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Abstract

Traditionally, clustering problems are investigated under the assumption that all
objects must be clustered. A shortcoming of this formulation is that a few distant ob-
jects, called outliers, may exert a disproportionately strong influence over the solution.
In this work we investigate the k-min-sum clustering problem while addressing outliers
in a meaningful way.

Given a complete graph G = (V| E), a weight function w : E — INg on its edges,
and p — INg a penalty function on its vertices, the PENALIZED k-MIN-SUM PROBLEM
is the problem of finding a partition of V to k& + 1 sets, Si,...,Sk+1, minimizing
Zle w(S;) + p(Sk41), where for S CV w(S) =3 _1; hcgWe, and p(S) = 3 ;cqpi-

Our main result is a randomized approximation scheme for the metric version of
the penalized 1-min-sum problem, when the ratio between the minimal and maximal
penalty is bounded. For the metric penalized k-min-sum problem where k is a constant,
we offer a 2-approximation.

Keywords: Min sum clustering; outliers; randomized approximation scheme

1 Introduction

1.1 Clustering with penalties

Clustering problems such as k-MEDIAN, k-CENTER and k-MIN-SUM are widely studied in
operations research and computer science. Traditionally these problems are investigated
under the assumption that all objects must be clustered. A significant shortcoming of this
formulation is that a few very distant objects, called outliers, may exert a disproportionately
strong influence over the solution. In this work we investigate the k-MIN-SUM clustering
problem while addressing outliers in a meaningful way.

Given a complete graph G = (V, E) with |V| = n, and a weight function w : E — INo,
on its edges, let w(S) = Ze:{ij}gs w,. The k-MIN-SUM problem is to compute a partition

of V to k sets, {S1,..., Sk}, minimizing S5 w(S;). It is NP-hard even for k = 2, and
cannot be approximated up to any constant for & > 3 [21]. An O(logn)-approximation
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algorithm for k = 2 was given by Garg et al [14] . However if w is a metric, then there is
a randomized PTAS for any fixed & by Fernandez de la Vega et al. [8]. In the following
we wish to generalize the k-MIN-SUM problem and allow outliers that are not clustered. Let
p — INg denote the penalty function on the vertices of G. For S C V' let p(S) = >, ¢ pi-
The PENALIZED k-MIN-SUM PROBLEM is the problem of finding a partition of V to k + 1
sets, {S1,...,Sks1} minimizing S°F  w(S;) + p(Sks1). We denote this problem by kPMS,
and use PMS to denote 1PMS. The formulation of K PMS makes no assumptions regarding
the number of outliers, the outliers are determined by the clustering procedure.

PMS is a partition of the vertices to two sets, one constitutes the cluster while the other
contains the non clustered points. MAX-CUT, MIN-BISECTION and 2-MIN-SUM are three
examples of NP-hard problems that require a partition of a set into two sets, optimizing
a function of the weight on the edges. PMS is different since the target to be optimized
includes the weight on the edges in the cluster, and the weight on the vertices left out of
the cluster.

1.2 Related work

PMS is related to the MINIMUM [-DISPERSION PROBLEM, which is the problem of finding
a subset V' C V of predetermined cardinality ! that minimizes w(V’). The maximization
version of this problem has an O(n?) approximation for some § < % by Feige, Kortsarz and
Peleg [9], and the metric case has a 3-approximation [17].

A modeling of outliers for the location problems k-MEDIAN, and UNCAPACITATED FA-
CILITY LOCATION is presented by Charikar et al [3] . The outliers are integrated into the
objective function by penalizing the clients who are not served. A 4-approximation is pre-
sented for the metric k-MEDIAN with penalties, and a 3-approximation is obtained for the
UNCAPACITATED FACILITY LOCATION problem. For the UNCAPACITATED FACILITY LOCA-
TION an LP rounding technique with the same bound is presented by G. Xu and J. Xu in
[22]. A constant factor approximation for CORRELATION CLUSTERING WITH PENALTIES is
given by Aboud and Rabani [1].

Chen [4] presents a constant factor approximation for the k-MEDIAN WITH OUTLIERS
PROBLEM, where it is required to remove at most m points (the outliers) from a data set, such
that the cost of the optimal k-median clustering of the remaining data is minimal. Scheduling
problems with outliers are considered by Gupta et al [11] and other papers referenced there.

Our work borrows techniques from several papers: Randomized PTAS for metric MAX-
cUT by Fernandez de la Vega and Kenyon [6], metric MIN-BISECTION by Fernandez de la
Vega, Karpinski and Kenyon [7], metric 2-MIN-SUM by Indyk [18, 8], and metric k-MIN-SUM
for fixed k by Fernandez de la Vega et al [8], were presented in recent years. In [8] the
approximation algorithm for 2-MIN-SUM uses the PTAS given in [6] for MAX-CUT when the
clusters are not well separated, i.e the weight of the cut is not much greater than the weight
of the clusters. When the clusters are well separated, it is sufficient to find a representative
from each cluster and use it to estimate the distance between a vertex and each one of
the clusters. The estimate is the distance between the vertex and the representative of the



cluster, multiplied by the size of the cluster. Using the separability of the clusters, this
estimation is sufficient to produce a PTAS.

In [7] the MIN-BISECTION is addressed. In this case the two sides of the bisection are
not well separated, since the cut is minimized, and the problem of good estimation of the
distance of a vertex to each side of the bisection arises. A natural approach to the problem
is to use a sample from each side of the bisection as the basis of the estimation. It is proved
that a sampling method referred to as metric sampling gives a good estimation.

1.3 Our contribution

We prove that PMS is NP-hard even if w is a metric and all penalties are equal. With
general w and equal penalties, PMS is at least as hard to approximate as VERTEX COVER.

A 2-approximation for PMS follows from the approximation framework presented by
Hochbaum [15]. We observe that a faster 2-approximation algorithm can be obtained by
using the same LP relaxation, but rounding it via a primal-dual algorithm.

Our main result is a randomized approximation scheme for the metric PMS where the
ratio between the minimal and the maximal penalty is bounded, for example if all penalties
are equal or there is a constant number of different penalties. The algorithm is based on
methods used to approximate MIN-BISECTION and 2-MIN-SUM [7, 8]. While the approach
in [8] is a PTAS for metric PMS when the cluster includes most of the vertices, it gives
poor results if the cluster is smaller. The approach in [7] is the basis for a PTAS for metric
PMS where the cluster and the set of non-clustered points are both large, but it gives poor
approximation if one of the parts is small. Therefore we present a combination of the two
approaches. For the metric kPMS where k is a constant, we offer a 2-approximation by
generalizing an algorithm of Guttmann-Beck and Hassin [12] for min-sum p-clustering.

The paper is organized as follows. In Section 2 we present hardness results and lower
bounds. In Section 3 we give approximation algorithms for PMS. In Section 4 we give a

PTAS for metric PMS with uniform penalties. In Section 4.1 we describe a 2-approximation
for metric kPMS with fixed k.

2 Hardness results and lower bounds

Theorem 2.1 PMS is NP-hard even if w is a metric and p, = p for everyv € V.

Proof: Reduction from [-CLIQUE: Given a graph G = (V, E) and a number [, is there a
clique of size [ in the graph? We construct the following instance of PMS. We complete G
and set w, = 1 for every e € E and w, = 2 for every e ¢ E. Let p; =1 — 0.5 for every i € V.
Let opt denote the optimal solution value of PMS.

The optimal cluster has at most [ vertices, because in a cluster greater than [, each vertex
increases the value of the solution by at least [ by paying for its edges in the cluster, instead
of paying [ — % by taking it out of the cluster.
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We will show that if there is a clique of size [ then opt < 3I(I—1)+ (n—1)(l — 1) whereas
if such a clique does not exist in G, opt > (I — 1) + (n —{)(1 — 1).

Denote by ¢* the value of a solution whose cluster is an [-clique of G, if one exists. Then,

¢ =3(1—1)+ (n—1)(I — 1), and the first part of the claim is proved.

Let C be a solution with |C| = m < and value c¢. Then,

e (@)oo ][ reen o) -

If there is no [-clique in G then either m < [ and the second inequality is strict, or m = [
and the cluster contains at least one edge of weight 2, so that the first inequality is strict.
In both cases, ¢ > c¢*. [

Theorem 2.2 PMS is at least as hard to approrimate as VERTEX COVER (VC).

Proof: Given a graph G = (V, E), instance of VERTEX COVER, we construct an instance
of PMS such that after excluding clusters with very high cost, the feasible sets for VC and
PMS coincide. We complete G and set w, = |V| for every e € E and w, = 0 for every
e ¢ E, and set p; = 1 for every i € V. Clearly, PMS chooses an independent set C' of G
to avoid paying |V/| for an edge, and its cost is therefore the size of the vertex cover V' \ C.
Therefore, after excluding the clusters which contain expensive edges, the feasible solutions
for the PMS instance are exactly the complements of a vertex cover, and their cost is the
size of the vertex cover. [

We note that Dinur and Safra [5] proved that it is NP-hard to approximate minimum
vertex cover within any factor smaller than 10v/5—21 =~ 1.3606. Khot and Regev [19] proved
that vertex cover is hard to approximate within any constant factor smaller than 2, assuming
the unique games conjecture.

3 2-approximation for PMS

Let . =1 ( z, = 0) if the edge e is (is not) in the cluster, and y; = 1 (y; = 0) if the vertex
i is not in (is in) the cluster. PMS is

Minimize ZEEE WeTe + ZiEV DiYi

Yityp+re =1 Ve ={i,j} € E,
z. € {0,1} Ve={i,j} € E,
y; € {0,1} VieV.

We note that this problem, after changing the objective from minimizing the cost, to
maximizing the profit, is the PRIZE COLLECTING VERTEX COVER PROBLEM introduced in



[16]. The linear programming relaxation, denoted LP-primal, is:

Minimize ) cpwWeTe + D0y Pili

yi_l_yj—i_xezl ve:{iaj}€E7
e >0 Ve={i,j} € E,
Yy =0 VieV.

LP-primal has only half integral basic solutions [15], and a 2-approximation algorithm
is presented in [15] for a family of problems with the same type of constraints with time
complexity O(mn log(%)) where m = |E|. We present a 2-approximation algorithm, denoted

by PD, with time complexity O(m).
Let §(i) ={e € Ele={i,j} € E, j € V}. The dual of the relaxation, LP-dual, is:

Maximize ) .p 2

Ze < W, Ve € F,
Dccsp) Ze SPi Vi€V,
ze > 0 Ve € FE.

A maximal solution to L P-dual is a feasible solution for which any increase in a variable z,,
e € F, results in a non feasible solution. Algorithm PD given in Figure 3 has time complexity
O(m) since a maximal solution to LP-dual can be found by setting initially bounds u; = p;,
and then scanning V' in an arbitrary order, setting for e = {i,j} 2. := min{uw;, u;, w.} and
updating u; := u; — 2. and u; (= u; — 2.

PD
input
1. A complete graph G = (V, E).
2. A function w: E — IN.
3. A functionp:V — IN.
output
A cluster C'.
begin
Find a mazximal solution, f%, to the dual problem.
C:=V\{i e VX cs0) Be = pi}-
return C'

end PD
Figure 1: Algorithm PD

Claim 3.1 Algorithm PD returns a 2-approximation to PMS.

Proof: Denote the value of the approximation by apx = > __ (i.jreC we—i-ziev\c pi, the value
of the dual relaxation by dual = ) . 2, and the optimal solution value by opt. Note that
apx is the sum of p; values over i € V satisfying equality in the constraint ) . 5() Ze < Dis
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and weights w, of edges e whose both ends satisfy strict inequality in the above constraint.
Consider an edge e = {i,j} € E. If i and j are in V' \ C, then Zee(m) 2. = p;, and
Zeeé(j) 2. = pj, and hence z. is charged in apx twice, once in p; and once in p;. If i € V\ C
and j € C then z, is charged in apx only once in p;. If ¢ € C' and j € C then by the
maximality of the solution 2z, = w,., and thus R, is charged in apx only once. We get:
apx < 2% o p 2% = 2dual < 2opt. n

4 PTAS for metric w and uniform penalties

In this section we assume that w is a metric and p; = p for every i € V.

We consider an optimal solution (C*, P*) and use the following notation:
opt - the value of the optimal solution.
apx - the value of the approximation.
C* - the cluster in the optimal solution, and P* =V '\ C*.
For ABCVand ueV:
w(Av B) = ZaeA ZbeB w(a’ b)? w(“? B) = w<{u}7 B)7
w(4) = Ju(A, A),
dy =w(u,V), and Dy = w(A, V).
Note that Dy = w(A,V\ A) +w(A,A) =3 c w(u,V).

Definition 4.1 [7/ A metric sample of U of size t is a random sample {uy,...,u} of U
with replacement, where each u; is obtained by picking a point w € U with probability ICDI_Z’

Note that for any metric, the probability of selecting any given vertex is at least ﬁ
Consequently, it can be shown that with high probability, the number of distinct vertices in
a metric sample of size t = o(n) is at least L. Following [7] we simplify the presentation and

consider the metric sample as a set and not a multiset.

For |C*] < }2 or |P*| < E%, the problem can be solved by exhaustive search in polynomial
time, hence in the following we assume

* * 1
PLICT > . (1)

An intuitive approach to the problem would be to take a random sample of C* |, use it
to estimate the distance of each vertex from C*, and then form a cluster from the vertices
closest to the sample. This approach fails, in general, because the distance between the
points inserted to the cluster is not estimated and it is part of the weight of the cluster.

In several steps of our proposed algorithm, we assume that a certain unknown value can
be used in the computations, assuming that an exhaustive search is applied to a polynomial
number of possible values. For example, to compute a value j such that (1 + €)? < Dgx <
(1+€)7*!, we use the fact that De- < w(V') and search over O(log;,, w(V')) values.



Algorithm Al is presented in Figure 2. It calls the two algorithms UC' and BC presented
in Figures 3 and 4, respectively. The input to each of these algorithms consists of the
complete graph G = (V, E) with |V| = n, a metric w = w(i,j) defined on (i,5) € E, the
penalty p for not including a vertex in the cluster, and a positive constant e. Algorithm Al
produces three solutions which guarantee good approximation in each of the following three
cases.

If |C*| < en then C' = ) is a (1 4 2¢) — approzimation, as proved in Theorem 4.2 below.

For the case |P*| < en we can use a method presented in [18, 8] for the METRIC 2-MIN
SUM PROBLEM. In general, the method in [8] is to find a representing vertex of the cluster,
use it to estimate the distance between every vertex and the cluster, and add the close
vertices to the cluster. This approach works because the number of vertices misplaced in
the cluster is bounded by |P*| < en. This method is used in [8] for METRIC 2-MIN SUM
PROBLEM for the case where one of the clusters is much greater than the other and the
clusters are well separated, that is, the maximum cut is much greater than the weight of
the clusters. In PMS, C* and P* are not necessarily well separated, but as will be proved
in Theorem 4.4 below, an algorithm based on this method is a PT'AS when |P*| < en. We
denote this part of our algorithm by UC.

If |C*| > en and |P*| > en we encounter the following difficulties: Even a large random
sample of C* does not estimate, with sufficient accuracy, the distance w(v, C*). This problem
was addressed and solved in [7] by taking a metric sample which enables to estimate w(v, C*)
accurately. But good estimation of w(v, C*) is not enough. Consider the following instance
of PMS: V.= AU B where |A] = |B| = n, all distances in A and between A and B are 1,
the distances between points of B are 2, and p = n — 1. The optimal solutions are C* = A,
and C* = (A \ {v}) U {u} for every v € A and u € B. Note that for every sample T
of A, w(v,T) = w(u,T) where v € A and v € B. Adding to the cluster points closer to
the sample may lead to adding only points of B, resulting in a poor approximation. The
distance between the points added to the sample should also be considered. We consider
the distances between the added points using the hybrid partition method presented in [10]
and used in [7]. The use in [7] is for the creation of a cut, whereas we create a cluster and
hence the analysis is different.

Our algorithm for the case where C* > en and P* > en is denoted as BC. It BC begins
by taking a metric sample T of size 0(12—4”) from V| by exhaustive search finding T* = C*NT,
and using it to estimate w(v, C*) for every v € V. Let é, denote the estimate of w(v, C*),
and let C' denote the cluster returned by Algorithm BC. We consider only the vertices with
¢y < (14 €)p as candidates for C'. We partition these vertices into the following two sets,
Coe={veV]|e, <p(l—e€}and Cre ={v e V|p(l—e€) <é, <p(l+e}. We assume
C_. C C" and hence add it to C'. We then use the hybrid partition method on the set C',
meaning that we randomly partition C'y, to r = % sets of equal size Vi,...,V,. Assume we
know I; = |V; N C*| for j = 1,...,r (these are found by exhaustive search). The algorithm
begins with C' = T" U C_,, and then goes over V;, 7 = 1,...,r and adds to C the set C} of
the I; vertices with smallest values of ¢(v) = >7, _ w(v,Cy) + @(év — w(v,C_)) from
V;. This step considers the distances between part of the vertices added to C' and ensures
good approximation.



Al
input G, w, p, €.
output A cluster C', and its value apx.
begin
(Ucmina apXUC) = UC(G’ W, Ps 6)'
(BChuin, apxpc) = BO(G,w, p,€).
if np < min{apx; -, apxge}
then
return (@,np)'
elseif (apx; o < apxpo)
then
return (UCpn, apXye)-
else
return (BCh,, apXge)-
end if
end Al

Figure 2: Algorithm Al

UucC
input G, w, p, €.
output A cluster UC;, and its value, apxy .

begin
C:=10.
[ :=|C*|. [Ezhaustive search.]

for every v € V. v is the vertex defining the cluster]
C, =l vertices uw € V' with the smallest values of w(u,v).
end for
v* = argminw(C,).
return (Cy«, w(Cyp) + (n —1)p.)
end UC

Figure 3: Algorithm UC



BC
input G, w, p, €
output A cluster BC\;, and its value apxpge.
begin
De- = {(1 +€)| (14 €)! < De- < (1 + €)'}, [ Ezhaustive search.]
ri=21 [wlo.grisan integer.]
Take a metric sample T of V, |T| =

= |C*|. [Erhaustive search.]

= C"NT. [Erhaustive search.].
YoeV,é,: = D Y uer w(” .

8 1n(4n)

T dy
Cei={veV]é, <pl—e}.
if |C_| > 1

then

BCin := 1 vertices of C_. with the smallest value of é,.
apXpe = W(BCuin) + (n — |BCuin)p-
return (BCiin, apXpo).

end if
C() =T*"U C’_E.
Cic:={veV|pl—e) <é, <p(l+e)}.
Randomly partition Cy. into r sets Vi,..., V. of equal size (as possible).
L =|V;n C’*\, j=1,...,r. [Ezhaustive search.]
for j =1,.

Yo e Uy o0) o= I (v, + =96, — (o, C0).
Cj = l; vertices v € V; with smallest values of ¢(v).

end for

BChyin = U;0}, apxpe = w(BCyin) + (n —1)p.

return (BCiin, apXpe)-

end BC

Figure 4: Algorithm BC



Let C denote the cluster returned by Algorithm Al. Let P = V' \ C. We will analyze the
following three cases separately:
Case I: |C*| < en.
Case 2. |P*| < en.
Case 3: |C*| > en and |P*| > en.

In our analysis we often assume that e is smaller than some constant, without being
specific.

Theorem 4.2 If |C*| < en then apx < (1 4 2¢)opt.

Proof: In this case opt > (n — |C*|)p > n(1 — €)p, and apx < np, which yields i%’t‘ < 1%6 <
1+ 2e. |

For Case 2, |P*| < en, we use the following lemma proved in [8] under the assumption

w(C) + w(P) < e2w(V). Here we do not make this assumption. Note that 2%?‘*) is the

average value of w(v, C*) for v € C*, and hence there is a vertex z € C* for which w(z, C*) <
pliCy
IC*|

Lemma 4.3 Assume |P*| < en. Let z € C* such that w(z,C*) < Qlulg’:). Let C' consist of
the |C*| vertices v € V' with the smallest values of w(v, z). Then,

max{w(C \ C*,C*) —w(C*\ C,C"),w(C*\ C),w(C\ C*)} < bew(C™).

Proof: Note that |[P*| < en is equivalent to |P*| < ;=[C*|.

Let C'\ C* = {y1, 92, ..., Ym} be the set of vertices put by mistake in C, and C*\ C' =
{z1,x9,...,2,} be the set of vertices put by mistake in P. By the triangle inequality for
any sets X, Y, Z C V,

Z1w(X,Y) < [X[u(Y, Z) + |V |w(X, Z). )
Using (2) with X = {2z}, Y = C* and Z = {z} and with X = {z}, Y = {2z} and Z = C*,
and since w(z, C*) < 2% we get for every i = 1,...,m,
. i} 2w(C™)
w(yi,C ) - |C | 'w(yiaz) < |C*| ) (3)
and ——
0" 2) — o€ < 2 ()
Note that .
< |P*| < .
m< |P < | )
By assumption w(y;, z) < w(x;,z) for every i = 1,...,m. Summing (3) and (4) over

i=1,...,m, and by (5),
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m

w(C\ C*,C*) —w(C*\ C,C%) = [w(y;, C*) — w(a;, C*)] <

i[( (5, C*) = [C*| - w(ys, 2)) + (IC7] - w(ai, 2) = wiai, €) | <
_ mw(CY) _ [P w(C) _ e

4
cx| |C*| T 1l—e

w(C¥) < Bew(CH). (6)

Next, we use (2) with X =C*\ C,Y = C*\ C and Z = C*, and (5), to obtain

[C*\
€]

< 2w L < sewier). )

w(C\ C) = %w(C* \C,C*\ O) < w(C*\ C,C) e

Finally, we use (2) with X = z;, Y = y; and Z = C*, sum over i = 1,...,m, and then
use (6), giving

|0*|Zw<xi,yi> < w(C*\ C,C*) +w(C\ C",C7)
= w(C\C*,C*) —w(C*\ C,C*) + 2w(C*\ C,C)
< (14_€€+2)w(0*). (8)

By the triangle inequality w(y;,y;) < w(yi, x;) + w(x;, z;) + w(z;,y;). Summing over i =
1,...,mand j=1,...,m, and using (7), (8) and (5)

w(C\C*) < m Z w(@, yi) + w(C*\ C)

m 4e 2¢
< * *
< o (1 E+2)w((1)+1 w(C™)

4e € N «
1_€<1_E+1>w(0)<56w(0 ).

Theorem 4.4 If |P*| < en then apxy < (1 + 20¢)opt.

Proof: It is sufficient to prove the bound for the solution value generated when Algorithm
AC considers a vertex z € C* for which w(z, C*) < Z%(f‘ ) and [ = |C*|. Therefore, we can
use the bound given in Lemma 4.3.
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Let X =C*\C and Y = C'\ C*, then

apx —opt = [w(¥,C"NC)—w(X,C*"NC)|+ [w(Y) — w(X)]
[w(Y, C7) —w(Y, X)] = [w(X, C7) = w(X, X)] + [w(Y) — w(X)]
[w(Y,C") —w(X,C")] +2w(X) + w(Y) —w(Y,X) —w(X) < 20ew(C™),
where the inequality holds by Lemma 4.3. [

For Case 3, |C*| > en and |P*| > en, we use the following lemmas:

Lemma 4.5 Let Yy, ... Y, be independent random variables such that 0 <Y; < b; for every

i. Let Z =Y Y;. Then,
2. by
51z - Blz]]) < /=%

Proof: This inequality follows directly from Lemma 2.4 in [7] since (V) < %. "

Consider a given value t, and a set U C V. Let T = {uq,...,u;} be a metric sample of
U of size t. For every vertex v € V define

_ Dy —~w(vvw)
ot d,

ueT

(Y

Lemma 4.6 [7]
Prllw(v,U) —e,| < ew(v,U)] >1— 2e /8,

and

2
Eflw(v,U) —e,|] < %w(v, U).

Lemma 4.7 Let T = {uy,...,u;} be a metric sample of V' where t > 634, and let C C 'V
where |C| > en. Then T N C is a metric sample of C, and Pr{|[TNC| > te’] > 1 —e.

Proof: Clearly C'NT is a metric sample of size |T'N C| of C. It is sufficient to prove the
inequality for the boundary case |C| = en and |P| = [V \ C| = (1 — ¢)n. By (2) with
X=Y=Pand Z=C, en-w(P,P) <2(1 —¢)n-w(P,C). Therefore,

Dp = w(P, P) + w(P,C) < w(P,C) (1 + M) |

€
Also, D¢ > w(C, P), and by the metric sample definition, for 1 = 1,... ¢

De € €
Priu; € 0] > > -
rlu ]_DC+DP_€+€+2(1—€) 2

12



The random variable |C' N T'| stochastically dominates the binomial random variable
X ~ B(t,5), and by the Central Limit Theorem, for ¢ > % and € < 1,

PriX > 2E[X]] = 1-Pr[X < QEE[X]]

S e (2 — 1)t )
Et)

( _£)2

[\

Y

—
|

iy

AV
—_
|
KA
/‘\/h/\
™M
o
~
| ~~

Recall the definitions of C_ and Cy. in Algorithm BC. We also define C'y := {v €
V0é, < p(1 +¢€)}. Note that C_., Cy. and C. are random variables defined by the metric
sample T

Remark 4.8 To simplify the presentation, we assume in the following that Dg« = DC*,

implying e, = é, for every v € V. Since % < 1+ ¢, then also e, = g_g:év < (1 + €)é,,

and the real value of the solution is at most 1 4 € times the value of the solution under this
assumption.

Lemma 4.9 Consider Algorithm BC.
1. Pr [(|Tm C*| > M) A (w(v,C*) < 2p Yo € Cut)| > 3(1 — ).

2. E[|P*NC_|] £1 and E[w(C, P* N C_,)] < 4eopt.
3. E[|C*\ Cyi]] <1 and E[w(C* \ Cie, C*)] < copt.

Proof: By Lemma 4.7, T'N C* is a metric sample of C* and

8In(4n
Pr(|TNC* > €|T|] = Pr {|TOC*| > al )} >1—e (9)
€2
Assume [T N C*| > 8111(24n) v1,...,0,. Note that ¢ and vy, .. vq are random variables
resulting from the choice of the metric sample. Then, for i =1,.
Priw(v;, C*) > 2p] < {w (v;, C™) 2 }
—€
— Pr - Qu(n.C e o
< [(1 — Juvs, C) = ]
< —e2|TNC*|/8
< 26— 1n(4n) — i
— 2n7
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where the second inequality holds since, under the assumption é, = e,, for v € C(, e, <
(1 + €)p, and the third inequality holds due to Lemma 4.6. Hence for large n,

1\"_3
) < > - — > —.
Priw(v,C*) <2p Vv e Cy] > (1 Qn) >

This inequality with (9) concludes the proof of part 1.

Suppose that P* = {uy,...,u,. Then for v = w;, i = 1,...,r, w(v,C*) > p since
otherwise a better solution is created by adding v to C*. By Lemma 4.7 T'N C* is a metric
sample of C* and Pr[|T N C*| > €|T|] = Pr [|Tﬂ C*| > %} > 1 — ¢, and hence by
Lemma 4.6,

Prle, < (1 —¢€)p]

IN

Prle, < (1 —e¢)w(v,C)]
= Prw(v,C*) —e, > ew(v,C")]
< ge-elmncris o 1
< S 50
and therefore
E[|PPNC_]] < %n <1 (10)

Consider y € C and v € P*NC_.. Using (2) with X = {y}, Y = {v} and Z = C*, and
using the first part of the lemma, then with probability %(1 —€),

w(o,C*) + w(y,C*) _ 4p

The proof of part 2 is concluded by
* * 4p 4 2
E[w(C,P*NC_)] < E[|C|]E[|P* N C_] [0 = 4 < gopt < dcopt, (12)

where the first inequality follows from (11) and |C| = |C*|, the second from (10), and the
third from (1) and opt > p|P*|. This concludes the proof of part 2.

Since obviously, w(v, C*) < p for v € C*, and by Lemma 4.6
Prle, > (14+¢€)p] < Prle, > (1+ e)w(v,C")]
Prie, —w(v,C*) > ew(v, C")]
1

< 26—t62/8 < —
- — 2n

where ¢ = |T'|, and
1
El|IC*\Cy || < =—n < 1.
167\ Cu] < o <

Finally, from w(v,C*) < p for v € C*, and |P*| > =, it follows that E[w(C* \ Cy.,C*)] <
p < €2opt. n
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In the following we assume that C_. C C* and that C* C (.. It follows from the third
part of Lemma 4.9 that with probability (1 — ¢€) the expected weight of the errors due to
this assumption is O(eopt).

The following lemma is based on the deterministic analysis in [7]. For j = 1,...,r, let
C; = C"NVj, and let I; denote the following left part of the hybrid partitioning:

:(UCk)U( U Cr)-

k=j+1

Under the assumptions C_. C C* and C* C Cy, Iy = C* and I, = C. For j =1,...,r
consider the points that are classified differently in [; and I; ;. Let X; := C;\ C; =
{21, om} and Yy = O3\ CF = {1, ..., ym}-

Lemma 4.10 Forj=1,...,r
' * r—= .7 +1 *
Elw(Ij) —w(lj—1)] < sumuerijEHw(u, U Cr) — Tw(u,c NCqc)
k=j
Flw(u, CF) — eu@ + Elw(Y;, X;).

Proof:

w(l) —w(lj—1) = w(¥j, L\ X;) +w(Y)) — [w(X;, L1\ Xj) + w(X;)]
w(Yj, Ij—1) —w(Yj, Xj) + w(Y;) — [w(Xj, [j—1) — w(Xj, X;j) + w(X;)]
= w(}/})jj—l)_w(X]’I] 1) +w(Y] )—l—w(X) w(Yjan)

;1
< Y [wlyis Ii—1) — wl@i, i-1)] + w(Yj, X;)
=1
;1
< Z[w(yialj—l)_é(yi)'i'é(mi)_w(xzal )] +w(Y;, X;)
< D w(u L) —e(w)| + ) w(u, Ii—y) — e(u)| + w(Y;, X;)
ueX; ueYj
= > |w(u, L) — e(u)| + w(Y;, X5). (13)
ueX;UYj

The first inequality is due to (2) with X =Y =Y}, Z = X and | X;| = |Y]|, giving w(Y;) <

w(X;,Y;). Similarly, w(X;) < w(X;,Y;). The second inequality holds since ¢(y;) < é(z;).

Under the assumption é, = e,, for u € V},

o) = 3 wiu, ) + = =D e, ~ w0,

r
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and therefore,

w(u, Ij1) — o(w)] = U 0t~ " ey wlw, 0]
— LJC’,;k T_‘7+1[eu+w(u,C*OCﬂ)—w(u,C*)”
< U Cr) — r-itl w(u, C* N Ce)| + |w(u, C*) —ey].  (14)

Substituting (14) into (13) and taking the expectation on both sides completes the proof of
the lemma. ]

Theorem 4.11 If |C*| > en and |P*| > en, then with probability of at least s=(1 — ¢),
apxpe < (14 32¢)opt.

Proof: In the following we assume for every v € C',
w(v, C*) < 2p, (15)

and |T'NC*| > %. By the first part of Lemma 4.9, these assumptions hold with
probability of at least (1 — €).

Fix j € {1,...,r} and w € X; UYj and let Z, = w(u,U,_; Cf) = >, w(u, C’,’;)
Since Cly is randomly partitioned into Vi,...,V,, E[Z,] = &= JH w(u, C* N Cx.) and Z, =
Y secney, WU, 8)Ag, where {Ag} are 0/1 i.i.d. random varlables with Pr[A, = 1] = ==+

We use (2) with X = {u}, Y ={s} and Z = C*, (15), and the fact that w(s,C*) < p for
s € C*, to obtain for every u € Cy. and s € C*

w(u, C*) +w(s,C*) < 3p
€] —lesp

wiu, ) < (16)
We use Lemma 4.5 for Z, = > _cune,. w(w, 8)As == ) coene,, @s, where Q, for every

s € C" N CL4, is nonnegative and bounded by bs = to obtain

IC*I7

E[|Z, - \/ZSEC NCite 329

and therefore, for every u € X; UY]

2 fu Uc* ”1 w(u, C* N Cy)|] = B[|Z, ~ B[2,]]] < )

2,/1C*|
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By the second part of Lemma 4.6, (15), and the assumption |7'N C*| > 81116(24"), for every
u € Xj U Y;‘,

. 2w(u, C*) ew(u, C*) V2ep

Blhw(w, € — el < VT NCx = V/21n(4n) = V/In(4n) (18)
Substituting (17) and (18) in Lemma 4.10,
Elu(l) ()] < B |uw(Y), X))+ 23(?;@ﬂ+vﬁ2m>
3p Ep
— E(w(Y;, X))+ 2EY;
(Y, X)) + "2¢Wﬂ+v%em]

< Bw(Y), X,)) +4¢|P"[p. (19)

The second inequality holds since by (1) |C*| > 5 and |P*| > %, and by assumption
E[|Yj|]] <€|lP*|. Let z € X; and y € Y}.

Recall that we randomly partitioned P* into r = L subsets V; ..., V, giving each vertex
an equal probability to be in any of the subsets. Therefore E[|V;]] = e]P*\ and since Y; C 'V
E[|Y;?] < E[|V;!] = (1 — 2€)e| P*|. Summing (16) over all x € X; and y € Y; gives

EY;]- X030 E[|Y;[*]3p

Elw(X;,Y;)] < = < 3e|P*[p < 3€%opt. (20)
i |C¥| €|
Substituting (20) into (19) and noting that opt > | P*|p,
Elw(L;) - w(l; 1)) < 8opt. (21)
Summing (21) over j =1,...,r = % gives,
Blw(C) — w(C")] = Elu(I,) - w(lo)] < Seopt. (22)
By Markov’s inequality with probability 2(1 — ¢),
Elw(C) —w(C")] 8 3
P — *) < 32eo0pt)| > 1 — >1——==-.
rlw(C) — w(C*) < 32eopt)]| > S2copt > 3= 1
n

Theorem 4.12 There is a polynomial time approximation algorithm for PMS.

Proof: By running Algorithm Al O (log %_6) times, we obtain the approximation ratio as
follows from Theorems 4.2, 4.4 and 4.11. [
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Remark 4.13 Algorithm Al can be generalized to give a randomized approximation scheme
for metric w with non-uniform penalties, assuming a constant bound on the maximal to
minimal penalty ratio. For simplicity, assume that the penalties p, are integers in {1,...,p},
where p is a given constant. The running time of the algorithm depends on p and e. We
briefly outline the changes needed to accommodate this generalization.

A similar proof as in Theorem 4.2 shows that if |C*| < en, then the solution C' = ()
is a good approximation. In this case, opt > n(1 — €) whereas apx < opt + enp, so that
2 <1 +e(l+¢€)p.

opt

Define D; = {v € V|p, = i}. The adaptation of Algorithm UC' is based on finding by
exhaustive search the values I = |C*N D;|, so that C' includes the optimal number of vertices
from each penalty value. This property allows us to assume that for every vertex of penalty
1 put by mistake in C', there is a vertex of penalty value ¢ put by mistake in P, i.e. the
sets X and Y can be paired in such a way that the penalty of the vertices within each pair
is identical. The metric sample from C* taken in BC' to estimate the distance to C* is as
efficient in this case as it was in the uniform case. However, we do require that the values
lj- = |C* N D; NV;| will be found by exhaustive search, so that we may assume that for every
vertex of penalty 7 put by mistake in C}, there is a vertex of penalty value ¢ put by mistake
in Pj, i.e., the sets of errors X; and Y; can be paired so the penalty of the vertices within
each pair is identical.

4.1 2-approximation for metric k\PMS

In this section we generalize [12], which offers a 2-approximation for the metric K-MIN-SUM
problem for a fixed k. We suggest the following algorithm:

o Let G' = (V/,F') where V! =V U{z}, E' = EU{(v,2)|lv € V}, and w(v, z) = p, for
every v € V.

e For every set of sizes [y, . . ., ;41 satisfying Zf’:ll l; = n, and k distinct vertices {v; }*_; C

V', compute a partition of V into k+1 disjoint sets {51, ..., Sk, Sgr1} of sizes Iy, . . ., lp41,
such that the cost S5 liw(vy, S;) + 2 vesy,, W(z,v) is minimized.

e Return the partition of minimum cost {S7, ..., S}, }, where S}, ..., S} are the clusters,
and Sy is the set of unclustered vertices.

Let apx = Zle w(S;) + ZUES;+1 py. Denote the cost of the optimal solution by opt.

Claim 4.14 apx < 2opt.

Proof: The proof is identical to that of Theorem 3.1 in [12], the only change is that the
sum of penalties over S, is added to apx and the corresponding sum is added to opt. =
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