THE AREA OF A RANDOM TRIANGLE IN A
REGULAR PENTAGON AND THE GOLDEN RATIO.

JOHAN PHILIP

ABSTRACT. We determine the distribution function for the area
of a random triangle in a regular pentagon. It turns out that the
golden ratio is intimately related to the pentagon calculations.

1. INTRODUCTION

We shall denote the regular pentagon by K and the random triangle
by T and shall consider the random variable X = area(T)/area(K).
It is well known that an affine transformation will preserve the ratio X.
This follows from the fact that the area scaling is constant for an affine
transformation. The scale equals the determinant of the homogeneous
part of the transformation.

Various aspects of our problem have been considered in the field
of geometric probability, see e.g. [14]. J. J. Sylvester considered the
problem of a random triangle 7" in an arbitrary convex set K and
posed the following problem: Determine the shape of K for which the
expected value k = F(X) is maximal and minimal. A first attempt to
solve the problem was published by M. W. Crofton in 1885. Wilhelm
Blaschke [3] proved in 1917 that 42;22 < k < 75, where the minimum is
attained only when K is an ellipse and the maximum only when K is
a triangle. The upper and lower bounds of x only differ by about 13%.
It has been shown [2], that k = 5 + g—g ~ .074845. for K a regular
pentagon.

A. Reriyi and R. Sulanke, [12] and [13], consider the area ratio when
the triangle T is replaced by the convex hull of n random points. They
obtain asymptotic estimates of x for large n and for various convex K.
R. E. Miles [7] generalizes these asymptotic estimates for K a circle to
higher dimensions. C. Buchta and M. Reitzner, [4], have given values of
k (generalized to three dimensions) for n > 4 points in a tetrahedron.
H. A. Alikoski [2] has given expressions for x when T is a triangle and
K a regular r-polygon.

Here, we shall deduce the distribution function for X when K is a
regular pentagon. We have done this before when K is a square in, [§]
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F1GURE 1. The regular pentagon K, the random trian-
gle T" and the shrunken pentagon B .

and [9], when K is a triangle in [10], and when K is regular hexagon
in [11]. The method used here is the same as in [9] and [11].

2. NOTATION AND FORMULATION.

We use a constant probability density for generating three random
points in the regular pentagon K. Let T be the convex hull of the
three points. Compare Figure 1. We shall determine the probability
distribution of the random variable X = area(T)/area(K).

Our method will be to shrink the pentagon around its midpoint until
one of its sides hits a triangle point. The shrunken pentagon is denoted
B. The random variable X that we study will be written as the product
of two random variables

V = area(B)/area(K) and W = area(T')/area(B).

One of the triangle points stops the shrinking and determines V. Since
the density of the points is rotation invariant, we can use a local co-
ordinate system at the stopping point with one axis along the side
of the pentagon and one orthogonal to the side. It’s the point’s or-
thogonal coordinate that determines the shrink. The coordinate along
this side is independent of the former and is consequently evenly dis-
tributed along the side. Since the coordinates of the other two triangle
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points are independent of the hitting point, it follows that V' and W
are independent.

We shall determine the distributions of V' and W and combine them
to get the distribution of X = V.

3. THE DISTRIBUTION OF V.

V' is the area of the shrunken pentagon B. The pentagon K is the
sum of five similar triangles. Each of the three points of the random
triangle sits in one of these similar triangles. Focussing on such a
similar triangle, we measure the distance from the random point to
the center of the pentagon othogonally to the side of the triangle that
is part of the pentagon. Denote this distance by S. The distribution
function for S is L(s) = ¢ s? , where c is a constant. Choosing a scale
so that s = 1 on the boundary, we have ¢ = 1. The largest of the three
distances has the distribution function L($mez)® = (Smaz)®. The area
of Bis v =area(K) - (Smaz)?. We get

(1) G(v) = Prob(V < v) = (8a2)® =%, 0<0v <1
By the argument used here, this G/(v) holds for any regular r-polygon.

4. THE DISTRIBUTION OF W.

W is the area of a random triangle having one vertex on the boundary
of a regular pentagon = B and the other two vertices in the interior of
the pentagon. In the calculations, we will use the affine transforms of
B shown in Figures 2 and 4. The affine transform in Figure 2 is chosen
so that three adjacent vertices of the pentagon sit in the points (1,0),
(0,0), and (0,1). Then, the remaining two vertices will sit in the points
(1,a) and (a,1), where

145
(2) o= +2f ~ 1.618

is the golden ratio.

The same number will occur naturally also in the affine transforma-
tion in Figure 4. The calculations below will lead to high powers of a
in the expressions. A substantial part of the calculations in this paper
consists of simplifying expressions with powers of a using the equation
that it satisfies:

(3) A=a+1.

When we did the calculations for a hexagon in [11], the constant im-
posed by the geometry was 2, so that its powers were handled by ordi-
nary arithmetic.

Returning to the geometry, we will, without loss of generality, num-
ber the three triangle vertices so that vertex one is the one sitting on
the boundary and we let this boundary be the x-axis, so that vertex
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F1GURE 2. Case 1. The line [y through vertices one and
two intersects the left side of the affine pentagon Bj.

one is (z,0), where 0 < z < 1. In Figure 2, the position of the second
vertex is (z3,y2). Let [y be the line through vertices one and two. It
contains one side of the triangle having length = s, see the Figure.
We get four geometrical cases depending on which side of B that [
intersects besides the z-axis. More precisely, we shall number the sides
clockwise around the pentagon letting the side with x; have number 0.
The case number will be the same as that of the intersected side.

4.1. Case 1. Case 1, depicted in Figure 2, occurs when [, itersects side
one of the affine pentagon i.e. the y-axis in the point (0,y), 0 <y < 1.
This means that [ itersects two adjacent sides of B. The equation for
b is
hin=-2¢+y.
x

Let s = \/ (z — x3)” + 1,2 be the distance between vertices one and

two. For fixed x and y, the maximal value of s is r; = /22 + y2.

The area of the affine pentagon B; in Figure 2 is area(B;) =1+ §.
The variable W = area(T) /area(By) = area(T) /(1 + a/2) will be less
than w if the distance between [y and the third vertex is less than
2(1+a/2)w/s. To avoid the factor 2(1 4+ a/2) = a + 2 in numerous
places below, we shall use the “normalized” double area u = (a + 2)w
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in the calculations. The lines ; and l, have the distance u/s to l.

ur

R
T ST

ur
hin=-2ety+ 2
X ST

This means that the conditional probability P(W < u/(a+2) |z, y, s)
is proportional to the area between the lines /; and J in the pentagon
in Figure 2. We shall use the formula 1 + a/2 — T} — S; (see Figure
2) for this area and we shall average T} over z, y, and s to get the
contribution to P(W < wu/(a 4 2)) from Case 1. The averaging of the
area S7 to the right of l; will be done in Case 4.

Putting 27 = a and and using the equation of [, we get

(4) a:z<y—ﬂ)2ifs>ﬂ,otherwiseO.
Yy sw Ty
We shall determine the densities of z, y, and s. As we noted, z is
evenly distributed over (0,1). The area to the left of § is zy/2, so for
fixed z, the density is the differential § dy. For fixed x and y consider
the small triangle with vertices in (x,0), (0,y), and (0,y + dy). The

fraction of the small triangle below s is (;>)? and the density is the
differential 31—32 ds. We shall substitute s by t = s/r; so that 0 <t < 1.
We get dt = ds/r; and the combined (z,y,t)-density p; = xt. A
calculation gives that the integral of p; over the whole range of (x,y, t)
equals }1. Divided by the area of the pentagon, it gives the probability
m ~ .1382 for the occurence of Case 1.

Figure 3 shows the domain in (y, t)-space to integrate over for fixed
u and x. The decreasing curve is its lower bound ¢, = xiy below which
a = 0. The intersection of the lower and upper t-bounds is the lower
bound y, = u/x for y. We have y, < 1 when = > .

The contribution from Case 1 is the weighted average of a:

1 1 - U2
) hi1(u :/ xdx/ dy/ — |y ——) tdt.
( ) 11( ) U u/x u/zy Y ( t{lﬁ')

Maple is helpful in solving integrals of this kind and delivers the
following result valid for 0 <u <1

1 5 5, 1 1,
(6)  hi(u) = 3 U T Ut g U log(u) (1 — log(u)).
4.2. Case 2. This case occurs when [y itersects sides zero and two of
the pentagon, meaning that the intersected sides of B are separated by
one side. We shall use the affine transformation By shown in Figure
4 in the calculations. We have scaled By so that a < x < a+ 1 and
a <y < a-+ 1. Alternatively, we could have chosen to have x and y in
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FIGURE 3. Area to integrate t and y over in Case 1 when
x/u = 3.

the interval (1,a). Neither of these natural choices gives B the same
area as By, so we have to do a change of scale later to merge the results
from the different cases. The z- and y- axes are the same as in Case 1,
so pa = p1. Also the expression for [ is the same as in Case 1,

Let the intersections between /; and the coordinate axes be & and 1,
respectively and let the intersection between [/, and the line £ +7 =«
have &-coordinate &. Compare Figure 4. The figure is drawn with
r <yand 0 < & < a. The contribution to P(W < u/(a + 2)) from
Case 2 is twice the area in the pentagon to the left of /;. We call this
quantity a and in the figure it is

&:(Wl—a)'fzzyfx@—a—%r-

Figure 5 shows the situation in Case 2 with a smaller u/t. Here, & > a
and the area to the left of [; is instead o + 3, where

2
Y u
=& —a) (a—&) = r—a——| .
f=(& —a) (a—&) Ty ( yt)
Here, o extends outside the pentagon and 3 equals minus the part of
a outside the pentagon. We have v > 0 whenever n; > a, which is

equivalent to t > t, = x_(;_a). Otherwise, a = 0. We have § < 0
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FIGURE 4. Case 2 when u/t =1, 2 =1.9, and y = 2.5 .

whenever § > a, which is equivalent to ¢t > t3 = m Otherwise
8 =0.

The areas to integrate ¢ and y over are shown in Figure 6. Figures
4 and 5 are drawn for y > x, so we should consider only the part of
Figure 6 where y > z. In fact, Figure 6 is valid also for y < z. The
only difference is that 7 > 0 and o < 0 for y < z. Incidentally, ¢,
and g intersect at y = x. Thus, we shall integrate a from ¢, to 1 and
B from tg to 1. Noting that 3 equals a with  and y switched, one
could hope that their integration would give the same result. However,
po2 is not symmetric in x and y. The reason is that the y-density is
calculated for fixed x as is the t-density calculated for fixed x and y.
The integrations shall be performed first in ¢, then in y and last in x.
Aslong as a <y, < a+1and a <ys <a+ 1, we shall calculate

a+1 1 a+1 1
ko(u,z) = / dy / peadt and kg(u,x) = / dy / p2 B dt.
Yo ta Ys ts

Here, the intersection between t, and 1 is y, = a + u/z, and that
between tg and 1 is yg = u/(x — a). Whenever y, and yg are smaller
than a, they shall be replaced by a and the integrals are zero when they
are bigger than a + 1. In Figure 7, we show the lines in (z,u)-space
where y, and yg are between a and a + 1 and indicate where k, and
kg hold. In the area marked ks we have yz < a so that the kg(u,x)
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FIGURE 5. Case 2 when u/t = .2, x = 1.9, and y = 2.5 .
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FIGURE 6. The areas to integrate ¢ and y over in
Case 2 when v = .85 and = = 2.1.
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FIGURE 7. The z-intervals to integrate k,, kg, and kg
over for different v in Case 2.

given above is not valid and shall be replaced by

a+1 1
kgo(u,x) = / dy / p2 Bds,
a tB

where we have added the index 0 to indicate that the lower bound for
y is at its bottom value.

We have

(7)

a+1 atu/a a+1
hoi(u) = / ko, dx +/ kg dx + / ks dz, 0<u<a,
a atu/a? atu/a
a+1 a+1
th(U):/ kada:+/ ks dx. a<u<a-+l.
u atu/a?

To give an idea of what the evaluation of these integrals look like we
give hgo(u). This is the simplest of the h;; and has got the form below
after a considerable simplification of the result produced by Maple.
We will supply any interested reader with Maple-files giving explicit
expressions for other results. The function Lis is the dilogarithm, see
the Appendix.
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haa(u
a\/g—\/a2+4u [ a—+a?+4u
— Li, g
vait+4du—a + 4u — va?+4
Liy u—a L, [ - a®+4u—+a +L12<£>
2 a?
au? u? 9
T(log (2a?) — log (a 4+ Va2 + 4u)) log (a* — u) + 5 log (u)
N 2 3 5
+ <2au2 log (W) —2(3a — 1)au®log (a) + ;L—a - % - g—0> log (u)

2
— 2au’log (a + Va2 + 4u)2 + ﬂ log (2a%) log (aV/5 + Va2 + 4u)

_ 7 - (log a5 + VT +00) + 105 (23) ) s a+ Ve + T

(log (4u) — 2log (a + Va2 + 4u))(a* + 18a*u — 64u*)Va2 + 4u

60
1 ) 1
- 1—5a2(2a5 — 7a* + 20u + 15au?) log (a) — §au2 log (2)* — Eau%z

60
+a*u?(11 —a)log (a)®, a<u<a+1.

1 3
(20— +a?(38a — 113)u® — 2a*(11a — 41)u + a®(4a — 9))

4.3. Case 3. This case occurs when [y intersects sides zero and three.
Like in Case 2, this implies that there is one side between the intersected
sides and we shall use the same transformation of the pentagon as in
Case 2. See Figures 4 and 5. Cases 2 and 3 are complementary. In
Case 2, we studied the area to the left of /;. Here we shall study the
area 57, see Figure 2, to the right of . In Figure 8, we have drawn
Iy for u/t = 1 . The relevant intersection points are P, = (£1,0) and
Py = (0,m1), where [ intersects the x, and y-axes, respectively. Futher,
Py = (&,1m3) , and Py = (&,1n4) where b intersects the sides of the
pentagon through (a,a).
The expression for [, is

Y U
T xt

and the density p3 = ps. The double area to the right of /, in the
pentagon will be written as the difference between three triangles as
a+ [+ ~. The triangle with vertices at (a,a), Ps, and P, has the
double area . The triangle with vertices at Py, (a+1,0), and Pj shall



TRIANGLE IN PENTAGON 11

FIGURE 8. Case 3 when x = 1.7, y = 1.8, and u/t = 1.

be subtracted from « and has the signed double area —f3. The triangle
with vertices in P, (0,a + 1), and P, has the signed double area —.
The expressions

a

o= (aw—y)(ay—x) (a(x+y)—a:y—u/t) )
6= —m(a2y—xy—u/t)2, and
’Y:—m(aﬂﬂ—l’y—u/ﬂ ;

are valid where a > 0 and 3 < 0, and v < 0.

We have o > 0 when & > a (and &4 < a) which occurs when
u

t>tqg = ——.

ar +ay —xy

We have 3 < 0 when 13 < 0 which occurs when
u

y(a® — )
We have 7 < 0 when & < 0 which occurs when

t>tﬁ:

u

t>t7:m
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0.5-
G- T T T T T T T T T T T T T T T T T T T T
1 1.7 1.8 1.9 2.0 2.1 22 23 24 25 26
a X a+1

F1GURE 9. The intervals to integrate = over for fixed u
in Case 3.

The lower t-bounds intersect the upper bound ¢t = 1 at y, = 2=,
Yp = =—,and y, = azfc’“,. These intersections are not always between

a and a + 1 so we shall calculate

Ya 1 a+1 1
ko(u,z) = / dy / psadt and keo(u,x) = / dy / pzadt,
a ta a ta

a+1 1 a+1 1
kg(u,z) = / dy / psBdt ,and kgo(u,z) = / dy / p3 Bdt,
Y tﬁ a t/B

Yy 1
kw(uw):/ dy/ psydt .
a ty

Notice that the y-integration of 3 goes from ysz to @ + 1 and that
Yy < a+ 1 for all x so that there is no k.

These functions shall be integrated over the z-intervals shown in
Figure 9 leading to the expressions in equation (9). We have written
a? instead of a@ + 1 in these expressions.
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a’—u/a a?—u/a?
h31 / k‘a 0 dx + / k’@g dx + / k’g dx
a?-u/a
+ / k. dx 0<u<a,
h32 / ]{Za ,0 dx + / ka dz
ad—u

2

a?—u/a? a
+/ k‘gdﬂ?—l—/ k. dx, a<u<a-+l.
The explicit expressions are not given here.

4.4. Case 4. This case occurs when [, intersects sides zero and four,
meaning that it intersects adjacent sides like in Case 1 implying that
Case 4 is complementary to Case 1. We shall calculate the area S; to
the right of /, in Figure 2. Figure 10 describes the involved variables.
The expression for l is the same as in Case 3 and the density is
ps = p1 = xt. The signed double triangle areas in Figure 10 are
2

a= T a)@—1) (ax +y —zy — u/t)*,
B o (et o =y~ o/t
Vz—m(xy—eru/t),
6:—m(xy—y+u/t) :

The function to integrate over t, y, and = is a + 3 + v + 0.

Figure 10 is drawn with z > y which makes a > 0 and § < 0. With
x <y, we have instead a < 0 and § > 0. v and ¢ are always negative.

As before, the above expressions hold respectively when

P>ty = >ty
ar +y —xy ay +x —xy
>t =2 P>ty = —o
= T a(l-y) T Tyl —a)
and are zero otherwise. The intersections between the lower t-bounds
andlareya_uwayﬁ agﬂy’y ;u7y5:1T

These intersections are not always between zero and one so we shall
calculate

1 1 1 1
ko(u,x) :/ dy/ paadt and keo(u,x) :/0 dy/ pyadt,
Yo to ta
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FiGURE 10. The pentagon in Case 4.

1 1 1 1
kg(u,z) = / dy / pafdt and kgo(u,z) = / dy / pa B dt,
Ys tg 0 tg

Yn 1 1 1
ky(u,z) = / dy / paydt and ks(u,x) = / dy / paodt .
0 ty Ys ts

These functions shall be integrated over the z-intervals shown in
Figure 11.

u/a 1 u
(10) Ty () = / ko o + / o dz + / ky da
0 u 0

/a

1 1 1—u
—l—/ kg,oda:+/ k’vd:c—l—/ ks dzx, 0<u<l,
u u 0

u/a 1 1
h42(u):/ kadx+/ kayo,dx—l—/ ks dx, 1<u<a.
) u 0

a(u—1 /a

The explicit expressions are not given here.

4.5. Combination of cases. Integrating the p; over the whole t-, y-

. . 3 3 . e e
and x-range in each case gives }l, T T 1—11, respectively. Dividing these

numbers by the area of the pentagon in each case gives the probability
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FiGURE 11. The intervals to integrate x over for fixed u
in Case 4.

for the case. The area of the pentagon in Figure 2 is T4 = GTH

Figure 4 it is T3 = 3“2“. The probabilities are p; = py = % ~ .1382
and py = p3 = “1\65 ~ .3618.

The calculated h,,,,, must be scaled before they are combined. The
variable u ranges from 0 to a in cases 1 and 4 and from 0 to a? in cases 2
and 3. The first scaling is to replace u by au in the h,,, for cases 2 and
3. Then, the h,,, are divided twice by the area of the pentagon that
they are integrated over, once to get the probabilities add to one and
once because we are stydying the ratio between the area of the triangle
and the pentagon. We get the probability distribution function H(u)
for twice the area of a random triangle in a pentagon, when one of the
triangle vertices sits on the boundary of the pentagon:

and in

(11)

Hy(u) =1 - ﬁ(hn(m T () — %32(/121(@@ T h(aw)), 0<u<l,
Hy(u)=1-— Lh42(u) - %(hm(au) + hsa(au)), 1<u<a.

7ﬁ142 T23
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5. COMBINATION OF THE V- AND W-DISTRIBUTIONS.

Let F(x) be the distribution function for the triangle area X in
a regular pentagon with unit area. We have X < z when VIV =
UV/(a+2) < x. Putting x = y/(a + 2) = y/a/5, this happens when
UV <y and we get

The partial intergration in (12) is used to avoid integrating to the
lower bound u = 0. Substituting y = (a + 2)x = av/5z in the result
will give us the wanted F(z) given in (14) and (15), with = ranging

a 1

fI'OHlOtO ) = 75

To write the result, we need the function

(13) Liy(z) = — /0 ’ w dt.

This is the dilogarithm function discussed by Euler in 1768 and
named by Hill, [5]. Some properties of Lis(z) are given in Appendix A.

We will not carry out the integration (12) in detail. To avoid the
factor a + 2 in numerous places, we will write the result as a function
of y = (a+2)x = av/5x as it stands in (12). We have used both the
constant a and the constant v/5 = 2a — 1 to keep the expressions as
short as possible. We display the result in Figure 12 in the form of the
density f(z) = ‘fl—i of the distribution. The range of z is 0 < z < %
We save the comments on our way to the result and on the result to
the next sections.
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(14)
Yy y_
Fl(@\/—)_
Li <1+\/1+4y/a>+L. (1—\/1+4y/a)
2 % 12

24/5 92 2

5a3 ( a gy) 2a
+log (v/1+4y/a+1)log (v/1+4y/a —1) —log(2) log (2y/a)]
+24\/_y < N y) [Li2 <a2_,/a4—4y> L, (1/a—\/a4_4y>

5a3 3 2a 2a

log at — 4y —1/a log a’ + +/at — 4y
2a 2a
24\/_y y\ | 4V/5yP
Liz ( ) + 5a?

(log (y))*

5a?
_\/S 3 2 2 3 2 2
T 7503 [(a + 28a’y — 324ay”)\/ (1 + 4y/a) — a® — 30a”y + 270ay } log (v)
5
- % [(as — 28a’y — 324y*)a*\/at — 4y
a

+(a® + 28ay — 324y*)a/1 + 4y/a — 2(41a + 26 — 30a°y — 27Oa2y2)] log (a — y)

2 1+ av/al — 4
\/_( — 28aty — 324y%)\/at log< rayva y)

75 2a

+ 35%(@2 + 28ay — 324y2)\/m log (1 + W_ 1>
12\/_y (V5 + y) (log (a))? — 4\;?‘( 3+ 5 — 45ay — 135y%) log (a)

B %(33G+Q4+2 )+ %(2a+31) 15913—27

0<y<1l.
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(15)

Fy(

Yy N _
-2

24 2 2 Jal—4 1/a—\/a* — 4
vy "+ 2y) |Lis Coval—dy) g (HazVal=dy
5a3 2a 2a

+10g<a2+m> log a4_4> 10g<m—1/a>)]

8\/_y
L12(a>
24\/3 3
+ 3 ( +180& gay 2@3/ + a*y*log (a )) log (y)

V5 (a(a8 — 28aty — 324y*)\/at — 4y

+ 75a?
—25 — 37a + (60 + 150a)y + 270y°) log (a — y)
24+/5 1 2 2
200 (1= 2)) (s 21082

5a3
—log (\/1+4y/a+ 1)log (\/1+4y/a — 1))
- 7\;52 (a® + 28ay — 324y*)\/1 + 4y/a (log (%) —2log (1++/1+ 4y/a))

_ g(a — 28a’y — 324y%)\/a* — dy (log (y) — 2log( 1a/c:r\/\/: )

da
+ \/2_—5(270y 17a — 13) log (a) + 2a° log (a)y — 24a(log (a))* y*

VAVGT ST avs

_ -2 - — 4(1 — 1
+ e (3a*(3a — 2) +y) o (54 a+4(1 — 6a)y + 19y%),
1<y <a.

It may look as if the terms of F; and F», haven’t been collected in
an optimal way. The reason is that we have written the expressions so
that each term is finite in every point of its domain.

The density function f(z) = %€ is plotted in Figure 12. Its domain
s0<z< %

The first, second, and third moments of the distribution are obtained
by integration

1
% ba+7 1 VB
oq:/\/gxf(x)dx: a7 _ L V5 s,
0

180 20 90
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FIGURE 12. The density function f(x) = %ff) for the
area fraction of a random triangle in a regular pentagon.
x ranges from 0 to 1/\/5

1
E o, 4a + 23 1 NG
_ dr = — 4+ Y2 & 009824,
@2 /0 v f@)dr = =550~ = T30 1500

~ .001704.

1
* 14a+199 32 19V5
pr— d - -
o /0 " flz)de = —orats 58125 75000

6. THE CALCULATION OF THE h,,,.

The calculations leading to the h,,, leads to solving singular inte-
grals. On several occasions we had to use limiting procedures when
inserting the boundaries. We will not digress on this here but refer the
reader to section 6 in [11], which discusses the used methods.

Usually, Maple answers with its dilog function dilog(x) = Lis(1 —x).
During the simplifications of this paper, we had to deduce relations
between the dilog functions. Here are some examples which hold when

a:@and0<y<a.
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(16)
2 _ 4 4 2 /4 4
dilog a4 a 4 + dilog @ty 7 - dilog (Q)
2a 2a a
2 _ 4_ ¢ 2 /
+dilog (a 2a y) + dilog ( i ) —(log a) =0
(17)
o <2a —1- /1 —|—4y/a> + dilos <2a —1+4/1 —|—4y/a>
2a 2a
+dilog (g(Qa —1—y/1+ 4y/a)> + dilog (g(Qa —1++1+ 4y/a))
dilog (£) +1 log (a — y) — log (y)1 3(log a)? = ~7°
+dilog () +log (y/a)log (a —y) —log (y) log a + 3(loga)” = om

(18) log (a* — v/3a — 2) + 2log (av/3a — 2 + 1) = log (a) + 31og (2).

(19)
2 _ /92, —
2 dilog (%3“2) + 2dilog

+4(log (av/3a — 2+ 1))? — 4log (4a) log (av/3a — 2 + 1) = —(log (4a))?

Some dilogs involving a have explicit expressions like

(a2+ém)

2 71_2

1 2
(loga)” dilog(a?) = (loga)? — 0

2 15’

1 72
2 i )= _ 2
(20) dilog <a> 1 (loga)®,

dilog(a) =

2

4
dilog(—a) = % — (loga)? — 2iTloga.

7. THE GOLDEN RATIO.

The appearance of the golden ratio a = # in the pentagon calcu-
lations stems from the fact that cos 2?” = ﬁ We shall describe where
it enters into the calculation. This occurs when we do the affine trans-
formation of the regular pentagon to the pentagons in Figure 2 and
Figure 4. The transformation to Figure 2 is chosen so that three ad-
jacent vertices sit in (1,0), (0,0) and (0,1). The "fourth” vertex, i.e.
the one at the top in Figure 2, then sits in (1,a). We do the same
kind of transformation also for the square and the hexagon calculation.

When done for a regular n-gon, the fourth vertex gets the position
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<1 sin (3”/n)>. For n =4, 5, 6, 8, and 10 this gives the y-coordinates of

? sin(w/n)
point four: 1, a, 2, 1+ /2, and 1 + a, respectively. This means that
a enters for n = 5 and 10.

Iterating the equation a?> = a + 1 , we get a® = 2a + 1, a* = 3a + 2,
a® = 5a + 3, etc., which are linear expressions for the powers of a.
The coefficients are the Fibonacci numbers. The iteration can also be
run backwards giving a™! =a -1, a2 =2 —a, a=® = 2a — 3, etc..
A great part of the calculations of this paper consists of simplifying
expressions using these linear expressions. We have constructed two
maple procedures, one for replacing powers of a with linear expressions
and one for going the other way looking for linear expressions that
can be replaced by powers of a. They have been indispensable in the
calculations.

8. COMPARISON WITH TRIANGLE, SQUARE, AND HEXAGON
RESULTS.

We have given the distribution functions for the area of a triangle in
a triangle, in a square, and in a regular hexagon in references [8], [10],
[11], respectively. Even though the expressions for the densities f3, f4,
f5, and fg, in the four cases are widely different, their graphs are almost
identical. All four take the value 12 at the origin and their derivatives
at the origin are —167%. Their second derivatives are infinite at the
origin. Their domains of definition are (0,1) for the triangle, (0, 3)
for the square and the hexagon, and (0, %) for the pentagon. We
have plotted all four in Figure 13. Only f3 for the triangle can be
distinguished from the other three. To give an idea of the difference
between the curves, we give their values at z = .1: f3(.1) = 3.652,
fa(:1) =~ 3.848, f5(.1) ~ 3.908, and f5(.1) ~ 3.926.

9. CONCLUDING COMMENT.

We have not shown any integral calculations in detail. In principle,
they are elementary, which doesn’t mean that they don’t require a sub-
stantial effort. The calculations would not have been possible without
some tool like Maple or Mathematica for handling the large number of
terms that come out of the integrations. This doesn’t mean that Maple
performs the integrations automatically. Often, we had to split up the
integrands into parts and treat each part in a special way. We had to
do some partial integrations manually. A substantial part of the work
has been spent on simplifying the integrals that Maple produces.

It should be pointed out that Maple isn’t reproducible in the sense
that it doesn’t always give exactly the same answer. The terms often
come in a different order when you rerun a calculation. This implies
that partial results must be saved.
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F1GURE 13. The density functions for the area of a tri-
angle in a triangle, square, pentagon, and hexagon. It
is the triangle density that is descernable from the other
three, which are very close.

We will supply any interested reader with Maple files describing the
calculations.

APPENDIX A

The dilogarithm function Liy(z) is defined in [6] and [16] for complex
T as
“log(l —t
(21) Liy(z) = —/ log(1 1) 4.
0 t
When z is real and greater than unity, the logarithm is complex. A

branch cut from 1 to co can give it a definite value.
We have the series expansion

> k
. i
k=1

This implies that Lis(x) is analytic in the unit circle. Although the
series (22) is only convergent for |z| < 1, the integral in (21) is not
restricted to these limits and Re(Liy(x)) is defined and is real on the
whole real axis. We use this function for |z| < 1.
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FIGURE 14. The function Re(Liy(x)).

The definition of the dilogarithm function has varied a little from
author to author. Maple has the function polylog(2, ) which is de-
fined by the series expansion (22) for |z| < 1 otherwise by analytic
continuation. Maple also has a function dilog(z) = Liy(1 — x) defined
on the whole real axis. Maple’s dilog function is the same as the dilog
function given in [1], page 1004.

Re(Liy(x)) is increasing from Re(Liz(0)) = 0 via Re(Liy(1)) =72/6
to its maximum Re(Liy(2)) = 7%/4.
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