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ABSTRACT. The Buffon-Laplace needle problem is a variation of the well-known
Buffon’s needle problem, which asks what the probability of a needle, after
being dropped to a rectangular grid, intersects, or touches the grid is. In this
paper, we aim to solve some generalizations of this problem. We generalized the
problem by dropping regular polygons to the grid instead of dropping a needle.
We solved this generalization of the problem, by first using the rotational and
reflectional symmetry of the regular polygons, then splitting the number of
sides of the polygon into 4 cases, then solving each case. We also generalized
the problem by dropping arbitrary 2D shapes. We found a general formula
and an algorithmic solution to the problem. Apart from generalizations to the
problem, we also considered some variations of the problem, like dropping right
regular polygon prisms in a 3D space, with the grid being planes in each axis.
We used a similar method to solve this problem and provided a formula. We
also considered dropping a needle into a n-dimensional space. However, we
failed to get a closed form for the formula.
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1. INTRODUCTION
1.1. The Original Problems.

1.1.1. The Original Buffon’s Neddle Problem. In the 18th century, Buffon posed the
following problem: [Buf33]

“Suppose the floor is paved by parallel stripes of wood of width d. If we drop a needle
of length [ onto the floor, what is the probability that the needle will lie across a line
between two strips?”

V4

FIGUureE 1. [ < d
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This is the original form of the Buffon’s Needle problem, and the probability
p(l < d) is given by
P=
which can be found using probability density functions and integration.

1.1.2. The Laplace’s extension of the Buffon’s Needle Problem. Laplace extended
the Buffon’s Needle Problem [Lap20] by changing the parallel strips to rectangular
tiles with side lengths a and b. The probability p of the needle with length I(I < a,b)
lie across one or more lines between two tiles is given by

2l(a+b) — I
P=—""—""FT""
wab

FIGURE 2. [ < a,b

1.2. Our Generalizations and Variations on the Laplace-Buffon Needle
Problem. In this paper, we proposed some generalizations of the Laplace-Buffon
Needle Problem. We aim to provide a formula or an efficient algorithm for each of
those extensions.

1.2.1. Dropping Regular Polygons. This is a generalization of the Laplace-Needle
problem. Instead of dropping needles to the rectangular grid, we will drop regular
polygons with vertices with the distance of one unit away the centre of the polygon.
The whole problem is:

Suppose on a 2D plane, there are infinite rectangular tiles with width w and height
h (called the grid in this paper), now given a polygon with n sides with each vertex
located 1 unit away from the centre of the polygon, if we drop the polygon randomly
on the plane, what is the probability p that the polygon intersects with one or more
lines between two tiles (called the grid line in this paper)?

We found a formula for p in this problem. We will show our methods in this paper.
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1.2.2. Dropping Arbitrary Polygons. This is a generalization of the Laplace-Needle
problem. Instead of dropping needles to the rectangular grid, we will drop arbitrary
polygons. The whole problem is:

Suppose on a 2D plane, there is a rectangular grid with each rectangle of width w
and height h, now given a polygon Q with n vertices and the coordinates of the
vertices, if we drop @ randomly on the plane, what is the probability p that the
polygon intersects with one or more grid line(s)? We have two approaches to this
problem. Both approaches consider the fact that:

P(> 1 intersection) = 1 — P(0 intersections)

In the first approach, we consider Q rotating about the dropping point (centre) of Q
anti-clockwise with angle 6(0 < 6 < 7). For each rotation we compute the maximum
and minimum values in the x- and y-direction among the vertices, then integrate the
joint probability density function of 6, z, y. We found a formula by this approach.
Detailed methods will be shown below.

In the second approach, we consider the rectangular grid line rotating about the
origin clockwise with angle 6 (0 <0< %) We found an algorithm by this approach.
Detailed explanation of the algorithm will be shown below.

1.2.3. Dropping Right Regular Prisms in 3D Space. This is a variation of the Laplace-
Needle problem. Instead of dropping needles to the rectangular grid, we will drop
right regular prisms to the cuboidal grid in 3D space. The whole problem is:

Suppose in a 3D space, there is a cuboidal grid with each cuboid of length I, width
w and height h. FEach face of the cuboid forms its corresponding grid plane. Given
a right regular prism of height k with 3n edges with each vertex located 1 unit away
from the nearest centre of the n-sided regular polygon base, if we drop the prism
randomly in the space, what is the probability p that the prism intersects with one
or more grid plane(s)?

We found a formula for p in this problem. We will show our methods in this paper.

1.2.4. Generalization to n-dimensions. This is a generalisation to the Laplace-Needle
problem. Instead of dropping needles on a two-dimensional grid, we consider drop-
ping needles on a n-dimensional grid. Unfortunately we could not get a closed form
for the formula.
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2. DROPPING REGULAR POLYGONS ON RECTANGULAR GRID

Suppose on a 2D plane, there is a rectangular grid with each rectangle of width w
and height, now given a polygon with n sides with each vertex located 1 unit away
from the centre of the polygon, if we drop the polygon randomly on the plane, what
is the probability p that the polygon intersects with one or more grid lines?

We will be using integration on joint probability density functions [PD] as our main
method of finding the probability p.

Let’s first consider the case n = 4, as a demonstration of the method.

2.1. Dropping Squares on Rectangular Grid.

Theorem 2.1. Given a plane with a rectangular grid with rectangles of width w
and height h, and a square of side length l. If the square is dropped randomly on the
plane, then the probability p is given by

A, 4 P+

wh o Tw mwh

Proof. Let the distance from the geometric centre of the square to the closest hori-
zontal line be 0 < z7 < %

Let the distance from the geometric centre of the square to the closest vertical line
be 0 < x5 < %

Let 6 be the smallest angle between any side of the square and the horizontal grid
lines, so 0 < 6 < 7.

r1, T2 and 0 are independent random variables.

FIGURE 3. Showing the definition of the variables
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The uniform probability density function of z; and x5 is:

0: otherwise

fxz(j):{i:0<j<g

0: otherwise

The uniform probability density function of 6 is:
4 s
2:0<k< T
k) = ™ — — 4
Jo(k) {0 : otherwise

Referring to Figure 4, the vertical distance from the centre to the point of the

i
om0+ ’; )

FIGURE 4.

square with the largest y-coordinate and the horizontal distance from the centre to
the point of the square with the largest z-coordinate is:

%sin(& + %) = é(sin@ + cos6)

Intersection between the square and the grid lines occurs when:
l
i(sine +cos) > xy, a9

Since x1, x2 and @ are independent random variables, their joint probability density
function is:

(@) [ (G) - fo(k) =2 0<i<ZAO<j<LAO<Kk<
fIl,IQ,H(ijj?k): f 1(Z> f2(j) fe( ) mwh? _Z_.z _]_ 2 N N
0 otherwise

ISE
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Therefore,

l
P(intersection) = P <2(sin9 +cosf) > xq, :172)

1 —P(l(51n9+0059) < xl,x2>

w
2

[ / J, Feveno(is3,0)didjd0
(sm 0+cos 0) (sin O+cos 0)

1-— / / / dldjd9
(sin 0+cos 0) (sin O+cos 0) ﬂ—wh

41 + 41 l2(7r +2)
7rh Twh

Which is evaluted to be,

O

2.2. Dropping Arbitrary Shapes on Rectangular Grid. We will give a formula
for computing the probability of a 2D shape intersecting the grid when dropped ran-
domly which serves as a basis for the next section — dropping regular polygons on a
rectangular grid.

Given an arbitrary 2D shape Q.
Q may be a curve or a polygon.
Let V be the list of coordinates
of its vertices. If Q is a curve,
V may be an infinite list, gener-
ated by, perhaps, parametric equations.
For example, if Q is a unit circle,

V. o= {(i,j):i,j eRAZ+2=1}.

If Q is a polygon, V is a finite

hSt N

Place Q on a 2D Cartesian plane

with the point (0,0) being inside FiGure 5.V of
Q. Let the dropping point of Q be this figure would be
the point on @Q whose coordinates {(2,2),(-2,2),(1,-2),
are (0, 0) on the current Cartesian (2,-1)}

plane.



194 INVESTIGATION ON BUFFON-LAPLACE NEEDLE PROBLEM

Let the vertical lines on the grid
spaced h units apart and horizontal Pray
lines w units. When the polygon ran- AT \
domly drops on the grid, without loss of \ » \
generality, let (x, y) be the coordinates - /
of the dropping point on the grid where \ P,

0<z<wand0 <y < h,and Qrotates L
around the dropping point 0 < 0 < 3 |
anticlockwise.

FIGURE 6. Q rotating

around dropping point by
0.

Let V,. be the coordinates vertices of Q
rotated 0 anticlockwise about the drop-
ping point, i.e.,

V, = {izcos0 —iysinb, iy sinf +i,cosf} VieV
x,y and 0 are independent random variables, meaning they have uniform probability
density functions. Their joint probability density functions are hence

1) o

2 0<z<wAO<y<hA0<O<3
0 otherwise
Q does not intersect with grid lines when

z+minV,, , >0,z +maxV,
K3 K3

rip <W,y+minVy, >0,y +maxV,, <h
K3 K3
Hence, we get the following theorem:

Theorem 2.2. The probability of @ intersecting the grid lines when dropped ran-
domly on a rectangular grid with each rectangle being height h and width w is

P (intersect)

max — min; Vmww—maxi VH;) max (—mini V”y,h—mawi\/”y) 2
=1- / / / —hdy dx df

min; V’"z — min; V,,‘i v Tw

Example 2.3. When dropping a square of side length I, one possible configuration
18
V= {(17 l)? (l, 0)7 (07 l)7 (07 0)}7 and

V. ={(lcos® —lsinf,lsinf + lcosh), (lcosd,lsinf), (—Isinb,lcosh), (0, 0)}
Hence,
% pmax(lsin@, w—lcosf) rmax (0, h—I(cosf+sinb)) )
P (intersect) =1 — / / / ——dy dx df
Isin @ 0 mwh
For0 <0< 5,

w—1lcosf > Isin® A h — (cos +sin6) > 0 holds only when | < %

o=
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w—lcos® ph—I(cosO+sinb)
P(intersect) = / / / dy dz do
l

7TUJI’L sin 6
1 1 l2(7r +2)
= 44—+ —)- ——-=
(ﬂ'h ﬂw) Twh

This result also agrees with Theorem 2.1.

2.3. Generalisation to Regular
Polygons. We will reuse the tech-
nique of Theorem 2.2. Let Q be a n-
sided regular polygon with the dis-
tance of each of its vertices to its
centre being .

o~

distance of each of its vertices to its
centre is [, down to 1 by a factor
of % At the same time, we need
to scale down the rectangles in the
rectangular grid by the same factor +
of %, d = %,w := Y. The prob-

To simplify calculations, we can I/ /\%
scale down the polygon with the k/ X

1
ability p does not change after the

scaling. FIGURE 7. Demonstration of

setup with Q being a regular
On the initial Cartesian plane, we pentagon

situate Q with its geometric centre
(centroid) being (0,0) and one of its
vertices being (1,0). Refer to Fig. 2.3.1 for a better understanding. Then

2 21
V= { (cos ﬂ,sin m) }
n n 0<i<n
20T 21
v, = {(cos <+9> sin (Me))}
n 0<i<n

where 6 € {0, 27T> .
n

An n-sided polygon has rotational symmetry order n. Therefore, the maximum
value for 6 is 27”, to avoid counting the same rotation twice.

and

Lemma 2.4. For a specific rotation of @, 8 € [O, 27”) , after @ is flipped vertically,
it is the same as @) being rotated by 27” —40.

Proof. Let f be a bijective function, f: {0,1,2,....n — 1} — {0,1,2,...,n — 1}.
Let the i-th vertex in @ before flipping vertically become f(7)-th vertex after flipping.
Then Lemma 2.4 states, for ¢ € {0,1,2,....n — 1},
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sin (0 27) = i (20— 1 20000)
n n n

RHS = sin <0+ —27r(n—z)>
n

= sin (9—|— QZW)
n

= LHS

D

-1 -08 -06 -04 -02 O 0z o4 ol ols 1 -1
G

06 04 -02

Example 2.5. Suppose n=8.

s

We can observe that Q when 6 = Jz when flipped vertically is evactly Q when
_ _3

P=3- %=

Let P(# € {some range}) be the probability for Q not intersecting with one or more

grid lines when 6 is in the range given inside the parentheses followed by p.

Lemma 2.6. For all n,

P <9 c [o, 2;)) —op (9 e [0%))

Proof. Using Lemma 2.3, for 6 € [%, 27”), we can flip Q vertically and get a shape

with rotation ey = 2X—0, Opew € [0, Z), and has the same probability as the shape
is the same as the original shape. Therefore, the probability for Q intersecting with
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one or more grid lines when 6 € [0, Z) is equal to the probability for Q intersecting

with one or more grid lines when 6 € [%, 2i), or equivalently,

P(Ge [OT)) :QIP’ (ee {0, %))

Lemma 2.7. If n is odd, for a specific rotation of @, 0 € [0, %), after @Q is flipped
horizontally, it is the same as @ being rotated by = — 6.

Proof. Let n=2m+ 1,m € N.

Let g be a bijective function, g : {0,1,2,....,n —1} = {0,1,2,....,n — 1}.

Let the i-th vertex in Q before flipping horizontally become g¢(i)-th vertex after
flipping.

Then Lemma 2.7 states,

Fori e {0,1,2,....,n — 1},

27 2mq(i
cos <9+m) = —cos <7T—9+ ﬂg(z))
n n n

m—1 ,0<1<m

Set L) = 9
9(0) n+m—14 ,otherwise
If0<i<m,
Substitute g(i) = m — 1,
RHS = —cos (W -0+ 27r(m—z)>
n n
2 1 21
C cos <7T+9_7f(m+>+M)
n
-
= cos (9 + m)
n
= LHS

Otherwise, orif m+1<:<n—1,
Substitute g(i) =n +m — 1,

RHS — Cos(ﬂgﬂﬂﬁml))
n n
om+1) 2w 2
= cos(ﬂ'—|—9—7r(m+ )+7Tz_7rn>
n n
o
= cos(9+m)
n
- LHS

O

Example 2.8. Suppose n =9,

Referring to below figure, we can observe that @ when 6 = 35 when flipped horizon-
us s s

tally is exactly Q when 0 = § — 5 = {5 .
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Lemma 2.9. Ifn is odd, then

IP’(HE [oir)) ) (9e {0, %))

Proof. Using Lemma, 2.7, for 6 € [%, %), we can flip Q horizontally and get a shape
with rotation 0pew = Z — 6,0pe, € [0,7-), and has the same probability as the
original shape. Therefore, if n is odd, the probability for Q intersecting with one or
more grid lines when 6 € [0 X ) is equal to the probability for Q intersecting with

) 2n
)7 or equivalently,

one or more grid lines when 6 € [ T I

2n’n

p(oefor)) =22 (0c 05;))
IP’(@G [0?)) — 4P (ee [0, %))

Now the only thing left is to determine which vertex contributes to the minimum
and maximum z and y when rotated, i.e., determine min; V,., , max; V,.. , min; V,

Tig? Tigx? Tz‘y7
max; Vny~

Using Lemma 2.6,

O

Lemma 2.10. For the ranges (cos o 1] and [—1, —%), there is one or zero i
such that V,., lies inside that range and there is one or zero j such that Vrjy lies
inside that range.
Proof. We prove the statement there is one or zero 7 such that V,., € (cos , 1] by
contradiction. Suppose cos & < V;, ., Vi, <1 where 0 <4,j <n € Z,i # j. This
means
2i 2j
cosI < cos (”+9) , COS <j7r+9) <1
n n n
Proof of cos (217” + 9) , COS (23777 + 9) < 1 is trivial as the range of the cosine function
is [~1,1]. We now focus on cos = < cos (2% 4 6) , cos (237” +6).
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When 0 < 9 < Z,i=7j =0 is the only solution - contradiction.

When 6 = X cos (2”) is at most cos 7 when i = 0.

When 0 < < 3T j =4 =11is the only solution - contradiction.

When 0 = 3%,cos (2;” + 0) is at most cos 7 when i = 1.

Similarly, one can prove for the other ranges.

Hence, V,.; = cos? when 0= %Tﬂ + =,k € Z and there is exactly one V,, €
(cos o 1} otherwise.

Proof of the other range and for V,. . are similar.

|
We split into cases according to the value of n modulo 4.
Case 1: n =0 (mod4)
This condition suggests that initially, when ¢ = 0, max; V;., ,, max; me» min; V;., .,
min; V}iy are Voo oo Ve » Vo , Viy, = cosb,cosf, —cosf, — cos f respectively. No-
1y 2z 4
tice that, for 6 € [O, %) ,cos86 > cos 7. According to Lemma 2.10, § = 0, max; V., _,
max; me, min; V., ., miniVTY are VTOx,V Vin Ve, forall 8 € (O, %] since
2 x 1

1y
there are no greater values for the maximums and no lower values for the minimums.

Therefore,

max(—(— cos @), w—cos ) pmax(—(— cosb),h—cosb) n
=1- / / / dy dx df
(—cos @) —(—cos ) 2rwh

By Lemma 2.6,

max(—(— cos 0),w—cos ) pmax(—(— cos0),h—cosb) n
1_9 / / / " dydeds
(— cos 0) —(—cos ) 2mwh

max(cos 6, w—cos @) pmax(cos,h—cosb) n
1-— / / / —— dydxdé
cos 6 cos 6 mwh

If w, h w:h > cosf. Which is only possible when w, h < 2.
If w,h <2,
kS w—cosf ph—cosb
=1- / — dy dx df
min(Z,max(arccos ¥ ,arccos £)) cos 0 cos 6

When 6 < max (arccos 5, arccos g) cosf < w — cosf,h —cosf, so it must intersect

with the grid, thus when 6 < max (arccos 5, arccos 5 ) the integral is 0.

=1— " [whO — 2hsin® — 2hsinf + sin 20 + 260] .
wwh

mln( max(arccos = ,arccos 7))

If w,h > 2,

2n(h+w)sin Z — nsin 2% — 27
nwh )
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(By Lemma 2.6 and 2.9)

Example 2.11. What is the probability p of a polygon with 8 sides, and the distance
of each of its vertex to its centre is | , touches one or more grid lines when dropped
to a rectangular grid with each rectangle of width w and height h? (w,h > 21)

Given n = 8. Tt falls into Case 1 as n = 0 (mod4).

h:=—-
’ l

w =

w h
l

Using the formula,

812 (2 9 or 9
p= ( (w+h)81nw8+s1n;_sinﬂ_7r)

Twh \ [ 8 8
16l /1 1 T 1?

=— | —+ - )sin— — 2 42
s (w+h>sm8 wwh(ﬂ+ \[)

Case 2: n =1 (mod4)

As with Case 1, we could find the vertices with max; V,

. min; V,

max; V, -

T‘qjy7
min; V., Y initially. However, note that there is no vertex whose x-coordinate lies in-
side the range [—1, — oS %), meaning there are two vertices whose x-coordinates are
equal to —cos 7 — Vanl and VnTH . But it suffices to take the one with smaller index
since Vr\nT—l = cos (9—1—@) € [—1 —COSE)VQ € (0 1].

2n ‘n

miniV =V, Vr" 1 ,‘/rn 10

Tiy Togx) nl
Vigsy = cosf,sin (9 + 2”(" 1)) , COS (9 + 2”(" 1)) ,sin (9 + M) Carefully

4
observing, for all V,., ., VTn , € (cos E> ] and Vi1 3V [—1, — cos ;) V0 <
x 2z

~Vino1 as ming V.,
2

Therefore, we have max; V., , max; V,., " min; V;., .,

Tix?

T3n+1
x 2
0 < 5.
Hence,
p(n= (mod 4))
mdx — min; V” L W—max; VM‘ m) max (— min; V’"i v ,h—max; V’"i y) n
—min; V;, —min; V;., v 2mwh
21\'(n 1) ),'w—cos 9)

iy max —cos 0+
- —/ /
COS 0+21r(,L 1))
\/max(sm(GJr%(Z;Jrl))h bm(GJrM)) m

" dydede
— sin(p+27Ent1)) Twh yar

(By Lemma 2.6 and 2.9)
When w, h > 2,
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p(n=1(mod4))
2 27;L<’LU—COSH+COS(9+27T(n_1)>>

mwh J 2n
(h— sin <9+ %(Zf_l) + sin (9—1— W)) do
n n

sin 5= (4n(h — w) cos 7= + 4nw — wsin T)

Thw

Case 3: n =2 (mod4)

Note that in this case max; Vny and min; Vriy both have two possible candidates

initially. Like Case 2, we can take ones with smaller indices, meaning max; V,

Tig?
max; [Tiy’ min, [T'i(E? min, [T'iy = [T'()z7 Tn—2 [’I‘% ’ [T;;n,fz = 00897
n—2 T sn-2

Ty
sin (% + 0) , COS (22”7" + 9) ,sin (W + 9) respectively. Like Case 1, the
probability is

p(n=2(mod4))

kS max(f COS( 227'7:‘ +0) ,W—COS 0)
[ -
0 7cos(%+9)

/max(— sin( w +9) ,h,—sin( W +0))

" dydede
—Sin( 27‘(‘2’;*2) +9) 7rwh

Example 2.12 (The Buffon-Laplace Needle Problem). Given n = 2, it falls into
case 3 as n =2 (mod 4).
Since the | in the original problem is 2 times the radius of the 2 sided polygon,

2 2
h = Th,w::—w

l < a,b in the original problem, so h,w > 2.
Using the formula,

2(2)I(2h + 2w — 1) sin g — 1227 cos g
4mwh

p:

20 2 12

Tw | wh wwh

This also agrees with the formula given by Laplace.
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Case 4: n =3 (mod 4)

Like previous cases, max V. maxVy, min Ve, minVy, = Vo Vs o Veos
K3 C 7 Y 7 x 4 no1
! -1 3n—1
Vps,_, = cosf, sin M+9 ,COS M_,_g sin M—ke
TAy 2n n m
Hence,

p(n =3 (mod 4))

™

= /max(— cos($+9),w—cos 9)

= ]_ —
0 — cos(#-l-@)
max(fsin(%+9)'hfsm(%+a)) n
. / —— dydzdd
7sin(%+9) mwh
When w, h > 2,

o w—cos O h—Sin( W(Z;U +0) 2n
. _/ / / " dydzdd
cos w(n+1)+9 —sin(%"‘g) mwh
2 (hnsin (Z) + cos (£) ((1 — 2h)nsin (Z) + wcos (X)) — 2nwsin (L))
mThw

3. AN ALGORITHMIC SOLUTION TO THE ARBITRARY POLYGON PROBLEM

Suppose on a 2D plane, there is a rectangular grid with each rectangle of width w
and height, now given a polygon with n sides with each vertex located 1 unit away
from the centre of the polygon, if we drop the polygon randomly on the plane, what
1s the probability p that the polygon intersects with one or more grid lines?

We will be using integration on joint probability density functions[PD] as our main
method of finding the probability p.

Let’s first consider the case n = 4, as a demonstration of the method.

Given an arbitrary polygon @ with n vertices, if it is not a convex polygon, we can
convert it into a convex polygon, by changing @ into its convex hull. A convex hull
of a shape is the smallest convex shape that contains it. The convex hull may be
visualized as the shape enclosed by a rubber band stretched around the shape.
Consider @ rotating clockwise about its geometric centre. It can be seen as the
rectangular grid lines being rotated anticlockwise about the centre of Q. It is because
rotations about the same centre are relative.

For each rotation of grid lines by # (0 < 6 < 7), we need to find the equivalent
rectangle of ). The equivalent rectangle is defined as the smallest rectangle that
bounds @, with its sides parallel to the rotated grid lines. Then, the probability of
not intersecting the grid lines for that specific 0 is,

A

wh
where A is the area of the places that can place the equivalent rectangle without
intersecting with the grid lines.
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A

FI1GURE 8. Demonstrating a convex hull of a shape.

The range 0 < 6 < %, is because the equivalent rectangle considers 4 sides of @) at

27
s

once, so # is less than %TW =3

‘A

y-gridline

[/ z-gridline

equivalent rectangle

FIGURE 9. A demonstration of rotating the grid lines and equiva-
lent rectangle.

To find the equivalent rectangle of @) for a specific €, we need to find vertices which
are the maximum and minimum values in the rotated x (z’) and rotated y (y')
directions. We can compare the slopes of the two edges connecting to the same
vertex with the gridlines.

Definition 3.1. Let the first vertex of Q be an arbitrary point on Q. Let the (i+1)-
th vertex be the next vertex of the i-th vertex in the anticlockwise direction, ¥ i €



204 INVESTIGATION ON BUFFON-LAPLACE NEEDLE PROBLEM

{1,2,3,...,n}. Since the vertices in Q is cyclic, the 0-th and (n+ 1)-th vertez/edge
are the n-th and 1-st vertex/edge respectively. Let x;, y; be the x-coordinate and
y-coordinate of i-th vertex in Q. Let i-th edge in Q be the edge connecting the i-th
and (i + 1)-th vertices. Let m; be the slope of the i-th edge,

m = P Yy e 1123, n)
Tit1 — T
For each edge in Q, we can calculate their angle from the x-axis 0;, by

0; = tan' (m;), —g <0; < g
If m; is undefined, or equivalently when the i-th edge is a vertical line, then 6; = Z.

2
Definition 3.2. z ., 2., are the vertices that touches the x' grid line, with the
mazimum and minimum z-coordinate respectively. Similarly, Yiaxs Ymin ar€ the
vertices that touches the y' grid line, with the mazimum and minimum y-coordinate

respectively.

Lemma 3.3. If the i-th vertex is x, ,, or xl .., then 0,1 < 0 < 0,. Similarly, if

the i-th vertex is Yy . OT Yin, then ;1 + 5 <0 <0; + 5.

Proof. We will demonstrate the proof with the use of diagrams.

FIGURE 10.

In Figure 10, A is the i-th vertex of @, and the red lines are the edges of Q). A is
Thax O 0o It can be seen that §;_1 < § < 6;. The reason why 6 is strictly less

than 6, is that if 6§ = 6;, the (A + 1)-th vertex is considered as . or «/ . instead
of A.
Similarly, in Figure 11, A is the i-th vertex of @, and the red lines are the edges of
Q' Ais y;nax or yénin'
It can be seen that —0; 1 > 5 —0> —0; < 0; 1+ 5 <0 <0; + 7.
The reason why 6 is strictly less than 6; 4 § is that if 6 = 6;, the (A 4 1)-th vertex
is considered as y, . or y.., instead of A.

O
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FIGURE 11.

!/ /

We need to keep track of the angle § when either one of ¥ .., Yrins Tmaxs Tomin

changes. Therefore, we will introduce a new term, critical angle.

Definition 3.4. The critical angle () for the i-th vertex in @, which is denoted by
Cly,, is the angle 0 when either one of zi,,. and x. ... changes from the i-th vertex to
the (i + 1)-th vertex. Similarly, the critical angle (y) for the i-th vertex in Q, which
is denoted by C,,, is the angle 8 when either one of y,,.. and y..,, changes from the
i-th vertex to the (i + 1)-th vertex.

Using Lemma 3.3, 2}, or a2}, changes from the i-th vertex to the (i + 1)-th vertex
when 6 = 6;, and Ymax O Ymin changes from the i-th vertex to the (i 4+ 1)-th vertex
when 6 = 0; + 7. Therefore,

Formula 3.5. Suppose that from 0 = Oyow 10 0 = Onext, ANY 0f Yonax Ymins Tonaxs Lonin

will not change. Suppose dy < w,dy < h V0 € [0n0w,0next). Let the coordinates of
Yrnaxs Ymin: Trnaso> Tonin 06 (P1, 1) 5 (P2, 42) 5 (P3,43) , (P4, qa) respectively, then the con-
tinuous sum of probabilities of not intersecting the grid lines when 6 € [Opow, Onext)
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Onext deg Onext
/ [sina + 0)]de | — %2 / |sin(8 — 6)|d6
0 Onow

now

dq
(enezt - enow ) - 7717 (

w

da,bdc,d

Oneat
9 _ 2 — 3
Swh /9 |cos(a — B+ 20) — cos(a + 3)|db

now

The variables used in this formula will be defined below.

Definition 3.6. For a specific 0, define A as the area of space that can place the
equivalent rectangle without intersecting the grid lines. Let d, d, be the distance
between ! x! which is parallel to «’, and the distance of Yhaxs Ymin Which

max’ min

is parallel to y' respectively.
A =wh —d;h —dyw + d.d,
dy = \/a? + b2 sin(a + 0)]
dy =/ + d2| sin(3 — 0)|

a4 =Dp1 — P2
b=q —q
C=DP3 — P4
d=q3—q4
¢ a
ano = —
b

d
tanfB = —
c

Proof of formula 3.5. We can observe that the dimensions of the equivalent rectangle
are d; x d,. We will once again demonstrate the proof with the use of diagrams.
From Figure 12 and 13,

dx

da b

)

|sin(a + 0)| +

where d, , = Va? + b2,
dy = dgp|sin(a+0)|

i dgpsin(a + 0), iff > —a
T =

—dgpsin(a+6), otherwise
Similarly
dy

[sin(3— 0)] = 7

where d. 4 = V¢ + d?,
dy = dcq|sin(B — 0)]

4 = de,asin(p — 6), ife < g
Y| =dapsin(B —6), otherwise
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FIGURE 13.
Thus,
dedy = do pde,q| sin(a + 0) sin(8 — 0)|
dg pd.
dydy = %| cos(a — 4 20) — cos(a + B)]
Therefore

A = max((w — dy),0) - max((h — dy),0)
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As dy < w, dy < h7 Vo < [enowagnext)a
A =wh —dh —dyw + d.d,
Therefore, the continuous sum of probability of not intersecting the grid lines when

9 S [9n0W7 enext) iS

Onext A 1 Onext
/ do (wh — dph — dyw + dyd,)do
0

wh' — wh
Onext
/ sin(a+9)|d9>
[

now

de,d froxe
- | sin(8 — 6)dd)|
h P

da,bdc,d
2wh

now now

da
= (onext - enow) - b (

w

Onext
+ / | cos(a — B + 20) — cos(a + 3)|d6.
0

now

O

To find the integral of | cos(a— 5+ 260) —cos(a+ )|, let cos(a— 5+260) = cos(a+ B),
then

0=B+kror —a+kr, Vke€Z
Then find all 6 € [fhow, Onext ). For each 6, we can split the integral, then find the
sign of cos(a — n + 260) — cos(a + ) in each part.

Example 3.7. There is a solution Og,. When 6 € [0now, Onest), cos(a —n + 26) —
cos(a+ B) > 0. When 0 € [0s01, Onext), cos(a —n + 20) — cos(a+ ) < 0. Then,

Oneat
/ | cos(a — 1 + 20) — cos(a + )|db
0

now

= %(sin(a — 4+ 2t) —sin(a — B+ 2s)) — (t — s) cos(a + )

Similarly, we can use this method to find the integral of |sin(a+0)| and |sin(8 —0)|.
With all these preparations, we can start writing the algorithm.

3.1. Algorithm.

Q := convex hull of Q

Let dmax =0

for each pair of vertices (7, ) do

dmaX ‘= max (dmax7 \/(Zl’ - -713)2 + (Zy - ‘7y>2)

if dmax > w or dpmax > h then exit.
Let 0 := 0, sum:=0
while § < 5 do
find (v1,v2) such that 6,,_, + 35 <0 <0, + 75, Vi=1,2

find (vs,v4) such that 0,, , <0 <80,,, Vi=34
Let 0criticar = min (Cy“1 y Cyvz R Cmv?’, Tuy g)
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Let Acurrent = result of Formula 3.5 with vy, v, v3,v4 as vertices, Onow =
0, gnext = 00ritical as input'
sum = sum + Acurrent
0= ecritical end

— 2-
p—l— s:m

3.2. Explanation. dy,x is the maximum of all d, and d, for all vertices and
6<lo0,%).

If dimax > w, h then it may not meet the condition for Formula 3.5, which is d, < w,
dy, < h for some vertices and 6. Therefore, the algorithm cannot compute the correct
probability p. The algorithm is then exited.

At the start of each loop,

We find the vertices of Y/ .., Ui 8S V1, V2 respectively, vertices of x
respectively, by Lemma 3.3.

/ !/

max> Lmin 5 U3, V4

Then we find the angle which one of ¥} .., Yhins Tmaxs> Loin Change, Oeritical, which is
the minimum of the critical angles (z) of vy, vs, and the critical angles (y) of vs, v4.
Moreover, it cannot be greater than § since 0 < 6 < 7. Therefore, we also add §
as a parameter in the min function.

After that, we calculate the continuous sum of the probability by Formula 3.5 with
U1, V2,03, V4 being vertices, Onow = 07 Onext = ecriticab then add it to our sum
variable.

We then set 6 to be 0.riticar, and continue executing the loop while § < 7.

The probability that () does not intersect with the grid lines is the sum of the
continuous sum of probabilities multiplied by the probability density function of 6,
which is %

2. sum

P(no intersection) =
m

The final probability p that @) intersects with the grid lines is
p =1 — P(no intersection)

2 - sum

p=1-

3.3. Time complexity. At the start, we will find the convex hull of Q, it requires
O(nlogn) time for using Graham scan algorithm[GS].

Then, we will find that maximum distance between every pair of vertices. This can
be done using a two-pointer algorithm [2P] in O(n'), where n’ is the number of
vertices of the convex hull of Q.

T axs Tiin Will change a total of 4n’ times at maximum. When any of
Ymaxs Ymins Tmaxs Tmin changes, it will change to the next vertex in the anti-clockwise
direction. Therefore, each of them will change its vertex n’ times, and the loop will
be executed O(n') times.

/ /
Ymaxs Ymins
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In each iteration of the loop, it will find new vertices for ¥/ ..., ¥l in Tmaxs Lonin- We
only need to check the next vertex in the anticlockwise direction. This require O(n’)
for the first iteration, and constant time in the following iterations. The rest in the

loop can be computed in O(1).

The time complexity for the loop is O(n’) - O(1) = O(n'). Therefore, the final time
complexity is O(nlogn).

Example 3.8. Let Q be a regular polygon with 8 sides, with the distance between
each vertex and the geometric centre of the polygon being ¢ units. What is the prob-
ability p that when Q) is dropped randomly to a rectangular grid with width w and
height h, intersects with one or more grid line?

We can define the i-th vertex (¢cos(%t), £sin(%)).
W63 can observe that all of Yl axs Ymins Tmaxs Tmin  Change their vertices when 0 =
s T s

882"

Therefore, the loop will be executed 3 times.

o First iteration (Onow = 0, Oneat = §)
Find vy,vq,v3,v4 =0,4,2,6
Using Formula 3.5 Acyrrent = 5 — 2(% + £)sin(Z) + L2y 3

>

e Second iteration (6now = %, Oneat = )
Find vy,v9,v3,v4 = 1,5,3,7
2
Using Formula 3.5 Acurrent = 5 — 4(5 + %) sin(g) + ﬁ(\/ﬁ—i- %)
o Third iteration (bnow = 3T, Opeat = 5)

Find vi,v9,v3,v4 = 2,6,4,0

Using Formula 3.5 Acurrent = § — 2(5;

[~
+
s
)
)
=
=
—

0|3
SN—
+
‘\
> N
—~
|
[N}
_|_
ISE
N~—

After all iterations,
m £ 0N\ . /7 2
um=Z =8 (5 + 7)o () + 1 (2v2+7)

16 /1 1 202 4202
=2 (5 ) (E) v2
™ \w h

This result also agrees with Example 2.11.

Therefore

8

wh Twh

4. DrROPPING RIGHT REGULAR PRISMS IN CUBOIDAL GRID

Suppose in a 3D space, there is a cuboidal grid with each cuboid of length £, width
w and height h. Each face of the cuboid forms its corresponding grid plane. Given
a right reqular prism of height k with 3n edges with each vertex located 1 unit away
from the nearest centre of the n-sided regular polygon base, if we drop the prism
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randomly in the space, what is the probability p that the prism intersects with one or
more grid plane(s) ¢

Definition 4.1. Given a n—sided polygon placed in 3D space. The size of the poly-
gon is said to be default if each vertex of the polygon is located 1 unit away from the
geometric centre of the polygon. The position of the polygon is said to be default
when its geometric centre is located at the origin. The orientation of the polygon
is said to be default when 1 of its vertices is located at (0,0,1) and the polygon
lies on the zz-plane. If the size, position and orientation of the polygon are default,
let the vertex located at (0,1) be the zeroth vertex Vi and the i—th vertex V; be the
next vertex V;_1 in the anticlockwise direction, ¥i € {1,2,3,...,n — 1}.Otherwise,
let the zeroth vertex Vi of the polygon be an arbitrary vertex of the polygon and
the i—th vertex V; be the next vertex of V;_1 in the anticlockwise direction, Vi €
{1,2,3,...,n—1}. Since the vertices in the polygon are cyclic, the (n+1)-th vertex
18 the 1-st verter. Let Ximax, Tmins Ymax, Ymins Zmins Zmax 0€ the largest x-coordinate,
the smallest z-coordinate, the largest y-coordinate, the smallest y-coordinate, the
largest z-coordinate and the smallest z-coordinate of the vertices of the polygon among
the n vertices respectively.

In a n-sided reqular polygon with default size, position and orientation, the coordi-
nates of V; are given by (— sin 27",0,005 %)

Lemma 4.2. Given a n-sided polygon placed in 3D space with default position and all
vertices being equidistant from the geometric centre of the polygon. Among the n ver-
tices of the polygon, the vertices whose connections with the origin make the smallest
angles with the positive x-axis, the negative z-axis, the positive y-axis, the negative
y-azis, the positive z-axis and the negative z-axis have the largest z-coordinate, the
smallest z-coordinate, the largest y-coordinate, the smallest y-coordinate, the largest
z-coordinate and the smallest z-coordinate respectively.

PT’OOf Of Lemma 42 Let en,Vi,positive x-axis) en,Vi,negative T-axis, Hn,Vi,positive y-axis»
en,\/i,negative y-axis» an,Vi,positive z-axis) Gn,Vi,negative z-axis De the angle between V;O and
the positive z-axis, between V;O and the negative z-axis,between V;O and the pos-
itive y-axis, between V;O and the negative y-axis, between V;O and the positive
z-axis, between V;0 and the negative z-axis respectively for all ¢ € {0,1,--- ,n—1}.
Let Vi, Viwmm’ Vipoon i , Vizmh, be the vertices of the polygon whose
connections with the origin make the smallest angle with the positive xz-axis, the
negative x-axis, the positive y-axis, the negative y-axis, the positive z-axis and the
negative z-axis respectively. Let s be the length of V;O.

) )

lzmax

The z-coordinate of V; = scos %0, v; positive z-axis Which is strictly decreasing for
an,\/,;,positivc r-axis S (0’ ,/T)'

Since en,Vi,positive T-axis > en,ViI ,positive z-axis the z-coordinate of ‘/:L < the -
coordinate of V;

Tmax
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The z-coordinate of V; = scos(m £ 6, v; negative z-axis) = —S COS Oy, Vi negative z-axis
which is strictly increasing for 6, v; negative z-axis € (0, 7).

Since en,\/i,negative z-axis > an,ViImi ,positive x-axis» the z-coordinate of sz > the -
coordinate of V;,

The y-coordinate of V; = scos %0, v, positive y-axis Which is strictly decreasing for
an,Vi,positive y-axis € (0,71').
Since an,Vi,positive y-axis > en,Viymax,positive y-axiss the y-COOTdiHate of V; < the Y-
coordinate of V; .
The y-coordinate of V; = scos(m & 0y, v; negative y-axis) = —5 €080y v, negative y-axis
which is strictly increasing for 6, v; negative y-axis € (0, 7).
Since en,\/,;,ncgativc y-axis Z en ,positive y-axisy the y—coordinate of ‘/2 > the Y-
coordinate of V; .

min

V.
> "Ymin

The z-coordinate of V; = scos %0, v; positive z-axis Which is strictly decreasing for
gn,Vi,positive z-axis S (07’”)'

Since en,Vi,positive z-axis > an,ViZmax ,positive z-axis; the z-coordinate of V; < the z-
coordinate of V;, .

max
The z-coordinate of V; = scos(m & 0y v; negative z-axis) = —85 €08 0n v, negative z-axis

which is strictly increasing for 0, v, negative z-axis € (0,7).

Since Hn,Vi,negative z-axis = an,\/},z ,positive z-axis, the z-coordinate of V; > the z-
coordinate of V;_ o

Therefore, the vertices whose connections with the origin make the smallest angles
with the positive z-axis, the negative z-axis, the positive y-axis, the negative y-
axis, the positive z-axis and the negative z-axis have the largest x-coordinate, the
smallest z-coordinate, the largest y-coordinate, the smallest y-coordinate, the largest
z-coordinate and the smallest z-coordinate respectively. (]

Given a n-sided polygon which lies on the xy-plane, xzz-plane or yz-plane in 3D
space with default position and all vertices being equidistant from the geometric
centre of the polygon. Using Lemma 4.2, we can now deduce that the vertices of
the polygon carrying the values of Zmax, Tmin,Ymax, YminsZmax, Zmin 40 not change if
the respective angles between the line segments joining these vertices and the origin,
and the positive xz-axis, the negative x-axis, the positive y-axis, the negative y-axis,
the positive z-axis and the negative z-axis are the smallest among angles between
V;O and the corresponding axes, Vi € {0,1,...,n — 1}.
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Therefore, we can deduce that the rotation of a rectangle of width w, height h
with Vo = (5,0,3), Vi = (=%,0,5), Vo = (=%,0,-3) and V3 = (3,0,-5)
respectively rotating about the z-axis, y-axis and z-axis by less than 5, Fand3 anti-

clockwise or clockwise respectively does not change the vertices carrying the values

of Tmazs Lmin, Ymazs Ymin, Fmazx s Fmin-

Given a n-sided regular polygon with default position and orientation. Using Lemma
4.2 and observing that VL gl 0, Vf noiy 0, Vn—[ gz O make the smallest angle with
the negative z-axis, the negative y-axis and the positive x-axis respectively among
all line segments joining V;, Vi € {0,1,...,n} with the origin, we can deduce that
the coordinates of the vertices of the n-sided regular polygon with default position
and orientation carrying the respective values of Tyin, Ymin, Tmaz are given by,

2Ty 2Ty
(s 20, iz (),
n

n

Where Z-wmin (n) = LnTHJ7 iymiu (n) = [T-l’iwmax (n) =n-—- LTJ

Definition 4.3. Given a right regular prism with a height of k with each vertex
located 1 unit away from the nearest centre of the n-sided regular polygon base placed
in 3D space. The position of the prism is said to be default when its geometric centre
1s located at the origin. The orientation of the prism is said to be default when the
2 bases of the prism are parallel to the yz-plane and 2 of its vertices are located at
(g,(), 1) and (,%707 1) respectively. Let Vi Vo Vi s Virins Varows Veriin D€

the vertices carrying the values of Tmaws Tmin, Ymaz > Ymin, Zmazs Zmin Tespectively.

Consider a right regular prism with default position and orientation with its 2 bases
bein.g n—sided.regular polygop. Within the range of —F <a <%, 0 < 3,7 < 7, the
vertices carrying the respective values of Zyaz, Tmin, Ymazs Ymins Zmaz, Zmin 40 NOL

change.
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By observation,

1 . 2miy,,.(n) m(n—2)

k
Vz'maanz = 57 Vr'mamvy = 75 s n sec 277/ ’
1 2miy, .. (n m(n—2 k
Vwmazaz = 5 COs yT;; ( ) sec ( 2n )’ meivnl = _57 van'inyy = 07
1 m(n—2 k 1 . 2miy, . (n m(n—2
Vapine = 5 sec %> Ymaz, = 5> Vimawry = _§Sm In () sec ( om )
1 27y, . () m(n —2) k
Vyma,.’n7z = 5 COs - n sec 2n Y ‘/y'm.i'rum = 757
1 2y . -2 k
Viminy = -3 s T, () sec 7r(n2n )7‘/277111171' =5 Vemaw,y =0
1 m(n —2 k 1 . 27y . (n m(n —2
Vimazz = 5 sec %7 Zmine = g Veriny = —5 sin yn ) sec ( o )7
1 270, -2
VL gy 2 ) (1 —2)
’ 2 n 2n

The rotation of the vertices can be described by multiplying them with the 3D
rotation matrix [RM]

R = R.(7)Ry(P)Rx()

cosy —siny 0 cosB 0 sing| (1 0 0
= |siny cosy O 0 1 0 0 cosa —sinaf,
0 0 1| |—sinB 0 cosfB| [0 sina cosa

which rotates the vertices about the z-axis by v anticlockwise, then about the y-axis
by [ anticlockwise and finally about the z-axis by a anticlockwise.

Therefore, for a specific rotation (v, 3, a), the dimensions of the equivalent cuboid
are

(dxa dya dz) =

((BVzpon)e = (BVa,i ol [(BVy,0n )y — (BVy )yl [(RVz,00) 2 = (RVZ,0) =)

Then, the volume of space free A for placing the equivalent cuboid is
A = max((I — dy), 0)max((w — dy), 0)max((h — dy),0).

The joint probability density function of x,y, z, a, 8, is

L1 12\ n_ 2
I w h \n« 21 lwhm3’

Thus, the probability p that the prism intersects with one or more grid planes is

p= lwh7r3 / / i Adadﬂd'y
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5. GENERALISATION TO HIGHER DIMENSIONS

In an n-dimensional space, denote its axes by X1, Xo, -+, X,,. Let the spacing be-
tween the hyperplanes be dy,ds,- - ,d,. A point P = (p1,pa,---,prn) is said to be
on the hyperplanes if p; = kd; if some 1 < i <n and k € Z.

Randomly dropping a needle of length [ into this space is equivalent to randomly
choosing two points whose Euclidean distance equals [. Let

d;
A:(alaGQa”' 7a‘n)a Ogai S Ez

be one end of the needle and

B = (bi,by,- -+ ,bn), |[A=Bl= > (a;—b;)? =1

i

be another end of the needle. We divide the current hyper-cuboid (the one that
A is in) bounded by hyperplanes into 2" equal hyper-cuboids and work on the one
containing the origin. Dropping needles on the other regions are symmetrical to
that one, and hence ignoring them would not change the probability. Let A be
randomly placed on the hyperspace, meaning a; are independent random variables
with uniform probability distribution functions. Then let B be a point randomly
selected on the (n — 1)-sphere centered at A with radius [. Denote the hypersphere
Tn=t ={z € R*: |z — AT| = [}. This hypersphere is homeomorphic to the normal
unit (n — 1)-sphere, denoted S"~! = {z € R" : |z| = 1}. We can then establish a
bijective mapping B : S~ ! — T"! to get B.
Ty

T2
Let x1,22, -+ ,x, be n Gaussian random variables and X be | . |. Then the

LTn

normalised vector X,, = é—‘ is uniformly distributed on the surface S™~1!.
The probability density function of x; we chose is the normal distribution with up =0
2

e 2

. Their joint probability density function is then

)

and 02 =1, i.e.,

n
€

m‘s o

After getting X, we can set B = [ - p% + A. Let the needle be AB. AB does not
intersect the hyperplanes when

b; >0
X

| X

+a; >0

(3.1) & X] > L

%
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Because this involves the norm of X, instead of calculating the norm from X, we
calculate x,, from x;...,,—1 and |X|:

| X|= /22 + 23+ -+ a2
(3.2) ‘:’In:i\/|X|2—$%—17§—"'—3331_1
(3.3) o X232l +ad 4 tad).

We split the calculation into two parts according to (3.2), namely positive z,, and
negative x,,.

Case 1: Positive z,

In this case, x, = \/\X|2 —2?— 22— —22_,. Formula (3.1) is always true when
t = n. Therefore, we do not need to consider z, when determining if there is

intersection. Therefore, the probability of AB no intersecting the hyperplane when
T, is positive is

Therefore, the probability of the needle not intersecting the hyperplanes is

P(not intersect when z,, is positive)

2
i

ﬁ efd|x|

=1

n-lh< <i<n ~%i

/ dxn 1/
max( 2+z2+ +x2 max ‘Z>

z.g
>0

d \X\—Snl

a1 dn o) oo 00 —
2 2 e
= da1'~/ dan/ dx1~--/ dx,_1 d|X|
/0 0 — 00 —00 M \/ ,Ll_Il \/

(Let5:$%+x%+...+x% L and M = max(S max lm1>)

1<i<n ~%

o2
AT Y R A = £
= aj - (7% XLy~ Tn—1
0 —00 —00 x2 S 1

2
(Putting o, — \/[XE =3, 22a — —XI__ _ Vo35,

» 91X T \/|X\275 Ty

dq
22
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The function is rather complex to integrate and is left as an exercise for the reader.

Case 2: Negative x,,

In this case, z, = —4/|X|? — S, meaning AB may intersect the hyperplanes. Pre-
cisely, it will do so when

—a, - | X
a,l| |>$n—_ |X‘2—S
s 2 ll |< | X2 -8
2~X2
<:>an| | S|X|2—S

l2
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< [X|

Therefore,

P(not intersect when x,, is negative)

] Lo
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X —
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12
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../Oo dx /00 In H €
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A

(Putting x, = /| X|? = 5)

Putting all together, we get
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Theorem 5.1. The probability that a needle of length | intersects hyperplanes on
grid space dy,da, -+ ,d, is

dn
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0 0 —o0

2
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e 2 e 2
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6. CONCLUSION

6.1. Summary.

We proposed two generalizations and two variations of the Buffon-Laplace Needle
Problem. The generalizations are dropping regular polygons or arbitrary polygons on
a 2-dimensional space instead of a needle, and variations are dropping right regular
polygon prism in 3-dimensional space and dropping needles in n-dimensional space.
In each problem, we have given a formula for the answer. We have also given an
efficient algorithm in the arbitrary polygon problem.

6.2. Possible Directions for Future Research.

We may extend the 2D arbitrary polygon problem to 3D. The method of finding the
algorithm for the 2D arbitrary polygon problem may be used in the problem. We
may also give an efficient algorithm for finding the probability that a 3D arbitrary
polyhedron being dropped randomly intersects with one or more grid planes of the
cuboidal grid in 3D space.

We may also change the grid line into different types, such as concentric circles, or
regular polygon gridlines. For regular polygon gridlines, the algorithm given in the
2D arbitrary polygon problem may be modified and used in that problem.

Our investigation does not have any real-life applications. We may consider the
Happy Rainbow Game that is easily found in theme parks and arcades. It is similar
to what we are investigating on. We may apply some of our methods use in this
paper to solve this problem.

7. APPENDIX

7.1. A Monte-Carlo Simulation of the regular polygon problem written in
C++.

#include <algorithm>

#include <cmath>

#include <cstdio>
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#include <cstdlib>
#include <random>
#include <chrono>

double constexpr PI = 3.14159265;

int main(int argc, char **argv)

{
if (argc < 2 || argc > 6)
{
printf ("Usage: %s number-of-sides [radius] [number-of-trials]
[grid-height] [grid-width]\n", argv[0]);
return 1;
}

int number_of_sides = std::atoi(argv[i]),
number_of _trials = argc >= 4 7 std::atoi(argv[3]) : 1000;
double radius = argc >= 3 ? std::atof(argv[2]) : 1,
grid_height = argc >= 5 ? std::atof(argv[4]) : 1,
grid_width = argc >= 6 7 std::atof (argv[5]) : 1;

std: :mt19937_64 generator(std::chrono::system_clock: :now().
time_since_epoch() .count());
std::uniform_real_distribution<double>

x_distribution(0.0, grid_width),

y_distribution(0.0, grid_height),

theta_distribution(0.0, 2 * PI / number_of_sides);

int number_of_intersections = 0;
for (int i = 0; i < number_of_trials; ++i)

double
x = x_distribution(generator),
y = y_distribution(generator),
theta = theta_distribution(generator);

double min_x = 1e9, min_y = 1e9, max_x = -1e9, max_y = -1e9;

for (int j = 0; j < number_of_sides; ++j)

{
double current_angle = 2 * PI * j / number_of_sides + theta;
min_x = std::min(min_x, radius * std::cos(current_angle));
min_y = std::min(min_y, radius * std::sin(current_angle));
max_x = std::max(max_x, radius * std::cos(current_angle));
max_y = std::max(max_y, radius * std::sin(current_angle));

}

if (x +min x <=0 || y + min_y <= 0 || x + max_x >= grid_width

Il y + max_y >= grid_height)
++number_of_intersections;
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printf("Simulation probability: %.10f (%d/%d)\n",

}

(double)number_of_intersections / number_of_trials,
number_of_intersections,
number_of_trials);

Also included in the submission of this paper.
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REVIEWERS’ COMMENTS

This paper studied a classic problem in probability theory — the Buffon-Laplace
Needle Problem — which asks for the probability that a needle of length [ will land on
at least one line, given a floor with a rectangular grid of length a and width b. The
authors studied various generalizations of the problem, such as replacing the needle
by a regular polygon, and also to higher-dimensional grids. Reviewers think that
these generalizations are very natural and meaningful, and the results are non-trivial
as the proof involve the computation of complicated multiple integrals. Reviewers
find that some results made use of assumptions on the size of the polygons and the
grids, and wish the authors would have stated them clearly in the paper.
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