + d + 2q > ke, so that
c+d+q>c/24+d/24q > ke/2 O

Let C®) denote the clustering only consisting of 2-stars and 3-stars described in Lemma [15{ and
Corollary [2| which exists when the minimum vertex cover of the graph G has size < k. We also
refer to this clustering as the k-cover clustering.

We will now show that, if the minimum size of a vertex cover for G is at least k(1 + ¢€) then the
impurity of the minimum impurity clustering C (for the instance obtained via the reduction) is at
least a constant factor larger than the impurity of C().

Lemma 16. Let G = (V, E) be a cubic graph and U be a corresponding set of vectors obtained by
the reduction described above. If every verter cover in G has size > k(1 + €), then there exists a
constant n > 0 such that every k-clustering C = {C4,...Cy} of U has impurity Ip,:(C) > k'(1+1n),
where k' = I (CH).

Proof. Recall the definition of the parameters a,b,c,d, e, q, regarding the minimum impurity k-
clustering C. We split our analysis into two cases according whether 3k — m, which is the number
of 2-stars in C®) is smaller than b+ d, the number of clusters of C with 2 edges, or not.

Case 1b+d > 3k —m.
Let z = (b4 d) — (3k —m). We can write the impurity of the k-cover clustering C(*) as

Tgni(C®)) = (6 + 3log 3)a + (6 4 31og 3)z + 6(3k — m).

Let p = g/e. Then, lower bounding the impurity of the clusters in the e-group as in Proposition |§|,
we have that the impurity of C satisfies

Ign(C) > (6 + 3log3)a + 2¢ + 8d + 6b + (plogp + 2p)e.

Therefore,
Ipnt(€) — Ipnt(C™) > 2¢+ 2d — (3log 3)z + (Plog b + 2p)e

Summing up the edges in the clusters, we have that 2z+pe+c = 3(2+c+e), hence z = (p—3)e—2¢
Thus,

Tpnt(C) — Ipn(CR) > (24 6log3)c+2d + (plogp+ (2 — 3log3)p + 9log3le  (56)
= (2+6log3)c+2d+ (logp+ (2 —3log3) +9log3/p)q (57)
> 1.99(c+d+q) (58)
> 0.49ke, (59)

where inequality — follows because the global minimum of logp + (2 — 3log 3) + 91log 3/ is
larger than 1.99 and inequality — follows from Proposition

Since In:(C*)) < k(64 3log 3), the impurity of the clustering C is a constant factor larger than
the impurity of C*).
Case 2 b+ d < 3k — m. We further split this case into two subcases according to whether the
average size of the clusters in the e-group is at least four or smaller than four.
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Subcase 2.1 b+ d < 3k —m and ¢q > 4e.
Let y = (m — 2k —a) and z = 3k —m — (b+ d). Let p = ¢q/e. Hence, we have p > 4.
We can write the impurity of the k-cover clustering C*) as

Ign(CR)Y = (6 + 3log3)a + (6 + 3log 3)y + 6b + 6d + 62.

Since y + z = (¢ + e) and 3y + 2z = pe + ¢ we get that y = (p — 2)e — c and z = 2c+ (3 — p)e.
Thus,

Ign(C®) = (6+3log3)a+ (p—2)(6 + 3log3)e — (6 + 3log 3)c + 6b + 6d + 12¢ + 6(3 — P)e
= (6+3log3)a+ [(3log3)p+ 6(1 —log3)]e + 6b+ 6d + (6 — 3log 3)c.

The impurity of C is given by
Ign(C) > (6 + 3log3)a + 6b + 2¢c+ 8d + (plogp + 2p)e

Therefore, we have

IEni(C) = Ignt(C®)) > (3log3 — 4)c +2d + [plogp + (2 — 3log 3)p + 6(log3 — 1)]e  (60)
= (3log3 —4)c+2d+ (logp+ (2 —3log3) +6(log3 —1)/p)g (61)
> (25—1.5log3)(c+d+q) (62)
> (1.25 — 0.75log 3)ke (63)

where the inequality holds because function f(z) =logx + 6(log3 — 1)/z is increasing in the
interval [4, cc]. The last inequality follows from Proposition

Since I, (C*)) < k(6 4 3log3), the impurity of the clustering C is at least constant factor
larger than the impurity of C(¥).

Subcase 2.2 b+ d < 3k —m and ¢ < 4e.

Let z = 3k —m) — (b+d) and y = (m — 2k) — a. Because of the assumption ¢ < 4e, by
Proposition [7] the sum of the impurities of the clusters in the e-group can be lower bounded by
the sum of the impurities of a set of e clusters such that each of them is either a 3-path structure
or a 4-star. Let = be the number of 3-path structures in this group, hence (e — x) is the number of
4-stars in this same group.

Since both C*) and C have the same number of clusters, we have

c+e=z+4y.
Since the total number of edges in the clusters is the same we also have
c+3z+4(e—x) =22+ 3y.

From these equalities we have that z = 2¢ — (e — z).
Therefore, we can write the impurity of the clustering C**) as follows

Ten(C™) = 6(b+d) + 62 + (6 + 3log3)(a +c+ e — 2).
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On the other hand, for the impurity of C we have
I (C) > 6b+ 8d+ a(6 + 3log3) + 2c+ 16(e — =) + (2 + 6log 3)x.
Therefore, we have

Tgnt(C) = Ipn(CM)) > 2d + 2¢ — (6 + 3log3)(c + e — 2) — 62 + 16(e — ) + (2 + 6log 3)z (64)
= 2d — (4 + 3log3)c — (6 + 3log3)e + (3log3)z + (2 + 6log 3)x

+16(e — z) (65)
= 2d+ (3log3 —4)c— (6 +6log3)e + (2+ 9log 3)x + 16(e — x) (66)
= 2d+ (3log3 —4)c+ (10 —6log3)e + (9log 3 — 14)x (67)
10 — 6log 3
> 2d—|—(310g3—4)c+(10—610g3)q/42f()g(d—l—c—i-q) (68)
10 —61
> %ke, (69)

where follows from using z = 2¢ — e 4 z, the last but first inequality holds by ¢ < 4e and
the last inequality follows from Proposition

Since Ipn:(C*)) < k(64 3log 3), the impurity of the clustering C is a constant factor larger than
the impurity of the k-cover cluster C(%).

As a result of the above case based analysis, setting

5—3log3 10 —6log3
4 ’ 8 ’

n=-¢€x (6+3log3) x min {0.49,

we have I, (C) > Ipn(CH®)(1+ 1), as desired.
O

Proof of Theorem We have shown that for every € > 0 there exists an n > 0 such that for
every instance (G = (V, E), k) of e-GAP-MINVC-3, setting k' = 6k + 3(|E| — 2k) log 3 the instance
(U, k, k") of n-GAP-PMWIP g,,; produced according to our reduction is such that if G has a vertex
cover of size < k then U has a k-clustering of impurity < &’ and if all vertex covers of G have size
> (1 + €)k then all k-clustering of U have impurity > (1 + n)k’.

This, together with Theorem[I2]implies that there exists 77 > 0 such that the n-GAP-PMWIP g,
is NP-hard. Hence, if P # NP there is no polynomial time (1 + n)-approximation algorithm for
PMWIP g,. O

6.2 The impact of our result on related problems

PMWIP g, is closely related to the MTCgy, [9], the problem of clustering a set of n probability
distributions into k& groups minimizing the total Kullback-Leibler (KL) divergence from the distri-
butions to the centroids of their assigned groups. Mathematically, we are given a set of n points
pM L p) corresponding to probability distributions, and a positive integer k. The goal is to
find a partition of the points into k groups Vi,..., Vi and a centroid ¢ for each group Vj such

that i
> KL(p, ")

i=1 peV;
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is minimized, where K L(p, q) = Z?Zl pjIn(p;/q;) is the Kullback-Leibler divergence between points
p and gq. ' '
It is known that in the optimal solution for each i = 1,...% the centroid ¢ = (ng)’ e cg)) is

given by cgi) = ZpGVi p;j/|Vi|, for each j =1,...,d. Thus, MTCkp, is equivalent to the problem of

finding a partition that minimizes

k k d ‘
SS KLp ) =33 S pinp; —nel)) = (70)
i=1 peV; i=1 peV; j=1

n d ) ] k d )
> p mp =373 Y g = (71)
i=1 j=1 i=1 peV; j=1
n d k d .
S e mp? =373 Y opi | n (o) _ (72)
=1 j=1 i=1 j=1 \peV; |VZ|
1 & . 1 &
oo 22 om0+ St 3) (73)
i= 1= PEV;

Therefore, the optimal solution of MTCky is equal to the optimal one of the particular case
of PMWIPg,,; in which v; = p; for i = 1,...,n. While their optimal solutions match in this case,
PMWIP g+ and MTCy, differ in terms of approximation since the objective function for M T Ck,
has an additional constant term — Z?:l Tent (p(i)) so that an a-approximation for M CTy, problem
implies an a-approximation for PMWIP g,,; while the converse is not necessarily true.

In terms of computational complexity, Chaudhuri and McGregor [9] proved that the variant
of MTCkj where the centroids must be chosen from the input probability distributions is NP-
Complete. The NP-Hardness of MTCf,, that remained open in [9], was established in Ackermann
et. al. [2], where it is also mentioned that the APX-hardness of k-means in R? would imply the
same kind of hardness for MTCy . However, it is not known whether the former is APX-Hard.

Our result provides an important progress in this line of investigation since it implies the APX-
hardness of MTCgy,. This follows from the above observation about the correspondence between
the two problems and the fact that the same arguments in our reduction can also be used to show
the inapproximability of instances where all vectors have £; norm equal to any constant value, and
in particular 1, i.e., the case where PMWIP g,,; corresponds to MTCg . In summary we have the
following.

Corollary 3. MCTgy, is APX-Hard.

7 New fast method for information clustering

We have designed, implemented and tested a novel heuristic RATIO-GREEDY for clustering based
on Entropy impurity, which uses some of the ideas that lead to the algorithms presented in the
previous sections.

The basis of RATIO-GREEDY is the dominance algorithm of Section 4, In the case where the
number of allowed cluster k is larger than the dimension g, the dominance algorithm would only
use g clusters, each one being a pure bucket. RATIO-GREEDY after grouping the vectors into g < k
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pure buckets By,..., By, according to the dominant component, proceeds with splitting for each
i=1,...,g, the bucket B; into t; clusters, so that ), ¢; = k, i.e., eventually producing exactly k&
clusters. The number of clusters ¢; in which B; is divided is chosen to be proportional to the impurity
of B; relative to the total impurity of By, ..., By, i.e., t; = min{|B;], k%} For partitioning
B; into t; clusters, RATIO-GREEDY uses ideas from the analysis of Section It constructs a partition
Bi1,..., B where for each j and each vector v ¢ B;; either ratio(v) > maxyep, {ratio(v')}
or ratio(v) < minyep, {ratio(v’)}. This is achieved in the following way: Let L; be the list
obtained by sorting the vectors in B; according to their ratios as defined in Section |5l It will be
convenient to think of L; as list of |L;| singleton clusters: {vi},{va},...,{vn,}, where n; denotes
the number of vectors in B;. A greedy approach is used to reduce the number of clusters in L; from
n; to t;. This procedure consists of iteratively selecting two adjacent clusters {v;, vi41...,v;} and
{Vj41,Vjt2..., v} in the current list L; and replacing them with their union {v;, v;i..., v} so
that a new list containing one less cluster is obtained. The pair of adjacent clusters in the list L;
that is selected to be merged, at each iteration, is the one for which loss(+, ) is minimum, where the
loss(C, C") of two clusters C' and C" is given by loss(C,C") = Ign(C UC") — Ign(C) — Ign(C').
The procedure stops when the list L; contains exactly ¢; clusters.

We need time O(n; - g + n;logn;) to: (i) compute the ratio of each vector in By; (ii) sort them;
(iii) compute the impurity of each vector; (iv) compute for each pair of adjacent vectors in L; the
loss of merging them into one cluster.

We maintain a priority queue whose elements are the pair of adjacent clusters (C, Cj11) in L;
(representing the possible merge operations) valued with the loss(C;Cj41) as defined above. In
each iteration we need to extract the pair of min value from the priority queue, and change the pair
(Cj_l, C]) with the pair (Cj_l, (CjUCj_H)) and the pair (Cj, Oj+1) with the pair ((C] UCj.H), Cj+2)
together with their values. If we use a binary heap to implement the priority queue each such
operation on the priority queue can be done in time O(g + logn;).

Therefore, RATIO-GREEDY can be implemented to run in O(nlogn + ng) time. Moreover, the
impurity of the partition obtained by RATIO-GREEDY is no worse than that obtained by A",
thus it inherits its approximation guarantees.

7.1 Experimental Evaluation

We tested RATIO-GREEDY on the 20NEWS and RCV1 datasets. The former has been previously
used to evaluate text classification methods [6], 26, 23, [13]. In particular, we report comparisons
with the DIvISIVE CLUSTERING algorithm of Dhillon et al. [I3] which (in the terms of our paper)
is designed to optimize the difference between the impurity of the classification and the sum of the
impurity of the input vectors.

Divisive CLUSTERING is an adaptation of the k-means method that employs KL-divergence
rather than Euclidean squared distance. When k£ > g, the initialization of DIVISIVE CLUSTERING
resembles AP°™ since it consists of splitting the vectors that are i-dominant among k/g clusters.
For k < g the initialization is not well specified so that we use A”°™ in this case. In [13] it was
shown that DIviSIVE CLUSTERING outperforms the agglomerative clustering methods of [6, 26].

We used the version of the 20 newsgroup data set available in Scikit-learn https://scikit-learn.
org/0.19/datasets/twenty_newsgroups.html, comprising 18.846 documents evenly divided into
20 disjoint classes. The RCV1-v2 corpus was obtained from http://www.jmlr.org/papers/
volume5/lewisO04a/1yr12004_rcviv2_README.htm. It includes 804,414 documents assigned to
103 different classes (a single document may belong to more than one class).
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By using the scikit-learn CountVectorizer function, each document is turned into a vector
d whose component d; counts the number of times that word ¢ appears in document d. For
this vectorization of the texts, a filter function has been employed to strip out newsgroup-related
metadata (headers, footers and quotes), and prune words occurring in less than two documents or in
more than 95% of the documents, and english stopwords (for this we used the standard scikit-learn
stopword list).

After vectorizing the documents, the following quantities are computed in order to define the
input probability vectors for the classification algorithms:

lc|

/
2clel’

e for each class ¢, let p(c) = where |¢/| denotes the number of documents in class ¢;

e for each word w and each class ¢ let n(w, c) be the number of times the word w appears in
documents of class c.

e for each word w and each class ¢, let p(w|c) = % represent the probability of a

word, conditioned to a given class;

e set p(w, c) = p(wle)p(c).

To each word a probability vector w is associated, setting, for each ¢ = 1,...20, w. = p(w, c).
Since p(w, c¢) = p(w|c)p(c) = p(cJw)p(w), each component w, represents the probability of class ¢
given the occurrence of word w weighted by the probability of w.

For 20NEWS the input obtained consisted of 51.840 vectors (1 for each word) of dimension 20
(1 for each class). For RCV1 we have 170.946 vector, each of them with 103 components.

The preprocessing was done in Python and the algorithms were developed and run in C on a
MacBook Air 2012 with OS X Yosemite (10.10.5), Intel Core i5 1.7 GHz processor and 4 GB of
memory RAM 1600 Mhz. The code as well as the datasets are available in https://github.com/
lmurtinho/RatioGreedyClustering/tree/ICML_submission

The Results. Figure [1| shows the impurities of the partitions obtained for different values of k
for both datasets. DC-INIT, DC-ITER] and DC-ALL correspond, respectively, to different points
in the execution of DIVISIVE CLUSTERING: right after its initialization, after its first iteration and
at the end. We set a limit of 100 iterations for DivisSiIVE CLUSTERING. For both datasets, we
observe that RATIO-GREEDY obtains partitions clearly better than that of DC-INIT. With respect
to DC-ITER], it produces similar results for 20NEWS while for RCV1 it is significantly better
when the number of clusters gets larger.

The key advantage of RATIO-GREEDY, however, is its execution time. Table [1| shows the times
(in seconds) spent by the methods for RCV1 dataset. We can see that execution time of RATIO-
GREEDY, in contrast with DIvISIVE CLUSTERING, is barely affected by the number of clusters
k. When £k is large the difference between the methods is quite significant. As an example for
k = 2000, RATIO-GREEDY is approximately 50 and 5000 times faster than DC-ITER1 and DC-
ALL, respectively. For NEWS20 dataset we observed a similar beheviour.

These experiments suggest that RATIO-GREEDY is a strong candidate to be used in applications
in which the O(ngk) time complexity of DC per iteration may be prohibitive.
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Figure 1: Impurities (vertical axis) of the partitions obtained by RATIO-GREEDY and DIVISIVE
CLUSTERING for different values of k£ (horizontal axis).

Table 1: Elapsed time in seconds taken by DivisSiVvE CLUSTERING and RATIO-GREEDY for RCV1

input.
Clusters | RATIO-GREEDY | DC-INIT | DC-ITER]1 | DC-ITER5 | DC-ALL
20 0.6 0.4 3 11 68.6
50 1 0.4 6 25.3 342.1
100 3.1 0.5 10.8 49.1 971.1
200 3.1 0.5 20.3 96.7 1932.4
500 3.3 0.5 48.8 238.7 4823.4
1000 3.5 0.5 96.6 477.2 9612.6
2000 3.5 0.5 191.3 958 19320.2
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A The proof of Fact

Fact The Gini impurity measure defined by Igini(u) = |Jully Y27_, 74 (1_H3W) and the Entropy impurity

i=1 Tully

measure defined by Ipne = |ull1 Y7, ”3""1 log( le) belong to C. For fgner, a simple inspection shows that

(P3) holds at equality.

Proof. The measure Ig;y; is obtained using the function fgini(z) = 2(1 — ), and Ig,; is obtained using the
function fgne,(r) = xlog L. Clearly both functions satisfy property (P1), and it is known they also satisfy
(P2) [12]. So it remains to be shown that they satisfy property (P3).

For fgini, (P3) becomes

p(1—p) Sp(lfJHp(lZ) Vq € [p, 1]

which after canceling the p’s out and rearranging, is equivalent to p > ¢ + g — 1 for all ¢ € [p,1], or
p = maxgefp1)(¢ + £ —1). But the function in the max is convex in ¢, and hence its maximum is attained
at one of the endpoints ¢ = p and ¢ = 1; for these endpoints the inequality holds at equality, which then
proves the desired property.

For the function fgn:-(z) = —xloga we have that for any 0 < 2 <y < 1 it holds that

(f

X X
—;ylog(y) —vy log y) = —xlog(y) — zlog(z) + xlog(y) = —xlog(x),

showing that fgn:-(z) = —xlog x satisfies (P3) with equality. O

B The proof of the Claim in Lemma

Claim. Fix u € RY such that u; > u;41 foreach i =1,...,9g — 1. Let z(M and z® two orthogonal vectors
from {0,1}9 \ {0}. Let ¢* = min{s | max{zi(l), z§2)} =1} and v®V) = e;- and v(? = z(1) +-2(2) —e;.. Then

TuovM) 4+ T(uov®?) < I(uozM) + I(uoz).

Proof. For the sake of simplifying the notation, let us assume that i* = 1. Since v(V) + v(?) = z(1) 4 22,
and the only significant components are the non-zero components of z(*) + z(?), for the analysis, we assume
without loss of generality that z(?) =1 —z(1). Setting d = 21, we have to prove that

Igini(uoer) + Igini(uo (1 —e1)) < Igini(uod)+ Igini(uc (1 —d)),

for every d € {0,1}9\ 0.
It follows from the definition of Ig;yi() that

(0o d)? = Sy )\ (- ) - Y )
(ud)? )“““ d”( (i — Q) ) )

Zi\dizl(ui)2 Zi\di:o(ui)Q
b= wa ) e

Define g(d) as the sum of two last terms of the above expression, that is,
e u-d u(l—d)
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It is enough to prove that g(e;) > g(d) for an arbitrary d. For that, we assume w.l.o.g. that d; =1 due
to the symmetry of g(d) with respect to d.

Let
Zi>1|di:1(ui)2 Ei|di:0(ui)2
a=———— and f="—F—7—"—"—
Zi>1|d7~,:l Ui Zi|di:0 Ui
Thus,
(u1)?> +a(u-d—u)

9(d) = up + (u-d—uq)

+8

Moreover, we can write g(e;) as a function of d

(u-d—wup)+pPu(l-d)

gler) =ur + (W d—w)+u(l—d)

The following inequalities will be useful: a, 8 < wu; since u; > w; for all i, (u-d—u1) > aand u(1 —d) > S.
We need to prove that

afu-d—up)+ B(u(l —d))
(u-d—wuy)+u(l-d)

(u1)? + a(u-d —u)

>
- u1+(u-d—u1)

gler) = us + + B =g(d),

or equivalently,

up(u-d—uq) afu-d—up) < Blu-d—uq) afu-d—uq)

u+u-d—u) w+m-d—u) u-(1-d)+u-d—w) u-1-d)+(u-d—u)

Simplifying the terms we need to prove
B-—a)(u-d—u)+u] <(up—a)(u-d=—u)+u-(1-d)
which is equivalent to
Buy —oup < (up — B)(u-d —up) + (u1 —a)u- (1 —-d), (74)
However, because a, f < wuq, (u-d—uy) > aand u- (1 —d) > 3, we have
(ur = Ba+ (1 —a)f < (g = f)(u-d —uy) + (u1 —ju- (1 —d).
Thus, to establish inequality , it is enough to prove that
Bur — auy < (w1 — Bla+ (u1 — @),

or, equivalently,
af < aug.

The last inequality holds because u; > . [

C The proof of Proposition

Proposition Fiz i € [g] and let B be a set of vector in RY such that for each v € B, it holds
that [|V||eo = vj, t.€., B is i-pure. It holds that

%12(3) < I(B) <2I1(B) + 4(10gg)éf(W)-
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Proof. Let us assume w.l.o.g. that B is 1-pure. Let v be the vector corresponding to B, that is,

vV =123 ,cpV'. Moreover, let
an Y )

v'eB

uk — Z X2C(VI)

V/EB:|V/|loo<|IV]1/2

uH _ Z XQC’(V/)

V/EB:|v][oo2[IV][1/2

and

Note that u* corresponds to the set of vectors for which the dominant component is affected
by transformation x2¢. It shall be clear that ||v||; = ||u/|; and

P L
loo =

5 Il = [uflo

k
[V]loo < [lu*floc + fu

From Lemma [0 and Corollary [I] we have that

(vl = i) ma {1t (o P Y < ) < 20wl = vl tos (20

vl =lIvileo Vil = lIvile
(75)

k
2

riw) = atog (1214) & (i - aytog (1) (76)

[ully -«

|E!

H lu
oo

Let a = ||ulj; — |Ju . Then, we have

k —_
Since [[u™ || + M > ”u2”1 then a < ||“2H1, from Propositionwe have ||1ﬂ|1|11”1a log ||1!|‘|11”ia <
—a_og Iulls [his, together with (76]) implies that
g "o g

Tullx
ozlogM < I(u) < 2alog Hqu (77)
a a
Now we note that ||uf||o + % > ||v]|o, hence
k
H a2
a = [ufly = [ulec = == < IVl = [V]eo- (78)

We first focus on the proof of the left bound $15(B) < I(B). We split the analysis into two cases

Case 1. |v]ly — V] < ™2 Then

[l

v
1) < 2010 I < o(|jv]y — 1v)c) o I < 01(v) (79)

Vil = [lvllo —

where the first inequality is from , the second inequality is from Proposition [2[ and the last
inequality is from (using the hypothesis at the basis of this case).
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Case 2. ||v|l — ||v]lso > M. Then,

I(v) =z (vl = [[vlleo) loge = [[v][1 = [lully = I(u) (80)

where the first inequality is from and the last inequality is because by definition of I = Iy,
for a 2 dimensional vector u we have I(u) < ||ul|;.

From (79) and it immediately follows that 3I>(B) = 3I(u) < I(v) = I(B).

We now focus on the right inequality and show that I(v) < 2I(u)+4(||v|]1 — ||v]|~) log g, from
which also the last inequality in the statement of the proposition immediately follows.

First, we observe that

[y
2 <IIUI!1 = [l = = [l + 2((fu™ [l = [aflee) > ([l + (]l = [Ju®[£31)

H
= hully = [[u™ oo = IVl = IVl (82)

Therefore, usign 1} we have 2 (Hu||1 — Juf o — Hu’2“||1> < 2‘(]”6“”1, hence from the right
inequality of we get

1) < 201l - Ivlle)tog (1) (53)
< 4 (s = e~ 1) g vl 81
2 (Ihufly = [ju]|oc — 1512
= 4 (= o~ 50 e (] ”Z,“'f )
ull; — [[ufl|c — 5
< 21(0) +4(Ivlh — [Vl oz (56)

where the last inequality follows from the left hand side of together with the definition of «
(for the first term) and from [[uf? | — w > ||v]jeo and ||v||1 = ||ul|1 (for the second term).

Since B is i-pure, we have that |[v||1 = > cp W1 and ||v]c = > cp [[Wlloo. Then, we have

I(v) < 21(u) +4(logg) Y (Iwly — [Wllee) < 21(u) +4(logg) D I(w)
weB weB

where the last inequality follows by Corollary
We have then shown the right inequalities of the statement. The proof of the Proposition is

complete.
O

D Proof of Lemma [14

Proof. Recall that s; i, denotes the total sum of the components of the i-dominant vectors from
bucket By, and that we assumed dom(Bpy) = 1. We let ¢imiz = Simiz — Zvew v, e,
the total sum of all but the first component of the i-dominant vectors in B,,;,. Moreover, let
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Smiz = 991 Si;miz and Cmiz = Y 5| Cimiz- Furthermore, let ¢;; = sip — > ven, Vi, i.e., the total
sum of the non-i components of vectors in B;.
It follows from Corollary [I] that

I(Biz) > Cmiz max {1, log (SmZ:B) } (87)

Cmix

Note that for i > 1, we have ¢;miz > (Simiz)/2, for otherwise ¢ would not be the dominant

component in V; ;.. Thus, we also have that

g
I(Bmzm> > Crmiz 2 Cl,miz + Z si,mim/z (88)
=2

Moreover, if ¢piz < Smiz/€, from (87) we have that

g
Smix Smiz
I(Bmiz) > cmizlog [ 22 ) > [ crmiz + Y Simiz/2 | 1o 5 ’ 89
( mzz) - g<0mix> B < b Z “mz/ ) : <Cl7mi:{:+ zg:2 Si,mix/2> ( )

1=2

where the last inequality follows from and Proposition
From Corollary [I] we have that

I(B;) > ¢;pmax {1,log (3”3)} (90)
Ci,p
for every i-pure bucket B;
Now we derive upper bounds on B} ., By, ..., By and compare them with the lower bounds

given by the previous equations.

Bound on the mixed bucket B/ . .
Let sﬁmix = ||Vimiz N Bl,;.||1, this is the total sum of the components of the i-dominant vectors
in Bz N B;nzz
Moreover, let
k _k
Cimiz = Si,miz — E U1,
Ve‘/i,misz;nix

i.e., the total sum of all but the first components in the i-dominant vectors in By N B, ;...

Recall that Y; is the set of i-dominant vectors moved from B; to B,,;; in order to obtain partition

P’. Let sﬁp = ||Y;|l1 and let
k k
tip = Sip— Z v

vey;

i.e., the total sum of all but the first components of vectors in Y;.

In these notations, the superscript & is used to remind the reader that these quantities refer to
vectors with ’low’ ratio.

From Corollary [1| (with i = 1) we have that

g 29 ( gﬁ Sk R Sk )
k k =1 “i,miz 7,p
I(B;nim) <2 (Z Ci;miz + ti,p) log gk + tF (91)
i=1 i=1 "i,miz i,p

48



Moreover, we have

g

Z( zmzx+tk ) <C]1€,mix+t +Z Si,mix zp (92)
1=1

Thus, we have that

/ 29 < =1 z mix + S )
I(Bmzac) < 2 Clmzw+t1p+z Si,mix zp IOg k +Z ( -I—Sk)
1,mza: 1,MIx i,p
< 2 clf mix + zg:(sfmzz +s ) log 4957111:13 k
7 =2 7 cl ,MIT + Z ( 83 ,MIT + Si,p)
+2t 10g 92 ( zmzx+szp)
+ Z ( 1,MIT + Si,p)
49Smi
< 2 (Cl miz 12 Z Si mzz) log ( gmic ) (93)

cl ,mix +2 Zz 2 Si,mix

gz (zmzx+s )
+Z (zmzx+3 ) ’

=2

+2t5 log ( (94)

where the first inequality follows from inequality , Proposition [2|and inequality ; the second
inequality follows from sfp < Simiz and the third inequality from sﬁp < Simiz together with
Proposition 2]

We prove that the expression in (93)-(94) is at most an O(logg) factor of I(Bpiz) + I(B1).
First, we consider the term in that we denote by a.

If ¢z > Smiz/€ then

2gsmi:p
c + 2 s lo
( 1,mix Z lmm) g<clmm+221 2szmw>

Q
I

295mix
< 2¢ + 2 s lo
=~ ( 1,mix Z 'Lm'L:L“) g 261 mzm+2zl 23zmzac>

29Smix >
< 2¢ + 2 Si lo
o ( Lmie Z ’ mm) 8 2cq iz T 2 Zz 2 Ci,miz

2gs
= (201 miz T 2 Z S4 mz:t) 10 29 mu‘
me:
g
S

< <201,mix + 2 Z Sz,mzx> IOg(ge) <4 (Cl,mix + Z T) log(ge) (95)

=2 =2

which is at a O(log g) factor from the lower bound on I(By,i;) given by inequality .
On the other hand, if ¢, < Smiz/e, then the first term of is at O(log g) factor from lower
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bound given by inequality , in fact we have

g
295m;
k mix
o = C1 mi +2 E Si,mix log L
( e i=2 ) Cl,mi:v +2 Z?:Q Si,mix

(2

298mix )
c 2 Si mi lo
( 1,mm Z l,mlﬂ?) g <Cl,mz$ + 2 21922 SZ,mZ(l'

=2

g
Si,mix 29Smix
< A e+ ) =0 10g< m)’
( mix 2 9 ) 1 mzx"’“Z Siymiz

where the first inequality follows from Proposition

Q@

IN

Now, we turn to the second term of , which we will denote here by 5. We have that

B — t]f 10 29(51m2x+81p)+29( 1=2 zmm}+8 )
” tlf,p_'_Zi:Z( zmm+3 )

29(sk 4+
< tlfplog max 9 1’m;f l’p),2g
7 tlvp
4q -
< tlfplog max { =2 ksl’p,2g
7 tlvp
<

4q -
Clp IOg <maX {90151717’29}> )
7p

where the second inequality holds because slfymm < s1p. Moreover, since t’fvp < c1,p the last
inequality holds due to Proposition [2l It is now easy to see that the quantity in the righthand side
of the last inequality is at a O(log g) factor from the lower bound on the impurity of B; given by

inequality [90]
We have completed the proof that I(B] ,.) = O(log g)(I(Bmiz) + I(B1)) as desired.

Bound on i-pure buckets. Recall that Xj; is the set of vectors moved from B,,;; to B; in order

to obtain partition P’. Let sz ‘miz be the total sum of the components of all vectors in Xj, i.e.,

st i = 11 X vex, VIl Let dﬁmm be the total sum of all but the ith components over all vectors

in Xj;, i.e. df{mm = Sszm — ZveX v;. In addition, let 5 be the total sum of the components of

the vectors in the set B; \ Y}, i.e., s = 2Xveny; Vil Flnally, let clp be the total sum of all but

the ith component over all the vectors in B; \'Y; that is ch; sh;) > veB, \v; Vi and let Cz,p be the

total sum of all but the ith component over all the vectors in Y; that is ck’p f’fp — ||Yil|oo-

Case 1.) s;;, > Sjmiz- From Lemma |§| we have that

H
g- Szmzx+5 2 i
18)) < 2 +dﬁm>log( e ’p)>§2< +dffm>log(i j;) (%)

Let v be the first vector of bucket B; that is not moved to By,i, and let s = ||v||;. In particular,
v is the vector with the smallest ratio in B; among those that are not moved to B,,;,. Let ¢ = s—wv;.
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Recall definition of 7; in the construction of P’. We have that

H
Z;Imia: >y > ,p iz (97)
1,Mix p
and
Sf]mm < Siymiz < 3 p TS (98)
where the second inequality follows by the definition of Xz- and Y; under the standing assumption
Sip > Si,mix-
Thus, from @ and l@b we conclude that dZ miz < Cip+ ¢ < ¢ip, hence, c bt dflmm < 2¢p.
Therefore, from and Proposition (2| I we have
I(B]) < 2( + dflmw) log (2gdH> < 4e;plog (gcsm> . (99)
1,NAT P

Case 2.) sip < Simiz-

subcase 2.1) i = 1. From Lemma[9] we have

H H
I(B') <9 H H 1 g(sl,p + sl,mix) <9 H H 1 2g * Smix
(B1) <2(cip + €1 mis) log —H .a S (erp + Amiz)log | 777 —

Let v be the first vector of By, that is moved to B;. Let s = ||v||; and let ¢ = s — v1. By
construction we have that sfp <s1p < s’imm + s.

Moreover,
H k
S + s
1 1
P> >
cl,p Cl,mzx tc

hence cfp < c’imm +c.
Therefore, cfp + C{{miz < 2¢1 miz- Thus, by the above inequality on I(B]) and Proposition
we have

2G  Smi 27 - S
I(BY) < 4e1miz log (98’“) < demiz log (“”) . (100)

Cl,mix Cmix

subcase 2.2 7 > 1.
In this case the bucket B is exactly the set X;. Thus, it follows from the subadditivity of I
that
I(B;) = I(X;) < I(Vimiz) (101)

Thus, by aggregating the upper bounds given by Equations (99} , (100f) and (101)), we get that

9
ZI( <Z4clp10g< > —|—4me10g <295mm> +ZI zmm)
=1

Cmix i—o

The first term is at most O(log g) >-7_, I(B;) due to the lower bound in (90). The second term is
O(log g)I(Bmiz) due to the lower bounds in and (89). Finally, the last term is at most I(Bnz)
due to the subadditivity of I.

O
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