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Abstract. This paper investigates geometric problems in the context of property
testing algorithms. Property testing is an emerging area in computer science in
which one is aiming at verifying whether a given object has a predetermined
property or is “far” from any object having the property. Although there has been
some research previously done in testing geometric properties, prior works have
been mostly dealing with the study@dmbinatorialnotion of the distance defining
whether an object is “far” or it is “close”; very little research has been done for
geometricnotion of distance measures, that is, distance measures that are based
on the geometry underlying input objects.

The main objective of this work is to develop sound models to study geometric
problems in the context of property testing. Comparing to the previous work in
property testing, there are two novel aspects developed in this paper: geometric
measures of being close to an object having the predetermined property, and the
use of geometric data structures as basic primitives to design the testers. We believe
that the second aspect is of special importance in the context of property testing
and that the use of specialized data structures as basic primitives in the testers can
be applied to other important problems in this area.

We shall discuss a number of models that in our opinion fitbest geometric problems
and apply them to study geometric properties for three very fundamental and
representative problems in the area: testing convex position, testing map labeling,
and testing clusterability.

1 Introduction

A classical problem in computer science is to verify if a given object possesses a certain
property. For example, we want to determine if a boolean formula is satisfiable, or if a set
of polygons in the Euclidean plane is intersection free. In its very standard formulation,
the goal is to give an exact solution to the problem, that is, to provide an algorithm
that always returns a correct answer. In many situation, however, this formulation is
too restrictive, for example, because there is no fast (or just fast enough) algorithm that
gives the exact solution. Very recently, many researchers started studying a relaxation
of the “exact decision task” and consider various forms of approximation algorithms
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for decision problems. Iproperty testing(see, e.g., [3/4,7,10,1213]14/15,18]), one
considers the following class of problems:

Let € be a class of objects) be an unknown object frord, and Q be a fixed property
of objects from¢. The goal is to determine (possibly probabilistically)dfhas property
Q orifitis far from any object inC which has propertyd, where distance between two
objects is measured with respect to some distribufiom ¢.

The motivation behind this notion of property testing, is that while relaxing the exact
decision task, we expect the testing algorithm to be significantly more efficient than any
exact decision algorithm, and in many cases, we achieve this goal by exploring only a
small part of the input. And so, for example, In [4] it is shown that all first order graph
properties of the typedv” can be tested in time independent of the input size (see also,
[13/14,18] for some other most striking results).

In the standard context of property testing, the first general study of geometric prop-
erties appeared in[7]. In this paper the authors studied property testing for classical
geometric problems like being in convex position, for disjointness of geometric objects,
for Euclidean minimum spanning tree, etc. Roughly at the same timé, in [3], property
testing for some clustering problems has been investigateld.lin [10], the problem of test-
ing if a given list of points ifR? represents a convex polygon is investigated. In all these
papers, the common measure of being close to having the predetermined property was
the Hamming distanceThat is, for an objec from a classZ, a propertyQ, and a
reale, 0 < e < 1, we say® is e-far from having propertyQ, if any objectO from €
that has property) has the Hamming distance at least|O| from ©. The Hamming
distance is a standard measure to analyze combinatorial problems, but in the opinion of
the authors, other more geometric distance measures should also be considered in the
context of Computational Geometry. The reason is that this measure does not explore
geometry underlying investigated problems, but only their combinatorial structure (how
many “atom” objects must be modified to transform the object into one possessing the
requiring property). This issue has been partly explored in the context ohétel-
ogy of geometric tolerancing®|/6:8,17,19,20]. In this area (motivated by manufacturing
processes) one considers the problems of verifying if a geometric object is within some
giventolerance from having certain propeflyln geometric tolerancing, the researchers
have been studying among others, the “roundness property,” the “flatness property,” etc.
[516[8,17]. We emphasize, however, that there is a major difference between the notion
of geometric property testing and geometric tolerancing in that in the former one allows
to reject (as well as accept) any object that does not satisfy the propestsile in
geometric tolerancing one should accept such an object if it is within given tolerance.

Our contribution. This paper is partly of a methodological character. The main objective
of this paper is to develop proper models to study geometric problems in the context of
property testing. We shall discuss a number of models that in our opinion best fit geo-
metric problems and apply them to study geometric properties for the most fundamental
problems in the area. Comparing to the previous work in property testing, in the current
paper we develop two main novel ideas:
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0 geometric measures of being close to an object having the predetermined property,
and
O the use of geometric data structures to develop the testers.

We discuss these two issues in details in Secfibns 2Jand 3 while testingx posi-
tion. We demonstrate the need of geometric distance measures for geometric problems
and propose three new models that in our opinion suit best to study geometric properties.
We show also that the complexity measures used in standard property testing have to be
modified in order to achieve something non-trivial using geometric distance measures.
We propose a model of computation that ugasries for geometric primitive@n this
case range queries) as its basis and discuss its use and practical justifications. Finally,
we illustrate all these issues by designing property testing algorithms for convex posi-
tion. Unlike in the model investigated ifQl[7], our testing algorithms run in time either
completely independent of the input size or only with a polylogarithmic dependency,
and we believe that they fit much better the geometry underlying the problem of testing
convex position.

In Section 4, we investigate thmap labelingproblem. We first show that in the
classical property testing setting (that uses uniform sampling of the input points) this
problem does not have fast testing algorithms. Next, we show that by using geometric
gueries as basic operations one can obtain very efficient testing algorithms. We present
an e-tester for map labeling that requires onlyly(1/¢) range queries of the form:
“What is the i-th point in the orthogonal range R ?”

Then, in Sectio 5, we considetustering problemsn our context and provide
efficient testers for clustering problems in most reasonable geometric models. The goal
of a clustering problem is to partition a point setli into  different clusters such
that the cost of each cluster is at mésWe consider three different variants of the
clustering problem (see, e.gl] [3Padius clustering discrete radius clusteringand
diameter clusteringWe say that a set of pointsésfar from clusterablewith & clusters
of sizeb, if there is no clustering inté& clusters of siz€1 + ¢) b. We show that it is
possible to test clusterability usir@(k/=?) oracle range queries.

Comparing our results to those In [3], we use a more powerful oracle but we also
have a more restrictive distance measure. Using our distance measure and the classical
oracle from[3], it is impossible to design a sublinear property tester for this problem.

Further, we show how to use our tester to maintain (under insertion and deletion of
points) an approximate-clustering inR¢ of size at mosf1 + ¢) times the optimum in
time polylog(n) for any constantg, d, ande. Here,n denotes the current number of
points.

2 Testing Convex Position

Let us first consider the classical problem of testing if a point/3éh the plane is

in convex positior(that is, the interior of the convex hutbnv(P) contains no point
from P, or equivalently, all points i areextremg. Our goal is to consider a practical
situation in which we allow some relaxation of the exact decision test and we consider
the following type of testers:
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€) (b)

Fig. 1. Which of the two point sets is “more convex?” In Figure (a) it is enough to delete only 3
points (those in the top right corner) to obtain a point set in convex position; in Figure (b) one has
to remove much more points to do so. On the other hand, the points from Figure (a) are visually
far from convex position, while points in Figure (b) look similar as they were in convex position;

it is enough to perturbate them very little to obtain a point set in convex position.

O If Pisin convex position, then the tester must accept the input.

O If Pis“far’ from convex position, then the tester “typically” rejects the input.

O If Pis notin convex position, but it is close to being so, then the answer may be
arbitrary.

In order to use this concept we must formalize some of the notions used above. First
of all, we assume a tester is a possibly randomized algorithm and, following standard
literature in this area, by “typically” we shall mean that the required answer is output
with probability at Ieast%, where the probability is over the random choices made by
the tester (and thus, this lower bound%ois independent of the input).

2.1 Distance Measures — Far or Close

A more subtle issue is what do we mean by saying that “far” from convex position.

We pick a parametet, 0 < ¢ < 1, which will measure the quality of how “close” is

P to convex position In the standard terminology used in the property testing literature
(see, e.g.[11B.18]), one uses the following definition:

Definition 2.1. (Hamming distance)A point setP in the Euclidean spacR? is -far
from convex position (according to the Hamming distance), if for any subsetP,
|S| <e-|P|,setP\ Sis notin convex position.

We found, however, that this measure often does not correspond to notions of the
distance usedin geometry (see, e.g., Figlre 1). Ittells only about combinatorial properties
ofthe object at hand, but it tells very little about geometry behind the object. For example,
do we want to accept am-point setP if it contains% en points that are very far away
from the remaining points that are in convex position (as, for example, in Fiyure 1 (a))?
Or perhaps, we consider such a geas far from convex position? On the other hand,
if P contains arz fraction of points which maké non-convex, but after a very small
perturbation of these points, the obtained set will be in convex position (see, e.g.[Figure 1
(b)). Do we want to call such a point sefar from convex position or not?
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Itis clear that the distance notion is very application dependent, and in this paper we
investigate various distance measures which should be of practical interest, and study
basic problems from computational geometry for these distance measures.

We begin with a distance that measures how much the input points are allowed to be
moved (perturbated) in order to transform them into being in convex position.

Definition 2.2. (Perturbation measure)A point setP in the d-dimensional unit cube

is e-far from convex position (according to the Perturbation measure), if for any pertur-
bation of points inP that moves any point by distance at mgghe resulting point set

is not in convex position.

Because of scaling, the fact th&tis enclosed by the unit cube is assumed without
loss of generality.

We introduce also another measure that although very similar to the Perturbation
measure, will be more useful for our applications.

Definition 2.3. (Neighborhood measuref point setP in thed-dimensional unit cube

is e-far from convex position (according to the Neighborhood measure), if there exists
a pointp € P for which thed-dimensional ball of radiug with center atp does not
intersect the boundary ebnv(P).

The next measure is more related to the volume discrepancy of the convex hull of the
input points. It differs significantly from the Perturbation and Neighborhood measures,
because this measure is relative to the volumeab(P).

If a point setP is in convex position, then all points iR lie on the boundary of
convex hullconv(P) and thereforeonwv(P) is also the maximal convex hull defined by
any (non-trivial) subset oP whose interior contains no point frodd. In view of this,
we may want to consideP to be close to convex position, if a maximum (with respect
to the volume) convex hull defined by a subsePahat contains no point fron® in its
interiof] is almost the same asnv(P). If we use the volume measures for these two
objects, then we get the following definition:

Definition 2.4. (Volume measure)A point setP in R? is e-far from convex position
(according to the Volume measure), jgﬁgﬁ’gﬁg)) < 1 — &, wherevol(X) denotes

the volume of objeck and EmpInt(P) is a maximum volume convex hull defined by
a subset of” that contains no point fron® in its interior.

Now, we are ready to formally define property testing algorithms.

Definition 2.5. (e-Testers) An algorithm is called are-testerfor a property Q, if it
always accepts any input satisfying prope@yand with probability at Ieas%, rejects
any input that iss-far from satisfying property.

Throughout the paper, we s#yis e-closeto convex position if it is not-far from
convex position.

! Observe that in general that may be many such maximum convex hulls.
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Relations between different measures of closenesdow can we relate the four mea-
sures defined in Definitiois 2[1=P.4? As we observed above, a poiftsetbe close to
convex position according to the Hamming distance, even ifitis far (very far!) from con-
vex position according to the Perturbation, the Neighborhood, and the Volume measures.
Similarly, the opposite is also tru€> may be very close to convex position according
to the Perturbation, the Neighborhood, and the Volume measures even it it fails for
the Hamming distance. But how about any relationship between the Perturbation, the
Neighborhood, and the Volume measures?

The firstlemma shows that the first two measures are somehow equivalent for asymp-
totic complexity of the testers. It holds for any cost measure of query complexity, because
exactly the same tester is to be used.

Lemma 2.1. There is ane-tester for convex position according to the Perturbation
measure with query complexify(n, €) if and only if there is ar©(e)-tester for convex
position according to the Neighborhood measure with query compl&xity©(<)). O

Unfortunately, we were unable to provide a similar relationship between the Neigh-
borhood and the Volume measures. It seems to us that the latter one is more complicated.
We can only prove some partial results about similarity of these two measures, for ex-
ample:

Lemma 2.2. An c?-tester for the Volume measure is @fc)-tester for the Neighbor-
hood measure. O

3 A New Model Using Geometric Queries

In the previous works on property testing, the complexity of a tester has been typically
measured as the number of input “atom objects” inspected, that is, as the number of
queriesto the input. The form of the queries allowed for the algorithm depended on the
input representation. And so, for example, if an input consists of a sefpoints (as

it is the case for testing if the points are in convex position), then it has been typically
assumed that one can use queries of the fosmhat is the position of the kth point in the

input.” In the standard query complexity additional computational work is not counted
(for example, if we know positions of points 8, .S C P, then the cost of computing a
convex hull ofS'is not counted in the query compleﬂ)yOur main observation is that

this notion of query complexity often does not suit well to study geometric properties,
or actually, to distance measures different than the Hamming distance. Indeed, if we
want to check if a point se? is e-close to convex position according to the Perturbation

2 For example, in[[7], it is shown that the query complexity for testing (according to Hamming
distance) if a point set iiR? is in convex position i (n?/)'/ (41 while ford > 4, the
“running time complexity” (which measures also the time required for all computations used by
the tester) i€ (n polylog(1/e) + (n/e)[4/2D/A+14/21) polylog(n)), and it is quite possible
thatitis optimal. Thus, in the most basic casedet 4 and constard—*, the query complexity
is ©(n*/*) while the “running time complexity” i€)(n). This difference vanishes fdr= 2, 3,
because in this case very efficient (almost linear-time) algorithms for testing convex position
are available.
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measure, then even a single point might be far away from the remaining points to make
this property false. Therefore, the algorithm must find this point with probability at least
%, and this clearly require®(n) query complexity. Similar phenomenon holds also for
the Neighborhood measure and the Volume measure.

This observation shows that in order to model property testing for geometric proper-
ties and in order to obtain very efficient (sublinear-time) algorithms one has to reconsider
and change the notion of query complexity. Unlike in the very standard model, here we
want to allow more complex queries: those using certain geometric properties of the
input.

In most of geometric models (and in applications) even if the input is represented
by positions of the points (or other geometric objects), very often one maintains some
additional data structures for efficient and structured access to the input. One of the most
fundamental abstract data structure maintained by many algorithms working with points
are data structures for efficient answernagge querieqcf. [1]). For the purposes of
this paper we adopt a model of computation in which the basis operation is a range query
to the input, and thquery complexitys the number of range queries to the input.

EFormaIIy, we are given an unknown setof n points inR< that is defined by an
unknown functionFp : R? x N — R4 U {empty} such thatFp(R,i) returns theth
pointin a query rang®& (according to some unknown fixed order) or the synsopty,
if there are less thanpoints in the query ranga.

The model defined above uses a very powerful oracle since we are allowed to specify
an arbitrary range when we query the oracle. To make our consideration of practical value,
it seems reasonable to require that such an oracle must be efficiently implemented.
Therefore, in this model we will restrict ourselves to the case thag a (possibly
unbounded) simplex. Most of the results presented in this paper hold evattiogonal
range queriesSuch queries are supported by many well known data structures such as
partition trees and cutting trees, as well as practical structures based on quad-trees or
R-trees (see, e.gl,l[1] for a more detailed discussion). There are efficient data structures
(see, e.g.[]1]) to support our queries and a single query to such a data structure is usually
performed very fast (i.e., much faster than processing the whole point set). We believe
that the use of such range queries is very natural in our context, since many applications
(such as GISs) use data structures for range queriesietgees) to answer other kinds
of queries anyway.

In a similar way, depending on the problem at hand, one could assume that some
other very basigeometric querieare available; we do not discuss this issue in more
details however.

3.1 Property Testing Algorithms for Convex Position in the New Model

In this section we present our fiestester for convex position. It works for the Neighbor-
hood measure, and it shows that the use of geometric queries (orthogonal range queries)
allows to beat the lower bounds discussed in Segfion 3 and obtain the query complexity

of polylog(1/e).

3 We formalize our model of computation only to inputs that are in the form of point sets; for
other input types the model can be defined accordingly in a similar way.
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The input for our tester consists of a point &in the d-dimensional unit cube and
areal numbet, 0 < € < 1, which defines the quality of the tester.

ConvEXITY-TESTI (P, ¢):
S=10
partition the unit cube int¢2 v/d/<)¢ sub-cubes of side-length=~
for each such sub-cube do
if ¢ contains a point fronP then add any such a point t6
if S is in convex positiorthen accept
elsereject

In algorithm ConvexiTy-TEST I (P, ¢) the operation of verifying ifc contains a
point from P as well as the operation of returning a point frétm c is performed using
orthogonal range queries.

Theorem 3.1. Let P be a point set in the-dimensional unit cube and letbe a real
number) < e < 1. AlgorithmConvexity-TesT I (P, €) is a property tester that accepts

P only if P is e-close (according to the Neighborhood measure) to convex position. It
usesO((v/d/<)%) orthogonal range queries. O

Actually, we can slightly improve the complexity GonvexiTy-TesT I (P, ¢) and
design are-tester that uses onl9((v/d/)¢~!) orthogonal range queries.

In the previous sections we discussed testing convexity properties in geometric set-
ting. Now, we give a tester for testing convexity properties of planar point sets using a
distance measure that is related to the Hamming distance (in fact, the distance measure
below is stronger). A tester for Hamming distance is presented in [7]. The main differ-
ence in our approach here is the use of geometric queries that leads a to substantial speed

up.
Definition 3.1. A setP of n points in the plane is-far from being in convex positiqrif

at leastz n points in P are not extreme. (A point is extreme if it belongs to the boundary
of the convex hull oP.)

It immediately follows.

Lemma 3.1. A tester for the distance measure in Definition 3.1 is also a tester for the
Hamming distance. O

We can also prove the following lemma.

Lemma 3.2. In the standard property testing model (see, eld., [7,13,18]), there is no
testing algorithm for the distance measure from Definifiod 3.1 thatd{ag query
complexity. O

We can prove that the use of appropriate data structures for the geometric queries
allows us to design a tester with logarithmic query complexity. We assume the input
point setP is in general position.

Theorem 3.2. There is a tester for convex position in the plane with query complexity
O(logn/e) that uses only triangular range queries. O
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4 Map Labeling

In this section we consider the following basi@p labelingproblem:
Let P be a set of n points in the plane. Decide whether it is possible to place n
axis-parallel unit squares such that

O all squares are pairwise disjoint (labels do not overlap),
O each point is a corner of exactly one square (each point is labeled), and
U each square has exactly one point on its corners (each point has a unique label).

If a setS of n squares satisfies the conditions above, héncalled avalid labeling
for P. The map labeling problem is known to B&P-complete and the corresponding
optimization problem is known to have no approximation algorithm with ratio better
than2, unlessP = AP [11].

In this section we develop a property tester for the map labeling problem. We use
the following Hamming distance measure:

Definition 4.1. A setP of n points in the plane is-far from having a valid labeling, if
we have to delete at least: points to obtain a set of points that has a valid labeling.

When we consider the standard property testing madél [13,18] that allows only to
sample random subsets &fwith a uniform distribution we can prove the following
result.

Theorem 4.1. For any constan®, 0 < § < 1, there is a positive constaatsuch that
. . . 1 . .
there is nos-tester for the labeling problem with(n'~25+1) query complexity in the

standard testing model. O

We show now that if we use the computational model that allows/supports geometric
queries we can design a tester wilhil /<) query complexity. Itis based on the approach
developed inJ9] and116].

LABELTEST(P):
choose a sample s8tof sizeO(1/¢) uniformly at random frompP
for eachp € S do
1=0,T=0
Let S be the axis parallel square with centeaind side length6[1 /<]
while i < (161/¢] +2)? do
Let ¢ be thei-th point in the query rang§
if g#0thenT =T U{q}
K if 7 does not have a valid labelirigen reject

accept /

Theorem 4.2. AlgorithmLABELTEST is a tester for the labeling problem that has query
complexityO(1/£%) and running timesxp(O(1/£2). O
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5 Clustering Problems

In this section we design testing algorithms for three geometric clustering problems.
The goal of a clustering problem is to decide whether a set@dints P in R? can be
partitioned intok subsets (calledlusterg S, ... , S, such that theostof each cluster

is at mosth. There are several different ways to define the cost of a clustefS beta

set of points ifR?. We consider the following variants:

Radius Clustering: The costcost g (S) of a clusterS' is twice the minimum radius of
a ball containing all points of the cluster.

Discrete Radius Clustering: The costostpr(.S) of a clusterS is the minimum radius
of a ball containing all points of the cluster and having its center among the points
from P.

Diameter Clustering: The costcostp(.S) of a clustersS is the maximum distance be-
tween a pair of points of the cluster.

The goal of our property tester is to accept all instances that admit a clustering into
k subsets of cost and to reject with high probability those instances that cannot be
clustered intd: subsets of codtl + ¢) b.

Definition 5.1. A point setP is (b, k)-clusterable for a cost measueest(), if there is
a partition of P into setsSy, ... S, such thatcost(S;) < bforall 1 < i < k. A point
setP is e-far from being(b, k)-clusterable, if for any partition oP into setsSy, ... .S
at least one sef; has cost larger tharil + ¢) b.

In the standard context of property testing, Hamming distance (that is, a point set is
e-far from clusterable, if we have to remove at leaspoints to make it clusterable) has
beenused beforel[3]. For the diameter clustering problem the distance measurgusedin [3]
has the additional relaxation that a point set-far from (b, k)-clusterable, if one has to
removesn points to make the sétl +«<) b, k)-clusterable. Thus, this definition assumes
a geometric and a combinatorial relaxation of the corresponding decision problem. We
require only the geometric relaxation.

Let us assume, without loss of generality, that 1 and thus we want to design
a tester for the problem whether a point $&is (1, k)-clusterable for the three cost
measures above. We partitif into grid cells of side length/(3v/d). For each cell
containing an input point, we choose arbitrary input point from the cell as its represen-
tative. Then, we compute whether the set of representatiésig-clusterable. If it is
S0, then we accept it, if it is not so, then we reject it. Clearly, any set of points that is
(1, k)-clusterable is accepted by the algorithm. On the other hand, any instance that is
e-far from (1, k)-clusterable will be rejected. (This approach has been introducgd in [2]
to obtain a(1 + ¢)-approximation algorithm for the radius clustering problem.)

Our algorithms starts with an empty box with endpoints at infinity. Then we query
for a point in this box. We allocate the corresponding grid cell and partition the box into
the 3¢ sub-boxes induced by the hyperplanes bounding the grid cell. Then we continue
with one of these sub-boxes. If we find an empty sub-box, it will be marked. If there are
only marked boxes the algorithm terminates.

So far, our partition into grid cells works fine, if there are many points in a single
cell. On the other hand, if no two points are in the same grid cell, the algorithi2 igs
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query complexity. Thus we need an upper bound on the number of grid cells, whose
representative may form a cluster.

Lemma 5.1. LetS be a set of points iiR? no two points of which belonging to the same
cell of a grid of size:/(3+/d) < 1. If cost(S) < 1 for any of the three cost measures
described above, the| < (6 v/d/c)?, wherecost(-) € {costg, costpr,costp}. O

LetV = k- (6/d/e)? the maximum number of cells that can contain points that
belong to one of thé& clusters. We observe that we can stop our procedure if the number
of representatives Ig. Thus, we can guarantee that the algorithm requires atvhdasst
range queries.

Theorem 5.1. There is ane-tester for the radius clustering and diameter clustering
problem that uses at mokt (18 v/d/)? orthogonal range queries. There is artester
for the discrete radius clustering problem that uges(162 v/d/<)? orthogonal range
queries. O

5.1 Dynamic Clustering

In this section we consider the problem of maintaining an approximate clustering of
points inR? under the operatioriasertanddelete Obviously, we can call the decision
procedure from the previous secti6i{log, , . B) times to find a clustering of size at
most(1+¢) B whereB is the size of an optimal clustering aid> 1. When we combine

this with a dynamic data structure that supports orthogonal range queries id time
(toreport a single pointin the query range) and update tiffte) we immediately obtain

the following result.

Corollary 5.1. We can maintain arfl + 5¢) approximate radius/diameter clustering
of a point setP in R¢ (d constant) under the operatiorissert and deletein time
O(U(n) +log,. B+ (A(n) - k/e? + exp(O(k/e?))). If the parameters, d, andk are
constants this i€ (U (n) + A(n) + log, ;. B) time. O

Now, we want to obtain a time bound that is independent of the size of the clustering.
We shall require an additional kind of oracle access: we allow the tester to query the oracle
for the number of points within a certain range (this procedure could be also performedin
our prior model in a logarithmic cost). We also need a procedure to compute a minimum
(axis parallel) bounding box for the points inside a given cell. This can be easily done
with O(d log n) expected oracle accesses.

To avoid a simple binary search we use this bounding box. The size of the bounding
box will always be the length of its longest side. Then we compute a clustéiiny
the current grid size (using the representatives for each cdlis the size of the largest
bounding box of all grid cells, then we know thRtcan be clustered at cost at most
cost(C) + 2 -+/d - 1. Note that we can stop our processiti— < £/(3+/d) wheres
is the current size of the grid.

If we cannot stop we continue with a grid of size. This way the number of grid
cells with representatives is at ma@éttimes the previous number of grid cells and there
is at least 1 more such cell. We continue this procedure until we get a lower bound on
the size of the current clustering. Then we have to do a logarithmic number of further
steps and we are done.
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Theorem 5.2. We can maintain atil + ¢) approximate radius/diameter clustering of
a point setP in R? (d constant) under the operatiomssertand deletein time U (n) +
O(exp(O(V)) - (k +1log(1/e) + A(n) -V -logn - (k + log(1/e))). If k, d, ande are
constants then this ©(U (n) + A(n) - logn). 0
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