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—— Abstract

We study the problem of k-means clustering in the space of straight-line segments in R? under
the Hausdorff distance. For this problem, we give a (1 + ¢)-approximation algorithm that, for
an input of n segments, for any fixed k, and with constant success probability, runs in time
O(n+e 9" 4 g~ 0w . logo(k)(sfl)). The algorithm has two main ingredients. Firstly, we express
the k-means objective in our metric space as a sum of algebraic functions and use the optimization
technique of Vigneron [40] to approximate its minimum. Secondly, we reduce the input size by
computing a small size coreset using the sensitivity-based sampling framework by Feldman and
Langberg [21, 22]. Our results can be extended to polylines of constant complexity with a running
time of O(n + e~ 9®),
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1 Introduction

The k-means clustering problem is as follows: Given a point set in a metric space, find
a set of points, called centers, such that the sum of the squared distances from each
input point to its closest center is minimized (over all possible choices of centers). It is
a fundamental algorithmic problem with a ubiquitous role in data analysis in numerous
application domains. As such, it has been studied extensively in geometric and general
metric spaces, under various constraints on the objective and the choice of centers, and
with a focus on complexity lower and upper bounds and the quality of the (approximate)
solution [1, 2, 3, 8, 9, 11, 12, 13, 14, 15, 16, 17, 18, 21, 22, 25, 28, 31, 34].

In geometric settings, almost all previous work involves clustering points in some low- or
high-dimensional Euclidean space. Notable exceptions include the work on k-means clustering
for lines with point centers [32], and the works on k-center [5] and k-median [6, 10, 19, 37)
clustering for polygonal curves with respect to the Fréchet distance; for k-center, one seeks
to minimize the maximum distance to the closest center, while for k-median, one seeks to
minimize just the sum of the distances (instead of the sum of the squares) to the closest
centers. In this paper, we consider the k-means problem in the space of segments and of
polylines of constant complexity in the plane with respect to the Hausdorff distance.
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1.1 Formalization of the problem

Let (S,dy) be the metric space of closed straight-line segments in R?, where dg is the
Hausdorff distance. Given a set S of n weighted segments, where each s € S has an
associated positive weight ws € R, and for any k segments s1,..., s playing the role of
“centers” of the clusters, we define the objective function

costg({s1,...,8k}) = Zws~min{d§{(51,s),...,d%(sk,s)}
ses

and define the k-means problem as the problem of finding a minimizer, i.e., a set of segments
S* = {s7,...,s5} that minimizes the above cost. Note here that quite often we deal with
unweighted input segments. However, for technical reasons (made clear later in our discussion)
in order to incorporate coresets in our algorithm, we have to consider the more general case
of weighted segments. Also note that we study the continuous version of the problem, where
the solution segments can come from anywhere in (S,dg). This is harder than the so-called
discrete version, where the solution segments have to be selected among the input segments.

We also consider the k-means problem for polylines, each with a bounded number of
segments, under the Hausdorff distance, where the definition of the problem is analogous.

We remark here on an interesting connection to the older and closely related concept of
the Fréchet mean [24]. This is a generalization of the classic notion of mean or average to any
abstract metric space. For a finite point set P in a metric space (M, d), a Fréchet mean is any
minimizer of the so-called Fréchet variance costp(q) := ZPEP d*(q,p), taken over all ¢ € M.
For Euclidean spaces, the Fréchet mean is the usual arithmetic mean. (Other usual means
can be recovered as Fréchet means by considering other distances.) The Fréchet mean is a
well-studied concept in Statistics and in Riemannian spaces, where sometimes it is known as
Karcher mean, see [38] for a general, comprehensive treatment. Computing a Fréchet-mean
is precisely the 1-means clustering problem while the k-means is the generalization where
the cost of each cluster is given by the functional defining the Fréchet mean.

1.2 Results

Our main result is a (1 + ¢)-approximation algorithm for the k-means problem in (S, dg).
The algorithm runs in O ((n + g IOk+dmn 4 —12k=3 log4k+1(€_1)> (log(1/5)> time, for any
fixed k, any n > 0, and with success probability at least 1 — 0 (the constant hidden in the
O-notation depends on 1 and k).

There are two main ingredients in our algorithm. For the first one, described in Section 2,
we express the k-means objective in the space (S,dy) as a sum of algebraic functions of
constant description complexity. This algebraic approach allows us to use the optimization
technique of Vigneron [40] for approximating the minimum. This is, to the best of our
knowledge, the first application of this technique in the context of clustering. While this
technique is very expensive when applied directly to the entire set of input segments, we can
decrease the running time dramatically by combining it with coresets. This is the second
ingredient of our algorithm, described in Sections 3 and 4 namely, we use the sensitivity
framework of Feldman and Langberg [21, 22] to compute a small coreset of the input and
then we apply the former algebraic approach to the coreset.

We then extend this result to polylines of description complexity at most £ = O(1); this
is given in Section 5. In this context, each input polyline and each solution polyline has at
most ¢ segments, but we may put in the solution polylines that are not part of the input.
The running time becomes O ((n +e~9*9) log(1/9)).
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As a side-result, in the full version of this paper, we consider the Fréchet mean (or
1-means) problem in a concrete example with two perpendicular segments that intersect at
their centers. We show that even in this simple setting the set of Fréchet means is surprisingly
complex. The optimum is attained in a 3-dimensional subset of the 4-dimensional parameter
space needed to model the space of candidate segments. This example also prompts to the
benefit of looking into an algebraic approach for the general setting.

1.3 Related work

For general metric spaces, k-means (as well as k-median) clustering is APX-hard (when
k is part of the input) [15, 26]. Several polynomial-time, constant factor approximation
algorithms are known for both the continuous and discrete versions of the problem [1, 8]. For
the discrete version, there even exist algorithms that achieve factors arbitrarily close to the
lower bound [26] and run in FPT-time with respect to k and the approximation error ¢ [17].

The Euclidean k-means, where the input is a set of points in R?, is NP-hard for d = 2 [34]
and APX-hard when d = w(logn) [2]. The problem admits EPTASs with respect to k and
¢ [31] and with respect to d and ¢ [11, 13].

As for the Fréchet mean, it has been considered for persistence diagrams [36, 39], point
sets on the unit circle [7], and in the space of graphs [23, 30, 35], to name a few metric spaces
far from the Euclidean setting.

1.4 Definitions and notation

For each point p € R?, we use x(p) and y(p) for its two coordinates. Thus, p = (z(p), y(p)).
For any two points p,q € R?, we denote by pq the segment with endpoints p and ¢, and
by |pq| the Euclidean distance between them: |pq|? = (x(p) — 2(q))? + (y(p) — y(q))?. For
simplicity we assume that all input segments have positive length.

Recall that the Hausdorff distance dz (A, B) between any two compact subsets A, B C R?
is defined by

dy(A,B) = max{max min |ab|, max min |ab\}.
acA beB beB acA
Define §(a, B) = minye g |ab| for the (directed) distance from a point a to a closed set B. It
is well known and easy to see that for any two segments s; = a1b; and so = asby in S

dH(Sl, 82) = max{é(al, 82), S(bl, 82)7 (5(0,2, 81),5(b2, 81)}. (1)

2 An algebraic approach to k-means in (S,dp)

We use the following adaptation of the definition of a nice family of functions by Vigneron [40,
Section 2.1]. Let F = {f; : R? — R | i € I} be a finite family of functions, where I is some
index set. We say that F is nice if there exists a constant A > d > 0 such that:
each f; € F is nonnegative and bounded;
for each f; € F, there exists a semialgebraic set supp(f;) C R? and an algebraic function
g; of degree at most A with f;(x) = g;(z) for x € supp(f;) and f;(x) = 0 for = ¢ supp(f;);
for each f; € F, the semialgebraic set supp(f;) € R? is a boolean combination of at most
X subsets of R?, each of them defined by an polynomial inequality of degree at most \;
for each f; € F, the restriction of f; to supp(/f;) is continuous.

28:3
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Note that the definition allows that the sets supp(f;) are open, closed or mixed. It also
allows that f; is discontinuous in R? \ supp(f;), which may include the boundary of supp(f;)
in some cases.

Our use of this concept will be through the following result for computing an approximation
to the minimum of the function ), f;.

» Theorem 1 (Adaptation of Theorem 3.4 in Vigneron [40]). Assume that ¢ € (0,1). Let
F={fi :R* 5 R | i€ I} be a nice family of m functions. Define g = > icr fi and
assume that mingcga g(z) exists. Then we can compute a point x. € RY such that g(z.) <
(1 + &) mingega g(x) in time O(m2241 4 (m/e) log?™ (m/e)) for any n > 0.1 The
constant hidden in the O-notation depends on n and on d.

Let us first consider the simpler case of two segments and how their Hausdorff distance
is defined. We parameterize a segment ab as the point (z(a),y(a),z(b),y(b)) in R*. Note
that in this parameterization we have the artifact that the segments ab and ba give different
points in R%.

Let £y be the line supporting a segment ab. For a point p, the distance d(p, ab) is given
by one of the three terms |pal, |pb|, or 6(p,lap). For a point ¢ € R? and a segment ab,
let £, (¢q,ab) be the line perpendicular to £, through ¢. The lines £, (a,ab) and £, (b, ab)
partition the plane into three 2-dimensional faces (Figure 1) with closures

o(ab) = the closed slab between ¢, (a,ab) and ¢, (b, ab),
7(a, ab) = the closed halfspace defined by £ (a, ab) that does not contain b,
7(b, ab) = the closed halfspace defined by ¢, (b, ab) that does not contain a.

‘We then have

|pal if p € 7(a, ab),
6(p,ab) = < [pb| if p € 7(b, ab),
5(p, L) if p € o(ab).

From Equation (1), we conclude that, for any two segments ab and a'b’, the distance
dp(ab,a'b’) is given by one of the functions in the family

F(ab,a't') = {l|ad'|, |ab'|, [ba'[, |bb'], &(a,larr), 6(b,larr), O(a’,lap), (V' lap)}.

We next argue that all the expressions involved are algebraic. A point p lies on the line
£} (a,ad) if and only the scalar product of the vectors ap and ab is zero. This is equivalent to
(z(p),y(p), z(a), y(a), z(b), y(b)) being a zero of the algebraic (actually polynomial) function

1/)(%%%, Ya, xbvyb) = ((E - :L'a)(ifb - xa) + (y - ya)(yb - ya)~

The sign of this expression also tells us which side of ¢, (a, ab) the point p lies on. Note that
this function is linear in x and y, while it is quadratic in 2, and y,. Symmetrically, the sign
of ¥(z(p), y(p), z(b),y(b), x(a),y(a)) tells us which side of £, (b, ab) point p lies on.

In the following, we will treat the segment a’b’ as variable, identified with R*, while the
segment ab will be fixed. We will show that the space R* can be decomposed into cells such
that, within a cell, the distance dg(ab,a’d’) is defined always by the same function from

! As noted in Vigneron [40], one needs to assume either the Real-RAM model of computation (which is
standard in computational geometry) or a model where we can choose the precision of the intermediate
computations, and then the computational complexity of the algorithm depends on the desired precision.
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£, (b, ab) £y (a,ab)

Figure 1 The regions o(ab), 7(a, ab) and 7(b, ab).

F(ab,a’t’). Such a decomposition is given by the eight algebraic hypersurfaces describing
the conditions

a' €l (a,ab), b' €, (a,ab), a’ € £, (b,ab), b’ € £, (b,ab),
a€ly(d,d?), bety(d,at), act (b,d'b), bel, (b, a'b),

together with a set of hypersurfaces, “bisectors”, each defined by the set of points where two
appropriate functions from F(ab, a’b’) meet; this will become clear shortly. Finally, we note
that each function in F(ab,a’t’) is algebraic of constant degree; for example, elementary
algebra shows that

52 (d! ) = ((x(b) —a(a))(y(a) —y(a’)) — (z(a) — z(a)) (y(b) — y(a)))2
o (2(a) — 2(0))” + (u(a) — 9(0))’ |

We parameterize the space of (sequences of) k segments a1b1,...,arb; (the k candidate

cluster centers) by the point

(m(al)’ y(al)v x(bl)’ y(bl)’ s ’x(ak)vy(a'k)vx(bk)7y(bk)) € R*.

Similarly, each z € R** defines a k-tuple of segments with s1(z) = a1(2)b1(2),...,s:(2) =
ax(z)bi(2) by taking the inverse of the parameterization.

» Theorem 2. Let k be a fized, positive integer and let s be a segment in the plane. In O(1)
time we can construct a nice family Fs = {f : R* — R} of O(1) functions such that

Vz € R* = min d3; (s, 5;(2)).
z > f2) min di; (s, 5:(2))
feFs
Proof. Let s = ab be the fixed segment. For each index i € [k], we consider the set X(i) of 8
hypersurfaces in R**, each of them given by one of the following conditions
a; € Zl(a,ab), b; € Q(a,ab), a; € ﬁl(b, ab), b; € EL(b, ab),
a < KL(ai,aibi), be EL(ai,aibi), ac éL(bi,aibi), be @(bi,aibi).

Note that here z(a), y(a), z(b) and y(b) are input data while z(a;), y(a;), x(b;) and y(b;)
are variables defining coordinates in the parameter space R**.

28:5

ESA 2023



28:6

On k-Means for Segments and Polylines

Set ¥ := Uje[r X (7) and let As, be the arrangement in R** defined by ¥. From the foregoing
discussion, we have the following property: for each cell ¢ of Ay and each index ¢ € [k], the set
of functions F(s,a;b;) stays the same and each of the distances d(a, a;b;), (b, a;b;), d(a;, ab),
and d(b;, ab), is given by the same function from F(s, a;b;). Thus, for all z € ¢, the distance
dp(s,si(z)) is described by the maximum among the same four functions from F(s, a;b;).

In order to make clear that only the coordinates of a; and b; are relevant in the functions
in F (s, a;b;), we change the notation to G; and take each function g of G; to map from R** to
R. Formally, for each function f € F(s,a;b;) we put into G; the function g(z) := f(ab, s;(2)).

We next define a set A of algebraic hypersurfaces in R* playing the role of “bisectors”.
For each 4, j € [k] with ¢ < j, we define A(4, j) as the hypersurfaces given by equating each
function of G; to each function of G;. Note that each hypersurface is defined by a polynomial
equality of degree at most 6. Since G; has 8 functions for each i € [k], the set A(4,j) has at
most 82 = 64 hypersurfaces (it is 32 for A(4,1)).

Set A := Ujci) Ujer),i<j A4, ) and let Ay be the arrangement in R** induced by A. For
each cell ¢ € Ap the sign of each function g(z) — ¢’(z) remains constant for g € G;, ¢’ € G;
and z € c.

Finally, let A be the arrangement in R** induced by the hypersurfaces in ¥ U A. Note
that this is a refinement of Ay, and Ay, meaning that each cell of A is contained in a cell of
As and a cell of A,.

Consider a cell ¢ € A. Since ¢ is contained in a cell of Ay, for each i € [k], each function
in the set A;(c) = {0(a, s:(2)), (b, s;(2)),0(a;(z),ab), and 6(b;(z),ab)} is given by the same
function of G; for all z € ¢. Moreover, since ¢ is contained in a cell of Ay, for every two
distinct functions §,6" € A,(c) the sign of § — ¢’ is constant for all z € ¢. From these
two facts we conclude that, for each i € [k], there is some function g.;(z) € G; such that
dp(s,si(2)) = gci(z) for all z € c¢. This function can be easily determined in O(1) time per
cell by evaluating each function in A;(c) at some arbitrary point in c.

Similarly, since ¢ is contained in a cell of Ay, we have that for each distinct 7,5 € [k] the
sign of

dr(s;8i(2)) = du(s,85(2)) = gei(2) = ge,j(2)

is constant for all z € ¢. This implies that, for each cell ¢ € A, there exists some index
t(c) € [k] with the following property:

Viclkl, z€c: du(s,s,)(2) <du(s,si(z)).

In other words, the segment s,(.)(2) is a closest one to s among s1(z), ..., sx(z) and moreover
the distance dg (s, s,()(2)) is given by a single function g, ,(.) from G, (). Thus, for each z € ¢
it holds min;epy) dr (s, 5i(2)) = ge,u(c)(2). As before, the function g ,(.)(2) can be determined
in O(k) time per cell by evaluating each dg (s, s;(z)) at some arbitrary point in c.

For any set A, let 14 be the function with 14(z) =1ifx € Aand 14(z) =0if x ¢ A.
For each cell ¢ € A, define the function k. : R* — R by h.(2) = 1.(2) ~gib(c)(z). Finally,
set Fy := {h. | c € A}. We can then express the function

z € R*™ s min d% (s, 5i(2))
i€ k]

as

erelbg d3; (s, si(z Zl 2) g* (o) Zh Z h(z)

ceA ceA heF,
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Since ¥ U A has O(k?) = O(1) hypersurfaces, the arrangement A has O(O(k?)*) = O(1)
cells, each of them described by O(k?) = O(1) algebraic inequalities of constant description
complexity and the family of functions F; has the desired properties, where the constant
A used to define the niceness is O(k®¥). Constructing A (i.e., with algebraic descriptions
for each cell) takes O(O(k2)*#+160(40)")) = O(1) [4, Chapter 16]. The family F, can be
constructed in this time as well. <

We can now apply Theorem 1 combining all the functions Fs for s € S and compute a
set of k segments whose cost approximates that of an optimal set of segments.

» Theorem 3. Let k a fized, positive integer and let € € (0,1). Let S be a family of n
segments in the plane with positive weights. We can compute k segments s1c, ..., sk in R?
such that

costs({s1,e,---58ke}) < (1+¢) min{costg({sl, cesSEE) | ST,y Sk segments}

in time O(n®* =241 4 (n/e)*+110g™® 1 (n/c)), for any n > 0. The constant hidden in the
O-notation depends on n and on k.

Proof. For each segment s € S we compute the family Fy of Theorem 2. This takes
O(n) - O(1) = O(n) time in total. To account for the weight ws > 0 of the segment s,
we replace in Fg each function f € Fg with w, - f. Define F := UzcsFs and the function
9:=>_sex f- Note that F is a family of O(1) - O(n) = O(n) nice functions and

VzeR¥: g(z) = Z Z flz) = Zws~mindH(s,si(z))2 = costg({s1(2),...,sk(2)}).
€S fEF, ses €I
We can then use Theorem 1 to find in time O(|F|> =241 4 (| F|/e)*+ 1 log™ 1 (| F|/e)), for
any 1 > 0, a point 2. € R* such that
g(zL) < (1+¢) min costs({s1(2),...,sk(2)}).
z€Rk

The point 2. € R* defines the segments s1 ¢ 1= s1(2.), ..., Ske = sk(2L). As 51(2),...,5%(2)
goes over all k tuples of segments when z iterates over all R we have

min costg({s1(z),...,sx(2)}) = min costg({s1,...,5k}).
zER%E 81y-+458k

We conclude that

IN

(14+¢) min costs({s1,...,8k})- <

8150458k

costg({s1,e, > Sket = g(zL)

3 A coreset for k-means in (S,dp)

We use the sensitivity framework of Feldman and Langberg [21, 22]. Let F be a finite set of
functions, each of them mapping from R? to R>q. The sensitivity of f € F with respect to
Fis
o(f,F) := sup &
2€RY Z g(2)
geEF
We also consider the following range space

ranges(F) = (F,{{f€F|f(z)>r}|z€eR? re0,00)}).

We will use the following theorem from [22], which we state here adapted to our needs.

ESA 2023
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» Theorem 4 (Adaptation of Theorem 31 in Feldman et al. [22]). Let F be a set of n functions
from R? to [0,00) with the following properties:
For each choice of weights wy > 0 for f € F, the range space range>({wys - f | f € F'})
has bounded VC-dimension.

For each f € F we are given a value 6(f) such that
1
&(f)Zm and  &(f) = o(f, F).

Set Y(F) := > rer 0(f). Let d,e be real values in (0,1/2). In time O(|F'|) we can compute
a subset C C F of

@) (zg) (log Y(F) + log ;))

weighted functions and weights uy > 0 for each f € C such that, with probability at least
1-9:

VzeRY: Zf(z)—Zuff(z) < EZf(Z)

fer fec ferF

For each input segment s € S, we define the function f, : R* — R>q with

fs(z) = min{d%(s,sl(z)),...,d%(s,sk(z))} = (min{dH(s,sl(z)),...,dH(s,sk(z))})Q.

Here, the segments s1(2),...,sk(z) are the same that were used in the parameterization
before Theorem 2. Set F' = {fs | s € S}. In order to use the above theorem, we need
appropriate sensitivity upper bounds &(fs) for each f; € F and a bound on the total
sensitivity 3(F). Let opt,,(S) be the cost of an optimal set of segments for k-means, i.e.,
opt;,(S) = ming, s, costg({s1,...,Sk})-

» Lemma 5. Let s} ..., s}, be a bicriteria (o, B)-approzimation for k-means, that is, k' < Bk
and costg({s},...,s}) < a-opt,(S), where o, > 1. For each i € [K'], let S. be the
segments of S closer to s; than to any other segment s}, j € [k'] \ {i}; ties are solved
arbitrarily so that S1,..., S}, is a partition of S. For each segment s € S, let u(s) € [k'] be
such that s € SZ(S), Define for each s € S the value

N 32a 16ac - d3;(s, 8)4) 320 16a-df(s,s) )
5y = 22 0 _ 320 S
ISl Y a8 s, ISiel costsy(si)

s’eS’

o(s)
Then &(fs) > o(fs, F) and 6(fs) > ﬁ
(The proof of the above lemma is technical and can be found in the full version of this paper.)

Finally, note that for the sensitivities &(fs) defined in Lemma 5, we have the total
sensitivity

~ a 16c - d% 5,80,
SF) = Yo = Z(g? ( “)>

A
ses ses SL(S)| COStSZ(s) (SL(S))

32a 16a - d2% (s, s})
_ Z @*Z AR VAN - Z(32a+16a)

/
ielk’] \s€S! ses! costsy (s;) ie[k']
= O(Bak).

Next, we bound the VC-dimension of the range space associated with the input segments.
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» Lemma 6. Assume that we have a weight ws > 0 for each s € S and consider the set of
functions F,, = {ws - fs | s € S}. The range space range>(F,,) has VC-dimension O(1).

Proof. First note that the range space ranges (F,,) is equivalent to the range space (5, R),
where the ranges are

R = {{seS|(ws fs)(z) =1}z eR¥* re [0,00)}
= {{s € S| ws -min{dy(s,51(2))....d%(s,51(2))} > 1} | z € R* r€[0,00)}
= {{seS|Viekl: Vw, du(s si(z) >r}|z€ R* €0, 00) }.

Setting w), = \/w; for each s € S and 7’ = /7, we get that the ranges are
R = {{seS|Vie: v, du(s,si(2) >} ]2 € R¥, ' € [0,00)}.

For each segment s € S, consider the hypersurface A, in R*+1 given by the graph of the func-
tion z € R* i w) - dp(s,s:(z)). Thisis Ay = {(z,w) - du(s,s:(2))) e R* xR | z € R*}.
As it has been discussed and used in Section 2 when defining the set F(ab, a’d’), the hyper-
surface A4 is contained in the union of 8 algebraic hypersurfaces of bounded degree, each of
them being the graph of a function. Let A, be the set of those 8 algebraic hypersurfaces for
the segment s € S.

Set A := UsesA, and let A be the arrangement in R***! induced by A. Each point
(z,7") € R* x R gives a range to R, and two points in the same cell of A give exactly the
same range to R because, for each s € S, the surface A, is above, below or on all the points
of the cell. It may happen that points in different cells of A give the same range, as one still
has to check the condition Vi € [k] : w/ - dg(s,s:;(z)) > r'. In any case, the number of cells
in A is an upper bound to the number of ranges in R, which is exactly the number of ranges
in ranges (F).

Classical results in Real Algebraic Geometry imply that A has |A|9%) cells; see for
example [4, Chapter 7] or [33, Section 6.2]. This implies that the so-called shattering
dimension of range> (F,,) is O(k) = O(1). (See for example Har-Peled [27, Chapter 5] for the
concept and the next property.) Since a range space has bounded shattering dimension if and
only if it has bounded VC-dimension this implies that the VC-dimension of range> (F,,) is
O(1). The approach we have used is essentially an application of the methodology discussed
by Matousek [33, Section 10.3].

Note that in this proof we have not tried to optimize the bound on the VC-dimension
because we assume k is constant. Perhaps a better bound follows from adapting the result of
Driemel at al. [20] to the case of weights. <

We can now apply Theorem 4 on F' to obtain the coreset.

» Theorem 7. Assume that k is a fized positive integer. Let §,e be real values in (0,1/2).
For any set S of n unweighted segments in the plane, we can compute in time O(nlog(1/0))
a subset T C S of

1
0 (s og(s)

segments and weights us > 0 for each s € T such that, with probability at least 1 —§:
Y segments $1,...,85: |costg({s1,...,8k}) — costr({s1,...,8k})| < e-costs({s1,...,8k})-

Proof. We first compute a bicriteria (a« = O(1), 8 = O(1))-approximation for k-means on S by
using the algorithm of Chen [9, Theorem A.4], which in turn is a modification of the algorithm
by Indyk [29]. For a probability of error ¢’ = §/2, the algorithm takes O(nlog(1/d")) =

ESA 2023
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O(nlog(1/6)) time and succeeds with probability at least 1 — ¢’ in finding a set s1,..., Sg
of ¥ = O(k) segments such that costg({s1,...,sx}) < O(1) - costs({s1,...,8%}). Note
that the algorithm of Chen is for the discrete version of k-means, where the centers under
consideration must be a subset of S. However, it is well-known that the triangle inequality
implies that this is a factor 4 off for the continuous k-means version. This factor 4 is then
subsumed by the O(1) approximation factor.

Let F = {fs | s € S}. We use the bicriteria approximation for the sensitivity upper
bounds 6(fs), for each fs; € F, as defined in Lemma 5. As discussed after Lemma 5, the
total sensitivity $(F) is O(1) and, by Lemma 6, the VC-dimension of ranges (F) is O(1).
The result then follows using Theorem 4 with probability of error §' = §/2. The size of the
set C' C F selected by Theorem 4 is O(X(F)e2(log 2(F) 4 log(1/6")) = O(e~2log(1/4)),
and each function f € C has a given weight uy > 0. We set T'= {s € S| f; € C} and, for
each segment s € T', we define the weight w, := uy,.

With probability at least 1 — §" we have

VeeR¥: D f(2) =) up-f2)| < €Y f(2),

fer fec feF

which can be rewritten as

VzeR%: N fiz) = D we- fu2)| < €Y ful2).

sES seT sesS

Since fs(z) = min{d% (s, s1(2)),...,d% (s, sk(2))} and s1(2),...,sk(2) goes over all k tuples
of candidate segments when z iterates over all R**, the last statement is equivalent to

V segments s1, ..., : |costs({s1,...,sk}) —costr({s1,...,s6})| < e-costs({s1,...,Sk}).

The algorithm may fail only if the bicriteria approximation of Chen fails or if the application
of Theorem 4 fails, and each of them separately fails with probability at most ¢/2. <

4 Putting it all together

Let S be a set of n segments in the plane without weights. We first set a fixed probability of
error § = 1/2, which means that the terms log(1/d) become O(1). We keep using € € (0,1/2)
as a parameter.

We first compute a weighted coreset T C S with |T| = O(e72)) elements in O(n)
time as described in Theorem 7; for each segment s € T we have a weight ws > 0. If
S* ={s7,...,s;} is an optimal set of segments for S, then from Theorem 7 we have that
costp(S*) < (1+¢) - costg(S*) with probability at least 1/2.

We apply the (1 + ¢)-approximation algorithm of Theorem 3 on T', taking into account
the weights of the segments. As |T| = O(¢~2) the algorithm runs in time

0 ((6—2)8k—2+n n (6—3)4k+110g4k+1(€—3)> -0 <5—16k+4—n +6—12k—310g4k+1(€—1)>

for any n > 0. When k = 1, the second summand dominates. When k& > 2 and ¢ is below
some constant €g, the first summand dominates.
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Let T* = {t],...,t;} be an optimal set of segments for k-means of the weighted set T
The algorithm of Theorem 3 has then provided a set Sc = {s1¢,...,8kc} of k segments for
which costr(S:) < (14 ¢) - costr(T*). Note that for the set S, we also get from Theorem 7
that (1 —€) - costg(S:) < costr(Se). Since costr(T*) < costr(S*), we conclude that

(1 —¢)-costg(Se) costr(S:) < (1+¢€)-costp(T*) < (1+4¢)-costp(S*)

<
< (14¢€)?-costg(S*)

or

(1+¢)?
(1-¢)

Setting ¢ = O(e’) appropriately, we get a (1 + &’)-approximation for any desired &’.

costg(S:) < ~costg(S™) = (14 0O(e)) - costg(S™).

By independently repeating the algorithm O(log(1/d)) times and taking the best among
the solutions, we can reduce the probability of error to any given value d. Because k = O(1),
evaluating each candidate solution with respect to the whole set of segments takes O(n) time.
We summarize in the following.

» Theorem 8. Let k a fized, positive integer and let §,¢ € (0,1/2). Let S be a family of n
unweighted segments in the plane. We can compute k segments si ¢, ..., sk in R? such that,
with probability at least 1 — ¢,

costs({s1,e,---»8ke}) < (1+¢€) min costg({s1,...,8k})

S15.-4y5k

in time O ((n + g7 16k+dmn 4 o—12k=3 log4k+1(€_1)) (1og(1/6)>, for any n > 0.

For k = 1, the running time is O ((n + e *log”(¢7!)) (log(1/4)), while for k& > 2 the
running time is O ((n 4 e~**+477) (log(1/4)) for any n > 0.

5 Extension to polylines

In this section we briefly discuss the extension of our result to the case of polylines of bounded
complexity. To reduce the number of parameters, we assume that each polyline has at most
¢ segments and we search the k-means among polylines that have at most ¢ segments. (We
can also handle the case where the input and the target centers have different complexities.)
To simplify the discussion, we assume that each input polyline has exactly ¢ segments. We
further assume that ¢ = O(1).

We regard each polyline 7 as the union of segments and note that the distance between

the polyline 7 with segments s1, ..., s¢ and the polyline 7’ with segments s/, ..., s} is
dg(m, ) = max{maxmind s4,5%), maxmindg (s, s; }
#(m ) e g (500 55), Tt din (550 50

Therefore the distance between any two polylines is described as a max-min combination of
O(£%) = O(1) values.

A polyline with ¢ segments is parameterized by 2(¢ 4 1) real values. Therefore, a sequence
of k polylines with ¢ segments each is parameterized by a point in R* for k = 2k(¢ + 1).
(Before, for segments, we had x = 4k.) Each z € R" defines k polylines 71 (z2),...,m(2),
each consisting of ¢ segments.

ESA 2023
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Let II be a set of polylines in the plane, each with ¢ segments. For each 7w € II, we define
the function f, : R®* — R by

fa(2) = min{d}(m,m(2)), .., & (m, m(2)} = (min{du(m,m(2)),..., du(m, m(2)})

and then define the set of functions F' = {f, | m € IT}.

We first note that the VC-dimension of the range space range> (F,,) is O(1), where F,, is
obtained from F by scaling each f, € F with a different scalar w, > 0. The proof of Lemma 6
readily applies to this case as it only relies on the description complexity of dg (7, 7;(2))
being constant, and each patch of the description being an algebraic function.

Next we note that we can use the bicriteria (o = O(1),8 = O(1))-approximation for
k-means of Chen, as we did in the proof of Theorem 7. Indeed, this algorithm only requires
that we can compute the distance between any two input objects, which we can do in constant
time. The rest of the proof of Theorem 7 goes unchanged because Lemma 5 and Theorem 4
do not make any assumption related to segments beyond the VC-dimension. We thus obtain
with probability at least 1/2 a coreset II of O(¢2) input polylines, each of them with a
positive weight w,.

It remains to adapt Theorem 3 to the setting of polylines. As we have done in Theorem 2,
for each polyline m we can compute a family F of nice functions such that

fx(z) = E flz) = m%d%,(ﬂ',m(z)) for all z € R".
1S
f€Fx

Indeed, as we did in the proof of Theorem 2, we can break the parameter space R using
O(K%%) = O(1) algebraic hypersurfaces into O(1) cells such that, within each cell, the
max-max-min expression defining dg (7, 7;(z)) is always the same algebraic expression. We
can then apply Theorem 1 to the family of nice functions U_.7.Fr, where each function
in F; has been scales with the corresponding weight w,. Thus, we have an application of

Theorem 1 in R” for O(e~2) functions. The running time is, for any 7 > 0,
O((5*2)2“*2+" 4 (873)n+1 loglﬁ+1(€73)) _ 0(674n+4+n 4 5731173 10gﬁ+1(€71))
= 079",

Like before, we can make O(log(1/§)) independent repetitions to decrease the probability of
failure to . We summarize below.

» Theorem 9. Let k and ¢ be fized, positive integers and let 6,¢ € (0,1/2) be parameters.
Let 11 be a family of n unweighted polylines in the plane, each with at most { segments. We
can compute k polylines w1 ., ..., 7. in R?, each with at most { segments, such that, with
probability at least 1 — 6,

costii({m1,e,.- - Tke}) < (14+¢€) min costp({m,...,m%})

15Tk

in time O ((n 4+ e=9*9) (log(1/5)).
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