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Abstract

Given a dataset S of points in R?, the range closest-pair (RCP) problem aims to prepro-
cess S into a data structure such that when a query range X is specified, the closest-pair
in SN X can be reported efficiently. The RCP problem can be viewed as a range-search
version of the classical closest-pair problem, and finds applications in many areas. Due
to its non-decomposability, the RCP problem is much more challenging than many
traditional range-search problems. This paper revisits the RCP problem, and proposes
new data structures for various query types including quadrants, strips, rectangles,
and halfplanes. Both worst-case and average-case analyses (in the sense that the data
points are drawn uniformly and independently from the unit square) are applied to
these new data structures, which result in new bounds for the RCP problem. Some of
the new bounds significantly improve the previous results, while the others are entirely
new.
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1 Introduction

The closest-pair problem is one of the most fundamental problems in computational
geometry and finds many applications, e.g., collision detection, similarity search, traf-
fic control, etc. In this paper, we study a range-search version of the closest-pair
problem called the range closest-pair (RCP) problem. Let X be a certain collection
of ranges called query space. The RCP problem with query space X (or the X'-RCP
problem for short) aims to preprocess a given dataset S of points into a low-space data
structure such that when a query range X € X is specified, the closest-pair in S N X
can be reported efficiently. The motivation for the RCP problem is clear and similar
to that of range search: in many situations, one is interested in local information (i.e.,
local closest-pairs) inside specified ranges rather than global information (i.e., global
closest-pair) of the dataset.

The RCP problem is quite challenging due to a couple of reasons. First, in the RCP
problem, the objects of interest are in fact point-pairs instead of single points, and in a
dataset there is a quadratic number of point-pairs to be dealt with. Moreover, the RCP
problem is non-decomposable in the sense that even if the query range X € X can
be written as X = X1 U X», the closest-pair in S N X cannot be computed efficiently
from the closest-pairs in § N X1 and S N X». The non-decomposability makes many
traditional range-search techniques inapplicable to the RCP problem, and thus makes
the problem much more challenging.

The RCP problem in R? has been studied in prior work over the last fifteen years,
e.g., [1,5,6,8,9, 12, 13]. In this paper, we revisit this problem and make signifi-
cant improvements to the existing solutions. Following the existing work, the query
types considered in this paper are orthogonal ranges (specifically, quadrants, strips,
rectangles) and halfplanes.

1.1 Our Contributions, Techniques, and Related Work

The closest-pair problem and range search are both classical topics in computational
geometry; see [2, 10] for references. The RCP problem is relatively new. The best
existing bounds in R? and our new results are summarized in Table 1 (Space refers to
space cost and Qtime refers to query time), and we give a brief explanation below.

e Related Work The RCP problem for orthogonal queries was studiedin[1, 5,6, 8,9,
12, 13], where [13] is a preliminary version of this paper. The best known solution
for quadrant queries was given by [6], while [9] gave the best known solution
for strip queries. For (orthogonal) rectangle queries, there are two best known
solutions (in terms of worst-case bounds) given by [6] and [9] respectively. The
above results only considered worst-case performance of the data structures. The
authors of [6] for the first time applied average-case analysis to RCP data structures
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Table 1 Summary of the best existing bounds and our new results for the RCP problem in R?2 (each row
corresponds to an RCP data structure for the corresponding query space)

Query Source Worst-case Average-case
Space Qtime Space Qtime

Quadrant [6] O(nlogn) O (logn) - -

Theorem 2.2 O (n) O (log n) ] (logzn) O (log log n)
Strip [9] O(n log2 n) O (logn) - -

Theorem 3.3 O(nlogn) O(log n) 0 (n) O(log n)
Rectangle [6] O(n log5 n) o (log2 n) - -

[9] O(nlog n) 0(log? n) - -

[6] - - O(nlog*n) O(log* n)

Theorem 4.10 On logzn) 0 (logzn) O(n log n) O (log n)
Halfplane [1] O(nlogn) 0 (n03+¢) _ B

[1 0(nlog? n) 0 (n0-75+¢) - -

Theorem 5.3 0(n) O (log n) 0(log? n) O (log log n)

in the model where the data points are drawn independently and uniformly from
the unit square. Unfortunately, they only gave a rectangle RCP data structure with
low average-case preprocessing time, while its average-case space cost and query
time are even higher than the worst-case counterparts of the data structure given
by [9] (in fact, its worst-case space cost is super-quadratic). In fact, in terms of
space cost and query time, no nontrivial average-case bounds were known for any
kind of query before this paper. The RCP problem for halfplane query was studied
in [1]. Two data structures were proposed. The second one, while having higher
space cost and query time than the first one, can be built more efficiently than
the first one (in O(n logzn) time versus O (n? logzn) time). Both data structures
require (worst-case) super-linear space cost and polynomial query time. The paper
[12] studies an approximate version of the RCP problem in which the answer pair
returned is allowed to be slightly outside the query range. Under this approximation
model, efficient data structures for disk and ball queries were proposed.

e Our Contributions In this paper, we improve all the above results by giving new
RCP data structures for various query types. The improvements can be seen in
Table 1. In terms of worst-case bounds, the highlights are our rectangle RCP data
structure which simultaneously improves the two best known results (given by [6]
and [9]) and our halfplane RCP data structure which is optimal and significantly
improves the bounds in [1]. Furthermore, by applying average-case analysis to our
new data structures, we establish the first nontrivial average-case bounds for all
the query types studied. Our average-case analysis applies to datasets generated
not only in the unit square but also in an arbitrary axes-parallel rectangle. These
average-case bounds demonstrate that our new data structures might have much
better performance in practice than one can expect from the worst-case bounds. In
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addition, all of our new RCP data structures presented in Table 1 can be constructed
in near-linear worst-case time. Specifically, the quadrant, strip, and halfplane RCP
data structures can be builtin O (n log2n) time, and the rectangle RCP data structure
can be built in O (n 10g7n) time.

e Our Techniques An important notion in our techniques is that of a candidate pair,
i.e., a pair of data points that is the answer to some RCP query. Our solutions for
the quadrant and strip RCP problems use the candidate pairs to construct a planar
subdivision and take advantage of point-location techniques to answer queries. The
data structures themselves are simple, and our main technical contribution here
occurs in the average-case analysis of the data structures. The analysis requires a
nontrivial study of the expected number of candidate pairs in a random dataset,
which is of both geometric and combinatorial interest.

Our data structure for the rectangle RCP problem is more complicated; it is con-
structed by combining two simpler data structures, each of which partially achieves
the desired bounds. The high-level framework of the two simpler data structures
is identical: it first “decomposes” a rectangle query into four quadrant queries and
then simplifies the problem via some geometric observations similar to those in
the standard divide-and-conquer algorithm for the classical closest-pair problem.
Also, the analysis of the data structures is technically interesting.

Our solution for the halfplane RCP problem applies the duality technique to map
the candidate pairs to wedges in the dual space and form a planar subdivision,
which allows us to solve the problem by using point-location techniques on the
subdivision, similarly to the approach for the quadrant and strip RCP problems.
However, unlike the quadrant and strip cases, to bound the complexity of the
subdivision here is much more challenging, which requires non-obvious observa-
tions made by properly using the properties of duality and the problem itself. The
average-case bounds of the data structure follow from a technical result bounding
the expected number of candidate pairs.

e Organization Section 1.2 presents the notations and preliminaries that are used
throughout the paper. Our solutions for quadrant, strip, rectangle, and halfplane
queries are presented in Sects. 2, 3, 4, and 5, respectively. In Sect. 6, we conclude
our results and give some open questions for future work. To make the paper more
readable and preserve a high-level view of the main results, some technical proofs
are deferred to Appendix A.

1.2 Notations and Preliminaries

We introduce the notations and preliminaries that are used throughout the paper.

e Query Spaces The following notations denote various query spaces (i.e., collec-
tions of ranges in R?): Q quadrants, P strips, I/ 3-sided rectangles, R rectangles,
‘H halfplanes (quadrants, strips, 3-sided rectangles, rectangles under considera-
tion are all axes-parallel). Define Q7 = {[x, %0) x [y,00) : x,y € R} C Q
as the sub-collection of all northeast quadrants, and define 9™, @™, Q¢ sim-
ilarly. Define PV = {[x1,x2] x R : x1,x € R} € P as the sub-collection
of all vertical strips, and similarly P" horizontal strips. If / is a vertical (resp.,
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horizontal) line, an [-anchored strip is a vertical (resp., horizontal) strip con-
taining /; define P; € P as the sub-collection of all /-anchored strips. Define
ur = {[x1, x2] X (—00,¥] : x1,x2,y € R} € U as the sub-collection of all
bottom-unbounded rectangles, and define U/ T U, U~ similarly. If / is a non-
vertical line, denote by / 0 (resp., [ i) the halfplane above (resp., below) /; define
HYCH (resp., HY C ‘H) as the sub-collection of all such halfplanes.

e Candidate Pairs For a dataset S and query space X, a candidate pair of S with
respect to X’ refers to a pair of points in S which is the closest-pair in S N X for
some X € X. We denote by @(S, X) the set of the candidate pairs of S with
respect to X. If [ is a line, we define @;(S, ') € @ (S, X) as the subset consisting
of the candidate pairs that cross / (i.e., whose two points are on opposite sides of /).

e Data Structures For a data structure D, we denote by D(S) the data structure
instance of D built on the dataset S. The notations Space(D(S)) and Qtime (D(S))
denote the space cost and query time (i.e., the maximum time for answering a
query) of D(S), respectively.

e Random Datasets If X is a region in R? (or more generally in RY), we write
S o« X" to mean that S is a dataset of n random points drawn independently

from the uniform distribution Uni(X) on X. More generally, if X, ..., X, are
regions in R? (or more generally in R?), we write S o [T’ X; to mean that S
is a dataset of n random points drawn independently from Uni(Xy), ..., Uni(X,)
respectively.

e Other Notions For a point a € R?, we denote by a.x and a.y the x-coordinate
and y-coordinate of a, respectively. For two points a, b € R4, we use dist (a, b)
to denote the Euclidean distance between a and b, and use [a, b] to denote the
segments connecting a and b (in R! this coincides with the notation for a closed
interval). We say Iy, ..., I, are vertical (resp., horizontal) aligned segments in
R? if there exist rq, ..., rp, o, B € R such that I; = {r;} x [«, B] (resp., [; =
[a, B1x {r;}). The length of a pair ¢ = (a, b) of points is the length of the segment
[a, b]. For S € R2 of size at least 2, the notation «(S) denotes the closest-pair
distance of S, i.e., the length of the closest-pair in S.

The following result regarding the closest-pair distance of a random dataset will be
used to bound the expected number of candidate pairs with respect to various query
spaces. The proof of this result (and also of several other results in the remaining
sections) can be found in Appendix A.

Lemma 1.1 Let R be a rectangle of size A x A where A < A', and A < R™. Then
E[x?(A)] = © (max {(A’/mz)p, (VAN /m)PY)  for any constant p > 1.

In particular, if R is a segment of length £, then E[k? (A)] = O ((£/m?)P).

2 Quadrant Query

We consider the RCP problem for quadrant queries, i.e., the Q-RCP problem. In order
to solve the Q-RCP problem, it suffices to consider the 0¥ -RCP problem. Let § € R2
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Fig.1 A subdivision induced by successively overlaying the quadrants

be a dataset of size n. Suppose @ (S, oY) = {1, ..., ¢} where ¢; = (a;, b;), and
assume ¢y, ..., ¢, are sorted in increasing order of their lengths. It was shown in
[6] that m = O(n). We construct a mapping @ (S, Q) — R? as ¢; > w; where
w; = (max {a;.x, b;.x}, max{a;.y, b;.y}), and observe that for aquery range Q € Q< ,
¢; is contained in Q iff w; € Q. Let W; be the northeast quadrant with vertex w;.
Then we further have w; € Q iff ¢ € W; where g is the vertex of Q. As such, the
closest-pair in § N Q to be reported is ¢, forn = min {i : g € W;}.

We create a planar subdivision I', by successively overlaying Wy, ..., W, (see
Fig. 1). Note that the complexity of I" is O (m), since overlaying each quadrant creates
at most two vertices of I". By the above observation, the answer for Q is ¢; iff g is
in the cell W; \ U’j;]l W;. Thus, we can use the optimal planar point-location data
structures (e.g., [4, 7]) to solve the problem in O (m) space with O (logm) query time.
Since m = O(n), we obtain a Q-RCP data structure using O (n) space with O (log n)
query time in worst-case.

Next, we analyze the average-case performance of the above data structure. In fact,
it suffices to bound the expected number of the candidate pairs. Surprisingly, we have
the following poly-logarithmic bound.

Lemma 2.1 For a random dataset S < R" where R is an axes-parallel rectangle,
E[|®(S. Q)] = O(log’n).

Using the above lemma, we can immediately conclude that our data structure
uses O(log?n) space in average-case. The average-case query time is in fact
O (E[log |®@ (S, Q)|]). Note that E[log x] < log E[x] for a positive random variable x,
thus E[log |@ (S, Q)|] = O(loglogn).

Finally, we consider how to build the above data structure efficiently. To this end,
we need an efficient algorithm to overlay quadrants. Let Wy, ..., W, be m northeast
quadrants, and our goal to overlay them to obtain the subdivision /" described above.
(We can store I" as a DCEL structure [3], for example.) We process Wy, ..., Wy, in
this order. When processing W;, we want to compute the cell W; \ U’/;ll W;. To this
end, we maintain the union U of the quadrants that have been processed. Note that U
is always a staircase shape and its boundary dU is an orthogonal chain from top-left to
bottom-right. Therefore, we can use a (balanced) binary search tree 7 to maintain aU,
where the nodes store the segments of dU (which are vertical or horizontal) in the
order they appear on oU . _

To compute the cell W; \ U’j;]l W;, we first find all the segments of 0U that
intersect W;, denoted by o1, .. ., 0. Note that o1, . . . , 0% must be consecutive on 0U,
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and we can find them by simply searching in the BST 7 in O (logm + k) time. Once
o1, ..., o are found, the cell W; \ U’j;ll W; can be directly computed and stored in
the DCEL. After W; is processed, we have to update U in 7. We delete from 7 the
segments among o1, ..., ok that are completely contained in W;, because they are
no longer edges of 90U . Besides, among o1, .. ., o, there are (at most) two segments
partially contained in W;; we need to modify them in 7 as they get changed when
we insert W;. Furthermore, there are (at most) two new segments appearing on dU
due to the insertion of W; (which correspond to a portion of dW;), and we need to
insert them into 7. All of the above work can be done in O (klogm) time. Since k
is at most the number of the edges of the cell W; \ U']_:l] W; and the complexity of
the final subdivision is linear in m, the overall time cost for processing Wy, ..., W,
is O (mlogm).

Using the above algorithm, if we already have the set @ (S, 0¥ of candidate pairs
in hand, then our RCP data structure can be built in O (n logn) time. Unfortunately, it
is currently not known how to compute the candidate pairs (with respect to quadrants)
efficiently. To handle this issue, we use a result by Abam et al. [1]. Before describing
this result, we need to introduce the notion of spanners and local spanners. Let S C R?
be adatasetand ¢ > 1 be anumber. A geometric t-spanner (or t-spanner for short) of S
is aset ¥ of pairs of points in S such that if we regard the points in S as vertices and the
pairs in ¥ as edges (where the weight of each edge is equal to the Euclidean distance
between the pair of points), the resulting graph Gy satisfies dg,, (a, b) < t dist(a, b)
forall a, b € S, where dg,, (a, b) denotes the shortest-path distance between a and b
in Gy . Let X be a query space consisting of ranges in R?. An X-local t-spanner of S
is a set ¥ of pairs of points in S such that for every X € X, Wy is at-spanner of SN X,
where Wy C ¥ consists of the pairs in ¥ whose two points are both inside X. Note
that if < 2, then a t-spanner ¥ of S must contain the closest pair of S ! Therefore,
if t < 2, then an X-local 7-spanner ¥ of S must contains all candidate pairs of S with
respectto X, i.e., (S, X) C V.

Exploiting the so-called semi-separated pair decomposition (SSPD), Abam et al.
[1] showed that, given a dataset S C R? of size n, one can compute in O (n logzn)
time a Q< -local ¢-spanner ¥ of S for some # < 2 such that |¥| = O(nlogn). As
argued above, we have @ (S, ov ) € Y. To build our RCP data structure, instead
of computing the set @ (S, Q") of candidate pairs, we directly use the pairs in ¥ to
create a planar subdivision described above.

Formally, let ¥ = {¢1, ..., ¢p} where @1, ..., ¢y are sorted in increasing order
of their lengths, and let Wy, ..., Wy, be their corresponding northeast quadrants. We
overlay W1, ..., Wy inorder, and let I"’ be the resulting subdivision. We claim that 1"’

is the same as the subdivision I constructed using the candidate pairs in @ (S, oY ).
Since @ (S, Q) C ¥, for any southwest quadrant Q € Q¥ the closest-pairin SN Q
is contained in ¥, and in fact is the shortest element in ¥ that is contained in Q. It
follows that the corresponding cell of ¢ € ¥ in I' is just the subset of R? consisting
of the vertices of all Q € Q¥ such that the closest-pair in § N Q is ¢. Therefore,
the cell corresponding to any ¢ € ¥ \ ®(S, Q) in I’ must be empty, because ¢

1 Indeed, if (a, b) is the closest pair of S and (a,b) ¢ ¥, then dg,, (a,b) > 2dist(a, b) > tdist(a, b),
because the shortest path between a and b in Gy consists of at least two edges whose weights are at least
dist(a, b).
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is not the closest-pair in any southwest quadrant. Also, the cell corresponding to any
¢ € @(S, Q) in I'" must be the same as the one in I". So we have I’ = I'. Note
that |¥| = O(nlogn), thus the time for constructing I"" is O (n logZn), which is also
the preprocessing time of our RCP data structure.

Theorem 2.2 There exists a Q-RCP data structure A such that:
— Forany S C R? of size n,

Space(A(S)) = O(n) and Qtime(A(S)) = O(logn).

— For a random S o« R" where R is the unit square or more generally an arbitrary
axes-parallel rectangle,

E[Space(A(S))] = 0(log2n) and E[Qtime(A(S))] = O(loglogn).
Furthermore, the above data structure can be constructed in O (n logzn) worst-case
time.

3 Strip Query
We consider the RCP problem for strip queries, i.e., the P-RCP problem. In order to

solve the P-RCP problem, it suffices to consider the PY-RCP problem. Let S C R2
be a dataset of size n. Suppose @ (S, PY) = {¢1, ..., ¢} Where ¢; = (a;, b;), and

assume ¢y, ..., ¢, are sorted in increasing order of their lengths. It was shown in
[9] that m = O(nlogn). We construct a mapping @ (S, P¥) — R? as ¢; — w;
where w; = (min{a;.x, b;.x}, max{a;.x, b;.x}), and observe that for a query range

P = [x1,x2] x R € PY, ¢; is contained in P iff w; is in the southeast quadrant
[x1, 00) X (—00, x2]. Let W; be the northwest quadrant with vertex w; . Then we further
have w; € [x1, 00) X (—o0, x2] iff p € W; where p = (x1, x2). As such, the closest-
pairin SN P is ¢, for n = min {i : p € W;}. Thus, as in Sect. 2, we can successively
overlay Wy, ..., Wy, to create a planar subdivision I", and use point-location to solve
the problem in O (m) space and O (logm) query time. Since m = O(nlogn) here,
we obtain a P-RCP data structure using O (nlogn) space with O (logn) query time
in worst-case.

Next, we analyze the average-case performance of our data structure. Again, it
suffices to bound the expected number of the candidate pairs. For later use, we study
here a more general case in which the candidate pairs are considered with respect to
3-sided rectangle queries.

Lemma3.1 Let S H?:l I; where 11, . .., I,, are distinct vertical (resp., horizontal)
aligned segments sorted from left to right (resp., from bottom to top). Suppose a; € S
is the point drawn on I;. Then fori,j € {1,...,n}withi < jand X € {Ui,UT}
(resp., X e (U, UT)),
log(j —i
Pr((a;.aj) € DS, X)] = 0(%).
Jj—i
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From the above lemma, a direct calculation gives us the following corollary.

Corollary 3.2 For a random dataset S < R"™ where R is an axes-parallel rectangle,
E[l@(S, )] = O (n) and E[|@ (S, P)|] = O (n).

Proof Without loss of generality, assume R = [0, 1] x [0, A]. Since @(S,P) <
@ (S,U) for any S, it suffices to show E[|D (S, P)|] = 2(n) and E[|D(S,U)|] =
O (n). The former is clear, since every pair of x-adjacent or y-adjacent points in § is a
candidate pair with respect to P. The latter can be shown using Lemma 3.1 as follows.
We only need to bound E[|®(S,/"V)|]. We first show that if S o [T/, I; where
I, ..., I, arevertical aligned segments sorted from left to right, then E[|® (S, U ¢)|] =
O (n). In fact, this follows directly from Lemma 3.1. Let a; be the random point drawn
on /;. Then

n—1 n
E[|@(S,UNH1=)" > Pri(ai.a;) € d(S, U]

i=1 j=i+1

We plug in the bound Pr[(a;, a;) € @S, UV = 0(og(j —i)/(j — i)%) shown
in Lemma 3.1 to the above equation. Noting the fact that ) -, log? /12 = 0(1),
a direct calculation then gives us E[|®(S,U%)|] = O(n). Now assume S o« R”".
Define a random multi-set X = {a.x : a € S}, which consists of the x-coordinates
of the n random points in S. We shall show that for all x1, ..., x, € [0, 1] such that
X1 <...<Xp,

E[|0(S, UNI|X = {x1,...,xa}] = O(), 1)

which implies that E[|®(S,UV)|] = O(n), because the random points in S have
distinct x-coordinates with probability 1. Let [; = x; x [0, A] fori € {1,...,n},
then Iy, ..., I, are vertical aligned segments sorted from left to right. Note that,
under the condition X = {xi,..., x,}, the n random points in S can be viewed as
independently drawn from the uniform distributions on /11, .. ., I, respectively. Thus,
(1) follows directly from our previous argument for the case S o [[7_, I;. As aresult,
E[® (S, UY)]]1 = On). O

Using the above result and our previous data structure, we immediately conclude that
the average-case space cost of our P-RCP data structure is O (n). To build this data
structure, we use the same method as in Sect. 2. Abam et al. [1] showed that one can
compute in O(nlog?n) time a P"-local ¢-spanner ¥ of S for some ¢ < 2 such that
|¥| = O(nlogn); see Sect. 2 for the definition of local spanners. As argued in Sect. 2,
we have @ (S, PV) € ¥. We then overlay the corresponding northeast quadrants of
the pairs in ¥ to construct a planar subdivision I"’. This can be done in O (nlog?n)
using the algorithm in Sect. 2 for overlaying quadrants. Using the same argument
as in Sect. 2, we see that I’ is the same as the subdivision I" constructed using the
candidate pairs in @ (S, P") and hence can be used to answer RCP queries. Therefore,
the overall preprocessing time of our P-RCP data structure is O (n log?n).
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10 Discrete & Computational Geometry (2022) 68:1-49

Theorem 3.3 There exists a P-RCP data structure BB such that:

— Forany S C R2 of size n,
Space(B(S)) = O(nlogn) and Qtime(B(S)) = O(logn).

— For a random S o« R" where R is the unit square or more generally an arbitrary
axes-parallel rectangle,

E[Space(B(S))] = O(n) and E[Qtime(B(S))] = O(logn).

Furthermore, the above data structure can be constructed in O (n logzn) worst-case
time.

4 Rectangle Query

We consider the RCP problem for rectangle queries, i.e., the R-RCP problem. Unlike
the data structures presented in the previous sections, our R-RCP data structure is
somewhat complicated, so we give an brief overview below before discussing the
details.

Overview. Interestingly, our final data structure for the R-RCP problem is a combina-
tion of two simpler R-RCP data structures, each of which partially achieves the desired
bounds. Specifically, the first data structure has the desired worst-case space cost and
query time, while the second data structure has the desired average-case space cost
and has an even better (worst-case) query time of O (logn). By properly combining
the two data structures (Sect. 4.4), we obtain our final R-RCP data structure, which
achieves simultaneously the desired worst-case and average-case bounds. Both of the
simpler data structures are based on range trees [3] and our results for quadrant and
strip RCP problems presented in the previous sections.

In what follows, we first describe the common part of the two simpler /R-RCP data
structures. Let S € R? be a dataset of size . The common component of our two data
structures is a standard 2D range tree built on S [3]. The main tree (or primary tree)
7T is a range tree storing at its leaves the x-coordinates of the points in S. Each node
u € 7 corresponds to a subset S(u) of x-consecutive points in S, called the canonical
subset of u. At u, there is an associated secondary tree 7y, which is a range tree whose
leaves store the y-coordinates of the points in S(u). With an abuse of notation, for each
node v € 7y, we still use S(v) to denote the canonical subset of v, which is a subset of
y-consecutive points in S(u). As in [6], for each (non-leaf) primary node u € 7, we
fix a vertical line /, such that the points in the canonical subset of the left (resp., right)
child of u are to the left (resp., right) of /. Similarly, for each (non-leaf) secondary
node v, we fix a horizontal line /y such that the points in the canonical subset of the
left (resp., right) child of v are above (resp., below) /y. Let v € 7, be a secondary
node. Then at v we have two lines [y and [y, which partition R? into four quadrants.
We denote by S1(v), ..., S4(v) the subsets of S(v) contained in these quadrants; see
Fig. 2 for the correspondence.
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Fig.2 Illustrating the subsets Sy (v), ..., S4(v)

Rs Ry

Rl R2 lV

Fig.3 Illustrating the rectangles Ry, ..., Ry

In order to solve the problem, we need to store some additional data structures
(called sub-structures) at the nodes of the tree. At each secondary node v, we store
four Q-RCP data structures A(S1(V)), ..., A(S4(v)) (Theorem 2.2).

Now let us explain what we can do by using this 2D range tree (with the sub-
structures). Let R = [x1, x2] X [y1, 2] € R be a query rectangle. We first find in 7
the splitting node u € 7 corresponding to the range [x1, x2], which is by definition the
LCA of all the leaves whose corresponding points are in [x1, x] x R. Then we find in
Ta the splittingnode v € 7, corresponding to the range [ y1, y2]. If either of the splitting
nodes does not exist or is a leaf node, then |[SN R| < 1 and nothing should be reported.
So assume u and v are non-leaf nodes. By the property of splitting node, we have
SN R = S(v) N R, and the lines [, and /y both intersect R. Thus, [, and /y decompose
R into four smaller rectangles Ry, ..., Rs; see Fig. 3 for the correspondence. By
construction, we have S(v) N R; = S;(v) N R;. In order to find the closest-pair in
S N R, we first compute the closest-pair in S N R; for all i € {1, ..., 4}. This can
be done by querying the sub-structures stored at v. Indeed, SN R; = S(V) N R; =
Si(v) N R; = S;(v) N Q;, where Q; is the quadrant obtained by removing the two
sides of R; that coincide with [y, and ly. Therefore, we can query A(S; (v)) with Q; to
find the closest-pair in § N R;. Once the four closest-pairs are computed, we take the
shortest one (i.e., the one of the smallest length) among them and denote it by ¢.

Clearly, ¢ is not necessarily the closest-pair in SN R as the two points in the closest-
pair may belong to different R;’s. However, as we will see, with ¢ in hand, finding the
closest-pair in § N R becomes easier. Suppose Iy : x =« and ly : y = B, where x] <
o < xpand y; < B < y.Let§ be the length of ¢. We define P, = [0 — 6, ¢ + 5] xR
(resp., Pg =R x [ =6, B+ 6])and Ry, = RN Py (resp., Rg = RN Pg); see Fig. 4.
We have the following key observation.

Lemma 4.1 The closest-pair in S N R is the shortest one among {¢, ¢, $g}, where
Qo (resp., ¢p) is the closest-pair in S N Ry (resp., S N Rp).
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Fig.4 Illustrating the rectangles Ry and Rg

Proof Let¢* = (a*, b*) be the closest-pairin SNR. Since ¢, ¢, ¢p are all point-pairs
in SN R, it suffices to show that ¢* € {¢, ¢, Pp}. If §* = ¢, we are done. So assume
¢* # ¢. Then a* and b* must be contained in different R;’s. It follows that the segment
[a*, b*] intersects either [y or [y. Note that the length of ¢* is at most § (recall that §
is the length of ¢), which implies |a*.x — b*.x| < § and |a*.y — b*.y| < 8. If [a*, b*]
intersects Iy, then a*, b* € P, (because |a*.x — b*.x| < 8). Thus, a*, b* € Ry,
and ¢* = ¢,. Similarly, if [a*, b*] intersects Iy, we have ¢* = ¢g. As a result,

¢ € {9, ¢a. Pp}. u]

Due to the above lemma, it now suffices to compute ¢, and ¢g. Note that R, and R are
rectangles, so computing ¢ and ¢y still requires rectangle RCP queries. Fortunately,
there are some additional properties which make it easy to search for the closest-pairs
in SN Ry and S N Rg. For a set A of points in R2 and a,b € A, we define the x-gap
(resp., y-gap) between a and b in A as the number of the points in A \ {a, b} whose
x-coordinates (resp., y-coordinates) are in between a.x and b.x (resp., a.y and b.y).

Lemma 4.2 There exists a constant integer k such that the y-gap (resp., x-gap) between
the two points of ¢y (resp., ¢g) in S N Ry (resp., S N Rp) is at most k.

Proof We only need to consider ¢,. Let k = 100. The reason for this choice will
become clear shortly. Suppose ¢, = (a, b). We denote by w the left-right width of
R, i.e., the distance between the left and right boundaries of R, . By the construction of
R, we have w < 2§. We consider two cases: |a.y —b.y| > 2w and |a.y — b.y| < 2w.
Suppose |a.y — b.y| > 2w. Assume there are more than k points in (S N Ry) \ {a, b}
whose y-coordinates are in between a.y and b.y. Then by the pigeonhole principle, we
can find, among these points, two points a’ and " such that |a".y—b'.y| < |a.y—b.y|/k.
Since a’, b’ € Ry, we have |a’.x — b'.x| < w < |a.y — b.y|/2. It follows that

dist(a’,b") < |a'x —b'.x|+|a’.y —b.y| < |a.y — b.y| < dist(a, b),

which contradicts the fact that ¢, is the closest-pair in S N R,. Next, suppose |a.y —
b.y| < 2w.Then |a.y—b.y| < 43. Consider the rectangle R* = RyN(R x [a.y, b.y]).
Note that (S N R*) \ {a, b} consists of exactly the points in (S N Ry) \ {a, b} whose
y-coordinates are in between a.y and b.y. Therefore, it suffices to show | SN R*| < k.
Let Rf = R*NR; fori € {1,...,4}. Since RY C R;, the pairwise distances of
the points in § N Rl.* are at least 6. Furthermore, the left-right width of each R;‘ is at
most § and the top-bottom width of each R} is at most |a.y — b.y| (which is smaller
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than 46). Therefore, a simple argument using the pigeonhole principle shows that
SN R¥| <16 < 25 =k/4. Assuch, |[SN R*| < k. O

We shall use the above lemma to help compute ¢ and ¢g. At this point, our two data
structures diverge.

4.1 Preliminary: Extreme Point Data Structures

Before presenting our results, we introduce the so-called fop/bottom extreme point
(TBEP) and left/right extreme point (LREP) data structures. For a query space X
and a constant integer k, an (X, k)-TBEP (resp. (X, k)-LREP) data structure stores
a given set S of points in R? and can report the k topmost/bottommost (resp., left-
most/rightmost) points in § N X for a query range X € X.

Lemma 4.3 Let k be a constant integer. There exists a (P", k)-TBEP data structure
KCY such that for any S € R? of size n, Space(K¥(S)) = O(n) and Qtime (K¥(S)) =
O(logn). Furthermore, the above data structure can be constructed in O(nlogn)
worst-case time. Symmetrically, there also exists a (P, k)-LREP data structure K"
satisfying the same bounds.

Proof Let S € R? be a dataset of size n. The (PV, k)-TBEP data structure instance
KCY(S) is a standard 1D range tree 7 built on the x-coordinates of the points in S. By
the construction of a range tree, each node u € 7 corresponds to a subset S(u) of
x-consecutive points in S, called the canonical subset of u. The leaves of 7 one-to-
one correspond to the points in S. At each node u € 7, we store the k topmost and &
bottommost points in S(u); we denote the set of these 2k points by K (u). The overall
space cost of the range tree (with the stored points) is clearly O(n), as k is a constant.

To answer a query P = [x1, x2] Xx R € PV, we first find the r = O (log n) canonical
nodes uy, ..., u; € 7 corresponding to the range [x1, x2]. This is a standard range-
tree operation, which can be done in O (log n) time. We compute K = Uf: { K(u;)in
O (logn) time. We then use selection to find the k& topmost and k bottommost points
in K ; this can be done in O (log n) time since |K| = 2kt = O (logn). These 2k points
are just the k topmost and k bottommost points in § N P.

The above data structure can be easily built in O(nlogn) time, because finding
K (u) for each node u € 7 takes |S(u)| time (via selection). The (P", k)-LREP data
structure /C" is constructed in a symmetric way. O

Lemma4.4 Let [ be a vertical (resp., horizontal) line and k be a constant integer.
There exists a (P;, k)-TBEP (resp., (P;, k)-LREP) data structure K; such that for S
[T/_, Ii where I, ..., I, are distinct vertical (resp., horizontal) aligned segments,
E[Space(K;(S))] = O(logn) and E[Qtime([(;(S))] = O(loglogn). Furthermore,
the above data structure can be built in O(nlogn) worst-case time.

4.2 First Data Structure

We now introduce our first R-RCP data structure, which achieves the desired worst-
case bounds. Let k be the constant integer in Lemma 4.2. In our first data structure,
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besides the 2D range tree presented before, we build additionally two 1D range trees 7~
and 7" on S, where 77 (resp., 7") is built on y-coordinates (resp., x-coordinates). For
u' € 7' (resp.,u” € T"), westilluse S(u') (resp., S(u”)) to denote the canonical subset
of u’ (resp.,u” € 7”). Ateachnodeu’ € 7, we store a P-RCP data structure B(S(u’))
(Theorem 3.3) and a (P, k)-TBEP data structure ¥ (S(u’)) (Lemma 4.3). Similarly,
at each node u” € 7", we store a P-RCP data structure B(S(u”)) (Theorem 3.3) and
a (PM, k)-LREP data structure KM(S(u”)) (Lemma 4.3).

We now explain how to compute ¢ and ¢g. Suppose Ry = [Xq, X, ] X [Vas Yo l-
Let Py = [x4,x,] x Rand P, = R X [yq, y,]. To compute ¢, we first find in
7' the t = O(logn) canonical nodes ], ..., u; € 7' corresponding to the range
[Va. ¥, 1. Then (Ji_; S(u}) = S N Py, and each S(u)) is a set of y-consecutive
points in S N Py. Furthermore, S N Ry, = (J;_; S(u}) N Py. We query the sub-

structures B(S(u})), ..., B(S(u;)) with Py to find the closest-pairs i, ..., ¢; in
S(v1) N Py, ..., S(vs) N Py, respectively. We also query IC"(S(u’l)), L KY(S ()
with P, to obtain the k topmost and bottommost points in S(w}) N P, ..., S(u) N P,

respectively; we denote by K the set of the 2k¢ reported points. Then we find the
closest-pair ¢ in K using the standard divide-and-conquer algorithm.

We claim that ¢, is the shortest one among {¢1, . .., ¢;, ¢k }. Suppose ¢, = (a, b).
If the two points of ¢, are both contained in some § (ul’. ), then clearly ¢, = ¢;.
Otherwise, by Lemma 4.2 and the choice of &, the two points of ¢, must belong to
K and hence ¢, = ¢g. It follows that ¢, € {¢1, ..., ¢, Pk }. Furthermore, because
the pairs ¢, ..., ¢;, ¢k are all contained in Ry, ¢, must be the shortest one among
{é1, ..., ¢:, ¢k }. Therefore, with ¢1, . . ., ¢:, ¢k in hand, ¢ can be easily computed.
The pair ¢g is computed symmetrically using 7”. Finally, taking the shortest one
among {¢, ¢, ¢}, the query R can be answered.

The 2D range tree together with the two 1D range trees 7’ and 7" forms our first
R-RCP data structure. A straightforward analysis gives us the worst-case performance
of this data structure.

Theorem 4.5 There exists an R-RCP data structure Dy such that for any S € R? of
size n, Space(D1(S)) = O(nlog’n) and Qtime(D1(S)) = O(log’n). Furthermore,
the above data structure can be constructed in O (n 10g4n) worst-case time.

Proof We first analyze the space cost. Let v be a secondary node of the 2D range
tree. By Theorem 2.2, the space cost of the sub-structures stored at v is O (|S(v)]).
Therefore, for a primary node u € 7 of the 2D range tree, the space cost of 7,
(with the sub-structures) is O (|S(u)|log|S(u)|). As a result, the entire space cost of
the 2D range tree is O(nlog’n). Let u' € 7’ be a node of the 1D range tree 7.
By Theorem 3.3 and Lemma 4.3, the space cost of the sub-structures stored at u’ is
O (|S’)|log |S(u')]). As such, the entire space cost of 7" is O (n log”n). For the same
reason, the space cost of 7" is O (nlog?n), and hence the entire space cost of Dy is
O(nlog’n).

Next, we analyze the query time. When answering a query, we need to compute the
pairs ¢, o, ¢p in Lemma 4.1. To compute ¢, we first find the splitting nodes u € 7
and v € 7. This is done by a top-down walk in 7" and 7,, which takes O (logn)
time. Then we query the sub-structures A(S(v)), ..., A(S4(v)), which can be done
in O(logn) time by Theorem 2.2. Thus, the time for computing ¢ is O(logn). To
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compute ¢, we first find the = O (log n) canonical nodesuf, ..., u; € 7', whichcan
be done in O (logn) time. Then we query the sub-structures B(S(u})), ..., B(S(u;))
and KY(S(u})), ..., £Y(S(u})) to obtain the pairs ¢, ..., ¢; and the set K of 2kt
points. By Theorem 3.3 and Lemma 4.3, this step can be done in O (log’n) time.
Finally, we compute the closest-pair ¢g in K using the standard divide-and-conquer
algorithm, which takes O (logn loglogn) time since |K| = O (logn). Thus, the time
for computing ¢y, is O (logzn), so is the time for computing ¢g. As a result, the overall
query time is O (log’n).

Finally, we analyze the preprocessing time. By Theorem 2.2, to build the sub-
structures stored at each secondary node v of the 2D range tree takes
o(S (V)|10g2|S (v)|) time. Therefore, the time for building the 2D range tree is
O(nlog*n). By Theorem 3.3 and Lemma 4.3, to build the sub-structures at each
node u of 77 or 7" takes O (|S(u)| log?|S(u)|) time. Therefore, the time for building
the two 1D range trees 7’ and 7" is O (nlog>n). As a result, the overall preprocessing
time is O (n log*n). o

Our first data structure itself already achieves the desired worst-case bounds, which
simultaneously improves the results given in [6, 9].

4.3 Second Data Structure

We now introduce our second R-RCP data structure, which has the desired average-
case space costand an O (log n) query time (even in worst-case). Furthermore, this data
structure can be constructed efficiently in average-case. In our second data structure,
we only use the 2D range tree presented before, but we need some additional sub-
structures stored at each secondary node. Let k be the constant integer in Lemma 4.2.
Define S, (V) = S3(v) U S4(v) (resp., Sy (v) = S1(v) U S2(v)) as the subset of S(v)
consisting of the points above (resp., below) Iy. Similarly, define S4(v) and Sy (V)
as the subsets to the left and right of I, respectively. Let v € 74 be a secondary
node. Besides A(S;(v)), ..., A(S4(v)), we store at v two (P}, k)-TBEP data struc-
tures KCp, (Sa (), Ky, (Sy (v)) (Lemma 4.4) and two (Py,, k)-LREP data structures
K1, (Sq(v)), K1, (S (v)) (Lemma 4.4).

Furthermore, we need a new kind of sub-structures called range shortest-segment
(RSS) data structures. For a query space X', an X'-RSS data structure stores a given
set of segments in R? and can report the shortest segment contained in a query range
X € X. For the case X = U, we have the following RSS data structure.

Lemma 4.6 There exists a U-RSS data structure C such that for any set G of m seg-
ments, Space(C(G)) = O(m?) and Qtime(C(G)) = O(logm). Furthermore, the
above data structure can be built in O (m* log m) worst-case time.

Proof It suffices to design the Z/*-RSS data structure. We first notice the existence of
a PY-RSS data structure using O (m) space with O (log m) query time, which can be
built in O (m log m) time. Indeed, by applying the method in Sect. 3, we immediately
obtain this data structure (a segment here corresponds to a candidate pair in Sect. 3).

With this PY-RSS data structure in hand, it is quite straightforward to design the
desired UY-RSS data structure. Let G = {o1,...,0m} be aset of m segments where
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o; = la;, b;]. Define y; = max {a;.y, b;.y} and assume y; < ... < y,,. Now build
a (balanced) binary search tree with keys yi, ..., y,. We denote by u; the node
corresponding to y;. At u;, we build a PV-RSS data structure described above built on
the subset G; = {o1,...,0;} € G. The overall space cost is clearly O(mz), and the
time for constructing the data structure is O (m? log m).

To answeraquery U = [x1, x2] X (—00, y] € U, we firstuse the binary search tree
to find the maximum y; that is less than or equal to y. This can be done in O (logm)
time. Let P = [x1, x2] x R € P". Note that a segment ¢ € G is contained in U iff
o € G; and o is contained in P. Thus, we can find the desired segment by querying
the PV-RSS data structure stored at u; with P, which takes O (logm) time. O

We now define @4 (v) = qﬁlu(SA(v),L[l), Dy (V) = Cblu(Sy(v),Z/{T), Dqlv) =
D (Sq(v),U7), and Dy (V) = D, (Sp(V),UT). We can view D, (v), Py (V),
D q(v), Dy (v) as four sets of segments by identifying each point-pair (a, b) as a
segment [a, b]. Then we apply Lemma 4.6 to build and store at v four {/-RSS data
structures C(@, (v)), C(Py (V)), C(P q(V)), C(Da(V)).

We now explain how to compute ¢, and ¢g. Let us consider ¢. Recall that ¢ is
the closest-pairin SN Ry, i.e.,in S(v) N Ry. Let P be the [ -anchored strip obtained by
removing the top/bottom bounding line of R,,. If the two points of ¢, are on opposite
sides of ly, then by Lemma 4.2 its two points must be among the k bottommost points
in S5 (v) N P and the k topmost points in Sy (v) N P respectively. Using Ky, (Sa (V)
and KC;, (Sy (v)), we report these 2k points, and compute the closest-pair among them
by brute-force. If the two points of ¢, are on the same side of Iy, then they are both
contained in either S, (v) or Sy(v). So it suffices to compute the closest-pairs in
Sa(v) N Ry and Sy (v) N Ry. Without loss of generality, we only need to consider
the closest-pair in S, (v) N Ry. We denote by U the 3-sided rectangle obtained by
removing the bottom boundary of R, and by Q1 (resp., Q) the quadrant obtained by
removing the right (resp., left) boundary of U. We query A(S(v)) with Q1, A(S2(V))
with Q,, and C(@4 (v)) with U. Clearly, the shortest one among the three answers
is the closest-pair in S, (v) N Ry. Indeed, the three answers are all point-pairs in
Sa(v) N Ry. If the two points of the closest-pair in S, (v) N R, are both to the left
(resp., right) of Iy, A(S1(v)) (resp., A(S2(v))) reports it; otherwise, the closest-pair
crosses Iy, and C(@, (v)) reports it. Now we see how to compute ¢, and ¢g can
be computed symmetrically. Finally, taking the shortest one among {¢, ¢, ¢g}, the
query R can be answered.

A straightforward analysis shows that the overall query time is O(logn) even in
worst-case. The worst-case space cost is not near-linear, as the ¢/-RSS data struc-
ture C may occupy quadratic space by Lemma 4.6. Interestingly, we can show that
the average-case space cost is in fact O(nlogn). The crucial thing is to bound the
average-case space of the sub-structures stored at the secondary nodes. The intuition
for bounding the average-case space of the Q-RCP and TBEP/LREP sub-structures
comes directly from the average-case performance of our Q-RCP data structure (The-
orem 2.2) and TBEP/LREP data structure (Lemma 4.4).

However, to bound the average-case space of the /-RSS sub-structures is much
more difficult. By our construction, the segments stored in these sub-structures are
3-sided candidate pairs that cross a line. As such, we have to study the expected num-
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ber of such candidate pairs in a random dataset. To this end, we recall Lemma 3.1.
Let [ be a vertical line, and S ]_[:-’zl I; be a random dataset drawn from verti-
cal aligned segments I, ..., I, as in Lemma 3.1. Suppose we build a I/-RSS data
structure C(®) on @ = &;(S,UY). Using Lemma 3.1, a direct calculation gives
us E[|®;(S,UY)|] = 0(log2n). Unfortunately, this is not sufficient for bounding
the average-case space of C(®), because E[Space(C(®))] = O [E[|®;(S,UY)[*])
and in general E[|®; (S, U] # E*[|®;(S, UY)|]. Therefore, we need a bound for
E[|®;(S, U"Y)|?], which can also be obtained using Lemma 3.1, but requires nontrivial
work.

Lemma4.7 Let | be a vertical (resp., horizontal) line and S ]_[;7:1 I; where
I, ..., I, are distinct vertical (resp., horizontal) aligned segments. Then for X €
Uy, Uty (resp., X € U=, U™}, E[|&/(S, X)|] = O(log’n) and E[|®;(S, X)|*] =
O(log*n).

With the above lemma in hand, we are ready to bound the average-case space cost of
our second data structure. Before this, let us first consider the preprocessing of this
data structure. We are not able to bound the worst-case preprocessing time (as the
worst-case space cost of the data structure is not well-bounded). Therefore, what we
want here is a preprocessing algorithm with near-linear average-case running time.
The 2D range tree itself and its Q-RCP sub-structures can be built in the same way as in
our first data structure using O (n log*n) worst time. The TBEP/LREP sub-structures
on each secondary node v can be built in O (|S(v)|log|S(v)|) time by Lemma 4.4;
hence the overall time cost for this part is O (n log>n). It suffices to consider the Z/-RSS
sub-structures. The difficulty here is how to find efficiently the 3-sided candidate pairs
that cross a line; as long as we have these candidate pairs in hand, the ¢/-RSS data
structure can be built in O (m? log m) time by Lemma 4.6 (where m is the number of
the pairs).

Lemma 4.8 Let ! be a vertical (resp., horizontal) line and X € {Z/{i, ury (resp., X €
{U,UT}). Then there exists an algorithm computing ®;(S, X) for an input dataset
S C R? which runs in O(nlog*n) average-case time for a random S o [T, &
where Iy, ..., I, are distinct vertical (resp., horizontal) aligned segments. Therefore,
one can construct the U-RSS data structure C(®;(S, X)) described in Lemma 4.6 in
O (nlog*n) average-case time for a random S [T, L

Proof It suffices to consider the case in which [ is a vertical line. Suppose X = U". Let
S C R? be a dataset of size n. We compute @;(S, U 1) as follows. First, we compute
the rectangle candidate pairs @ (S, R). As observed in [6], @ (S, R) can be computed
in O(nlogn 4+ A) time where A = @ (S, R)|. Note that &S, UY) € DS, UY) C
D(S,R).

To further compute @ (S, UY) from @ (S, R), we build an R-RCP data struc-
ture D;(S) as described in Theorem 4.5, which takes O(n log4n) time. For
each ¢ = (a,b) € @(S5,R), let Uy = [min{a.x,b.x}, max{a.x,b.x}] X
(—oo, max {a.y, b.y}] € U’ be the smallest bottom-unbounded 3-sided rectangle
that contains ¢. Clearly, ¢ € &;(S,U ¥) iff ¢ crosses [ and is the closest-pair in
SN Uyg. Therefore, for each ¢ € @ (S, R) that crosses [, we can query D1 (S) with Uy
(note that an R-RCP data structure can also answer 3-sided rectangle queries) to
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check if ¢ € @;(S,UY). Since the query time of Dj(S) is O(logzn), we can com-
pute @;(S, U ) in 0(A logzn) time after D;(S) is built. Therefore, the total time for
computing @, (S, Uy is O (n log4n + A log2n).

Gupta et al. [6] proved that E[A] = O(nlogn) when S is generated uniformly
and independently from the unit square. Although S o [/, /; in our setting, the
same proof actually results in the same bound, i.e., E[A] = O(nlogn). As such, our
algorithm for computing ®; (S, UV) takes O (nlog*n) average-case time when § o
I—[?=1 I;. To further build the data structure C(®; (S, X)), we apply Lemma 4.6, which
takes O(mzlogm) time where m = |®;(S, X)|. Lemma 4.7 shows that E[m?] =
O (log*n), which implies E[m?logm] = O(log>n) because the maximum possible
value of the random variable m is bounded by O (n?). Therefore, C(®;(S, X)) can be
constructed in O (nlog*n) average-case time when S o [T/_, L;, including the time
for computing ®; (S, UY). ]

Now we are ready to prove the performance of our second data structure.

Theorem 4.9 There exists an R-RCP data structure Dy such that:
— Forany S C R? of size n, Qtime(D,(S)) = O(logn).
— For a random S o R" where R is the unit square or more generally an arbitrary
axes-parallel rectangle, E[Space(D;(S))] = O(nlogn).
Furthermore, the above data structure can be constructed in O (n1og®n) average-case
time.

4.4 Combining the Two Data Structures

We now combine the two data structures D; (Theorem 4.5) and D, (Theorem 4.9)
to obtain a single data structure D that achieves the desired worst-case and average-
case bounds simultaneously (and can be constructed in near-linear time). For a dataset
S C R2 of size n, if Space(D2(S)) > n logzn or the time for constructing D> (S)
(using Theorem 4.9) is greater than n log7n, we set D(S) = D;(S), otherwise we set
D(S) = D,(S). The reason for the choice of the thresholds n logzn and n 10g7n will
be clear shortly (in the proof of Theorem 4.10). The worst-case bounds of D follow
directly, while to see the average-case bounds of D requires a careful analysis using
Markov’s inequality.

Theorem 4.10 There exists an R-RCP data structure D such that:
— Forany S C R? of size n,

Space(D(S)) = O(nlog’n) and Qtime(D(S)) = O (log’n).

— For a random S o« R" where R is the unit square or more generally an arbitrary
axes-parallel rectangle,

E[Space(D(S))] = O(nlogn) and E[Qtime(D(S))] = O(logn).

Furthermore, the above data structure can be constructed in O (nlog’n) worst-case
time.
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Proof As mentioned above, our data structure D is obtained by combining D
(Theorem 4.5) and D, (Theorem 4.9) as follows. For any § C R2 of size n, if
Space(D>(S)) > nlog’n or the time for constructing D»(S) (using Theorem 4.9)
is greater than n 10g7n, we set D(S) = D1 (S), otherwise we set D(S) = D;(S). (The
reason for choosing n log’n will be clear at the end of the proof.) We claim that D has
the desired perfomance.

We first consider the space cost and query time. Let S € R? be a dataset of size . Itis
clear from the construction that Space(D(S)) = O(n logzn). Also, Qtime(D(S)) =
0(log2n), since Qtime(D1(S)) = 0(log2n) and Qtime(D,(S)) = O(logn). To
analyze the average-case space and query time of D, let S o< R" for an axes-parallel
rectangle R. Define E as the event Space (D> (S)) > n 10g2n and E’ as the event that the
time for constructing D> (S) (using Theorem 4.9) is greater than n log’n. Let —E and
—E’ be the complement events of E and E’, respectively. Since E[Space(D,(S))] =
O(nlogn), we have Pr[E] = O(1/logn) by Markov’s inequality. Similarly, since
the average-case preprocessing time of D, is O(nlog®n), we also have Pr(E’] =
O(1/logn) by Markov’s inequality. Therefore, Pr[E”] = O(1/logn) for E” =
EVE'

To bound the average-case space cost, we observe

E[Space(D(S))] = Pr[E"] - E[Space(D;(S)) | E"]
+ Pr[—E"] - E[Space(D,($)) |—=E"].

Note that Pr[E"] - E[Space(D(S))|E”"] = O(nlogn), since Space(D;(S)) =
O(nlog?n) and Pr[E”] = O(1/logn). Also, Pr[—E"] - E[Space(D,(S))|—E"]
E[Space(D>(S))] = O(nlogn). Thus, E[Space(D(S))] = O(nlogn). To bound the
average-case query time, let 7; be the worst-case query time of D; built on a dataset
of size n, fori € {1, 2}. Then E[Qtime(D(S))] < Pr[E"]- Ty + Pr[—=E"] - T». Since
Ty = O(log’n), T» = O(logn), Pr[E] = O(1/logn), we have E[Qtime(D(S))] =
O(logn).

Finally, we consider how to construct D(S) in O (n log7n) time for a given dataset
S C R? of size n. We first try to build D,(S) using the algorithm in Theorem 4.9.
We run the algorithm for n log’n time units. If D, (S) is not successfully constructed
in such amount of time, we terminate the algorithm and build D;(S) in O(n log4n)
time using Theorem 4.5, since we have D(S) = D;(S) in this case. Assume D> (S) is
successfully constructed in n log7n time. We then check if Space(D;(S)) <n logzn.
If so, D(S) = D, (S) and we are done. Otherwise, we have D(S) = D;(S), and thus
we build D1 (S) in O(n 10g4n) time. By the above argument, we can construct D(S)
in O(n log7n) worst-case time. O

IA

5 Halfplane Query

We consider the RCP problem for halfplane queries, i.e., the {-RCP problem. In order
to solve the H-RCP problem, it suffices to consider the ‘H'-RCP problem. Let S € R2
be the dataset of size n. Before discussing the details, we first give an overview of our
method.
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Fig.5 Illustrating the upward-open wedge W;

Overview. Similar to what we did for the quadrant and strip RCP problems, we consider
candidate pairs. It was known [1] that the candidate pairs with respect to the query
space ' do not cross each other (when regarded as segments), which implies that the
candidate pairs are edges of a planar graph (with vertex set ) and hence @ (S, H') =
O (n). The main difficulty here is to store these candidate pairs in a linear-space data
structure that can answer halfplane queries in logarithmic time. To this end, we use
duality [3] to map each candidate pair in the primal space to a wedge in the dual
space. We then establish a key combinatorial result which shows that the arrangement
obtained by overlaying the wedges in the dual space has a linear complexity. This result
relies heavily on the fact that the candidate pairs are non-crossing. As a byproduct of
this result, we also obtain an optimal halfspace RSS data structure for non-crossing
segments (see Sect. 5.2). To achieve the average-case bounds, we prove that the number
of candidate pairs with respect to halfplane queries is O (log>n) in average-case.

We begin by introducing the standard duality technique [3]. A non-vertical line
[ :y = ux+vinR?is dual to the point [* = (u, —v) and a point p = (s, 1) € R?
is dual to the line p* : y = sx — . A basic property of duality is that p € 17
(resp., p € IV)iff I* € (p*)T (resp., I* € (p*)¥). To make the exposition cleaner, we
distinguish between primal space and dual space, which are two copies of R2. The
dataset S and query ranges are assumed to lie in the primal space, while their dual
objects are assumed to lie in the dual space.

Duality allows us to transform the 7{T-RCP problem into a point location problem
as follows. Let H = IT € H' be a query range. The line / bounding H is dual to
the point /* in the dual space; for convenience, we also call [* the dual point of H.
If we decompose the dual space into “cells” such that the query ranges whose dual
points lie in the same cell have the same answer, then point location techniques can be
applied to solve the problem directly. Note that this decomposition must be a polygonal
subdivision I" of R?, which consists of vertices, straight-line edges, and polygonal
faces (i.e., cells). This is because the cell-boundaries must be defined by the dual lines
of the points in S.

In order to analyze the space cost and query time, we need to study the complexity
|| of I". An O (n?) trivial upper bound for | I"| follows from the fact that the subdivi-
sion formed by the n dual lines of the points in S has an O (n?) complexity. Surprisingly,
using additional properties of the problem, we can show that |I"| = O (n), which is a
key ingredient of our result in this section.
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Suppose @ (S, HY = {¢1, ..., dm} wWhere ¢; = (a;, b;) and ¢y, ..., ¢, are sorted
in increasing order of their lengths. It was shown in [1] that m = O(n), and the
candidate pairs do not cross each other (when identified as segments), i.e., the segments
[a;i, b;] and [a}, bj] do not cross for any i # j. The non-crossing property of the
candidate pairs is important and will be used later for proving Lemma 5.1. With this
in hand, we now consider the subdivision I".

Let H = 1" € H" be a query range. By the property of duality, ¢; is contained in
HiffI* € (a;")T and [* € (b;“)T, i.e., [* is in the upward-open wedge W; generated by
the lines a; and b (in the dual space); see Fig. 5. As such, the closest-pair in S N H
to be reported is ¢, for n = min {i : [* € W;}. Therefore, I" can be constructed by
successively overlaying the wedges Wy, ..., W, (similarly to what we see in Sect. 2).

Formally, we begin with a trivial subdivision I of R?, which consists of only one
face, the entire plane. Suppose [5_1 is constructed, which has an outer face F;_
equal to the complement of U’ _11 W;in R%. Now we construct a new subdivision I}
by “inserting” W; to I;_1. Spe<:1ﬁcally, I'; is obtained from I;_; by decomposing the
outer face F;_; via the wedge W;; that is, we decompose F;_; into several smaller
faces: oneis F; 1\ W; and the others are the connected components of F; 1 N W;. Note
that F;_1 \ W; is the complement of Ulj=1 W, which is connected (as one can easily
verify) and becomes the outer face F; of I;. In this way, we construct I, ..., [, in
order, and it is clear that I, = I'. The linear upper bound for |I"| follows from the
following technical result.

Lemma5.1 || — |[i—1| = OQ) fori € {1, ..., m}. In particular, |I'| = O (m).

Proof Let F; be the outer face of I, and d W; be the boundary of the wedge W; (which
consists of two rays emanating from the intersection point of a* and b). We first note
that, to deduce that | ;| — |I7—1] = O(1), it suffices to show that the number of the
connected components of dW; N F;_; is constant. This is because every connected
component of dW; N F;_; contributes to I exactly one new face, a constant number
of new vertices, and a constant number of new edges. Indeed, we only need to check
one branch of dW; (i.e., one of the two rays of dW;), say the ray contained in a; (we
denote it by ). We will show that »r N F;_1 has O(1) connected components.
Without loss of generality, we may assume that qg; is to the left of »;. Then each
point on r is dual to a line in the primal space, which goes through the point a; with
the segment [a;, b;] above it. Note that r N F;_| =7\ U’ ! Wi=r\ U’j_:ll (rnw;),
and each r N W; is a connected portion of . We cons1der each je{l,...,i—1}and
analyze the intersection r N W;. Let [; be the line through a; and b;. There are three

cases to be considered separately: (1) a;, b; € ll.T, (2)aj,bj € l}, or(3)oneofaj, b;
is in ll.T \ /; (i.e., strictly above /;) while the other is in l} \ /; (i.e., strictly below /;).
[Case 1] In this case, aj, b; € ll.T . The wedge W; must contain the initial point rg

of r (i.e., the intersection point of a;" and b;‘, which is the dual of the line /;), because
ro € (@)1 and rg € (V)" (See Fig. 6a.)

[Case 2] In this case, aj, b; € ll.i. We claim that either » N W; is empty or it contains
the infinite end of 7 (i.e., the point at infinity along ). Imagine that we have a point p
moving along r from ry to the infinite end of r. Then p is dual to a line in the primal
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Fig.6 Illustrating the various cases in Lemma 5.1
space rotating clockwise around a; from the line /; to the vertical line through a;; see
Fig. 6b. Note that p € r N W; (in the dual space) only when a;,b; € (p*)' (in the

primal space). Buta;, b; € ll-i in this case. When p is moving, the region ll.i Nn((pHt
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expands. As such, one can easily see that 7 N W; must contain the infinite end of r if
it is nonempty. (See Fig. 6, ¢ and d.)

[Case 3] In this case, one point of a;, b; is in liT \ /; while the other is in lii \ ;.
Thus, the segment [a;, b;] must intersect the line /;. However, as argued before, the
segments [a;, b;] and [a;, b;] do not cross. So the intersection point ¢ of [a;, b;] and
l; is either to the left of a; or to the right of b; (recall that a; is assumed to be to the
left of b;).

If ¢ is to the left of a;, we claim that » N W; is empty. Observe that the dual line of
any point on r is through a; and below b;, meaning that it must be above ¢ (as c is to
the left of a;). In other words, the dual line of any point on r is above at least one of
aj, bj, and thus any point on r is not contained in the wedge W, i.e., 7 N W; is empty.
(See Fig. 6e.)

The most subtle case occurs when c is to the right of b;. In such a case, we consider
the line through a; perpendicular to /;, which we denote by /. We first argue that both
a; and b; must be on the same side ofllf as b;. Since c is to the right of b;, at least one of
aj, bj is on the same side of /! as b;. However, we notice that [a;, b;] cannot intersect
I, otherwise the length of ¢; is (strictly) greater than that of ¢;, contradicting the fact
that j < i (recall that @1, ..., ¢y, is sorted in increasing order of their lengths). So the
only possibility is that a;, b, b; are on the same side of /{. Now we further have two
sub-cases.

— [/ has no dual point (i.e., /] is vertical) or its dual point (I;)* is not on the ray r.
In this case, consider a point p moving along r from ry to the infinite end of r.
Clearly, when p moves, the region (llf )7 No( p"‘)T expands. Thus, either r N W; is
empty or it contains the infinite end of r. (See Fig. 6, f and g.)

— (I))* is on r. Then r N W; may be a connected portion of r containing neither o
nor the infinite end of r. However, as b; € (l;)¢ in this case, we have a;, b; € (llf)T
(recall thata;, b, b; are on the same side of [{). This implies that » N W; contains
(I))*. (See Fig. 6h.)

In sum, we conclude that for any j € {1, ..., i — 1}, the intersection » N W; might be
(i) empty, or (ii) a connected portion of r containing rg, or (iii) a connected portion
of r containing the infinite end of r, or (iv) a connected portion of r containing (llf )*
aif (llf )*is on r). As such, the union U;;ll (r N W;) can have at most three connected
components, among which one contains ¢, one contains the infinite end of , and one
contains (I/)*. Therefore, the complement of Ulj;ll (rnW;j)inr,ie.,r N Fj_y, has
at most two connected components. This in turn implies that 9W; N F;_; has only a
constant number of connected components, and hence |I;| — |I;—1| = O(1). Finally,
since |Ip] = O(1) and m = O(n), we immediately have |I"| = |I},| = O(m). O

With the above result in hand, we can build an optimal point-location data structure
for I" using O (m) space with O (logm) query time to solve the RCP problem. Since
m = O (n), we obtain an H-RCP data structure using O (n) space and O (logn) query
time in worst-case.

Next, we analyze the average-case bounds of the above data structure. In fact, it
suffices to bound the expected number of the candidate pairs. Surprisingly, we have
the following poly-logarithmic bound.
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Lemma 5.2 For a random dataset S < R" where R is an axes-parallel rectangle,
E[|®(S, H)[] = O(log’n).

5.1 Preprocessing

In this section, we consider how to construct the above data structure efficiently. The
key step is to construct the subdivision I" of the dual R2. Since |I"| = O(n), once I is
constructed, one can build in O (n logn) time the point-location data structure for I,
and hence our H"-RCP data structure.

Let us first consider an easier task, in which @ (S, H1) is already given beforehand.
In this case, we show that I" can be constructed in O (nlogn) time. As in Sect. 5,
suppose @ (S, H") = {¢1, ..., ¢} Where ¢1, ..., ¢, are sorted in increasing order
of their lengths. Recall that in Sect. 5 we defined the m subdivisions I, ..., I},. Our
basic idea for constructing I is to begin with I and iteratively construct I'; from I;_
by inserting the wedge W; dual to ¢;. In this process, a crucial thing is to maintain
the outer face F; (or its boundary). Note that the boundary 9 F; of F; (i.e., the upper
envelope of F;) is an x-monotone polygonal chain consisting of segments and two
infinite rays; we call these kinds of chains left-right polylines and call their pieces
fractions. Naturally, a binary search tree can be used to store a left-right polyline; the
keys are its fractions in the left-right order. Therefore, we shall use a (balanced) BST
7T to maintain d F;. That is, at the end of the i-th iteration, we guarantee the left-right
polyline stored in 7 is dF;. At each node of 7, besides storing the corresponding
fraction, we also store the wedge W; which contributes this fraction.

Suppose we are now at the beginning of the i-th iteration. We have I;_1 in hand
and 7 stores d F;_1. We need to “insert” the wedge W; to generate I'; from I;_1, and
update 7. To this end, the first step is to compute dW; N F;_1. Now let us assume in
advance that 9 W; N F;_1 is already computed in O (log |7 |) time; later we will explain
how to achieve this. With dW; N F;_; in hand, to construct [ is fairly easy. By the
proof of Lemma 5.1, 9 W; N F;_1 has O(1) connected components. We consider these
components one-by-one. Let £ be a component, which is an x-monotone polygonal
chain with endpoints (if any) on d F;_1 (indeed, & consists of at most two pieces as
it is a portion of d W;). For convenience, assume & has a left endpoint u# and a right
endpoint v. Then & contributes a new (inner) face to I';, which is the region bounded
by & and the portion o of 9 F;_| between u, v. We then use 7 to report all the fractions
of 0 F;_1 that intersect ¢ in left-right order, using which the corresponding new face
can be directly constructed. The time cost for reporting the fractions is O (log | 7| + k)
where k is the number of the reported fractions, since they are consecutive in 7 .

After all the components are considered, we can construct I; by adding the new
faces to I;_1 (and adjusting the involved edges/vertices if needed). As there are O (1)
components, the total time cost for constructing I; from I;_; is O(log|7| + K;),
where K; is the total number of the fractions reported from 7. But we can charge the
reported fractions to the corresponding new faces, and the fractions charged to each
face are at most as many as its edges. Therefore, ) 7" | K; = O(m), and this part of
the time cost is amortized O (log m) for each iteration.
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The remaining task is to update the left-right polyline 7. At the beginning of the i-th
iteration, 7 stores d F;_, and we need to modify it to d ;. Clearly, d F; is obtained by
using the connected components of d W; N F;_; to replace the corresponding portions
of d F;_1. We consider the components of d W; N F;_; one-by-one (there are constant
number of components to be considered by the proof of Lemma 5.1). Let £ be a
component, which must be an x-monotone polygonal chain consisting of at most two
pieces. For convenience, assume & has a left endpoint © and a right end point v. It is
clearthatu, v € 9 F;_1. We need to replace the portion o of 9 F;_1 between u, v with &;
we call this a Replace operation. To achieve this, we first report the fractions of d F;_
intersecting o, by using the approach described above. Suppose the reported fractions
are yi, ..., ¥k sorted in the left-right order. Then u € y; and v € y4. Clearly, the
fractions y», .. ., yx—1 should be removed, as they disappear after replacing o with &.
This can be done by deleting the corresponding nodes from 7 via k — 2 BST-deletion
operations. Also, we need to modify y; and y: the portion of y; (resp., yx) to the right
(resp., left) of u (resp., v) should be “truncated”. This can be done by directly updating
the information stored in the two corresponding nodes. Finally, £ should be inserted.
Each piece of £ becomes a new fraction, for which we create a new node storing the
information of the fraction and insert it into 7 via a BST-insertion operation.

Now we analyze the time cost of this Replace operation. Let |7 | be the size
of T before the operation. The time cost for reporting is O (log |7 | + k). Remov-
ing y2, ..., vk—1 takes O(klog|7|) time. Modifying y1, yx and inserting & takes
O (log |7 ) time (note that & has at most two pieces). So the total time of this Replace
operation is O (klog|7]). If k < 2, then the time cost is just O(log |7 ). If k > 2,
we observe that there are §2 (k) nodes deleted from 7 in this Replace operation. Note
that the total number of the nodes deleted from 7 cannot exceed the total number of
the nodes inserted. Over the m iterations, we have in total O (m) Replace operations,
each of which inserts O(1) nodes into 7. Therefore, one can delete at most O (im)
nodes from 7 in total. It follows that the total time cost for all Replace operations is
O (mlogm), which is also the total time cost for updating 7. In other words, 7 can
be updated in amortized O (logm) time for each iteration. As such, the overall time
cost for constructing I" is O (m logm), and thus O (n logn).

We now explain the missing part of the above algorithm: computing dW; N F;_4
in O(log|7]) time. Let r be the left ray of dW; and r¢ be the initial point of r (i.e.,
the vertex of W;). It suffices to compute » N F;_1. Recall that /; is the line through
a;, b; and llf is the line through a; perpendicular to /;. Assume (llf )* € r (the case that
(I))* ¢ risinfact easier). The point (I)* partitions r into a segment s = [ro, (I)*] and
aray r’ emanating from (I{)*, where r’ is to the left of 5. By the proof of Lemma 5.1,
each wedge W; for j € {1,...,i — 1} with W; N'r # ¢ satisfies at least one of the
following: (1) ro € W;,(2) (I))* € W}, (3) W; contains the infinite end of 7. Therefore,
r N F;_1 can have one or two connected components; if it has two components, one
should be contained in " and the other should be contained in s. As such, r’ contains
at most one left endpoint and one right endpoint of (some component of) r N F;_1, so
does s. We show that one can find these endpoints by searching in 7.

Suppose we want to find the left endpoint z contained in r" (assume it truly exists).
Let y be a fraction of 9 F; _; which is contributed by W; for j € {1,...,7 — 1}. Itis
easy to verify that y contains z iff y intersects 7" and W; contains the infinite end of r.
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Also, y is to the left of z iff y € R and W; contains the infinite end of r, where R is
the region to the left of (/)* and above r’. As such, one can simply search in 7 to find
the fraction y containing z in O(log|7|) time, if z truly exists. (If z does not exist,
by searching in 7 we can verify its non-existence, as we can never find the desired
fraction y.) The right endpoint contained in r’ and the left/right endpoints contained in
s can be computed in a similar fashion. With these endpoints in hand, one can compute
r N F;_y straightforwardly. The other case that (I/)* ¢ r is handled similarly and more
easily, as in this case r N F;_1 has at most one connected component. Therefore,
r N F;_ (and thus dW; N F;_) can be computed in O (log |7 |) time.

Next, we consider how to construct I” if we are only given the dataset S. Abam et
al. [1] showed that one can compute in O (n log?n) time an " -local z-spanner ¥ of
S for some ¢ < 2 such that [¥| = O(nlogn); see Sect. 2 for the definition of local
spanners. As argued in Sect. 2, we have @ (S, H') € . Suppose ¥ = (Y1, ..., ¥y}
where Y1, ..., ¥y are sorted in increasing order of their lengths. The m candidate
pairs @1, ..., ¢, € (S, HT) are among V1, ..., ¥uy. Leti; < ... < i, be indices
such that qbl = Y, ..., om = Vi, (note that at this point we do not know what
i1, , I are). We shall consider ¥y, ..., ¥y in order.

When considering v;, we want to verify whether v/; is a candidate pair or not. If
this can be done, the candidate pairs ¢1, ..., ¢, will be found in order. Whenever a
new candidate pair ¢ is found, we construct Iy from I';_; in O(logm) time by the
approach above. Now assume v/, . .., ¥;_1 are already considered, the candidate pairs
in{y, ..., ¥;j_1}arerecognized (say they are ¢y, . .., ¢pr—1), and I';_ is constructed.
We then consider ;. We need to see whether ¥; is a candidate pair, i.e., whether
V; = ¢r. Let W be the corresponding wedge of 1; in the dual R?. Observe that /; = ¢y
iff W ¢ Uk ! W;. Indeed, if ¥; = ¢, then W = Wy and hence W ¢ UI;;} w

(for ¢y is a candidate pair). Conversely, if W ¢ Uk ! W;, then their exists some

halfplane H € H" such that H contains v; and does not contain ¢, . .., ¢_1. Then
the closest-pair in S N H cannot be in {{q, ..., ¥;_1} but must be in ¥, hence it is
nothing but ;.

Based on this observation, we can verify whether ¥; = ¢ as follows. We assume
Y = ¢y and try to use it to construct [ from I';_; by our above approach. If our
assumption is correct, then Iy is successfully constructed in O (log m) time. Further-
more, in the process of constructing Iy, our approach allows us to find a point in
W\ U/]‘;% W;, which we call witness point. This witness point then evidences the
correctness of our assumption. On the other hand, if our assumption is wrong, the
process can still terminate in O (logm) time, but we can never find such a witness
point because W C U';;ll W;. In this case, we just discard v; and continue to con-
sider v;41. After considering all pairs in ¥, we recognize all the m candidate pairs
and I = I3, is constructed. Sincem = O (n) and M = |¥| = O (nlogn), the overall
process takes O (n log’n) time.
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Theorem 5.3 There exists an H-RCP data structure £ such that

— Forany S C R? of size n,
Space(E(S)) = O(n) and Qtime(E(S)) = O(logn).

— For a random S o« R" where R is the unit square or more generally an arbitrary
axes-parallel rectangle,

E[Space(£(S))] = O(log’n) and E[Qtime(E(S))] = O(loglogn).

Furthermore, the above data structure can be constructed in O(n logzn) worst-case
time.

5.2 Application to the 7{-RSS Problem

Interestingly, our approach for solving the {-RCP problem can also be applied to the
‘H-RSS problem, and leads to an optimal H-RSS data structure for interior-disjoint
(i.e., non-crossing) segments. (Recall that the /-RSS problem is to build a data struc-
ture for a set of line segments in the plane so that the shortest one contained in a query
halfplane can be reported efficiently.) This by-product is of indepedent interest.

Theorem 5.4 There exists an H-RSS data structure F such that for any set G
of n interior-disjoint (i.e., non-crossing) segments in R2, Space(F(G)) = O(n),
Qtime(F(G)) = O(logn), and F(G) can be constructed in O (nlogn) time.

Proof The data structure is basically identical to the H-RCP data structure given in

Sect. 5. Let o1, ..., 0, be the interior-disjoint segments in G sorted in increasing
order of their lengths. Suppose W; is the wedge dual to o;. We successively overlay
the wedges Wi, ..., W, to create a subdivision I" of the dual space, as what we do

in Sect. 5 for the candidate pairs. A point-location data structure on I" is then our H-
RSS data structure for G. Note that Lemma 5.1 can be applied to show |I'| = O(n),
because when proving Lemma 5.1 we only used the facts that the candidate pairs do
not cross each other and the wedges are inserted in increasing order of the lengths
of their corresponding candidate pairs (here the segments oy, ..., o, are also non-
crossing and sorted in increasing order of their lengths). As such, the space cost of
the data structure is O (n) and the query time is O (log n). In the previous section, we
have shown that if the candidate pairs are already given, our H-RCP data structure
can be built in O (n logn) time. It follows that our 7{-RSS data structure can be built
in O(nlogn) time, as we are directly given the segments in this case. O

6 Conclusion and Future Work
In this paper, we revisited the range closest-pair (RCP) problem, which aims to pre-
process a set S of points in R? into a data structure such that when a query range X

is specified, the closest-pair in S N X can be reported efficiently. We proposed new
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RCP data structures for various query types (including quadrants, strips, rectangles,
and halfplanes). Both worst-case and average-case analyses were applied to these data
structures, resulting in new bounds for the RCP problem. See Table 1 for a comparison
of our new results with the previous work.

We now list some open questions for future study. First, the RCP problem for
other query types is an interesting open question. One important example is the disk
query, which is usually much harder than the rectangle query and halfplane query in
traditional range search. For an easier version, we can focus on the case where the
query disks have a fixed radius, or equivalently, the query ranges are translates of a
fixed disk.

Along this direction, one can also consider translation queries of some shape other
than a disk. For instance, if the query ranges are translates of a fixed rectangle, can we
have more efficient data structures than our rectangle RCP data structure in Sect. 4?
Recently, we have achieved some results in this direction [14].

Also, the RCP problem in higher dimensions is open. To our best knowledge, the
only known result for this is a simple data structure given in [6] constructed by explicitly
storing all the candidate pairs, which only has guaranteed average-case performance.

Finally, one can consider a colored generalization of the RCP search, in which the
given points are colored and we want to compute the closest bichromatic pair of points
contained in a query range. We have studied the colored RCP problem in a very recent
work [11], but only approximate data structures are achieved. It is interesting to see
how to solve the colored RCP problem exactly.

Acknowledgements The authors thank the reviewers for their comments, which have helped improve the
paper.

Appendix
A Missing Proofs
A.1. Proof of Lemma 1.1

Without loss of generality, we can assume R = [0, A] x [0, A’] where A < A’. We
first observe some simple facts. Let D be a disc centered at a point in R with radius §.
Then Area(D N R) > 82/9if § < A, and Area(D N R) > §A/9if A < 8§ < A’
Furthermore, we always have Area(D N R) < 4582 and Area(D N R) < 28 A. With
these facts in hand, we can begin our proof.

[Upper Bound] First, we prove the upper bound for E[x” (A)]. To this end, we need
to study the distribution of the random variable x (A). For convenience, we assume m
is even and sufficiently large. We make the following claims.

(a) Forany § > 2A, we have Pr[«(A) > §] < e_‘s/(nA,/mz).
(b) Forany § € (0, 2A], we have Pr [k (A) > §] < e~8°/(14444"/m?)

To prove the claims, suppose the m random points in A are ay, ..., a,. Forany § > 0
and each i € {2,..., m}, we define Es; as the event that k ({ay, ..., a;}) > §. Note
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that Es ; happens only if E;5 ;1 does, thus for any § > 0 we can write

Pr(k(A) = 8] = Pr[Es,m] = Pr[Es 2] - HPT[Ea,iIEs,i—l]-
i=3

We consider the probability Pr[Es ;| Es;—1] fori € {3,...,m}. Let Dy, ..., Dj—;
denote the discs with radii §/2 centered at ay, ..., a;—1 respectively, and U =
U’j_:ll D;. If Es ;1 happens, then Dy, ..., D;_ are disjoint and hence

i—1
Area(UNR) = ZArea(Dj N R).
j=1

Now assume we have a lower bound . for all Area(D; N R),i.e., Area(D; NR) >
forany j € {1,...,i—1}. Then when Es ; _; happens, we always have Area(UNR) >
(i — 1)w. This implies

(i—Dp _ (i—Dp

Prlai e UNR|Esi—1] > =
Las | Esi—1] = Area(R) AN

Note that E5 ; happens only if @; ¢ U N R. Therefore,
Pr[Es;|Esi—1] <Prla; ¢ UNR|Es 1]

(i—Dpu

=1-Prla; €UNR|Esjq] <1 -

Fori > m/2+ 1, wehave Pr[Es ;| Es;i—1]1 <1 — (mu)/(2AA’). Then

m mu m/2
Pric(4) = 8] =[] PriEsslEsii] < (1— MA/) :
i=m/2+1

Using the fact (1 — VY < e~ for any x € [0, 1], we deduce

mu m/2
P Ay >8] <|(1-
r [k (A) > ]_( MA,)
2A4A A(m2p /AN
:< _mu )( IR BALY e aany
2A4A7 -

If § > 2A, then Area(D; N R) > §A/18 for any j (as argued at the beginning of the
proof), so we can set © = § A/18. The above inequality directly implies the claim (a).
If 6 € (0,2A4], then Area(D; N R) > 82/36 for any j (as argued at the beginning
of the proof), so we can set i = 8%/36. The above inequality directly implies the
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claim (b). With the two claims in hand, we now prove the lemma. We shall use the
formula

E[x”(A)] = /oopr [P (A) > t]dt.
0

We consider two cases: A'/m?> > /AA'/m and A'/m?* < AA/m. Assume
A'/m? > JAA m, ie., A < A'/m?. In this case, what we want is E[x”(A)] =
O((A’/m?)P) for any constant p > 1. Let @ = 72A’/m?>. Then for any constant
p > 1, we can write

E[k”(A)] = f

Pr[«P(A) > t]dt < o? +/ Pr[«P(A) > t]dt.
0

aP

Setg = 1/p.Fort > aP, we have 17 > o > 2A’/m?* > 2A. Therefore, by applying
the claim (a) above we have

PrcP(A) > t] = Prlx(A) > t9] < e /% = o= /a")

It follows that

> Pyq o q
E[k?(A)] 5al’+/ e~ /e gy =ap+apf e dr.

aP 1
The integral floo e dr converges, thus E[c”(A)] = O@P) = 0(A'/m*)P).

Next, assume A'/m?* < AA'/m, ie., A > A'/m?. In this case, what we want
is E[«P(A)] = O((~ AA’/m)P) for any constant p > 1. We first claim that

foo Pr[«?(A) > t]dt = O((VAA /m)P). 2)
(

2A)P

Again, let @ = 72A’/m?. By applying the claim (a) above, we have

o0 o0 "
/ Pr«”(A) > t]dt 5/ e~ g
(

2A)P Ay

where ¢ = 1/p. Since A > A’/m?, we further deduce

[e.0]

o0 o0
f e g < f et/ gy = P / e dt = 0(aP).
24)P (a/36)P (1/36)P

By the assumption A’/m? < ~/AA'/m, we have « = O(v/AA’/m), thus (2) holds.
With this in hand, we bound E[«” (A)] as follows. Let 8 = 124/ AA'/m. If B > 2A,
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then

o]

Elk?(A)] = g7 + fooPr [P (A) = 1]dt < B¥ +f PrkP(A) = r]dt
pr @Ay

= 0((VAA /m)P).

The rightmost equality above follows from (2). If § < 2A, then

a)r )

Pr kP (A) > t]dt +/ Pr[k?(A) > t]dt.
(24)P

E[c?(A)] < B” + /

/317
It suffices to show [;*" Pr[k?(A) = 1]dt = O((vAA'/m)P). By the claim (b)
above,

QAP Qa)°P (24)? M2
/ Pr[«”(A) zt]dt:/ Prlx(A) > t9]ds 5/ e WBD™ q;.
il il P

Furthermore, we have

(ZA)p P\2q o )29 o 2
/ o= U/B7) dtf/ /BN g :IBP/ e dr.
BP BP 1

Since the integral [, e dr converges, fg%mp Pr[«?(A)>t]dt=0((~/AA' /m)P).
As such, E[«”(A)] = O((v/ AA’/m)?). This proves the upper bound for E[x”(A)].
[Lower Bound] To prove the lower bound for E[«”(A)] is much easier. It suf-
fices to show that E[x?(A)] = 2((A’/m?)P) and E[k?(A)] = 2((VAA /m)P).
Leti,j € {l,...,m)} such that i # j. Set 8 = A’/(2m?*). We observe that
Pr[dist(a;, a;) < 61] < l/mz. Indeed, if D is the disc centered at q; with radius §,
then we always have Area(D N R) < 28;A = AA’/m? (as argued at the beginning
of the proof), and hence

Pr[dist(a;, a;) < 8;] = Pr|[ DﬂR]<—AA//mz :
r [dist(aj, aj) <811 =Prla; € < = —.
1St 4 ! i Area(R) =~ m?2

By union bound, we have

m 1 1
Prix(A) <é1] < > W<§
Thus, Pr [k (A) < 61] = 1/2 and E[«P(A)] > 8{7/2 = (A /m?)P). Similarly, we
can show E[k?(A)] = (W AA'/m)P). Set 8, = ~AA’/(4m). We again observe

that Pr [dist(a;, a;) < 82] < l/m2 for any distinct i, j € {1, ..., m}. Indeed, if D is
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the disc centered at a; with radius &, then we always have Area(D N R) < 48% =
AA’/m? (as argued at the beginning of the proof), and hence

Prdist(ar. a)) < 5] = Pria; € D 1 R < 227 1

r[dist(a;, a;) < 82] =Prla; < = —.

1St 4 2 4 Area(R) =~ m?2

Applying the same argument as above, we can deduce Pr [« (A) < §>] > 1/2, which
implies that E[x?(A)] > 55/2 = 2((vAA’/m)P). This proves the lower bound for
E[«P(A)].

The above proof straightforwardly applies to the special case in which R is a
segment.

A.2 Proof of Lemma 2.1

Without loss of generality, assume R = [0, 1] x [0, A]. It suffices to show that
E[|®(S, Q)|] = O(logzn). Suppose the n random points in S are ay, ..., a,. Let
E; ; be the event (g;,a;) € (S, Q¥), then by the linearity of expectation,

n—1

E[l®(S, Q1= Y PriE ]

i=1 j=i+l

Since ay,...,a, play the same roles here, the probabilities on the right-hand
side of the above equation should be the same and therefore E[|® (S, Q¥)|] =
On? - Pr[E 1.21). In order to bound Pr[E| »], we introduce some random variables.
Let xmax = max {a;.x, a2.x}, ymax = max{aj.y, a2.y}, Xmin = min {a;.x, ax.x},
Ymin = min {aj.y, az.y}. The quadrant Q = (—00, Xmax] X (—00, Ymax] is the mini-
mal southwest quadrant containing both a; and az, and clearly E1 7 happensiff (a1, a2)
is the closest-pair in S N Q. Define A = {i > 3 : a; € Q}, which is a random subset
of {3,...,n}, i.e., a random variable taking value from the power set of {3, ..., n}.
We achieve the bound for Pr[E| ;] through three steps.

[Step 1] Let us first fix the values of Xmax, Ymax, A, and consider the corresponding
conditional probability of E; ». Formally, we claim that, for all ¥ € (0,1], all y €
(0, A], and all nonempty J < {3, ..., n},

Pr[E1 2| (max = %) A (hmax = §) A (A = D)] = O(1J]| 7). 3

For convenience, we use C; ;5 ; to denote the condition in the above conditional
probability. Assume |J| = m. Let §y = Xmax — Xmin and 8y = Ymax — Ymin-
Note that under the condition Cs 5 s, Ei2 happens only if 6, =< «(S;) and
dy < «k(Sy) where S; = {a; : j € J}. Indeed, if 6, > «(Sy) or &y, > «k(Sy),
then dist(aj, az) > «(S;), which implies £ 2 does not happen because all the ran-
dom points in S; are contained in Q under the condition Cs 5 ;. Therefore, it suffices
to bound Pr[(8x < «(S7)) A (8y <« (S87))|Cx 5,s]. Note that under the condition
Cz.5,7, Q is just (=00, ] x (—o0, y]. Thus the condition Cx 5 ; is equivalent to
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saying that the maximum of the x-coordinates (resp., y-coordinates) of aj, ap is X
(resp., ), all a; for j € J are contained in the rectangle R’ =0, x] x [0, y], and all
ajfor j e Jforje{3,...,n}\ Jarein R\ R’. As such, one can easily verify that,
under the condition Cs 5, the distribution of the random number 8, (resp., dy) is the
uniform distribution on the interval [0, X] (resp., [0, ¥]), and the distributions of the
m random points in S, are the uniform distribution on R’; furthermore, these random
numbers/points are independent of each other. This says, if we consider a new random
experiment in which we independently generate two random numbers &, S’y from the
uniform distributions on [0, x], [0, y] respectively (which correspond to é,, é,) and a
random dataset S’ oc (R")™ (which corresponds to S ), then we have

Pri(8, < k(SN A (S < k(SN =Pridx < «(S)) A @Gy <«(S))ICx5.71

So it suffices to bound Pr[(8. < k(S)) A (8; < k(5))] in the new experiment; we
denote by A this probability. We apply the formula

A:f p(t) - Pr[(8 St)/\(é/yft)]dt:/ p@) - Pr[8, <t]-Pr[s, <r]dr,
0 0

where p(-) is the probability distribution function of «(S’). Since &, (resp., S’y)
is drawn uniformly on the interval [0, X] (resp., [0, 1), we have Pr[§, <t] =
min {r/X, 1} (resp., Pr [§!, < t] = min {¢/y, 1}). Without loss of generality, we assume
X < y. Then we have

2t 2t
Pr[S;gt]oPr[é’ySt]:min{T,:,l} Smin{— —}.
y

Xy X5y

It follows that

®© 2t ()2 ()t
A S/ p() -min{:, :}dt Smin{/ p(~)~ dt,/ &dl}.
0 Xy y 0 Xy 0 y

Noting the fact that [;° p(t)t> dt = E[«*(S")] and [;* p(t)t dt = E[x(S")], we have

)

2/¢/ /
< min { ]E[K~(~S )] E[KES )] }
Xy y

Since X <y by assumption, Lemma 1.1 implies that E[« (§")]=0 (max {\/)Tﬁ/m, y/mz})
and E[«2(5")] = O(max {x7/m?, 52 /m*}). If /X3/m < §/m>, then E[x(S)]/7 =
O (1/m?), otherwise E[k%(5")]/(X¥) = O(1/m?). In either of the two cases, we have
A= 0(1/m2). Therefore, we obtain (3). For an arbitrary nonempty J C {3, ..., n},
since (3) holds for all x € (0,1] and y € (0, A], we can remove the conditions
Xmax = X and ymax = Yy from (3) to deduce Pr[Ej2|A = J] = 0(1/|J|2) (note
that although we miss the case x = 0 or y = 0, it does not matter since the
events xmax = 0 and ymax = O happen with probability 0). This further implies
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that Pr[Ej 2| Al = m] = O(1/m?) forallm € {1,...,n —2}. Form = 0, we have
Pr[Ei2||Al =m] = 1.

[Step 2] In order to apply the result achieved in Step 1 to bound Pr[Ej 2], we
need to bound Pr[|A| = m] for m = {0,...,n — 2}. This is a purely combinato-
rial problem, because the random variable | A| only depends on the orderings of the
x-coordinates and y-coordinates of ay, .. ., a,. The ordering of the x-coordinates (x-
ordering for short) of ay, . .., a, can be represented as a permutation of {ay, ..., a,};
so is the y-ordering. Thus, in terms of the ordering of coordinates, there are (n!)>
different configurations of S, each of which can be represented by a pair (7, ') of

permutations of {ay, ..., a,} where 7 (resp., =) represents the x-ordering (resp.,
y-ordering) of ay, ..., a,; that is, if # = (a;y, ..., a;,) and 7’ = (a,-(/), i),
then a;y.x < ... < @,.x and a;.y < ... < ay.y (we can ignore the degenerate

case in which two random points have the same x-coordinates or y-coordinates,
because the random points in S have distinct coordinates with probability 1). Note
that every configuration occurs with the same probability 1/(n!)%. If S has the con-
figuration (7, /), then A is just the subset of {3, ..., n} consisting of all i such that
rk; (a;) < max {rky;(ay), rk;(a2)} and rk;/(a;) < max {rk;/(a1), rk;(a2)}, where
the function rk computes the rank of an element in a permutation (i.e., the position
of the element in the permutation). Therefore, we can pass to a new random experi-
ment in which we generate independently and uniformly the two permutations 7, 7’ of
{ai, ..., a,}(.e., uniformly generate a configuration of S), and study Pr [| A| = m] for
m € {0, ..., n—2}inthe new experiment. Letr; = rk; (a;). Fixingm € {0, ..., n—2},
we have the formula

Pr[|A] =m] = ZPr [max {ri,m} =1i] -Pr[|A| = m|max{r;,n}=1i]. @)
i=2

We first compute Pr [max {r1, 72} = i]. By an easy counting argument, we see that,
among the n! permutations of {ay, ..., a,}, there are exactly 2(i — 1)(n — 2)! permu-
tations in which the maximum of the ranks of a; and a; is i. Therefore,

Pr[max {r;,n}=i] = W = O(r%)

We then consider Pr[|A| = m|max {r], 2} =i]. If i < m + 2, the probability is O,
because |A U {1, 2}| < max {rq, r} by definition. So assume i > m + 2. Suppose
the permutation 7 has already been generated and satisfies max {rj, r»} = i. Let
A = {a; : rj < i}. Note that |[A| =i and a1, ay € A. Now we randomly generate
the permutation 7" and observe the probability of |A| = m. Clearly, |A| = m iff
max {rky/| , (a1), rky/|, (@2)} = m + 2, where 7/| 4 is the permutation of A induced
by 7’ (i.e., the permutation obtained by removing the points in S \ A from 7’). Using
the same counting argument as above, we have

1

1
Pr [max {rky/, (a1), rky/, (a2)} = m + 2] = O(szr )
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Therefore, Pr[|A]| = m|max {r;,rp} =il = O((m+ 1)/i2).P1ugging in these results
to (4), a direct calculation gives us Pr[|A| = m] = O((m + 1) log n/nz).

[Step 3] Using the results achieved in the previous steps, to bound Pr[E| ] is quite
straightforward. We apply the formula

n—2
Pr[E; 2] = ZPr[IAI =m]-PrE;2||A|l =m].

m=0

We use the result achieved in Step 1 to bound Pr[E;2||A] = m] and the result
achieved in Step 2 tobound Pr [| A| = m]. Then adirect calculation givesus Pr[E 2] =
O(log’n/n?). As such, E[|® (S, Q“)|] = O(log’n), and hence E[|® (S, Q)|] =
O (log?n).

A.3 Proof of Lemma 3.1

It suffices to consider the case in which Iy, ..., I, are vertical aligned segments and
X = U". Without loss of generality, we may assume /; = x; x [0, 1], x] < ... < x,
are real numbers. Fix i, j € {1,...,n} such thati < j. We first define some random
variables. Let yy = ag.yforallk € {1, ..., n}. Define ymax = max {y;, y;}and ymin =
min {y;, y;}. The 3-sided rectangle U = [x;, x ] X (—00, Ymax] is the minimal bottom-
unbounded rectangle containing both a; and a;, and clearly (a;,a;) € ®(S,U by iff
(a;, aj) is the closest-pairin S N U. Define A = {k : i < k < j and gy € U}, which
isarandom subsetof {i +1, ..., j — 1}. We bound Pr [(a;, a;) € @ (S, Ul through
three steps.

[Step 1] Let us first fix the values of ynax and A, and consider the corresponding
conditional probability of the event (a;, a;) € @ (S, U . Formally, we claim that, for
ally € (0, 1] and all nonempty K C {i +1,...,j — 1},

1
Pr{(a;, a;) € B(S,U") | (ymax = §) A (A = K)] = 0(@) &)

For convenience, we use Cs.k to denote the condition in the above conditional proba-
bility. Assume | K| = m.Let § = Ymax — Ymin and Yx = {yx : k € K}. We first notice
that, under the condition C5 g, (@i, aj) € D (S, LN) only if § < k(Yk). Indeed, if
8 > k(Yg) = |y — yjr| for some distincti’, j* € K, thendist(a;, a;) < dist(a;, a;)
since |x; — x| > |xi — x|, which implies (a;,a;) ¢ @ (S, UY). Therefore, it suf-
fices to bound Pr[§ < «(Yk)|Cj5 k]. Note that under the condition C5 g, U is just
[xi, x;] x (=00, y]. Thus the condition Cj g is equivalent to saying that the maximum
of y;, yjisy,all yy fork € K arein[0, y],and all y; fork € {i+1, ..., j—1}\K arein
(3, 1]. As such, one can easily verify that, under the condition C5 g, the distribution of
8 is the uniform distribution on [0, ¥], and the distributions of the m random numbers
in Yk are also the uniform distribution on [0, y]; furthermore, these random numbers
are independent of each other. This says, if we consider a new random experiment
in which we independently generate a random number &" from the uniform distribu-
tion on [0, y] (which corresponds to §) and a random dataset ¥' o [0, y]™ (which
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corresponds to Yk ), then we have
Pr(8' <k(Y)]=Pr[s <«(Yk)|Cyk

So it suffices to bound Pr [§" < k(Y')] in the new experiment. We apply the formula

b
Pr[(S/SK(Y/)]=/ p(t) - Pr[§ <t]dt,
0

where p(-) is the probability distribution function of « (Y”). Since §’ is drawn from
the uniform distribution on [0, y], Pr[8’ < t] =t/J for ¢ € [0, y]. Thus,

Pris’ < k(Y] = i/yp(r)rdz = Ele@]
yJo y

By Lemma 1.1 (segment case), E[x(Y’)] = y/m?>. This implies Pr[§’ < «(Y")] =
O(1/m?), which proves (5). For an arbitrary nonempty K € {i + 1,...,j — 1},
since (5) holds for all y € (0, 1], we can remove the condition ypax = y from
(5) to deduce Pr[(a;,a;) € @ (S, UY)|A=K] = O(1/|K|*. This further implies
Pr((a;,aj) € (S, U ||A=m] = O(1/m?) forallm = {1,...,j —i — 1}. For
m = 0, we have Pr[(a;,a;) € @(S,UY)||A] =m] = 1.

[Step 2] In order to apply the result achieved in Step 1 to bound the unconditional
probability of (a;,a;) € QD(S,Z/N), we need to bound Pr[|A| = m] for all m €
{0, ..., j —i— 1}. This is a combinatorial problem, because the random variable | A|
only depends on the ordering of y;, ..., y;. There are (j —i + 1)! possible orderings,
each of which can be represented by a permutation of {y;, ..., y;}. Every ordering
occurs with the same probability 1/(j —i + 1)!. For a permutation 7 of {y;, ..., y;},
we write A, = max {rk; (y;), rkz (y;)}, where the function rk computes the rank of
an element in a permutation. Clearly, if the ordering is m, then |A| = A, — 2. As
such, we can pass to a new random experiment in which we generate uniformly a
permutation 7 of {y;,...,y;} and study Pr[|A| =m] form € {0,...,j —i — 1}
in this new experiment. Fixing m € {0, ..., j —i — 1}, it follows that |A| = m iff
Az = m + 2. By an easy counting argument, we see that, among the (j — i + 1)!
permutations of {y;, ..., y;}, there are exactly 2(m + 1)(j —i — 1)! permutations in
which the maximum of the ranks of y; and y; is m + 2. Therefore,

Pr[|A| =m] =Pr[h; =m +2] =

2m+ DG —i—D! <m+1)
(j—i+D! S\ G=-2)

[Step 3] Using the results achieved in the previous steps, the lemma can be readily
proved. We apply the formula

j—i—1
Pri(a;,a;) € (S, U")]= Z Pr|A|=m]-Pr[(a;,a;) € ®(S,U)||A| = m].

m=0

(6)
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We use the result achieved in Step 1 to bound Pr [(a;, a;) € @ (S, UYY || Al = m] and
the result achieved in Step 2 to bound Pr [|A| = m]. Then a direct calculation gives
us Pr((a;, a;) € @(S,UM)] = O(log(j — )/ (j — ).

A.4 Proof of Lemma 4.4

It suffices to consider the case in which [ is a vertical line. Also, we may assume the
equation of / is x = 0, without loss of generality. Then P; C PV, so a (P, k)-TBEP
data structure is naturally a (P;, k)-TBEP data structure. In a dataset S C R2, we say
a point a € S is a candidate point if a is one of the k topmost/bottommost points
in S N P for some P € P;. We denote by ¥ (S) the subset of S consisting of all
candidate points in S. Note that for any P € P, the k topmost/bottommost points in
S N P are just the k topmost/bottommost points in ¥ (S) N P. As such, answering a
(Py, k)-TBEP query on S is equivalent to answering a (P;, k)-TBEP query on ¥ (S).

Therefore, we can define our (7, k)-TBEP data structure K; as IC; (S) = KV (¥ (S)),
where KV is the (PY, k)-TBEP data structure defined in Lemma 4.3. Now let S o
H?:l I; where Iy, ..., I, are distinct vertical aligned segments. Assume /i, ..., I,
are sorted from left to right, in which Iy, ..., I; are to the left of / and I;y1, ..., I,
are to the right of /. Denote by a; € S the random point drawn on ;. We claim that
E[|¥(S)|]] = O(ogn). Leti € {1,...,t}. We first notice that a; € W (S) iff a;
is one of the k topmost/bottommost points among a;, ..., a;. Indeed, any P € 7
with a; € P contains a;, ..., a;. Therefore, if a; € W(S), then it must be one of
the k topmost/bottommost points among a;, .. ., a;. Conversely, if a; is one of the k
topmost/bottommost points among a;, . . ., d;, then a; € ¥ (S) because it is one of the
k topmost/bottommost points in S N P for P = [a;.x,0] x R € P;.

Since the random points are generated independently, the probability that a; is one of
the k topmost/bottommost points among a;, . . . , a; is exactly min {2k /(t —i + 1), 1}.
As such, Pr[a; € ¥ (S)] < 2k/(t —i + 1). Using the same argument, we see that for
ief{t+1,...,n},Pria; e ¥(S)] <2k/(i —t). Now

" ! 2k "2k
Bl ($)1 =Y Priai € WS <Y ———+ 3 -~ = Oklogn).

i=1 i=1 i=t+1
Since k is a constant, we have E[|¥ (S)|] = O(logn). Thus,
E[Space(K;(5))] = E[Space (K" (¥ (5)))] = E[|¥ (S)|] = O(logn).

Also, E[Qtime(/;(S))] = E[Qtime(KY (¥ (S)))] = O(E[log|¥(S)|]). Note that
E[log x] < log E[x] for arandom variable x, hence E[Qtime (1;(S))] = O (loglogn).
To build this data structure, we only need to compute ¥ (S) and construct KV (¥ (S)).
The latter can be done in O (nlogn) time by Lemma 4.3. To compute ¥ (S) is also
easy. By our above observation, fori € {1,...,¢}, a; € ¥(S) iff @; is one of the k
topmost/bottommost points among a;, . .., a;. Therefore, we only need to scan from
a; to a; and maintain the k topmost/bottommost points among a;, ..., a; when we
reach g;. In this way, we can determine whether a; € ¥ (S) foralli € {I,...,t}in
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O (¢) time, since k is a constant. Similarly, we can know which points of ;4 1, ..., a,
are in ¥ (S) in O(n — t) time. It follows that ¥ (S) can be computed in O (n) time.

A.5 Proof of Lemma 4.7

It suffices to consider the case in which Iy, ..., I, are vertical aligned segments and
X = U'. Without loss of generality, assume I; = x; x [0, 1] where x; < ... < x,
are real numbers. We denote by a; € S the random point drawn on [;. Also, suppose
ai, ..., a are to the left of /, while a; 41, ..., a, are to the right of [. Let E; ; be the
event that (a;,a;) € P(A, U ). Then we have the equation

t n
E[|@(S,UNH1=Y_ Y PrlE ;.
i=1 j=t+1
By applying Lemma 3.1 and the fact

Z Z log(] 1—)21) < Z” ) logzp = 0(log’n),
p=1

i=1 j=t+1 p

we have E[|®;(S, U"Y)|] = O(log?n).

To prove E[|®;(S, UNH*] = 0(10g4n) is much more difficult. Define ¥ =
@lz(S,Z/{i), i.e., the Cartesian product of two copies of ®;(S,U"). Then |¥| =
|®;(S,UY)|?. So it suffices to bound E[|¥]]. Clearly, for i,i" € {l,...,t} and
Jj.jelt+1,...,n}, ((ai,aj), (ap,aj)) € Wiff E; j A Ej . Therefore, we have

E[|¥|] = Z Z Z ZPr[EJ/\E i (7

i=1 j=t+1i'=1 j'=t+1

However, Pr[E; j A Ep /] # Pr[E; j]- Pr[Ey j/] in general, as the events E; ; and
E;s jr are not independent. We investigate Pr[E; ; A Ejs ;-] by considering various
cases.

[Case 1] We first consider the easiest case in which i = i’ and j = j’. In this case,
Pr[E; ; A Ey j] = Pr[E; ;1= O(log(j —i)/(j —-)?) by Lemma 3.1. Then the sum
of the terms Pr [Ei; A E, J/] satisfying i =i’ and j = j is O (log’n).

[Case 2] We then consider the case in whichi # i’ and j # j'. Let§ = j — i and
8" = j'—i’.Inthis case, we claim that Pr [E; ; A Eyr j/] = O((log8log8’)/(88")%). To
prove this, we may assume that 8" is sufficiently large, say 8 > 5. Indeed, when 8’ < 5,
what we wantis Pr[E; ; A Eir j] = O(log 8/82), whichistrueasPr[E; j A Eyr j/] <
Pr[E; ;] = O(logé/8”). For the same reason, we may also assume 6 > 5. Let S
(resp., S1) be the subsets of S consisting of a;, a; (resp., a;/, aj) and all the random
pointsin S\{a;, a;, a;7, a '} witheven indices (resp., odd indices). Clearly, § = SoUS;
and So N S = @. Define Fy (resp., Fy) as the event (g;,a;) € @ (S, UY) (resp.,
(ajr,aj) € @(S1, U")). Since Sy and S; are subsets of S, E; j (resp., E; ) happens
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only if Fy (resp., F1) happens. Besides, Fy and F; are independent events, because
So N'S1 =¢. Thus,

Pr[E; j N Ey j7] <Pr[Fo A F1] = Pr[Fo] - Pr[F1].

To bound Pr[Fy] and Pr[F;], we use Lemma 3.1 again. By construction, there
are @(8) points in Sy whose x-coordinates are in [a;.x, a;.x] (recall the assump-
tion § > 5). Therefore, we have Pr[Fp] = O (log 8/52) by Lemma 3.1. Similarly,
Pr[Fi] = O(logé’/(8)?%). Using the above inequality, we have Pr [EijANEy ] =
O((log 810g 8")/(88")?). The sum of the terms Pr [E;i j A Ey ] satisfying i # i’ and
j # j'is O(log*n), as one can easily verify.

[Case 3] The most subtle case is thati =i’ and j # j’, or symmetrically i # i’ and
j=j.Assumei =i’and j > j.Letd = j —i and 8 = j’ — i. We claim that
Pr(E; ; NE; j]1 = O(log 8/(8%8")). Again, we may assume & and &’ are sufficiently
large, say § > 8’ > 5. Let Sy (resp., S1) be the subsets of S consisting of a;, a j (resp.,
a;j,aj) and all the random points in S \ {a;, a;, a;} with even indices (resp., odd
indices). Clearly, S = So U S| and So N S| = {a;}. Define Fy (resp., F) as the event
(ai,aj) € D (So, Uh) (resp., (ai,ajr) € (81, U"Y)). As in Case 2, we have

PrlE; j AN E; ji] < Pr[Fo A F1].

However, Pr[Fy A F1] # Pr[Fy] - Pr[F1] in general, because Fy and F; are not
independent (both of them depends on a;.y). To handle this issue, we observe that

1
Pr[Fo A Fi] 2/ Pr[Fo A Fila;.y =t]dt,
0

since the distribution of @;.y is the uniform distribution on [0, 1]. Note that under the
condition a;.y = t, Fy and F) are in fact independent. Indeed, when q;.y is fixed, Fy
(resp., F1) only depends on the y-coordinates of the random points in Sp \ {a;} (resp.,
S1\ {a;i}). Therefore, we can write

1
Pr[Fo A Fi] :/ Pr[Fyla;.y = t]-Pr[Fy|ai.y = t]dt,
0

We first consider Pr[F7|a;.y = t] for a fixed ¢ € [0, 1]. Let S; =81 N{ai,...,aj},
i.e., S| is the subset of S| consisting of all the points whose x-coordinates are in
[xi, x;-]. We notice that F'; happens only if a;/ is y-adjacent to a; in Si, i.e., there
is no other point whose y-coordinate is in between a;.y and a;r.y. Indeed, if there
exists a € Si \ {ai, aj} such that a.y is in between a;.y and a .y, then dist(a;, a) <
dist(a;, aj’) and a is in the minimal bottom-unbounded 3-sided rectangle containing
a;, ajr, which implies F| does not happen.

We claim that, under the condition a;.y = t, the probability that a ;s is y-adjacent
to a; in S| is O(1/8"). The y-coordinates of the random points in S| \ {g;} are inde-
pendently drawn from the uniform distribution on [0, 1], so every point in S \ {a;}
has the same probability (say p) to be y-adjacent to a;. Let r be the number of
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the points in S \ {a;} that are y-adjacent to a;, which is a random variable. Then
E[r] = p-15]\ {a;}|. But we always have r < 2, since there can be at most two points
y-adjacent to a;. In particular, E[r] < 2and p = O(1/|S]\{a;}|). By construction, we
have S} \ {a;}| = @ (8') (recall the assumption 8’ > 5). It follows that p = O(1/8"),
i.e., the probability that a; is y-adjacent to a; in S| is O(1/8"). Using our previous
argument, we have Pr[Fy|a;.y = t] = O(1/8'). Therefore,

1
Pr[Fo A Fil= 0(1/8) - / Pr(Fyla;.y = t]dt.
0

Note that fol Pr[Fp|ai.y = t]dt = Pr[Fp]. By construction, there are @ (§) points in
So whose x-coordinates are in between g;.x and a;.x (recall the assumption § > 5).
Thus, Lemma 3.1 implies Pr[Fy] = O(log§/6?). Plugging in this to the equation
above, we have Pr[Fy A F1] = O(log 8/(826/)). As a result, Pr(E; ; AE; j] =
O(log §/(8%8")). The sum of the terms Pr [Ei j A Ey j]satisfying i =i"and j > j
is O(log’n), as one can easily verify. For the same reason, the terms satisfying i = i’
and j < j’ also sum up to O(log>n). The symmetric case that i # i’ and j = j is
handled in the same fashion.

Combining all the cases, we conclude that E[|®; (S, L{¢)|2] = E[|¥]|] = 0(10g4n).

A.6 Proof of Theorem 4.9

The R-RCP data structure D5 is described in Sect. 4.3.

[Query Time] We first analyze the (worst-case) query time. When answering a query,
we first find the splitting nodes u and v in the 2D range tree. As argued in the proof
of Theorem 4.5, this can be done in O (logn) time. Then we query the sub-structures
stored at v to compute ¢, ¢, ¢5. Note that all the sub-structures have O (log n) query
time and we only need constant number of queries. Therefore, this step takes O (logn)
time, and hence the overall query time is also O (logn).

[Average-Case Space Cost and Preprocessing Time] We now analyze the average-
case space cost and preprocessing time of D. Let R be an axes-parallel rectangle and
S o R". We denote by ay, ..., a, the n random points in S. The data structure
instance D;(S) is essentially a 2D range tree built on S with some sub-structures
stored at secondary nodes. Note that a 2D range tree built on a set of n points in R?
has a fixed tree structure independent of the locations of the points. This says, while
D, (S) is a random data structure instance depending on the random dataset S, the 2D
range tree in D, (S) has a deterministic structure. As such, we can view D, (S) as a
fixed 2D range tree with random sub-structures. Let 7 denote the primary tree of this
2D range tree and 7, denote the secondary tree at the node u € 7, as in Sect. 4. To
bound E[Space(D,(S))] and the expected time for constructing D> (S), it suffices to
bound the expected space and preprocessing time of the sub-structures stored at each
secondary node.

For convenience of exposition, we introduce some notations. Letu € 7 be a primary
node. Suppose the n leaves of 7 are Ify, ..., If, sorted from left to right. Then the
leaves in the subtree rooted at u must be I, ..., lfg for some o, B € {1,...,n}
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with « < B We then write range(u) = [«: ] and size(u) = B — « + 1. Due to
the construction of a 2D range tree, we always have |S(u)| = size(u) no matter
what the random dataset S is. Furthermore, if range(u) = [« : 8], then S(u) contains
exactly the points in S with x-ranks «, ..., 8 (we say a point has x-rank i in § if
it is the i-th leftmost point in ). Let v € 7, be a secondary node. We can define
range(v) and size(v) in the same way as above (just by replacing 7 with 7). Also,
we always have |S(v)| = size(v). If range(v) = [«: ], then S(Vv) contains exactly
the points in S(u) with y-ranks «, ..., 8 (we say a point has y-rank i in S(u) if
it is the i-th bottommost point in S(u)). In what follows, we fix a secondary node
v € 7y and analyze the sub-structures stored at v. Let u’ (resp., v') denote the left
child of u (resp., v). Suppose range(u) = [« : 8], range(u’) = [a: B8] (where B/ < B),
range(v) = [y:&], range(V') = [y :&'] (where £’ < &).

We want to use Theorem 2.2 and Lemmas 4.4 and 4.7 to bound the average-case
space cost of the Q-RCP, TBEP/LREP, I/-RSS sub-structures, respectively. For the
preprocessing time, Theorem 2.2 and Lemma 4.4 already guarantee that the Q-RCP
and TBEP/LREP sub-structures can be built efficiently even in worst-case, and we
want to use Lemma 4.8 to bound the average-case time for building the ¢/-RSS sub-
structures. However, before doing this, there is a crucial issue to be handled. Recall that
in Theorem 2.2, Lemmas 4.4, 4.7, and 4.8, we assume the random dataset is generated
either from the uniform distribution on a rectangle (S o< R") or from the uniform distri-
butions on a set of aligned segments (S o []i_, 7;). Unfortunately, here the underlying
datasets of the sub-structures are S;(v), ..., S4(v) and S, (v), Sy (V), S¢(V), Sp (V);
these random point-sets are neither (independently and uniformly) generated from a
rectangle nor generated from aligned segments. For instance, we cannot directly use
Theorem 2.2 to deduce E[Space(A(S|(v)))] = 0(10g2|Sl (v)]), since S1(v) is not
uniformly generated from a rectangle, and even its size |S1(v)| is not a fixed number
(]S1(v)| varies with S). The main focus of the rest of this proof is to handle this issue.

We first consider S;(v). Note that S1(v) = S(u’) N S(v') by definition. We want
to bound E[Space(A(S1(v)))]. Our basic idea is the following: reducing this expec-
tation to conditional expectations in which §;(v) can be viewed as uniformly and
independently generated from an axes-parallel rectangle so that Theorem 2.2 applies.
To this end, let A = {i : a; € S1(v)}, which is a random subset of [n] = {1, ..., n},
i.e., a random variable taking value from the power set of [n]. A configuration refers
to a pair (J, f) where J C [n] and f: [n] \ J — R is a coordinate-wise injective
function, i.e., f(i) and f(i") have distinct x-coordinates and y-coordinates if i # i’.
For a configuration (J, f), we define a corresponding event E; r as

Epy=| N @=fy|r@a=.

ie[n]\J

We say (J, f) is a legal configuration if E; s is a possible event. We shall show
that, if (J, f) is a legal configuration, then under the condition £y ¢, the |J| random
points in {a; : j € J} can be viewed as independently drawn from the uniform
distribution on an axes-parallel rectangle. Suppose (J, f) is a legal configuration. Let
F ={f@G):i € [n]\J},and F’ C F be the subset consisting of the points with
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x-ranks «, ..., B — |J| in F. Define x| as the x-coordinate of the (o« — 1)-th leftmost
point in F, x, as the x-coordinate of the (n — B’)-th rightmost point in F, y; as the
y-coordinate of the (y — 1)-th bottommost point in F’, y, as the y-coordinate of the
(size(u) — &’)-th topmost point in F’. Set R" = [x1, x2] X [y1, y2].

We claim that E; y happens iff ; = f(i) foralli € [n]\ J and a; € R’ for all
Jj € J. Since (J, f) is a legal configuration, there exists at least one instance of S
making E; r happen. Let S* : {a; = a]}ic[s) be such an instance, where a/ € R
indicates the location of g; in the instance S*. Then af = f(i) foralli € [n]\ J,
hence {af, ..., a5} = F U {a;‘.‘ : j € J}. Since the points in {a;‘.‘ . j € J} belong to
S(u’) (for S* makes A = J), the o — 1 leftmost points in F U {a;f : j € J} (which
correspond to the points in S to the left of S(u’)) must be contained in F, and hence
they are just the @ — 1 leftmost points in F' (which we denote by Fp). This implies
af.x > x forall j € J. Similarly, the n — g’ rightmost points in F U {a} : j € J}
(which correspond to the points in S to the right of S(u’)) must be the n — 8 rightmost
points in F (which we denote by F»). This implies a;f.x < xp forall j € J. Clearly,
the points corresponding to S(u) are exactly those in F’ U {a} : j € J}. Since the
points in {a7 : j € J} belong to S(v') (for S* makes A = J), the y — 1 bottommost
points in F'U {a;’.‘ : j € J} (which correspond to the points in S(u) below S(v)) must
be contained in F’, and hence they are just the y — 1 bottommost points in F’ (which
we denote by F|). This implies ai.y = yi forall j € J. Similarly, the size(u) — &
topmost points in F’ U {a;f : j € J} (which correspond to the points in S(u) above
S(v')) must be the size(u) — &’ topmost points in F’ (which we denote by F3). This
implies a;.y < yp forall j € J. Now we already see a;f € R’ forall j € J. It follows
that E; r happens only if ; = f (i) foralli € [n]\ J anda; € R  forall j € J.

Furthermore, we note that F; U F, U F 1’ U Fz’ corresponds to S \ S;(v). Since S*
makes A = J, we must have F = F; U F, U Fl’ U F2’ (this argument relies on the
existence of such an instance S* making E; r happen, i.e., it may fail if (J, f)isnota
legal configuration). We then use this fact to show the “if”” part. Let $* : {a; = a]}ic[n]
be an instance of S satisfying a* = f (i) foralli € [n]\ J and a;f € R forall j € J.
Then {aj,...,a;} = F U {a;f : j € J}. We look at the subsets Fy, F, F|, F of F.
Since a;’.‘.x € [x1,x2] forall j € J, Fy (resp., F>) contains exactly the o — 1 leftmost
points (resp., n — B’ rightmost points) in F U {a; : j € J}, which correspond to the
points to the left (resp., right) of S(u’). Similarly, since a}f. vy € [y1, 2] forall j € J,
F{ (resp., F}) contains exactly the y — 1 bottommost points (resp., size (u) —&’ topmost
points) in F’ U {a;f : j € J}, which correspond to the points in S(u) below (resp.,
above) S(v). Then F = F{ U F, U Fl/ U Fz’ corresponds to S \ S1(v). The remaining
points, which correspond to Sj(v), are exactly those in {a* : j € J}. Therefore,
A = J and $* makes E; ; happen. Now we see that £ r happens iff a; = f (i) for
alli € [n]\ Janda; € R forall j € J,ie.,

Ejp=| N\ @=r@|nr| \@er)

ien\J jed
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As such, under the condition Ey ¢, the random points in S; = {a; : j € J} can
be viewed as independently drawn from the uniform distribution on R’. Applying
Theorem 2.2, we have

E[Space(A(S(V)| Es,s] = E[Space(A(S)) | E; f]1 = O(log*|J]).
Noting that |J| < size(v) < size(v) if (J, f) is a legal configuration, we can deduce
E[Space(A(S1 (V)| E;. 1 = O(log’size(v)) forany E; s €&, (®)

where &€ = {E; s : (J, f)is alegal configuration}. Using this result, we further
show that E[Space (A(S1(v)))] = O(log’size(v)). Clearly, £ is a collection of mutu-
ally disjoint (or mutually exclusive) events. Furthermore, we notice that whenever
ai, ..., a, have distinct x-coordinates and y-coordinates, some E; ; € £ happens.
That says, £ is a collection of almost collectively exhaustive events in the sense that
with probability 1 some E; s € £ happens. Since the events in £ are mutually disjoint
and almost collectively exhaustive, E[Space(A(S1(v)))] = 0(1ogzsize(v)) follows
directly from the law of total expectation and (8). Clearly, the same idea applies to
bound E[Space(A(S;(v)))] foralli € {1, ..., 4}. For the preprocessing time, Theo-
rem 2.2 shows that A(S; (v)) can be built in O (size(v) log2size (v)) time even in worst
case.

Next, we consider S,(v). We want to bound E[Space(K;,(Sa(v)))] and
E[Space(C(@4(v)))] where @4 (V) = cD[u(SA(V),LN) by definition. The idea is
totally the same as in the last paragraph: reducing to conditional expectations in which
Sa (v) can be viewed as independently generated from a set of (vertical) aligned seg-
ments so that Lemmas 4.4 and 4.7 apply. We change the definition of A in the last
paragraph to A = {i : a; € Sa(v)}, and again define

Epp=| N\ @=fiy|r@=n,

ieln\J

based on the new definition of A. As we see in the last paragraph, it suffices to bound the
conditional expectations E[Space (K, (Sa (V)| Ey, r], E[Space(C(Pa(W)IEy, 7]
for all legal configuration (J, f). Suppose (J, f) is a legal configuration. Let F =
{f@) :i €[n]\J},and F’ C F be the subset consisting of the points with x-ranks
o, ..., B—|J|in F.Define x| as the x-coordinate of the (« — 1)-th leftmost pointin F,
x7 as the x-coordinate of the (n — f8)-th rightmost point in F, y; as the y-coordinate of
the (y — 1)-th bottommost point in F’, y, as the y-coordinate of the (size(u) — &’)-th
topmost point in F’. Set R" = [x1, x2] x [y1, y2]. Using the same argument as in the
last paragraph, one can easily verify that E;  happensiff a; = f (i) foralli € [n]\ J
and a; € R for all j € J. For an injective function g: J — (x1, x2), we further
define
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Ejje=Ersn| \ajx=g()
jeJ

Now Ej r, happens iff ¢; = f(i) foralli € [n]\ J and a; € {g(j)} x [y1, y2]
for all j € J. Thus, under E; ¢ ., the |J| random points in §; = {a; : j € J}
can be viewed as independently drawn from the |J| vertical aligned segments in
{{g(H} x [y1, 2] : j € J}. To apply Lemmas 4.4 and 4.7, we still need to consider
one thing: the line /. The line [, is a random vertical line depending on S. However,
we notice that under Ej 7 ¢, [y is fixed. Indeed, under E; r ¢, S(u) corresponds to
F'U {aj : j € J}. Thus, the x-coordinates of the points in S(u) are fixed under E; ¢ o,
and hence [, is fixed. As such, we are able to apply Lemma 4.4 to deduce

E[Space (K1, (Sa(W)) | Ey, f.¢] = E[Space (K, (S)) [ Ey 5.6l
= O(log|J]) = O (logsize(v)),

and apply Lemma 4.7 to deduce
E[Space(C(@a(WMN | E, f.¢1 = E[|®4,(S;, UI*1 = 0(og*|J]) = O(log*size(v)).

Note that, if E;  happens, then with probability 1 some E; r o happens. There-
fore, the collection & = {E} 7 .}, which consists of all E; ¢ , where (J, f) is a legal
configurationand g: J — (xy, x2) is an injective function with range (x1, x2) depend-
ing on (J, f), is a collection of mutually disjoint and almost collectively exhaustive
events. By the law of total expectation, we immediately have E[Space (IC;, (Sa (V)] =
O (log size(v)) and E[Space(C(®4 (V)] = O(logzsize(v)).

For the preprocessing time, Lemma 4.4 shows that XCj, (S (v)) can be constructed
in O (size(v) logZsize(v)) time even in worst-case. By applying Lemma 4.8 and our
above argument, the expected time for constructing C(®, (v)) undereachevent E; ¢ o
is O (size(v) 10g4size(v)). As before, using the law of total expectation, we then con-
clude that the expected time for constructing C(@ 4 (v)) is O (size (V) log4size(v)). The
expected space cost and preprocessing time of the sub-structures built on Sy (v) can
be bounded using the same argument. Also, one can handle S4q(v) and Sy (V) in a
similar way. The only difference is that, in the event E; ¢ ,, the g function should
indicate the y-coordinates of the points in {a; : j € J} instead of the x-coordinates.

Once we know that the expected space cost of all the sub-structures stored at v is
poly-logarithmic in size(v), we can deduce that the expected space cost of each sec-
ondary tree 7y, (with the sub-structures) is O (size(u)). As aresult, E[Space(D,(S))] =
O(nlogn). Also, we know that we can construct the sub-structures stored at v in
O (size(v) log4size(v)) average-case time. Therefore, each secondary tree 7, (with
the sub-structures) can be constructed in O (size(u) log5 size(u)) average-case time
and the entire data structure D, (S) can be constructed in O(n log(’n) average-case
time.
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A.7 Proof of Lemma 5.2

Without loss of generality, assume R = [0, 1] x [0, A]. It suffices to show that
E[|® (S, HY)|] = O(log?n). This can be further reduced to showing E[|® (S, H)|] =
0(log2n) where

H’ = {I¥ : 1 is a non-vertical line whose slope is non-positive} C HY.

Suppose the n random points in S are ay, ..., a,. Let E; ; be the event that (a;, a;) €
@ (S, H"), and observe

n—1

E[lo(S, H)1=)_ Y PrlEijl.

i=1 j=i+1

Note that all Pr[E; ;] in the above equation are the same, which implies E[|® (S, HHI]
=0 (n2 -Pr[E; 2]). Thus, it suffices to bound Pr[E »]. As in the proof of Lemma 2.1,
we define random variables xmax = max {a;.x, a2.x}, ymax = max{ai.y, az.y},
Xmin = min {a1.x, a2.x}, ymin = min{a;.y, az.y}, O = (—00, Xmax] X (—00, Ymaxl,
and A = {i >3 :qa; € Q}. Wealso define Q" = (—00, xXmax/2] X (—00, Ymax/2] and
A’ ={i >3 :a; € Q'}. We achieve the bound for Pr[E| ;] through four steps.

[Step 1] We begin with establishing the following key observation: for any H € H’,
ai,ay € H implies Q' € H. To see this, let H € H’ and assume aj,ay € H. If
{a1, a2} = {(*min, Ymin)> (X*max> Ymax)}, then H contains the point (Xmax, Ymax)- Lhis
implies that H contains the point (xmax/2, Ymax/2) and hence contains Q’, because
H = [} for a line [ of non-positive slope. If {a1, a2} = {(*min> Ymax)> *max, Ymin)}»
then H contains the 5-polygon P whose vertices are (0, 0), (Xmax, 0)s (X*max, Ymin)»
(X*min» Ymax)»> (0, Ymax)- Note that P contains the point (xmax /2, Ymax/2), Which implies
that H also contains the point (xmax/2, ymax/2) and hence contains Q’.

[Step 2] Based on the observation in Step 1, we prove a result which is similar to (3)
in the proof of Lemma 2.1. We claim that for all x € (0, 1], all y € (0, A], and all
nonempty J' C {3, ...,n},

Pr[E1 | (fmax = £) A max = 5) A (A" = )] = 0(|7?). &)

The argument for proving this is similar to that for proving (3). We use C )/E 5. to

denote the condition in the above conditional probability. Assume |J/| = k. Let
8x = Xmax — Xmin and 8y = Ymax — Ymin. Since any halfplane H € ‘H' containing
ay, a; must contain Q’, E » happens only if §; < «(S;/) and dy < k(S8y), where
Sy ={aj: j € J'}. So it suffices to bound

Pr[(8: < k(S1)) A By < k(S IC 5 1]

Under the condition C)/z,y,J” Q' is just (—00, ¥/2] x (—00, §/2]. Thus the condi-

tion C. . ,, is equivalent to saying that the maximum of the x-coordinates (resp.,
x,y,J
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y-coordinates) of ay, ay is X (resp., y), alla; for j € J " are contained in the rectangle
R =1[0,%/2] x [0, /2], and all a; for j € {3,...,n}\ J are contained in R \ R’.
As such, one can easily verify that, under the condition C)/z,y, » the distribution of the
random number &, (resp., 8y) is the uniform distribution on the interval [0, x] (resp.,
[0, ¥]) and the distributions of the k random points in S are the uniform distribution
on R’; furthermore, these random numbers/points are independent of each other. This
says, if we consider a new random experiment in which we independently generate two
random numbers &, 8}, from the uniform distributions on [0, X], [0, y] respectively
(which correspond to 6y, §y) and a random dataset S" o (R )k (which corresponds
to S;/), then we have

Pr(8; < «(8) A8y < k(SN =Pr[Ex < k(S1)) A Gy < k(S;)ICs 5 ]

So it suffices to bound Pr [(8. < «(S")) A (8], < k(S’))] in the new experiment; we
denote by A this probability. We apply the formula

A:/ p(1) - Pr((8, ft)A(S/ygt)]dt:/ p@) - Pr[8, <t]-Pr[s, <r]dr,
0 0

where p(-) is the probability distribution function of «(S’). Since &, (resp., 8;)
is uniformly drawn from the interval [0, xX] (resp., [0, y]), we have Pr [8; <t] =
min {r/X, 1} (resp., Pr [§!, < t] = min {¢/y, 1}). Without loss of generality, we assume

X < y. Then we have
f<mon| 5 5)
,1p <minj—, <.
Xy 'y
It follows that

00 2t © n(1)t? 0 p(1)t
A 5/ p(t)-min{:,:}dt:min{/ p(~)~ dt,/ &dr}.
0 Xy y 0 Xy 0 y

Noting the fact that [~ p(t)¢>dt = E[«*(S")] and [;~ p(t)t dt = E[«(S')], we have

2
Pr[s§, < t]-Pr[S’y <t] :min{—,

= ~
<
< ~

)

2/¢/ /
% < min { ]’E[K~ (~S )] E[KES )] }
Xy y

Since ¥ < § by assumption, Lemma 1.1 implies E[«x (S')]=0 (max {\/%/k, §/k*})
and E[x%(S")] = O (max {¥5/k2, 52/k*}). If /5 /k < $/k?, then E[k(S')]/7 =
O (1/k?), otherwise E[«2(S")]/(X¥) = O(1/k?). In either of the two cases, we have
Ar=0(/ kz). Therefore, we obtain (9). For an arbitrary nonempty J' € {3, ..., n},
since (9) holds for all x € (0,1] and y € (0, A], we can remove the conditions
Xmax = X and ymax = ¥ from (9) to deduce Pr[Ej | A" = J'] = O(|J'|7?) (note
that although we miss the case ¥ = 0 or y = 0 for (9), it does not matter since
the events xpmax = 0 and ymax = 0 happen with probability 0). This further implies
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that Pr[E|»||A| = k] = O(1/k® forallk € {1,...,n —2}. For k = 0, we have
Pr(Ei] A =kl = 1.

[Step 3] Let m be a sufficiently large integer, and m’ = |m/8]. Our goal in this step
is to bound Pr[|A’| < m'||A| = m]. Again, we reduce to conditional probability. We
claim that for all x € (0, 1], all y € (0, A],and all J C {3, ..., n} with |J| = m,

Pr{|A] < m'|(tmax = F) A Omax = 3) A (A = )] < e ™/, (10)

We use C; 5, to denote the condition in the above conditional probability. Under the
condition Cz 5 7, O = (—00, %] x (=00, y] and Q" = (—00, ¥/2] x (—00, j/2].
Since A’ C A by definition, we have, under the condition C 5.0

1 aje o’

, is the indicator function.

A = 14,0, Where 1, co =
>t o=y 952
As we have seen when proving (3) in the proof of Lemma 2.1, under the condition
Cx.5,7, the m random points in S; can be viewed as independently drawn from the
uniform distribution on the rectangle [0, x] x [0, y]. Note that a random point drawn
from the uniform distribution on [0, X] x [0, ¥] has probability 1/4 to be contained
in Q'. Therefore, under the condition Cs 5 ;, {1a_,eQ/ 1 j € J}is a set of i.i.d.
random variables each of which equals 1 with probability 1/4 and equals 0 with
probability 3/4. It follows that E[| A’[| Cx 5, ;] = m /4. By Hoeffding’s inequality, we
have Pr[m/4 — |A| = m/8|Cz 5,41 < e=2m/8%/m _ p=m/32 \which implies (10).
Since (10) holds for all X € (0,1], all y € (0, A], and all J C {3,...,n} with
|J| = m, we can deduce that Pr[|A'| < m/||A] = m] < e~ ™/32,

[Step 4] Finally, we try to bound Pr[E »] using the results obtained in the previous
steps. We apply the formula

n—2
PrlE 2] = ZPr[IA/I =k]-Pr[E12||A"| =k].
k=0

Since

n—2
Pr(|A'|=k] = ZPr[IAI =m]-Pr[|A'| = k||Al = m],

m=k
we further deduce
n—2 m
Pr{Es] =) (Pr [|A]=m]- ng,k> : (11)
m=0 k=0

where gk = PrE2||A| = k]-Pr[|A'| = k||A| = m].WeclaimthatZZ;O gmk =
O(1/m?) forallm € {1,...,n — 2}. To prove this, we may assume i is sufficiently
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large. Set m’ = |m/8]. Using the result of Step 3, we can deduce that

m’ m'

> gmk < Y PrlIA| =kI1A] = m] = Pr[|A'| < m'||A] = m] < "/,
k=0 k=0

On the other hand, by the choice of m’ and the result of Step 2, Pr[E| 2 ||A'| = k] =
0(1/m2) forallk € {m’' + 1, ..., m}. As such, we have

m m
Y gmk= Y, Om™) PrA|=k||Al=m] = O(m™>).
k=m'+1 k=m'+1

It follows that

’

m m m
ng,k = ng,k + Z 8m.k = e—m/32 + O(m_z) = O(m_z)'
k=0 k=0 k=m'+1

For m = 0, we have the trivial bound Y ;" gm k = gm,0 < 1. Thanks to (11) and the
bounds for ZZ;O &m k- the only thing remaining for bounding Pr[E »] is to bound
Pr [|A| = m]. Recall that, in the proof of Lemma 2.1, we have shown Pr [|A| = m] =
O((m + 1)logn/n?) forallm € {0, ..., n — 2}. Plugging in this and the bounds for
kazo gm.k to (11), a direct calculation gives us Pr[Eq 2] = 0(10g2n/n2). As such,
E[|® (S, H)|] = O(log?n) and thus E[|® (S, H)|] = O(log?n).
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