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Abstract

Given two disjoint sets P; and P, in R?, a two-dimensional ham sandwich cut is
a line that bisects both P; and P, simultaneously. The ham sandwich problem
consists of finding such a line. A linear-time algorithm to solve this problem was
proposed by Chi-Yuan Lo, Jifi Matou$ek and William Steiger [7]. We expand on
their paper, detailing the steps needed to implement the algorithm, presenting
pseudocode for most of the steps, and providing some of the knowledge needed to
understand both the algorithm and why it works.

Keywords: Ham sandwich theorem, ham sandwich problem, computational geom-
etry, duality, sorting networks

ii



Contents

1 Introduction

2.1 Ham sandwich cuts . . . . . . . . . . . ...
2.2 Duality . . ..

2 The discrete ham sandwich problem
2.3 Existence of a ham sandwich cut
3 Lo, Matousek, and Steiger algorithm

3.1 Outline of the algorithm . . . . .. .. .. ... ... ... .....
3.2 Newinterval . . . . . . . . . . .. o

3.2.1 Finding intersections . . . . . . . ... .. ...

3.2.2  Checking the odd intersection property
3.3 Find trapezoid . . . . ... ..
3.4 Discard lines . . . . . .. ...
3.5 Bruteforce . ... ... ...

4 Sorting networks and variants

4.1 Sorting networks . . . . . ...
4.2 Tolerant e-sorting networks . . . . . . .. ... ... ... ... ..
4.3 Construction and simulation of sorting networks

5 Linear-time implementation
5.1 Search for a good intersection
5.2 Permutations and intersections
5.3 Determining the permutation

5.4 Efficiently answering queries on a sorting network

5.5 Approximately finding the g

5.5.1 Counting intersections in linear time
5.5.2  Changing the sorting network

6 Final considerations

6.1 Acknowledgements . . . . .. ... o oL

iii

—

D W W

10

13
17
19
21
22
23
24

25
25
26
27

28
28
31
33
35
36
37
41

44



v

CONTENTS



Chapter 1

Introduction

The first version of the problem that will be studied in this work was proposed by
the Polish mathematician Steinhaus in 1938 in the popular mathematics publication
Mathesis Polska. The problem inquired: “Is it always possible to bisect three solids,
arbitrarily located, with the aid of an appropriate plane?,” or, in its informal phras-
ing: “Can we place a piece of ham under a meat cutter so that the meat, bone, and
fat are cut in half?”

The answer turned out to be positive, and from that informal analogy came the
name for the more general version of the result: the ham sandwich theorem, that
states that, given n objects in an n-dimensional Euclidean space, there is an (n —1)-
dimensional hyperplane that divides them all in half (with respect to their measure)
simultaneously.

In computational geometry certain particular cases have been studied. Generally,
the goal is to find such hyperplane, and the task of doing so is called the ham sandwich
problem. The problem has been more extensively studied for the particular case of
when the objects are sets of points.

The problem mentioned has application on other computational geometry algo-
rithms, such as finding the regression depth of a hyperplane with respect to a set of
points, as described in [2].

In 1984 Meggido devised an algorithm, described in [9], to solve in linear time the
two dimensional ham sandwich problem when the two sets of points are separated,
i.e., when their convex hulls do not intersect.

A very important result for the problem followed: a paper published in 1994 in
the Discrete and Computational Geometry journal, by Lo, Matousek, and Steiger,
which solves this discrete version of the problem in O(n?~!) time, where n is the total
number of points and d is the number of dimensions of the space those points are in
and also the number of sets of points. This paper heavily relies on multiple previous
studies in sorting networks and how they can be applied to line arrangements, such
as [8] and [4].

The algorithm described by Lo, Matousek, and Steiger is quite intricate, so this
work is mainly focused on explaining their linear algorithm for the two-dimensional
case of the discrete version of the problem.

On Chapter 2, we will establish some basic ideas that will be needed to understand
the approach used by Lo, Matousek, and Steiger in [7]. On Chapter 3, we will
describe in detail their linear algorithm, using a simpler algorithm to substitute the
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2 CHAPTER 1. INTRODUCTION

one described in [8] to find a suitable line intersection given the problem constraints,
resulting in an O(nlogn) algorithm. On Chapter 4, we will explain sorting networks,
a structure that is needed for the linear algorithm. On Chapter 5, we will describe the
steps proposed by Matousek in [8] to make the previous algorithm linear. Finally, on
Chapter 6, we will outline the final results and what we could draw from this work.



Chapter 2

The discrete ham sandwich
problem

In this section we will establish some definitions needed to fully understand the
problem and the algorithms that will be described. We will also formalize some of
the notions that were mentioned in the introduction, including the definition of the
problem itself.

All given sets of points and lines we consider are finite. We also consider all
points and lines to be in general position.

2.1 Ham sandwich cuts

Definition 1. A line ¢ is said to bisect the set P of points in R? if no more than @

points of P lie on either of the open half-planes defined by ¢ (Figure 2.1).

Figure 2.1: In all the images above, the line bisects the set of points.

Let the pair (x,y) represent a point and the equation y = m - x + b represent
a line. Note that vertical lines do not have such representation. From now on, the
term line always refers to non-vertical lines.

We can easily check if such a line bisects a set of points in linear time using
Algorithm 1.
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Algorithm 1 BisecTs(/, P)
Input: a line ¢ and a set P of points
Output: TRUE if ¢ bisects P and FALSE otherwise
1: below + 0
2: above < 0
3: for pe P do
4: if p.y <l.m-p.x+ £.b then below + below + 1
5
6

if p.y > £.m - p.x + £.b then above < above + 1
: return below < @ and above < @

Definition 2. A ham sandwich cut for two sets Py and Py of points in R? is a line
that bisects both Py and Py simultaneously (Figure 2.2).

o o ® °
e o ° °
[ ]
° o o
o °
®) ()
e O o ° °

Figure 2.2: The points in red (filled) are in P; and the points in blue (not filled) are
in P,. The lines are ham sandwich cuts for P; and P.

Problem 1 (Two-Dimensional Discrete Ham Sandwich Problem). Given two sets
Py and P> of points in R?, find a ham sandwich cut for Py and Ps.

It is not intuitive, but such a cut always exists. In Section 2.3 we will show a
constructive proof that uses some of the same ideas of the algorithm this work aims
to describe. Although there are simpler proofs of the existence of a ham sandwich
cut, they do not help with finding the cut itself and will not be mentioned.

We can make further observations on the problem that will help with its solution.

Proposition 1. Let P be a set of points in R? such that |P| is odd and ¢ be a line
that bisects P. There is a point in P that lies on £.

Proof. By definition, any line that bisects P must leave no more than @ points on
either of its sides. Since the number of points that lie strictly on some side of £ is

always an integer, that line must leave no more than [@J = |P|T_1 points on either

side. So we have a maximum of |P| — 1 points that lie strictly on any side of £. Thus,
at least one point of P has to lie on 4. O

Proposition 2. Let P be a set of points in R? such that |P| is even. For every point
x € P, any line that bisects P\ {z} also bisects P.
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Proof. Since |P| is even, |P \ {z}| is odd. Let ¢ be a line that bisects P \ {z}.
From Proposition 1, at least one point from P \ {z} lies on ¢. Therefore, at most
|P\{§}|_l = ‘P‘;Q points lie on either side of £. So, no matter where z lies, at most @
points will lie on either side of ¢, which, by definition, implies that ¢ bisects P. [

From Proposition 2, we may assume without loss of generality that both P;
and P» have an odd number of points. Otherwise, we can just remove any point
from the even sets and a solution to the modified instance will also be a solution to
the original instance. Now Proposition 1, along with the fact that a ham sandwich
cut always exists, can give us a powerful observation: there always exists a ham
sandwich cut that goes through at least one point from P; and one point from Ps.
That gives us a naive O(n?) algorithm (where n = |Py| + |P|) briefly described
ahead, to solve Problem 1.

Algorithm 2 goes through every point in P; and every point in P, and checks
if the line that passes through both of these points is a ham sandwich cut. This
is done by using the function BISECTS, that was defined in Algorithm 1. Since the
points are in general position, there are no two points in P; and P, with the same
z-coordinate. So any line defined by two points can be represented by an equation
of the type y = mz + b.

Algorithm 2 NAIVESOLVE(P;, P»)
Input: two nonempty sets P; and P» of points in general position
Output: a ham sandwich cut for P; and P

1: for p; € P; do

2 for ps € P, do

3 m < P2y=p1y
p1.T—p2.T

4: b<pry—m-pr.x

5

6

{<+ (y=mz+Db) > line that contains p; and po
if BisecTs(¢, P;) and BI1secTS(¢, P») then return /¢

An optimization can be done to reduce the running time of Algorithm 2
from O(n?) to O(n?logn). To do so, one can keep three lists: the list of all the
pairs of points in Py U P, sorted by the slope of the line that contains them, the list
of points in Pj sorted by z-coordinate, and the list of the points in P» also sorted by
x-coordinate.

The idea is that, every time we go through a potential ham sandwich cut, we will
have the points in P; and P, sorted in the direction of the line perpendicular to that
cut, so it is possible to check in constant time if the current cut is a ham sandwich
cut or not.

Roughly, we process the pairs of points in order of slope and do the following: if
the points in the current pair belong to the same initial set, we swap their positions
in the corresponding list of points of that set. Otherwise we have a potential ham
sandwich cut and we check if both points are in the middle of their respective lists.

The resulting complexity is that of sorting the list of all pairs of points, that is,
O(n?logn).
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2.2  Duality

When dealing with lines and slopes, things can get cumbersome very quickly. It is
sometimes helpful to be able to look at certain problems from a different perspective
and the insights might be clearer. To help with that, we will now introduce the idea
of plane duality.

A certain symmetry can be seen between points and lines in a plane. Some
properties translate really well from points to lines and vice-versa. This is partially
due to the fact that both of those structures can be described by two parameters:
the points by their coordinates and the lines by their slope and intersection with the
y-axis.

We want to find a mapping from points to lines and lines to points that translates
well some properties. For instance, three points on a line would become three lines
through a point. These mappings are called duality transforms. The image of an
object under a duality transform is called the dual of that object.

The duality transform we will use is the following. Let p := (ps,py) be a point
in the plane. The dual of p will be the line p* := (y = p, - © — py). The dual of a
line ¢ := (y = m - x + b) will be the point p such that p* = ¢, which is ¢* := (m, —b)
(Figure 2.3).

ly
® p*

)

p 2
2
53

G

y
l3
Primal plane Dual plane

Figure 2.3: An example of plane duality.

We are interested in certain properties that, if held in the primal plane, also hold
in the dual plane.

Proposition 3. A point p lies on a line £ if and only if the point £* lies on the
line p*.

Proof. Let p := (py,py) and £ := (y = m - x +b). Then p lies on ¢ if and only if
Py = m - py +b. We can rewrite that equation to be —b = p, - m — p,, which means
that £* := (m, —b) lies on p* := (y = pz -  — py). O

Proposition 4. A point p lies above a line ¢ if and only if the point £* lies above
the line p*.
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Proof. Let p := (pz,py) and ¢ := (y = m - + b). Then p lies above ¢ if and only if
Py > m - py +b. We can rewrite that equation to be —b > p, - m — p,, which means
that £* := (m, —b) lies above p* := (y = ps - © — py). O

Let us translate some definitions so that we can translate Problem 1 to its dual
version. Firstly, we will define what is a point that is in the median zone of a set of
lines, which is the dual of a line bisecting a set of points.

Definition 3. A point p is said to be in the median zone of a set H of lines if there
are no more than @ lines above it and no more than @ lines below 1t.

Similarly to Algorithm 1, that checks if a line bisects a set of points, we can write
a simple linear-time algorithm to check if a point p is in the median zone of a set H
of lines.

Algorithm 3 MEDIANZONE(p, H)
Input: a point p and a set H of lines
Output: TRUE if p is in the median zone of H and FALSE otherwise
1: below + 0
2: above < 0
3: for h € H do
4: if p.y <h.m-p.x + h.b then below < below + 1
5
6

if p.y > h.m - p.x + h.b then above < above + 1

: return below < 1 and above < 1]

2 2

We will also need to define a ham sandwich point, which is the dual of a ham
sandwich cut.

Definition 4. A ham sandwich point for two sets Hy and Ho of lines is a point that
is in the median zone of Hy and Hy simultaneously (Figure 2./).

Figure 2.4: The lines in red (solid) represent H; and the lines in blue (dashed)
represent Ho. The marked points are ham sandwich points for H; and Hs.

With that we can define the dual two-dimensional ham sandwich problem, which
is the dual of Problem 1.

Problem 2 (Dual Two-Dimensional Ham Sandwich Problem). Given two sets H;
and Hy of lines in R?, find a ham sandwich point for Hy and Ho.
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It can be proven that, if the lines are in general position, such a point always
exists, so we would like to find it as efficiently as possible. If there are parallel lines,
such point might not exist, which is the case for the examples in Figure 2.5. This is
due to the dual conversion of the problem. This representation does not allow points
that are the dual of vertical lines, and these lines might be the only solution for the
primal problem.

Figure 2.5: The lines in red (solid) represent H; and the lines in blue (dashed)
represent Hy. There is no ham sandwich point for H; and Ho.

Proposition 5. In general position, Problem 1 and Problem 2 are equivalent. In
other words, a line £ is a ham sandwich cut for the sets Py and P» of points in general
position if and only if the point ¢* is a ham sandwich point for the sets P and Py
of lines (Figure 2.6).

Proof. By Proposition 4, a line ¢ bisects a set P of points if and only if £* is in the
median zone of P*. That way, a line £ is a ham sandwich cut for the sets P and P
of points if and only if £* is a ham sandwich point for the sets P, and Py of lines. [

W
T

Primal plane Dual plane

Figure 2.6: The same instance of the ham sandwich problem both in the primal and
in the dual plane. For 1 <4 < 3, line ¢; and point ¢; represent possible solutions in
their respective planes.

To solve Problem 2 in general position, similarly to Problem 1, we may assume
that the number of lines in both sets is odd. That way, the point that corresponds
to a solution will be the intersection of a line in H; and a line in Hs.
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That gives us a naive solution to Problem 2, presented in Algorithm 4: go through
all intersections of two lines and check if each intersection is a ham sandwich point.

Algorithm 4 DUALNAIVESOLVE(H, Hj)
Input: two nonempty sets H; and Hs of lines in general position
Output: a ham sandwich point p of Hy and Hs

1: for h; € H; do

for ho € Hy do
ho.b—h1.b
Z <= hi.m—hao.m
y<—hi.m-z+hi.b
p + (x, y) > intersection of hy and ho

if MEDIANZONE(p, H1) and MEDIANZONE(p, H2) then return p

Algorithm 4 just happens to be Algorithm 2 converted to the dual plane. It can
also be optimized to run in O(n?logn) time (where n = |Hy| + |Ha|), but, in the
dual plane, the optimized version, shown in Algorithm 5, is a sweep line algorithm
that is much easier to visualize.

The algorithm sweeps the plane from left to right, keeping the order in which the
red and the blue lines intersect the sweep line. Initially, the lines intersect the sweep
line in order of their slopes. This order changes every time the sweep line passes by
an intersection of two lines of the same set. Intersections of two lines of different sets
are candidates to ham sandwich points, so the events of this sweep line algorithm
are the intersections of pairs of the given lines. These intersections are processed in
order of their z-coordinate.

Intersections of lines of the same set cause the order of the intersection of these
lines with the sweep line to invert. Intersections of lines of different sets are tested
to see if they are a ham sandwich point. For this test to be made efficiently, the
algorithm keeps track of the position of each line in the order of intersection of all
lines of its set with the sweep line. To decide whether an intersection of two lines of
different sets is a ham sandwich point, it is enough to check whether both lines are
in the middle position of their respective color order.

In Algorithm 5, the procedure SLOPESORT(H ) sorts the list H of lines by slope
in O(nlogn) time, where n = |H|. The procedure INTERSECTIONSORT receives two
sets H; and Hs of lines in general position and returns a list of all pairs of lines
in Hy U H», sorted by the x-coordinate of the intersection of the lines. Each line is
identified by an integer 7 in {1,2} and the index of the line in H;. This procedure
runs in O(n?logn), where n = |Hy| + |Ha|.

The complexity of Algorithm 5 is that of INTERSECTIONSORT(H1, Hy), that is,
O(n?logn). Both this and the primal O(n?logn) algorithm were described with the
intent of showing that visualizing the problem in its dual plane can simplify certain
algorithms.
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Algorithm 5 OPTIMIZEDDUALNAIVESOLVE(H, Ha)
Input: two nonempty sets Hi and Hs of lines in general position
Output: a ham sandwich point p for H; and Ho

1. if |H;| is even then remove an arbitrary line of H;

2: if |Ho| is even then remove an arbitrary line of Hy

3: SLOPESORT(H) > Hy[l]l.m < --- < Hy[|Hy|].m

4: 7T1<—(1,...,|H1D

5: SLOPESORT(H?2) > Ho[l].m < --- < Hs[|Hs|].m

6: 7T2<—(1,...,|H2D

7: > Order of the intersection with the sweep line: H;[m;[1]]< - <H;[m;[|H;|]] for i=1,2

8: Events <— INTERSECTIONSORT(H1, H2)

9: 11 + [@1

10: to < [@

11: for {(i,7),(i',j")} € Events do

12: if i =4’ then > both lines are in the same H;?

13: mil7] < ™ []/] > they exchange places in the order <

14: else > check whether the intersection is a ham sandwich point

15: if m;[j] = t; and 7 [j'] =ty then > both lines are in the median zone?
. Hq [tﬂ.b—Hg[tg].b

16: Z < H2[t2].m7H1[t1}.m

17: y < Hy[t1].m - x + Hi[t1].b > their intersection

18: return (z,y)

2.3 Existence of a ham sandwich cut

The duality transformation also makes it easier to prove that there is always a solu-
tion to the ham sandwich problem.

Firstly, we will assume that the points in P, and P; are in general position, which
implies that every pair of lines in P and P5 intersects at exactly one point and there
are no vertical lines. We will also assume that both |P;| and |P| are odd.

To prove the existence of a ham sandwich cut, we will need to make some extra
observations.

Proposition 6. The median zone of an odd set of lines is a polygonal chain (Fig-
ure 2.7).

Proof. Let H be an odd set of lines. Since |H| is odd, a point in the median zone
of H must lay on a line of H. Furthermore, given the z-coordinate of the point,
there is only one candidate for its y-coordinate: the one determined by a line that is
in the middle when we sort H by evaluation at such z-coordinate.

Notice that the line that represents the median zone only changes when that line
intersects with the next median line; that other line will now be the one to represent
the median zone. That means that the median zone is a connected series of line
segments, i.e., a polygonal chain. O
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Figure 2.7: The darker polygonal chain is the median zone of the set of lines displayed.

Definition 5. The i-th level of a set H of lines, denoted as L;(H), is the polygonal
chain such that there are at most i — 1 lines of H strictly below L;(H) and at most
|H| — i lines of H strictly above L;(H).

Note that the median level of an odd set H of lines, L{ 1| W (H), is the median
2
zone of H, as it was defined previously.

Now let P; and P, be the sets of points in general position for which we want
to find a ham sandwich cut. We are looking for a line that bisects both P; and Ps,
which is the same as a point that is in the median zone of both P and Py. If P,
and P, are odd, that means we want to find an intersection of the median levels of
both. If that intersection exists, then it is the dual of a ham sandwich cut.

Lemma 1. Let Hi and Hs be two odd sets of lines in general position. Their median
levels intersect at an odd number of points (Figure 2.8).

Proof. The left unbounded ray and the right unbounded ray of the median level of
any odd set of lines in general position lie on the same line: the line that is the median
in the slope order. Let us say such line is hy for H; and hs for Ho. Because the
lines are in general position, one of them must have a smaller slope. Let us assume
without loss of generality that this is h;. That means that, for small enough =,
hi(z) > ho(x) and the median level of H; is above the median level of Hy and, for
large enough x, hi(x) < ha(x) and the median level of H; is below the median level
of Hs. By continuity, the median levels intersect an odd number of times. O



12 CHAPTER 2. THE DISCRETE HAM SANDWICH PROBLEM

Figure 2.8: The red (solid) lines represent Hj, the blue (dashed) lines represent Hs.
The thicker lines represent the median level of each set and the points represent
where those median levels intersect.

If the set of lines is not in general position, the lines in which the median levels
lay on might be parallel. In those cases, the median level of the two sets of lines do
not necessarily intersect and there might be no solution for the problem (Figure 2.9).

Figure 2.9: When the median levels of the sets of lines are parallel, their median
levels may or may not intersect.

Now we can finally prove the result.

Theorem 1. Given two sets Py and Py of points in R? in general position, there
always exists a line that bisects both sets Py and Py simultaneously.

Proof. By Proposition 2 we may assume both sets of points are odd, as otherwise
we can just remove any point from the even sets and the solution found will still be
applicable.

By Proposition 5, it is enough to find a ham sandwich point p for Hy = P}
and Hy := P73, if one such point exists.

From Lemma 1, the median levels of H; and Hs intersect an odd number of
times, which is necessarily a positive number of times. That means there is a point p
that is in both the median level of H; and in the median level of Hs, so p is a ham
sandwich point. The dual of p is a line that bisects both sets. O



Chapter 3

Lo, Matousek, and Steiger
algorithm

This chapter presents an algorithm, proposed by Lo, Matousek, and Steiger |7], that
solves Problem 2. Their algorithm has a linear-time implementation. By Proposi-
tion 5, it can be easily converted to an algorithm with the same running time for
Problem 1.

In this chapter, we will describe an O(n log n) implementation for their algorithm,
where n is given number of lines, that is, n = |H;| + |Hz|. We will postpone the
most intricate part of the linear-time implementation to Chapter 5.

We reinforce that we are assuming that the lines are in general position. This
means the algorithm will always find a solution.

3.1 Outline of the algorithm

The algorithm will search for an intersection between the median zones of our two
sets of lines, H; and Hs. In our description, we will use the following definitions.

Definition 6. Let T be an open interval on the x-axis. A T-intersection is an
intersection between two lines whose x-coordinate lies in T'.

Definition 7. Let T be an open interval on the x-axis. A T-trapezoid is a trapezoid
that has two sides parallel to the y-axis, the first of which is a segment contained in
the vertical line defined by the beginning of T and the second of which is a segment
contained in the vertical line defined by the end of T.

Definition 8. Let T be an open interval on the x-axis, G1 and Ga be sets of lines,
and p1 and p2 be integers such that 1 < p; < |G;|. Interval T' has the odd intersection
property in relation to Ly, (G1) and Lp,(G2) if Ly, (G1) and Ly, (G2) intersect an odd
number of times in T

The basic idea of the algorithm is to find subsets G; C Hy and Go C Hs in such
a way that there is at least one intersection of the median levels of H; and Hs that
is also an intersection of a line in G1 and a line in G5. We will remove lines from
G1 and G5 in phases while maintaining this property, and once |G|+ |G2| is small
enough, we will find a solution using some naive algorithm.

13
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The algorithm will work in phases. At the beginning of each phase, the algorithm
will have the following data:

e current sets G1 and G of lines, with G; C Hj;
e integers p; and py, with 1 < p; < |G|, and

e an open interval T" on the z-axis that has the odd intersection property in
relation to Ly, (G1) and Ly, (G2).

These are such that all T-intersections between Ly, (G1) and Ly, (G2) are valid
ham sandwich points for H; and Hy. The algorithm will also use a constant «;, whose
value we will define later.

At the end of each phase, lines are discarded so we have new sets G, C Gj,
integers p, < p; such that 1 < p, < |G}|, and a new interval 7/ C T on which
the invariant holds for the new data. To maintain the time complexity of the final
algorithm equal to the time complexity of one of its phases, the larger of G; will have
its size cut by some fraction that is determined by the constant a.

To start the algorithm, 7' is the whole z-axis, G; = H; and p; = P%ll—‘ To
perform one of the phases, we will execute the following steps, always ensuring be-
forehand that |G1| > |G2| (otherwise we swap G1 and G2).

1. Find an interval 77 C T so that there are no more than a('%ﬂ) T'-intersections
among the lines in G and 7" has the odd intersection property in relation to
L, (G1) and Lp,(G2). Let T' be the new T

This step will be represented by the function NEWINTERVAL(G1, Go, p1,p2,T)
(Section 3.2), which returns the new interval 7" given the parameters as stated
above.

2. Construct a T-trapezoid 7 that contains the entirety of L, (G1) in T and
intersects only a certain predetermined fraction of lines in GG1. This fraction is
determined by « and its value is chosen so that such a 7 always exists.

This step will be represented by the function FINDTRAPEZOID(G1, p1,T') (Sec-
tion 3.3), which returns the T-trapezoid 7.

3. Discard all the lines in GG; that do not intersect 7 and update p; accordingly.

This step will be represented by the function DISCARDLINES(G1,p1,7T) (Sec-
tion 3.4), which returns G and p) according to what was described.

If we use a = 3% in Step 2, at the end of the phase, G1 will have its size cut by
at least half |7, Lemma 3.5]. Once the size of G; is smaller than some constant, we
can use some naive algorithm to find a T-intersection of Ly, (G1) and Ly, (G2). This
algorithm will be BRUTEFORCE(G1, G2, p1,p2,T') (Section 3.5).

Since |G1]| > |G| and |G| decreases by half by the end of each phase, |G1|+|G2]
decreases to at most % of its previous value by the end of each phase. As long as
each phase takes time O(|G1| + |G2|), the total time for this procedure will be a
geometric progression (|Hy|+ |Ha|) + 2(|Hi| + [Ha|) + (3)2(|Hi| + |Hz|) + . . ., which
is O(|Hy| + |Ha]) = O(n).
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The algorithm that solves the actual problem is presented in Algorithm 6 and the

figures that follow represent what one of its phases might look like (lines 9 to 12). In
the figures we use an « greater than 3% to make it easier to visualize the lines. As a
consequence, less than half of the lines will be discarded in Step 3.

Algorithm 6 HAMSANDWICHPOINT(G1, G2)

Input: two nonempty sets G; and G4 of lines in general position
Output: a point that is in the intersection of the median zones of G; and Go

10:
11:
12:

13:

A SR R

e g

. |G|
D2 < [Tﬂ

1
O[<—§

: if |G4] is even then remove any line from G
. if |G4| is even then remove any line from Gs
o if |G2| > |G1| then G; + Gy

|G1]

T + (—00,00)

while (19) > 1 do
T < NEWINTERVAL(G1, G2, p1,p2,T)
7 +FINDTRAPEZOID(G1, p1,T)
(G1,p1) < DISCARDLINES(G1, p1,T)
if |G| > |G4]| then (G1,p1) < (Ga,p2)

return BRUTEFORCE(G1, G2, p1,p2,T)

> ensuring |G| > |Ga|

> ensuring |G| > |Ga|

> |G| and |G2

are sufficiently small

Figure 3.1: An instance of the Dual 2D Ham Sandwich Problem:

the lines in red (solid) represent H; and the lines in blue (dashed) represent Hy.



16 CHAPTER 3. LO, MATOUSEK, AND STEIGER ALGORITHM

Figure 3.2: The parameters at the beginning of the algorithm: T is the whole z-axis,

G1 = Hi, Go = Hy, p1 = 3 and py = 2. The thicker lines show the levels L, (G1)
and Ly, (G2).

ccccccccccecccckedecfeccccccccccccaad

Figure 3.3: The two green (dotted) lines indicate interval 7", found in Step 1, contain-
ing only a fraction of the intersections from G; and an odd number of intersections

between Lg(Gl) and LQ(GQ).

cccccccccckecccckadecfocccccccccccaaay

’
z
beccccccsaaade
’

Figure 3.4: In Step 2, we construct the T-trapezoid 7 that contains the entirety
of L, (G1)in T.
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Figure 3.5: In Step 3, we eliminate the red (solid) lines that do not intersect 7.

e peiiiceccees
\

\

.
-,
epcccccccccccccnad

’
\

cccccccccckecccckada

feccccccscsaalafasy

17

Figure 3.6: Now we are ready to the next phase. Our new G is the current set of
lines in red (solid) and our new Gy is the current set of lines in blue (dashed). The
new interval 7' is the range delimited by the green (dotted) lines. We now want to

find a T-intersection between the levels L, —2(G1) and L;,—2(G2). We do not need

to swap the sets because |G1| > |Ga|.

In the following sections, the subroutines used in Algorithm 6 will be explained

in details.

3.2 New interval

For didactic purposes, this section will discuss an O((|G1| + |G2|) log(|G1| + |G2|))
expected time implementation of the function NEWINTERVAL. This complexity is
insufficient for the linear-time implementation of Lo, Matousek, and Steiger algo-
rithm. A worst-case linear implementation will be described in Chapter 5 and uses
some of the ideas that will be introduced here.

The function NEWINTERVAL receives two sets (G1 and G of lines, integers p;
and py with 1 < p; < |G;|, and an interval T' that has the odd intersection property
in relation to Ly, (G1) and Ly, (G2). The function returns an interval 7 C T that has
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the odd intersection property in relation to L,, (G1) and L,,(G2) and such that the
number of T"-intersections among lines in G is no more than a(l(’;”) (for o = 35).

We will find the new interval 77 by performing a binary search in the T-
intersections among lines in G7.

The algorithm will execute the following steps:

1.1 Choose a T-intersection among lines in G; uniformly at random. The x-
coordinate of that intersection divides 7' into two intervals: 77, consisting
of the part of T that is to the left of this coordinate, and 75, consisting of the
part of T that is to the right of this coordinate.

1.2 Update T to be the one between T} and T3 in which Ly, (G1) and Ly, (G2)
intersect an odd number of times.

1.3 If the number of T-intersections among lines in G is greater than a('%l‘), go
back to Step 1.1.

Both Step 1.1 and Step 1.3 will be done using the O(|G|log|G|) function
INTERSECTIONSANDRANDOMINTERSECTION(G, T'), which returns the number of 7-
intersections among lines in G and a random T-intersection, if one exists. Step 1.2
will be done using the function ODDINTERSECTIONPROPERTY(G1,G2,p1,p2,T),
that checks whether 7' has the odd intersection property in relation to L, (G1)

and Ly, (Ge) in O((|G1] + |G2|) log(|G1] + |Gal)).

Once we have the functions INTERSECTIONSANDRANDOMINTERSECTION and
ODDINTERSECTIONPROPERTY, NEWINTERVAL can be written as in Algorithm 7.

Algorithm 7 NEWINTERVAL(G1, Ga,p1,p2,T)

Input: two sets G; and G3 of lines in general position, two integers p; and py with
1 < p; < |G, and an interval T that has the odd intersection property in relation
to Ly, (G1) and L, (G2)

Output: an interval 7/ C T such that the number of T’-intersections among the

lines in G; is no more than a(‘(’;ll) (for a = 3%) and 7" has the odd intersection

property in relation to Ly, (G1) and Ly, (G2)

o

(n,p) <~ INTERSECTIONSANDRANDOMINTERSECTION(G,T)

while n > a(l(’;ll) do
(a,b) < T
T) < (a,p.z)

TH (p.:c, b)

if ODDINTERSECTIONPROPERTY (G1,G2,p1,p2,T1) then T + T
else T+ Ty

(n,p) < INTERSECTIONSANDRANDOMINTERSECTION(G1,T)

return T

._.
54
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To calculate the running time, we need to determine how many iterations the
while in line 3 will execute. By selecting a random T-intersection within G; in
lines 2 and 9, one can prove that the expected number of T-intersections within G
decreases by some fraction in each iteration. That means that we need on average a
constant number of iterations until the number of T-intersections within G is small
enough, so the algorithm takes on average O((|G1| + |G2]) log(|G1| + |Ga2|)) time.

3.2.1 Finding intersections

We will find T-intersections in a set G of lines using the concept of inversions. For
a permutation m, a pair of indices i and j with 1 < i < j < |7| is an nversion if
w[i] > w[j].

If we have two lines g1 and ¢ in G such that, at the beginning of the interval T,
the evaluation of g; is greater than the evaluation of go and, at the end of T, the
evaluation of g; is smaller than the evaluation of go, then ¢g; and go must intersect
inside T'.

So let us say we label the lines in G from 1 to n in the order of their evaluation at
the beginning of T'. We will define 7 as the permutation that represents the lines in
the order of their evaluation at the end of T. Because of what was described above,
each inversion in 7 will be a T-intersection of two lines in G (Figure 3.7).

) 1
4 2
3 4
2 S
1 3

Figure 3.7: Each inversion in the permutation displayed at the right represents an
intersection of two lines inside the interval.

That way, we can use variants of inversion counting algorithms to implement
INTERSECTIONSANDRANDOMINTERSECTION. This will be done using Algorithm 9,
which transforms the lines into a permutation and then uses Algorithm 8, which
counts the inversions in a permutation and returns one chosen uniformly at random.

Algorithm 8 runs in O(nlogn) time, where n = j — i+ 1, as it is an adaptation
of the well-known Mergesort algorithm for counting inversions. It uses the procedure
RAND(%, j), that returns an integer in the interval [7, j) uniformly chosen at random.

Algorithm 9 uses as subroutines the procedure SORTEVAL(G, z), that sorts the
set G of lines by increasing value of g(z) for each line ¢ € G and the procedure
INDSORTEVAL(G, z), that returns the permutation that sorts G by increasing value
of g(z) for each line g € G. In case of ties, the line with larger slope is considered
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greater. That is as if the lines have already intersected, so it is as if we were actually
sorting by increasing value of g(z + €) for a tiny € > 0. For z = —oo, the sorting
is by decreasing slope and, for z = oo, by increasing slope of the lines in G. Both
procedures run in O(|G|log|G]) time.

Algorithm 8 INVERSIONSANDRANDOMINVERSION(, 4, j)

Input: a permutation 7 and integers ¢ and j with 1 <i < j < ||
Output: the number of inversions in 7[i .. j] and a random pair of integers inverted

NN NN DN = s e e e
el N vl s e B S A A ral

in 7[i..j], if one exists. As a side effect, the algorithm sorts 7[i.. j].
if ¢ > j then return (0, none, none)
i+J
k %—[T
(c1,u1,v1) < INVERSIONSANDRANDOMINVERSION(, 4, k)
(c2, ua,v2) < INVERSIONSANDRANDOMINVERSION(7, k + 1, 7)

c3 <0 > inversions between the two now sorted halves of 7
t1+1, to+k+1
for t € [i,j] do > similar to the Merge subroutine of Mergesort
if (t; <k and t3 < j and 7[t;] < ©[t2]) or t2 > j then
7' [t] + 7[t1]
ti1r+—t1 +1
else

cs<—c3t+k—t1+1
if ¢3 > 0 then
7 <— RAND(0, c3)
if r <k —t;+ 1 then ug,vs < 7[ta], w[t1 + 7]
7' [t] + 7[ta]
to —to+1

: for ¢ € [1,j] do [t] + 7'[t]

1 C4 1+ o+ c3

: if ¢ =0 then return (0, none, none)
: 7 < RAND(0, ¢)

. if r < ¢; then return (c,u1,v1)

. if r < ¢1 + ¢o then return (c, ug, v2)

return (c,us,v3)

Algorithm 9 INTERSECTIONSANDRANDOMINTERSECTION(G, T')

Input: a set G of lines in general position and an interval T’
Output: the number of T-intersections of lines in G and a random T-intersection

of two lines in G

(a,b) < T
SORTEVAL(G, a) > G[1] <q -+ <a G[|G]]
7 < INDSORTEVAL(G, b) > Gr[1]] < - -+ <o G[7[|G]]]

)

(¢,u,v) < INVERSIONSANDRANDOMINVERSION(, 1, |7
if ¢ = 0 then return (c,none, none)

inter <— INTERSECTION(G|u], G[v])
return (c, inter)
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3.2.2 Checking the odd intersection property

To decide if an interval has the odd intersection property in relation to Ly, (G1)
and Ly, (G2), we only have to check whether L,, (G1) and L,,(G2) changed order in
that interval (e.g., Ly, (G1) was below L,,(G2) at the beginning of the interval but
above it at the end of the interval: by continuity, they must have intersected an odd
number of times), which is what we do in Algorithm 10.

We will determine what is the p-th line of a set of n lines when it is sorted by in-
creasing evaluation at a given z using an O(n) function QUICKSELECT(G, p,x). The
linear-time version of QUICKSELECT uses the median of medians of five algorithm
proposed by Blum et al. [3]. With that, ODDINTERSECTIONPROPERTY has a final
complexity of O(|G1|+ |G2]), which is important because we will be using it later in
the linear-time implementation of the NEWINTERVAL function.

Algorithm 10 ODDINTERSECTIONPROPERTY (G1, G2, p1,p2,T)

Input: sets G; and G5 of lines in general position, integers p; and po with 1<p;<|G;]
and an interval T’

Output: TRUE if L, (G1) and L,,(G2) intersect an odd number of times in 7" and
FALSE otherwise

1: if T is empty then

2: return FALSE

3: (a b)

4: g1 QUICKSELECT(Gl,pl, a) > Ly, (G1) at = a is on line ¢
5: g2 < QUICKSELECT(G?2, p2, a) > L,,(G2) at x = a it on line g,
6: order, < g1(a) < ga(a) > TRUE iff L,, (G1) is below L,,(G2) at z = a
7. g1 < QUICKSELECT(G1,p1,b) > /4,,1(G|) at x = b is on line ¢4
8 go QUICKSELECT(GQ,pQ, ) > L,,(G2) at = = b is on line g1
9: ordery < gl(b) < g2(b) > TRUE iff L, (Gy) is below L,,(G2) at z =b

10: return order, # ordery

Here we will present a version of QUICKSELECT that has ezpected linear time but
is better in practice. It consists of a recursive algorithm presented in Algorithm 12.
that works by selecting a random pivot in the given range and then determining
whether the number we are looking for is located before or after the pivot, and
recursively solving the problem for the desired side of the pivot. For the recursion,
two parameters ¢ and j are added, to indicate that the set of lines for the current
call is G[i .. j]. Then QUICKSELECT(G, p, x), shown in Algorithm 11, simply returns
the result of the call QUICKSELECTREC(G, 1, |G|, p, z), and has expected linear-time
complexity, but its worst case is O(|G|?).

Algorithm 11 QUICKSELECT(G, p, )
Input: a set G of lines, an index p such that 1 <p <¢—j + 1, and a coordinate x
Output: the p-th line of G when sorted by increasing evaluation at x

1: return QUICKSELECTREC(G, 1,|G],p, x)
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Algorithm 12 QUICKSELECTREC(G, 1, j,p, x)
Input: a set G of lines, indices 7 and j such that 1 <i < j < |G|, an index p such
that 1 <p <i— 7+ 1, and a coordinate x
Output: the p-th line of G[i.. j] when sorted by increasing evaluation at z
1: 7 < RAND(4,7 + 1)
2: id <1
3: G[r] < G[j]
4: for k € (i,7) do
5: if G[k](z) < G[j](x) then
6:
7
8
9

Glk] « GJid]

: id +—id+1

. Glj] + GJid]

:if id—i+ 1> p then > the answer is to the left
10: return QUICKSELECTREC(G,i,id — 1,p, )
11: if ¢d — i+ 1 < p then >> the answer is to the right
12: return QUICKSELECTREC(G,id + 1,j,p— (id—i+1),z)
13: return G[id]

From now on, to simplify expressions in the pseudocode, we will sometimes write
g(z) to mean g.m -z + g.b for an arbitrary line g. We did this, for instance, in line 5
of Algorithm 12.

3.3 Find trapezoid

Now we will present a linear-time implementation of FINDTRAPEZOID(G,p,T),
based on the description found in [7] just before Lemma 3.5 and on the parame-
ters given by the same Lemma 3.5.

This function receives a set G of lines, an index p with 1 < p < |G|, and an
interval T', and returns a T-trapezoid 7 that contains the entirety of L,(G) in T and
intersects only a certain predetermined fraction of lines in G.

The left side of 7 will be bounded by the (p — €|G|)-th and the (p + €|G))-
th lines of G when these lines are sorted by evaluation at the left end of T for a
certain € > 0. Analogously, the right side of 7 will be bounded by the (p — €|G])-th
and the (p+ €|G|)-th lines of G when these lines are sorted by evaluation at the right
end of T. According to |7, Lemma 3.5|, for the value e = %, less than half of the lines
in G intersect the obtained T-trapezoid 7 and such 7 contains the entirety of L,(G)
inT.

That means that we need to be able to determine what is the p-th line of a set G
of lines when it is sorted by increasing evaluation at a given x. That can be done in
linear time using the QUICKSELECT function discussed in Section 3.2.2.

With that, our final algorithm to find the T-trapezoid is as shown in Algorithm 13.
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Algorithm 13 FINDTRAPEZOID(G, p,T)

Input: a set G of lines in general position, an integer p such that 1 < p < |G|, and
an interval T

Output: a T-trapezoid that intersects less than half of the lines in G and that
contains the entirety of L,(G)

1: (a, b) T

2: offset < L%J

3: left,,, < QUICKSELECT(G, p + offset, a)(a) > Lyyofrset (G) at a
4: left goun < QUICKSELECT(G, p — offset, a)(a) > Ly—ofset (G) at a
5: right,,, <+~ QUICKSELECT(G, p + offset, b)(b) D> Lyt ofset(G) at b
6: Tight goun < QUICKSELECT(G, p — offset, b)(b) > Lp—opset(G) at b
7T (leftup, left qowm,s Tightyp, Ti9ht 4oun)

8: return 7

3.4 Discard lines

Lastly, let us describe the procedure that performs Step 3 in the algorithm outlined
in Section 3.1. That is, we will describe the function DISCARDLINES(G, p, T), that
receives a set G of lines in general position, an integer p such that 1 < p < |G|,
and a T-trapezoid 7. The function returns a new set G’ of lines that is obtained
by removing all lines in G that do not intersect 7 and a new index p’ such that
Ly (G") = Ly(G) within T

This can be done by simply going through all lines in G and checking if they
intersect 7. Additionally, for any line in G strictly below 7, the value of p must be
decreased by one. We can do that in linear time, as shown in Algorithm 14.

In this algorithm we use two subroutines: INTERSECTS(T, g), that returns TRUE
if the line g intersects the trapezoid 7, and ABOVE(T, g), that returns TRUE if 7 is
strictly above g.

Algorithm 14 DISCARDLINES(G, p, 7)
Input: a set G of lines, an index p such that 1 < p < |G| and a trapezoid 7
Output: a subset G’ of G that contains only lines of G that intersect 7, and p’ so
that L, (G') = Ly(G) within T
1: G+ {}
2: pl —p
3: for g € G do
4: if INTERSECTS(7,g) then G’ + G’ U {g}
5
6

if ABOVE(T,g) then p/ + p' —1
: return (G',p’)
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3.5 Brute force

The following brute-force procedure, presented in Algorithm 15, can be used at the
base of Lo, Matousek, and Steiger algorithm, when the number of lines in the given
sets is small enough. It is a variant of Algorithm 4, the DUALNAIVESOLVE that
finds an intersection of the median levels of two sets of lines. In Algorithm 15, we
find the intersection of two arbitrary levels. It uses as a subroutine a procedure that
decides whether a point ¢ is in L,(G), presented in Algorithm 16, which is a variant
of Algorithm 3.

AlgOI‘ithm 15 BRUTEFORCE(G’l7 GQ, P1,D2, T)
Input: two nonempty sets Gy and Gy of lines, indices p; and ps with 1 < p; < |G|,
and an interval T'
Output: a T-intersection between Ly, (G1) and Ly, (G2)
1: for ¢ € G; do

for go € G5 do
g2.b—gi1.b
T g1.m—gz2.m

2
3
4: y<—g1om-z+g1.b
)
[§
7

q+ (x, y) > intersection of gy and go
if x € T and ISPTHLEVEL(G1, p1,q) and ISPTHLEVEL(G2, p2, q) then
return q

Algorithm 16 ISPTHLEVEL(G, p, q)
Input: a set G of lines, an index p with 1 < p < |G|, and a point ¢
Output: TRUE if g is in the p-th level of G and FALSE otherwise

1: below + 0

2: for g € G do

3: if g.y < gm-q.x + g.b then below < below + 1

4

: return below +1=p




Chapter 4

Sorting networks and variants

The linear-time implementation of the function NEWINTERVAL uses a generalization
of a so called sorting network. These sorting devices were first studied in 1954 by
Armstrong, Nelson, and O’Connor, who later patented the idea [10]. They quickly
became a subject of interest in the Computer Science community for their theo-
retical properties and real-world applications, and are now commonly referenced in
renowned books in Computer Science |5, 6].

4.1 Sorting networks

A sorting network is a device that can be used to efficiently sort an array when
multiple disjoint pairs of elements can be compared at the same time. The sorting
algorithm based on a sorting network will work in steps. In each step some disjoint
pairs of positions of the array will have their contents swapped if they are in the
wrong order. Since these pairs are disjoint, those swaps can be done in parallel. In
subsequent steps, other disjoint pairs of positions will be considered and, once all
the steps are done, the initial array is ordered (Figure 4.1).

-3 A 4 4 — 14
-1 212 3
-4 3 312
-2 —III—I

Figure 4.1: The device can be more easily understood through a drawing that re-
sembles a network, hence the name. Each horizontal line corresponds to a position
in the array and each vertical line is a potential swap. The rectangles represent the
steps of the network. The second figure shows a simulation of what an execution of
a sorting network might look like. The steps are processed from left to right and
all swaps in the same step are done at once. The permutation that sorts the input
vector defines the movements done in the network, in this case: (3,1,4,2).

25
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What follows is one of the possible formalizations of this structure, as written by
Matousek in [8]. It also defines the notation we will be using.

A parallel step P of width n is a set P = {(p1,q1),-- -, (ps,qs)} of ordered
pairs, such that p1, ¢1,p2,q2, - .., Ps, gs are distinct members of [n] (thus
s < n/2). The ordered pair (p;,q;) is called a comparator. A network
H of width n and depth D is the ordered D-tuple H = (Py, Ps, ..., Pp)
where the P; are parallel steps of width n.

The computation of a network H = (P;, P,,...,Pp) on an input vector
(i1,...,1n) proceeds as follows: In the first step, i), is compared with i, for
every (p,q) € P1, and whenever i, > i4, these entries in the input vector
are exchanged. The input vector modified in this way is then processed
by the second parallel step, etc.

The computation of the network obviously depends only on the permuta-
tion 7 which orders the input vector (i.e., such that i ;) < - <irpy)).
Let H(m) denote the permutation performed on the input vector by the
network when the input vector is ordered by w. Thus, H is a sorting
network in the usual sense if and only if H(7) = 7 for every 7.

Algorithmically, an interesting problem is how to build a network with few parallel
steps that sorts an array of some given size. Most of the networks of width n that are
used in practice have O(log? n) depth, and therefore O(nlog?n) size. An important
discovery was the AKS network [1], by Ajtai, Komlés, and Szemedéri, that has
O(logn) depth, and therefore O(nlogn) size. This network is extensively used in
theoretical constructions, as will be the case for this work, but is unpractical for
real applications due to big constants hidden behind its seemingly efficient time
complexity. In particular, it involves expander graphs.

4.2 Tolerant e-sorting networks

Using the notation above, 7 is the permutation that sorts the input vector of a
network and H (m) is the permutation performed by the network H when that same
vector is given as an input.

If H is a sorting network then, for every input vector, H(7) = m. In other words,
H(m) o ! must be the identity permutation, and thus has zero inversions.

Sometimes we do not need to completely sort an array. It might be convenient to
have a network H such that, for every input vector, H(7) and 7 are similar enough,
although not necessarily equal.

Formally, for an € > 0, we call a network H of width n an e-sorting network
if H(m) o7 ! has a number of inversions no greater than (?).

Additionally, for an integer ¢, a network H is a t-tolerant e-sorting network if any
network generated by deleting at most ¢ comparators from H is an e-sorting network.

We will be further investigating properties of the AKS network previously men-
tioned. There are two important properties, stated by Matousek [8, Lemmas 3.5
and 3.6], that we will be using. These properties are stated in the next lemmas.

Lemma 2. There exists a constant C' such that, for each n and 0 < € < 1, the
first Clog% steps of the AKS sorting network of width n form an e-sorting network.
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Lemma 3. Let H be an e-sorting network of depth D and let t < 55%. Then H is
a t-tolerant 2e-sorting.

From these two lemmas, we derive the following by detailing what is asymptoti-
cally stated by Matousek [8, Corollary 3.7].

Corollary 1. There exists a constant C' such that, forn>1 and 0 < e < 1, we can
construct a t-tolerant e-sorting network H = H(n,€) of width n and depth at most

Clog(L), fort < e“tln/4.

This means that, for constant values of €, we can have a t-tolerant e-sorting
network of constant depth for values of ¢ that depend linearly on n.

4.3 Construction and simulation of sorting networks

By Lemmas 2 and 3, a network as in Corollary 1 is a truncate version of an AKS
sorting network. This truncated version of an AKS sorting network of width n has
a linear number of comparators on n. Unfortunately, there is no explicit statement
in 1, 8] that the construction of such a network takes time proportional to its size.
In fact, even the time to construct an expander graph needed for the AKS sorting
network is not explicitly stated. But, to assure the linear complexity of the algorithm
of Lo, Matousek, and Steiger, there must be a construction of such a network that
takes time linear on its size. So we will assume that such a construction exists, and
refer to such constructions in the next chapter. Concretely, we will use in Chapter 5
the two following functions: SORTINGNETWORK(n), that returns a sorting network
of width n in time O(nlogn), and TOLERANTSORTINGNETWORK(n, €), that returns
a t-tolerant e-sorting network of width n and depth at most C log(%), for C' given by
Corollary 1, for t = e“F1n/5, that runs in time O(nlog(1)).

Now we will present an example of how we might run a sorting network. This
also establishes the pseudocode notation that will be used in later algorithms.

For now, the pseudocode will ignore the parallel properties of the network, and the
pairs in each step will be processed sequentially. This will be changed later to exploit
properties of the structure of the problem at hand. The algorithm also requires the
existence of a function ISGREATER(S,1,j), that returns TRUE if S[i{] > S[j] and
FALSE otherwise.

Additionally, it is worth noting that Algorithm 17 applies to both regular sorting
networks and tolerant e-sorting networks. It performs a call to ISGREATER per
comparator in the network.

Algorithm 17 RUNNETWORK(S, H)

Input: a vector S and a network H of width |5
Output: H(7w), where 7 is the permutation that sorts S
Lo« (1,...,15))
2: for P € H do
3: for (p,q) € P do
4
5

if ISGREATER(S, 7[p], 7[¢]) then 7[p] < 7[q]

: return




Chapter 5

Linear-time implementation

Algorithm 6, presented in Chapter 3, outlines an O(nlogn) solution to the ham
sandwich problem. The bottleneck for the complexity of the solution is Algorithm 7:
the procedure NEWINTERVAL, so in this section we will go into more detail on how
to make it linear.

5.1 Search for a good intersection

The function NEWINTERVAL receives two sets G1 and Go of lines, integers p; and po
with 1 < p; < |G|, and an interval T' that has the odd intersection property in
relation to L,, (G1) and L,,(G2). It returns an interval 77 C T that also has the odd
intersection property in relation to Ly, (G1) and L,,(G2) and such that the number
of T'-intersections among lines in G is no more than oz(‘c;l') (for a = 3—12)

The linear implementation of this function that we will outline was originally
described by Lo, Matousek, and Steiger |7].

The main idea of the algorithm behind this function is to divide the z-axis in a
constant number of disjoint open intervals 17,...,T¢, each of them containing no
more than a fraction a(‘Gzll) of the intersections among the lines in G.

If every intersection of Ly, (G1) and Ly, (G2) is in exactly one interval, there is
an interval T; such that T; NT has the odd intersection property. With that, one can
check for every i € [C] if T'NT; has such property in linear time, using Algorithm 10,
and return the interval that does.

To describe the linear function NEWINTERVAL, firstly we will assume we have a
function FINDAPPROXIMATEINTERSECTION that receives a set G of lines in general
position, an integer k with 1 < k < (‘g'), and a real number § with 0 < § < 1, and
returns an z-coordinate a such that the number s of intersections of lines in G to
the left of the vertical line = a satisfies |k — s| < (5(‘62;'). In other words, it finds
the z-coordinate of an intersection of lines in G that deviates from the k-th one by
at most (5(‘?‘) intersections. The original outline of this function was presented by
Matousek [8] and runs in O(|G|log? $) time.

We will firstly show that such function is enough for us to design a linear version
of NEWINTERVAL. Then we will expand on how to implement the function with the
desired time complexity.

28
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The linear NEWINTERVAL will use auxiliary functions INTERVALINTERSECTION,
that takes two intervals 7' and T” and returns their intersection in constant time,
and ODDINTERSECTIONPROPERTY that was previously described as Algorithm 10.
The linear implementation of NEWINTERVAL is shown in Algorithm 18 so we can
analyse its time complexity.

Algorithm 18 NEWINTERVAL(G1, G2, p1,p2,T)

Input: two sets G; and G of lines in general position, two integers p; and ps with
1 < p; < |G, and an interval T that has the odd intersection property in relation
to Ly, (G1) and Ly, (G2)

Output: an interval 7/ C T such that the number of T’-intersections among the

lines in G is no more than a(‘%l) (for a = 55) and 7" has the odd intersection

property in relation to Ly, (G1) and Ly, (G2)

o

0«5

Uug < —00

: for i €[0,[2]) do

u; < FINDAPPROXIMATEINTERSECTION(GY, {z% (‘G;'ﬂ ,0)

T; + (wi—1,u;)
T’ + INTERVALINTERSECTION(T', T})
if ODDINTERSECTIONPROPERTY (G1, G2, p1,p2,T") then return 7’

s Tast — (UL2J7+OO)

o

: T" < INTERVALINTERSECTION(T', Tjgs¢)
: return 7’

© % NPT R

— =
—= O

As a is a constant, the number of iterations of the for loop in line 4 is constant. So
Algorithm 18 takes time asymptotically equivalent to the sum of the running times of
FINDAPPROXIMATEINTERSECTION and ODDINTERSECTIONPROPERTY. The time
complexity of NEWINTERVAL will then be O(nlog® 1 + n), which is O(nlog® 1),
where n = |G| + |G2|. Because § is also a constant, the function runs in O(n) time.
Now what is left to prove is that this function produces a correct result.

Take N = (‘(’;ﬂ). Let t1 < -+ < ty be the z-coordinates of all the intersections
of lines in G1. Consider t; = —oo if j < 1 and t; = oo if j > N. Given a certain
integer k£ with 0 < £k < N and § > 0, FINDAPPROXIMATEINTERSECTION can be
used to find the xz-coordinate of an intersection between lines in GG in the interval
[tre—sn7s tir+on)- We want to use that to determine the intervals 71, ..., Tc.

There are two things that need to be proven: firstly that the intersection of T'
with one of the intervals considered will have the odd intersection property in relation
to Ly, (G1) and L,,(G2); secondly that all intervals T7,...,T¢c have at most alN
intersections among lines in G7.

Now let us calculate the maximum possible amount of x-coordinates of intersec-
tions between lines in (G; within any interval T;. For 0 <1 < L%J, let u; denote the
output of FINDAPPROXIMATEINTERSECTION with G = Gy, k = [i$N |, and 6 = §.
From the description of the algorithm, we know that

Uinl 2 U [-ngN]-gn] A4 U S HTigN]gn -
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Since T; = (uj, ui+1), the number of intersections among lines in G contained in 7;

] 2] - 2w - 2]

2

< [(15+1) + 3] - (- 05 3] >
= (1)« ) ((o-03) - 3) -

|
|
=

Figures 5.1, 5.2, and 5.3 show an example of what that might look like.

Figure 5.1:
set G.

U 1 U2

Figure 5.2: For a =  (to enable the visualization of a small example) and, since
|G| = 4 and N = 6, the intervals in which each u can lie will be: wy € [to,t1),
uy € [to,t3), ug = [t3,t4) and ug € [t5,t). In the image above, each w lies in its
interval. Note that ug = —o0.

Also, one can see that the intervals 11, ...,T¢ cover the entire span of T' except
for a subset of T'N {t1,...,tnx}. Since we are assuming general position, the z-
coordinate of no intersection of Ly, (G1) and L,,(G2) coincides with the z-coordinate
of an intersection of two lines in G;. So, because T contains an odd number of
intersections between Ly, (G1) and L,,(G2) and each one of them must happen in



PERMUTATIONS AND INTERSECTIONS 31

T T, T3 Ty | T5

Figure 5.3: Now we can establish our open intervals T;, in which no interval contains
more than aN = 3 intersections among the lines in G. Notice that 77 and Ty extend
to minus infinity and infinity, respectively.

exactly one interval T;, there must be an interval T' N T; containing an odd number
of intersections between Ly, (G1) and Ly, (G2).

Additionally, we only need to find u; for 0 < i < L%J Since « is a constant, we
will be making at most L%J calls to FINDAPPROXIMATEINTERSECTION, as shown in
Algorithm 18.

Our goal is to describe an implementation of FINDAPPROXIMATEINTERSECTION
that runs in O(|G|log> 1) time. We will start by describing a slower algorithm to
find the k-th intersection among lines in G and will incrementally add modifications
to turn this into the desired implementation of FINDAPPROXIMATEINTERSECTION.

5.2 Permutations and intersections

Consider the x-coordinates of all the intersections among the lines in G sorted in-
creasingly. Call this sorted sequence t1,ts,...,tx. Our goal is to determine ty.

Although this is not a sweep line algorithm, we will use similar terminology,
associating the x-axis with the notion of time. For example, we can say that t;41
happens later than t;.

As in a sweep line algorithm, imagine a vertical line that sweeps the plane from
left to right. The order in which the lines in G intersect this sweep line changes
exactly when the sweep line is passing by one of the coordinates t;. Keep track of
the order in which they intersect the sweep line during this sweep. Specifically, call 7
the permutation that sorts the lines in G in the order in which they intersect the
sweep line when it just passed ;. In particular, mg is the permutation that sorts the
lines in G by slope, in decreasing order. Note that m;_1 and m; differ by one swap
between two consecutive lines in the order given by 7;. The two lines that have been
swapped intersect exactly at ;.

This swap between two adjacent elements that were previously in the same order
as in mg makes the number of inversions in m; be one more than the number of
inversions in m_; with respect to mg. So m; has exactly [ inversions with respect
to my, as exemplified in Figure 5.4.

We will show that, given 7; for some k, one can find the coordinate t; in linear
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Figure 5.4: To simplify, in the example, the numbering of the lines coincides with 7,
that is, 7o is the identity. That way, mo = (1,2,3,4), m = (2,1, 3,4), m = (2,1,4,3),
w3 = (2,4,1,3), my = (2,4,3,1), m5 = (4,2,3,1), and 7 = (4,3,2,1). Notice that,
for every [, m; has [ inversions in relation to mg.

time. That way, finding the permutation 7y is enough to solve the problem.

Consider all the pairs of lines that have intersected at an z-coordinate no greater
than t;. By the definition of ¢z, one of them must have intersected at exactly tx.
The pair of lines that have intersected at coordinates no greater than t; are the
pairs that have changed in order from 7y to 7, that would be the pairs labeled (3, j)
such that 7y '(i) > 75 '(j) and 7, ' (i) < 7, '(j) or such that 7' (i) < m;'(j) and
T (@) > ).

Since the only difference between 7, and m;_1 is that two lines that are adjacent
in 7 have swapped places, we know that the pair of lines whose intersection has
xz-coordinate exactly t, will be adjacent in m;. Using that, we can simply iterate
through the adjacent lines in 7y, check in constant time if they have already inter-
sected, and find such pair whose intersection has the largest z-coordinate, which will
be ty.

We do so in the linear-time algorithm GETCOORDINATE, Algorithm 19, that
receives a set G of lines and a permutation m, and returns the corresponding ¢,
if m = m, for some k with 0 < k < N.

Algorithm 19 GETCOORDINATE(G, 7)
Input: a set G of lines and a permutation 7
Output: ¢ if # = m;, for some k

1: 1 ¢ —o0

2: for i € [1,|G| — 1] do
3: if (G[n[i]].m < G[r[i +1]].m) then
4.
)

t < max{t, INTERSECTION(G|r[i]], G[r[i + 1]])}

: return ¢

To exemplify the simulation of the algorithm, let us consider the set of lines in
our input is the same as in Figure 5.4 and 7 = (2,4,3,1). Initially t = —oco. We
will iterate through the adjacent elements on 7. Elements 2 and 4 are such that the
slope of line 2 is greater than the one of line 4, meaning that line 2 appears before
line 4 in g, so their intersection has not passed yet. Thus ¢ remains unchanged.
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Elements 4 and 3 are such that the slope of line 4 is smaller than the one of line 3, so
their intersection, which happens to be tq, already passed, hence t = max(t, t2) = to.
Elements 3 and 1 are such that the slope of line 3 is smaller than the one of line 1, so
their intersection, which happens to be t4, already passed, hence t = max(t, t4) = t4.
There are no more adjacent pairs so that is the final value for ¢t. Since m = 7y, t4 is
indeed the answer we were looking for.

5.3 Determining the permutation

To efficiently determine 7, we will apply some comparison-based sorting algorithm
to order G according to the intersection with the line x = tj.

A comparison-based sorting algorithm works by asking queries with the following
format: is element i greater than element j7 Such query will be answered by some
comparison operation. There are algorithms that, to sort an array of size n, only
need to answer O(nlogn) such queries. It can be proven that no algorithm can sort
an array with o(nlogn) questions.

The comparison operation has the same form as the function ISGREATER dis-
cussed in Section 4.3, but it refers to the order in which the lines in GG intersect the
line z = t;. That is, to determine 7, the queries will be: given a set G of lines, two
integers i and j (1 <4, j < |G]), and an integer k (0 < k < (3)), is m; ' (1) > 77, (4)?
If such query can be answered by some function ISGREATER(G, i, j, k), we can con-
struct an algorithm that executes a sorting network and obtains m, just as Algo-
rithm 17, but with the extra parameter k, as shown in Algorithm 20.

Algorithm 20 RUNNETWORK(G, H, k)

Input: a set G of lines, a network H of width |G|, and an integer k& (0 < k < (g))
Output: the permutation 7
L+ (1,...,]G|)
2: for P € H do
3: for (p,q) € P do
4
5

if ISGREATER(G, 7[p], 7[q], k) then 7[p] < 7[q]

: return

The final algorithm to find ¢z is shown in Algorithm 21, and uses the func-
tion SORTINGNETWORK(n) that returns a sorting network of width n. It also uses
the functions RUNNETWORK, described above, and GETCOORDINATE, that was de-
scribed in Section 5.2.

Algorithm 21 FINDINTERSECTION(G, k)
Input: a set G of lines and an integer k
Output: the value of ¢

1. H < SORTINGNETWORK(|G]|)

2: ™ <~ RUNNETWORK(G, H, k)

3: return GETCOORDINATE(G, 7)

Now let us discuss how to implement ISGREATER(G, 1,7, k). Let u;; be the a-
coordinate of the intersection of G[i] and G[j]. We know that the lines G[i] and G[j]



34 CHAPTER 5. LINEAR-TIME IMPLEMENTATION

intersect at t; for some [. We can find the value of [ by finding 7; using INDSORTEVAL,
described in Section 3.2.1, to sort the lines at x = u; ;, and counting its number of
inversions of m; in relation to 7y. One of the following cases will happen:

If | > k, then t; > tj, so at & =t} the intersection between G[i] and G[j] has not
happened yet. That way, the two lines G[i] and G[j] will have kept their initial slope
order, given by 7. Analogously, if [ < k, the two lines will have already intersected
at x = t;, so their order will be the inverse of what their initial slope order my was.
This is exemplified in Figure 5.5.

N~
3

't ‘o 't3

Figure 5.5: In this example, mp = (1,2,3), m = (2,1,3), m = (2,3,1), and
w3 = (3,2,1). Take lines 1 and 3, that intersect at to. Notice how 1 and 3 are
in the same relative order as in my for all 75, such that k < 2. On the other hand, for
all 7 such that k£ > 2, 1 and 3 are inverted in relation to mg

This leads to the implementation of [ISGREATER shown in Algorithm 22, and
concludes the description of an algorithm to find ;. Algorithm 22 uses the function
INVERSIONS, that takes the set G of lines and a permutation 7 as parameters, and
returns the number of inversions in 7 in relation to the permutation 7y that sorts G
by decreasing slope. This function, similarly to Algorithm 8, can be implemented to
run in time O(|G|log|G|).

Algorithm 22 ISGREATER(G, 1, j, k)
Input: a set G of lines, indices ¢ and j with 1 <4,j < |G|, and an integer k
Output: TRUE if m, ' (i) > 7, '(j) and FALSE otherwise

1: t < INTERSECTION(G(i], G[j]).x

2: 7 + INDSORTEVAL(G, t)

3: [+ INVERSIONS(G, 7T) > inversions with respect to mg
4: if [ <k then >t =1t <tg?
5: return G[i].m > G[j].m > 7 (i) < mp ()
6: else

7 return G[i].m < G[j].m > 7o (i) > my (j)

Let us see what a call like ISGREATER(G, 1, 3,3) would look like, where G is the
set of lines in Figure 5.5. Firstly we have that the intersection of lines 1 and 3 is ¢g,
so t = tg. The permutation 7 is the one that sorts G at to, that is 7 = m = (2,3, 1).
The number of inversions of w9 with respect to mp is 2, so [ = 2. Since [ < k = 3, we
enter line 5, and return whether the slope of line 1 is greater than the slope of line 3,
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which is the case. That way, our function concludes that 73 (1) > 73 '(3), which is
the case since 73 (1) = 3 and 731 (3) = 1, as can be seen in the figure.

The final time complexity of Algorithm 21 is the time complexity of ISGREATER,
which is O(|G|log|G|), multiplied by the number of queries done by the sorting
network, also O(|G|log |G|). This leads to a final time complexity of O(|G|? log? |G|).

As you can see, this is worse than the naive solution, which would be to
simply find all intersections and sort them by z-coordinate, which can be done
in O(|G|?log|G|). However, we can now start reducing the time complexity by
making certain parts of the algorithm more efficient. The first aspect to be changed
is to replace the sorting algorithm by a sorting network.

5.4 Efficiently answering queries on a sorting network

To make FINDINTERSECTION more efficient, we will modify some aspects of the pro-
cedure RUNNETWORK so we can benefit from some properties of the ham sandwich
point problem.

Consider a sorting network H. Each parallel step of H gives us a set P of queries.
Let u;; be the z-coordinate of the intersection of the lines G[i] and G[j]. Let the
median comparator in P be its comparator (a,b) that has the median value of ug.

We will perform a binary search of sorts to answer half of the queries in P at once.
Consider the median comparator (a,b) of P. By using the algorithms INDSORTEVAL
and INVERSIONS, described in Section 5.3, we can compute the number of inversions
of the permutation that sorts the lines in G according to their intersection with the
vertical line at © = u,p. That permutation is m; for some [. We will use the fact
that u,y is the median among the z-coordinates corresponding to the queries in P
to obtain information on other queries of P.

For example, suppose that [ > k. Then we know that uq, = t; > ¢ and Gla]
and G[b] are in the same order in 7, as they are in my. So if ugp > tx, then for every
(p,q) € P such that u, 4 > uqp, we also have u, , > t;,. That way, p and ¢ are also in
the same order in 7y as they are in mg. Since (a,b) is the median comparator of P,
we can answer half of the queries in P in this case.

If I < k, we can make an analogous reasoning to conclude that we can also answer
half of the queries in P, this time for every (p, q) € P such that upq < ugyp. If I =k,
we have found our answer, that is, t; = u,, and can exit the algorithm completely.

With that, our algorithm will be as shown in Algorithm 23. It uses the functions
SORTINGNETWORK, ISGREATER, and GETCOORDINATE, that were previously de-
fined and the function PARTITION that receives a set GG of lines, a permutation ,
a parallel step P of a network of width |G|, and two indices 7 and j such that
1 < i < j < |P|. This function reorders the comparators of P[i..j] in such a

way that the median comparator (a,b) of P[i..j] ends up exactly in P[[% ], all
comparators (p,q) € P such that u,q, < ugyp end up in P[i. ({%—‘ —1)], and all

comparators (p,q) € P such that up g > g end up in P[( {%—‘ +1)..7]. To do so,

it finds the median comparator using a function similar to QUICKSELECT, described
in Section 3.2.2. The permutation 7 is passed as a parameter to PARTITION so that
it accesses the lines in G in the order in which they are just before step P.
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Algorithm 23 FINDINTERSECTION(G, k)
Input: a set G of lines and an integer k
Output: the value of ¢,

1: H < SORTINGNETWORK(|G]|)

20 T4 (1,,‘GD

3: for P e H do

4 i1, j<«|P|

5 while i < j do

6 PARTITION(G, 7, P, 1, j)

T m <— %

8 (a,b) < P[m]

9: if (G[r[a]].m > G[r[b]].m) = ISGREATER(G, 7[a], 7[b], k) then
10: for (p,q) € P[i..m] do

11: if G[r[p]].m > G|r[g]].m then 7[p] <> 7[q]
12: 14— m+1

13: else

14: for (p,q) € P[(m+1)..j] do

15: if G[r[p]].m < G|r[g]].m then 7[p] <> 7[q]
16: j+—m-—1

17: return GETCOORDINATE(G, )

By reducing the number of unanswered queries in a step by half repeatedly, we
can solve a parallel step of the network H of width |G| with only O(log|G|) calls to
ISGREATER. Since we have O(log|G|) parallel steps and the function ISGREATER
takes O(|G|log |G|) time, the current time complexity of FINDINTERSECTION as in
Algorithm 23 is O(|G|log® |G)).

This is still not linear, but it is already better than the naive algorithm. Now we
will need to insert approximation ideas to remove the extra O(log® |G|) multiplier.
Specifically, we will introduce three approximation ideas independently, and each one
of them will eliminate a log |G| from the time complexity of the algorithm.

5.5 Approximately finding the %,

We will modify the algorithm FINDINTERSECTION in three steps, each one of them

will remove a log |G| from its time complexity, substituting it with some function of

an approximation parameter, but will also make its answer more inaccurate. As long

as the approximation parameter is a constant, any function of it will also be so. That

way, once we perform all approximations, we will have reached a linear algorithm.
The three approximations will be:

e Substituting the use of ISGREATER by a function that approximately counts
the number of inversions in a permutation 7;

e Substituting the sorting network with a tolerant e-sorting network;

e Answering half the queries on each network step a constant number of times,
instead of doing it until all queries are answered.
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Meanwhile, we will also eliminate the need for the usage of the function GET-
COORDINATE, that does not work for approximate versions of 7.
Now let us go into further details on how to introduce each of the approximations.

5.5.1 Counting intersections in linear time

This section will present a function APPROXIMATEINTERSECTIONS(G,t,d) that re-
ceives a set G of lines in general position, an z-coordinate ¢, and a number § with
0 < 6 < 1, and returns a number that differs by no more than 6('2‘) from the num-
ber of intersections among lines in G that have z-coordinate no greater than t. The
running time of this function will be O(|G|log(%)).

One exact way to do this, similar to Algorithm 22, is sorting the lines in G
by evaluation at tgp = —oo (which is sorting by decreasing slope), calculating the
evaluation of each line at = ¢ (resolving ties using the slopes), and counting the
inversions in the resulting array. However, we cannot do the sorting or the counting
because each of these alone would cost more than linear time. On the other hand,
we only need to determine approximately the number of such inversions.

The approach we will use, presented in Algorithm 24, is very similar to that.
The difference is that the sorting and the inversion counting are both going to be
approximate.

Algorithm 24 APPROXIMATEINTERSECTIONS(G,t,0)
Input: a set G of lines, an z-coordinate ¢, and a number ¢ with 0 < § < 1
Output: the number of intersections among lines in G that have z-coordinate not
greater than ¢, wrong by no more than § (lg;'). As a side effect, the algorithm
rearranges G.
1: APPROXIMATESLOPESORT(G, §/2)
2: ans <— APPROXIMATEINVERSIONS(G, t,0/2)
3: return ans

The following definition will help us to formally describe the output of the two
algorithms used in APPROXIMATEINTERSECTIONS.

Definition 9. Let A be an array of size n. If A is split into segments, each with at
most max{1l,en} consecutive elements of A, and every inversion in A with respect
to an order is inside some of these segments, we say that A is e-bucket-sorted with
respect to that order. The maximum number of such inversions is e(’;) because there

are at most % buckets with at most 6(2 TNVersions.

Algorithm APPROXIMATESLOPESORT(G, €) rearranges the set G of lines so that it
is e-bucket-sorted according to decreasing slope. It runs in O(|G|log(2)). Algorithm
APPROXIMATEINVERSIONS(G, t, €) returns the number of inversions in G, off by no
more than e(‘?'), with respect to the order of the evaluation of the lines at = = ¢,
with ties sorted by increasing slope of the lines. As a side effect, it rearranges G so
that it is e-bucket-sorted according to the evaluation of the lines at x = t. It also
runs in O(|G|log(2)).

From this, clearly Algorithm 24 runs in O(|G|log(3)). Now let us argue that
Algorithm 24 is correct. Let I be the number of intersections among lines in G that
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have z-coordinate not greater than . We have to prove that |ans—I]| < § (|§|). Note
that I is exactly the number of inversions that G, sorted by evaluation at = = ¢, has
in relation to G sorted by decreasing slope of the lines.

Let Gy be the state of G after line 1 was executed. Let Iy be the number of
inversions in Gg with respect to the order of the evaluation of the lines at x = t,
with ties sorted by increasing slope of the lines. By the description of algorithm
APPROXIMATEINTERSECTIONS, we have that |ans — Io| < $(I), that is,

5<\G> 5 <\G\>
ans — — < Iy < ans+ — .

2\ 2 2\ 2

On the other hand, as G is g—bucket sorted with respect to the decreasing slope
order by the description of APPROXIMATESLOPESORT, the number I’ of inversions
that Gy may have with respect to this order is such that

< /<,2——, 2 _ — .

Therefore, I < Ip+I' < ans + 5(‘?') and I > Iy —I' > ans — 5(‘?').

Now we will describe APPROXIMATESLOPESORT and APPROXIMATEINVERSIONS
in more detail.

Algorithm APPROXIMATESLOPESORT(G, €) rearranges the set G of lines so that
it is e-bucket-sorted according to decreasing slope. It does so by calling the recursive
function APPROXIMATESLOPESORTREC(G,¢€,1, j), that rearranges the set GJi.. j]
of lines so that it is e-bucket-sorted according to decreasing slope. Algorithm Ap-
PROXIMATESLOPESORTREC is a recursive divide-and-conquer algorithm, similar to
Quicksort. It uses the function PARTITIONINHALF to divide the array in two halves
in such a way that there are no inversions between lines of different halves with re-
spect to their slope. We will do so in such a way that G is divided into buckets of
size at most max{1,en} each, leaving it e-bucket-sorted.

The final procedure APPROXIMATESLOPESORT will be as shown in Algorithm 25.
It calls the function APPROXIMATESLOPESORTREC, shown in Algorithm 26.

Algorithm 25 APPROXIMATESLOPESORT(G, ¢)
Input: a set G of lines and a number € such that 0 < e < 1
Output: G is now e-bucket-sorted decreasingly by slope

1: APPROXIMATESLOPESORTREC(G, 1, |G/, €)
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Algorithm 26 APPROXIMATESLOPESORTREC(G, i, j, €)
Input: a set G of lines, integers ¢ and j with 1 < 4,5 < |G|, and a number e with
O<exl
Output: GJi..j] is now e-bucket-sorted decreasingly by slope
1. if j —i+ 1> max{1,¢€/G|} then

2: PARTITIONINHALF(G, 7, j)
3: APPROXIMATESLOPESORTREC(G, 1, U; |,€)
4 APPROXIMATESLOPESORTREC(G, | 52| + 1,5, ¢)

Procedure PARTITIONINHALF is described in Algorithm 27. It receives a set G
of lines in general position and indices ¢ and j with 1 < i < j < |S|. It rear-
ranges G[i..j] so that, for h = [(i + j)/2], all lines in G[i..h] have slope greater
than the lines in G[h + 1..7]. We use G[i..h].m < G[h+1..j].m to express this
condition. Moreover, the order of the lines in G[i..h] and in G[h + 1..j] is exactly
the order they had in G at beginning of the procedure.

Algorithm 27 PARTITIONINHALF(G, i, 7)

Input: a set G of lines in general position and indices i and j with 1 <i < j < |G|

Output: rearranges G so that G[i..h]l.m < Glh+1..j].m for h = L#j
1: if ¢ < j then o
2 k + QUICKSELECTREC(G, 1, j, | 52])
3 pivot < G[k].m > median slope of lines in G[i .. j]
4: G +(Gli..j]

5: t1 <1, to <+ {%J

6

7

8

9

for t € [i,j] do
if G'[t].m > pivot then
G[t1] « G'[t]
t1+<t1+1
10: else
11: G[tQ] < G/[t]
12: to<—to+1

Considering that QUICKSELECTREC runs in time O(j — i), as discussed in
Section 3.2.2, we can easily conclude that PARTITIONINHALF(G,i,j) also runs in
time O(j — ). In a similar way in which one can prove the time complexity of the
Mergesort algorithm, since APPROXIMATESLOPESORTREC runs in O(j—1i) time, not
considering the recursive calls, the complexity of APPROXIMATESLOPESORT will be
O(nD), where D = log is the depth of the recursion of APPROXIMATESLOPE-
SORTREC. Therefore, the complexity of APPROXIMATESLOPESORT is O(nlog1).
It is easy to see that, after its execution, G is e-bucket sorted by slope.

Now let us discuss APPROXIMATEINVERSIONS. Algorithm APPROXIMATEINVER-
SIONS(G, t, €) returns the number of inversions in G, off by no more than e('?'), with
respect to the order of the evaluation of the lines at « = t, with ties sorted by
increasing slope of the lines. As a side effect, it rearranges G so that it is e-bucket-
sorted according to the evaluation of the lines at x = ¢. It does so by calling the
recursive function APPROXIMATEINVERSIONSREC(G, 1, j,t, €), that does the same as
APPROXIMATEINVERSIONS, but with respect to G[i.. j] instead of G.
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The final procedure APPROXIMATEINVERSIONS will be as shown in Algorithm 28.
It calls the function APPROXIMATEINVERSIONSREC, shown in Algorithm 29.

Algorithm 28 APPROXIMATEINVERSIONS(G, t, €)
Input: a set G of lines, an z-coordinate ¢, and a number r
Output: The number of inversions in G, off by no more than e(lg‘), with respect
to the order of the evaluation of the lines at x = ¢, with ties sorted by increasing
slope of the lines. As a side effect, the algorithm rearranges G.
1: return APPROXIMATEINVERSIONSREC(G, 1, |G|, t, €)

Algorithm 29 APPROXIMATEINVERSIONSREC(G, i, j,t,€)

Input: a set G of lines, integers ¢ and j such that 1 <i,j < |G|, an z-coordinate t,
and a number €
Output: The number of inversions in G, off by no more than e('?‘), with respect
to the order of the evaluation of the lines at x = ¢, with ties sorted by increasing
slope of the lines G[i..j]. As a side effect, the algorithm rearranges GJi. . j].
mv <0
if 7 —i+1 > max{l,¢|G|} then
inv < SEPARATEINHALF(G, 1, j, t)
+APPROXIMATEINVERSIONSREC(G, 7, L#J ,t,€)
+APPROXIMATEINVERSIONSREC(G, L#J +1,7,t,¢€)

return inv

Procedure SEPARATEINHALF is described in Algorithm 30. It receives a set G of
lines in general position, indices ¢ and j with 1 < i < j < |S| and an z-coordinate ¢. It
rearranges GJi.. j] so that, for h = | (i + j)/2], all lines in G[i..h] have evaluation
at ¢t smaller than the lines in GJh + 1..j], or equal and smaller slope. We use
Gli..h](t) < G[h+1..4](t) to express this condition. Moreover, the order of the
lines in G[i..h] and in G[h + 1..j] is exactly the order they had in G at beginning
of the procedure. The algorithm also returns the number of inversions G[i. . j] had
among elements that are now in different halves. It uses an auxiliary function, called
FINDLINEOFMEDIANEVALUATION(G, 4, j,t), that returns the index of the line in
GJi..j] that has median evaluation at ¢, that is, the [ (i + 7)/2|th in the specified
order.

Similarly to PARTITIONINHALF, procedure SEPARATEINHALF(G, i, j,t) runs in
time O(j — i). We deduce that APPROXIMATEINVERSIONSREC has the same com-
plexity than APPROXIMATESLOPESORTREC, and APPROXIMATEINVERSIONS has
the same complexity than APPROXIMATESLOPESORT. Therefore, we conclude that
the complexity of APPROXIMATEINVERSIONS is O(nlog ).

Now let us discuss the accuracy of the algorithm. What we need to do now
is to bound the error on the number of inversions counted by the algorithm that
was just described in relation to the actual number of inversions of 73 in relation
to G, where t; = t. This algorithm rearranges GG using the exact same method of
APPROXIMATESLOPESORT, but with a different order. Instead of the slope order,
it uses the order given by the intersection of the lines in G with the vertical line at
x = t. Meanwhile, it counts the number of inversions undone while sorting G. As
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Algorithm 30 SEPARATEINHALF(G, i, j,t)
Input: a set G of lines, integers i and j with 1 <4,j < |G| and an z-coordinate ¢
Output: the number of inversions along the elements in different halves of G[i. . j]
when sorted by evaluation at ¢. The function also rearranges G so that
G[i..h](t) < Glh+1..j](t) for h = L%J
m < FINDLINEOFMEDIANEVALUATION(G, i, j, t)
y < Gm]|(t) > median y-coordinate in GJi..j] at z-coordinate ¢
G +Gli..j]
t1 i, to < LH_TJJ
mv <0
for / € G’ do
if /(t) <y then
G[tl] —/
t1+—t1 +1
inv < inv 4ty — L”T]j
else
G[tQ] 4
to —to+1

return inv

e o e
L A v

the sorting is not complete, stopping with a e-bucket-sorted array, some inversions
of the complete order at © = t were not counted.

Just like in the previous algorithm, the set G at the end is e-bucket sorted with
respect to z = t and the number of remaining uncounted inversions is at most e(g)

5.5.2 Changing the sorting network

This section will describe two approximations to be applied to FINDINTERSECTION,
that will result in the implementation of FINDAPPROXIMATEINTERSECTION. Recall
that the latter receives a set G of lines in general position, an integer k such that
1<k< (l(;‘), and a real number § with 0 < é < 1, and returns an z-coordinate a
for which the number s of intersections of lines in G to the left of the vertical line
x = a satisfies |k — s| < 5('3‘). The implementation must run in O(|G|log® $) time.

The first approximation reduces the ©(log|G|) depth of the sorting network by
using a network of depth O(log(%)). The second approximation consists of using a
t-tolerant e-sorting network, therefore allowing us to delete some comparators from
the network while it remains an e-sorting network. More specifically, we will use a
tolerant d-sorting network. That way, instead of obtaining the k-th intersection, we
will obtain an intersection that might be off by at most NV from the k-th intersection,
where N = ('gl).

To exploit the tolerance we will modify Algorithm 23. Similarly to such algorithm,
for each parallel step of the network, we will iteratively answer half of the remaining
queries in the parallel step. In Algorithm 23, we do this until all queries in the parallel
step have been answered. In FINDAPPROXIMATEINTERSECTION, we will leave some
queries unanswered. That corresponds to deleting the corresponding comparators
from the network. We will leave at most §|G| queries unanswered from each parallel
step. Since the number of queries in a parallel step is at most |G|, this means that
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the maximum number of executions of line 5 of Algorithm 23 will go from O(log|G])
to O(log(%)).

Since the number of deleted comparators can be as big as 0|G| per parallel step,
if the network we are performing this algorithm has depth O(log(%)), the number of
comparators removed will be O(8|G|log(%)). If the network is a t-tolerant J-sorting
network for an appropriate ¢t = Q(0|G]| log(%)), the resulting algorithm is simulating
a d-sorting network.

Recall that TOLERANTSORTINGNETWORK(n,€), that returns a t¢-tolerant e-
sorting network of width n and depth at most C log(%), for C given by Corollary 1,
for t < €“*!n/4, that runs in time O(nlog(t)). We will use t =ty = M%HG'.

The existence of this network allows us to implement the modified version of the
algorithm, as long as we set the correct numbers for some variables on the Algorithm,
which we will do according to Section 3 of [8], with particular help from Lemma 3.4.

The algorithm after both modifications have been applied will remain largely
unchanged, as can be seen in its new implementation, shown in Algorithm 31.

Algorithm 31 FINDAPPROXIMATEINTERSECTION(G, k, ¢)
Input: a set G of lines, an integer k, and a number § such that 0 < § < 1
Output: the value of ¢; where [ is in the range [k — 0N,k + 0N]. As a side effect,
the function rearranges G
1: H <~ TOLERANTSORTINGNETWORK(|G]|, 0) > |H| < Clog(3)
2: for P € H do

3 i1, j<«|P|

4 while j—i> 5C+1% do

5 PARTITION(G, P, 1, j)

6: m <— {%

7 (a,b) «+ P[m]

8 z + INTERSECTION(G|a], G[b]).x Z = Uqp
9: k. <— APPROXIMATEINTERSECTIONS(G, z,0/3)

10: if |k, — k| <20N/3 then return z

11: if k, <k —20N/3 then

12: for (p,q) € P[i..m] do D Upg < Ugp < lg
13: if G[p].m > G[q].m then G[p| < G]q]

14: 1 m-+1

15: else

16: for (p,q) € P[(m+1)..j] do D Upg > Ugb > Lk
17: if G[p].m < G[g].m then G[p| + G]q]

18: j+—m—1

First of all we can see the whenever the algorithm returns some value z (line 10),
this value is ¢; for some [. This is because z is defined as the z-coordinate of the
intersection of two lines in GG. By the definition of APPROXIMATEINTERSECTIONS,
we know that |k, — 1] < 5%. With that, we know that the conditional on line 10
assures that |k — | < |k — k| + |k, — ] < ON.

This assures that the number the algorithm returns is ¢; where [ is in the range
[k — 0N,k + 0NJ, just like we wanted. This is, of course, conditional on the correct
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functioning of the network. We know the functioning of the network is conditional
on the number of comparators that have been deleted to be less than ¢, or, in our

case, tg = ‘SC%”G'. Notice that the condition on line 4 assures that the number
of comparators deleted per step of the network will be no more than 5C+14||£I}‘.

Since we have |H| steps, the total number of deleted comparators will be at most
’H’60+1 |G| _ 6C+1|G]|

s 1 = to, which assures the correct functioning of the network.
Something else that needs to be proved is that the algorithm always returns an
answer. The proof for that will be delegated to Lemma 3.9 of [8].

The last thing that needs to be investigated is the running time of the algorithm.
Firstly, let us see what happens in one iteration of the while in line 4. We have one
call of PARTITION, that takes O(j — 4) time, one call of APPROXIMATEINTERSEC-
TIONS, that takes O(|G|log$) time and some iterations, each one taking at most
O(|G|) time. Therefore, one iteration of the while in line 4 takes O(|G|log 3) time.
In each while iteration, the value of j —¢ drops by half. This means the while will run
O(log((SCH%)) iterations, which, since |H| < |G| and C is a constant, is O(log }).
Lastly, the number of iterations of the for in line 2 is the depth of the network:
O(log 3). Therefore, the overall time complexity of FINDAPPROXIMATEINTERSEC-
TION is O(|G|log? }).

With that, the linear implementation of NEWINTERVAL, and, by consequence,
HAMSANDWICHPOINT, is finalized.



Chapter 6

Final considerations

Finding linear algorithms is hard. It is famously known that one cannot sort an array
of n elements using comparison based operations in o(nlogn) time. The algorithms
that sort arrays also provide us with other useful results, such as the number of
inversions in an array, which is extensively sought throughout the algorithm described
in this work.

Not being able to sort an array in linear time leaves us with a much more limited
set of techniques, such as transforming the time complexity into a geometric progres-
sion or only selecting the k-th element in an array instead of sorting it. We can also
use approximate versions of the more powerful O(nlogn) algorithms, which leads to
a more complicated time complexity analysis and very slow running time, regardless
of the asymptotic time complexity, often much worse than the logn factor we were
trying to avoid in the first place.

This leads to algorithms that use amazingly intricate techniques but are likely
very impractical to read, code and execute.

A large difficulty I had with trying to understand the linear solution for the two
dimensional ham sandwich problem was that the depth of the solution was not im-
mediately visible. Once I understood most outline of the algorithm presented by Lo,
Matousek, and Steiger in [7], which is mostly what is described in Section 3, I had to
dig deeper into how to find an approximate intersection, using the method described
in [8], which in turn relied heavily on the AKS sorting network described in 1], which
in turn uses already complicated algorithms for building expander graphs.

Even the most low-level of those concepts, such as the algorithms for the ex-
pander graphs, are very scarce in their implementations since the constants hidden
in the time complexities make them almost unusable for practical purposes. This is
accentuated by the fact that there are O(nlogn) algorithms that work just fine and
will be faster than the O(n) ones for any feasible size input.

I now believe the purpose of this work to be very different from what I originally
intended. I originally wanted to implement the linear time algorithm and exercise
the process of transforming a very mathematical and not code-oriented paper into
something executable. I now know that this task is much harder than I anticipated,
and would require a large amount of work to produce something very impractical.

What this work really taught me, and I hope can teach the ones interested in
reading it, is just how much theory and how many fun topics can fit into a seemingly
simple paper designed to solve a simple problem as fast as it can be done.

44
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