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Abstract

Given a rectangle containing uniformly distributed random points, how far are the points from the
rectangle’s centre? In this paper we provide closed-form expressions for the cumulative distribution
function and probability density function that characterise the distance. An expression for the average
distance to the centre of the rectangle is also provided.

2010 Mathematics subject classification: primary 60D05; secondary 68T40.
Keywords and phrases: rectangle, distribution of distances, probability density function, cumulative
distribution function, mean distance, rectangle picking, robotic computer vision.

1. Introduction

In this paper we provide closed-form solutions for the cumulative distribution function
(CDF), probability density function (PDF) and expected value for the distance to the
centre of a rectangle of uniformly distributed random points (within the rectangle).

The motivation for the work presented here stems originally from our research
in appearance-based simultaneous localisation and mapping (SLAM) in the field
of mobile robotics, where we have been developing methods for assessing image
similarity that enable a robot, equipped with a vision sensor (camera), to determine if it
has arrived at a new location or returned to a previously visited location. As part of our
research, we were investigating a scenario where uniformly distributed random points
in a camera image move towards the centre of the image (as the camera recedes from
a scene) [19] and became interested in the possibility of mathematically characterising
the distance these points moved. It was this scenario that provided the impetus for the
work presented in this current paper.

In the literature a formula for the average distance to the centre of a square
has been reported (see, for example, [8]) and is related to the problem of ‘square
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Ficure 1. Relevant dimensions for a rectangle and for circles that define the limits on intervals of interest.

point picking’ [21]. A number of works concerning the distance between two
random points within and between rectangles [5, 913, 16] and/or other geometric
figures [1, 2, 4, 6, 7, 17] have also been published, with recent interest in similar and
related topics being application-driven (for example, [3, 12-15, 18, 22]). However,
surprisingly, there exist no closed-form expressions for the CDF, PDF and expected
value for the distance of uniformly distributed random points to the centre of a
rectangle, to the best of our knowledge. This paper aims to address this absence
through the provision of such expressions. The results are of a fundamental nature
so should have application beyond our initial field of inquiry.

2. Derivation of the cumulative distribution and probability density functions

In this section, an expression for the cumulative distribution function for the
distances of uniformly distributed points from the centre of a rectangle is derived,
and this leads to an expression for the probability density function.

Consider a rectangle with side lengths L and aL as depicted in Figure 1, where
0 <a <1. By quantifying the overlap between the rectangle and a circle of radius
r positioned at the rectangle’s centre, (L/2, @L/2), the area of the rectangle can be
expressed as a function of r:
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where

Ai(r)= 7rr2,

Ax(r) = A, (r) = 277 Cos_l(%) +aly /rz - (%)2,
As(F) = As(r) — 272 cos’](%) F L[ - (g)2

The cumulative distribution function, F(r), or the probability that a uniformly
distributed point is within a distance r from the centre of the rectangle, is proportional
to the area. Normalising (2.1), the CDF is therefore

A(r)
al?’

From (2.2), the probability density function can be found by taking the derivative
of the CDF [20]. Using standard differentiation techniques, the CDF evaluates to:

F(r)= (2.2)
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which can more concisely be written as
1 L L
f(r) = E(an —4r Re(cos_l((;—r) + cos_l(z))),

such that the arguments to the inverse cosine terms may give nonreal (complex) results.
To graphically illustrate the probability density function, an example plot is shown
in Figure 2 for parameter values of L =1 and o = 0.8.

3. Expected value for the probability density function

An expected value, E[R], can be calculated from the probability density function
using [20]:

E[R] = f"" rf(r)dr. 3.1)
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Ficure 2. Example plot of the PDF for a rectangle with side lengths L = 1 and oL = 0.8.
By substituting (2.3) into (3.1), the expected distance of a uniformly distributed

random point to the centre of a rectangle can be found through standard integration
techniques. The derivations are somewhat lengthy, so we report only the final result

below:
L V1 2 4 1\ /4 1 2 1/4a
BRI = (Vo +log([—= ) (=) ) 62
6 Vi+a?-1 Vi+a?-a
Setting L=1 and @ =1 in (3.2), we obtain the commonly known result for a unit
square [8]:

E[R] = L(V2 +log(1 + V2)) ~ 0.3826. (3.3)

It is worth noting that expression (3.2) for the expected value can be obtained
(without need for the PDF) by solving the following double integral with an approach
based on that used in [12] (and utilising lemmas therein):

E[R]=£AfOGLAfOL\/(x—§)2+(y—%L)2dxdy.
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