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1. Introduction

We are going to concentrate on the Mandelbrot sets for monic one dimensional polynomials of
the form f_, (2) = Z“ +c. Note that the critical point fc'yk(z ;) =0 isthe same for all of them

(zero), and that infinity is an super-attractive fixed point. The Mandelbrot set is defined as for the
standard case k=2.
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M, setsfor k=2, 5 and 8, drawn with a distance estimation algorithm

The set of point created by the iteration of z,,, = f_,(z,) with z, =0 is called the orbit of
z, = 0. Each point in the orbit is thus

n times

Zn = fc,k(fc,k(fc,k ("'fc,k(zo)))) = fco,E(Zo)

and when applied to z, =0 expands the next polynomias in c:z, = f_;(0) =T,’(c). So,
T2(c)=0, TX(c)=c, T2(c)=c“+c and so on. Then, a point ¢ belongs to M, if
T, (c) remainsbounded as N ® ¥

M, :{CT C:LE@rQTk”(c)‘ - ¥}




2. Symmetries

After looking to some of the pictures one is tempted to make at least two observations. First, that
the set seems to be always symmetric around the real axis. Second, the sets are symmetric under

2p >m/(k - 1) angle rotation. We will quickly show that both are indeed true.

2.1. Vertical Symmetry

Vertica symmetry translates to saying that if a given point ¢ belongs to the M set, then it's
conjugate does also: ¢l M, ¢ T M,. The result comes from the fact that the iteration of

f. develops a polynomial in ¢ with only rea coefficients. But, let's show it anyway by
induction.

Let's assume that for one of the iterations we have
INOEINCD)

meaning that if cbelongstoM,, then ¢ will also do, since the modulus of a complex number

and its conjugate is the same. So, this T, (C) is symmetrical. Let's examine now what happens to
the next iteration both for ¢

T = () +c
and for ¢’
T = (1)) +¢

From the property that for any complex number w and integer a we have (W* )a = (Wal ) we
conclude

Nl y ¥ nyoxy K * n k| * n k I nt «
o) = (o) oo = ()] v = (o) +of =)
and thus the next iterate is symmetrical too. In other words

T, (c)issymmetrical  T,"*(c) is symmetrical

We just need to check that Tk1 (c) = cis symmetric to arrive to the conclusion that all the iterates
T, are symmetrical.

Ty ()" ¢

T, ()| =

Therefore the complete M, set is symmetrical around the real axis:



2.2. Rotational Symmetry

For the rotational symmetry we proceed in a similar way. Let's cal a n- symmetry to a
rotational symmetry of 20 3>my/n radians, for any integers mand n. Now, we first assume that one
iterate T," (C) is (k-1)-symmetric as the pictures suggest. That translates to

i2p

T (0) e ™ kel =T (oo™ ey

and now we try to demonstrate that next iterate will also be symmetrical. For that we anayze the
iteration:

) ) k )
Triee ™ty = T0(ee ™Vl +oe ™k

By the assumption we made,

k
T (cxe™ 71y = T (0) Tt g e ier = (Tk” (c)) s 1 4 ¢ i

= (Tkn (C))k @iﬁp%'l +C >ei>2p = ((Tkn (C))k + C)>ei>gp>kk'1 = Tkn+l (C) @iﬁp%'l

So, again,

i2p i2p

Tkn (C) xe k-1 = Tkn (C >ei>Qp k-l) Tkn+1(C) x@ k-1 — -I-kn+1 (C >ei>Qp k-l)

Because we can easily check that for n=1 the assumption holds, and because

=W

we can say that

‘Wmia

Tk”(c>ei’2p k1) "

Ty (C)‘ =

We put it in other way,

~ P2 ~
M, o] M,

And this confirms the rotational symmetry of the pictures. This symmetry, plus the symmetry
around the real axis can be exploited to speed up rendering or pixel-counting-based area
calculation methods.



3. Main bulb parametrization

As for the classical Mandelbort set k=2, the boundary of the main hyperbolic component can be
anaytically found. The main hyperbolic component or period one hyperbolic component H,i is

the subset M, for which the orbit converges to a fixed point. This means, that for a sufficient
large enough n,

Zyn = f(2,) = 2 +C
or by removing the subscript for clarity
c=2z-12

Because we want the orbit to converge in practice (ie, that the fixed point is attractive), we need
to pay attention to the derivative of the iterated function (respect to the iterated variable) :

f'(2) =kz**
Actually, the fixed point theorem says that we need it's modulus to be less or equal to one

\ f '(z)\ £1

Intuition suggests that the derivative should be less than one in the inside, and equal to one in the
boundary. In fact this was demonstrated by Douady and Hubbard, that made a more complete
description on the hyperbolic components (showing for example that all are connected and

isomorphic to a disk).

To track the boundary of the main hyperbolic component (also known as main cardioid in the
M , set), we fix the derivative to have unit length

f'(2) =€"
so that
1 iw
z=kj—¢
k

Replacingin ¢ = z- Z* weget

The subscript "1" means that this is the curve in the parameter space (c) for the hyperbolic
component of period 1.



From this result we see that the curve ¢(w) is not closed at least if the derivative travelsin acircle
between 0 and 2p . We know the curve must bound a connected set, so we conclude that the
derivative must wrap k-1 times while the parameter loops only once into the complete boundary:

1 1
Cl - elq _ elkq
k(q) k}l/(l k%l

OEg<p

For k=2 we get the well known result for the classical Mandelbrot set:

1., 1;
Cl :fe'q- 7e|2q
@)=5¢"-,

For k=3,
1 5, 1
C%(Q):E e’ - §esq

We show next the graphical representation of some of the curves on the family:
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Graph of C(g)and C;'(q) ontopofthe M and M, sets

It'simportant to note that

lim ! =1 and |lim ! =0
ke¥ | Y 4 ke¥ | %,
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What means that the curves converge into the unit circle. Thiswill be important later on.



4. Analything the curves: internal bound

For speeding up rendering of the classical Mandelbrot set, a common optimization is to directly
detect as internal points those belonging to the main cardioid H ; and the period 2 bulb H22 . As
shown in [1], these can be easily done checking if either

Si(c) = 256%d " - 96%6° +32:A{c} - 3

or

S(c)=4xc+1”-

are negative. Some formulas has been also derived for the boundary of the period 3 hyperbolic
components [2], but they involve complex hyperbolic trigonometric functions, are probably the
areainvolved does not worth the cost of evaluating the function.

For the case of a polynomial of degree 3 or more, things become even worse, so another solution
should be found if possible for speeding up rendering as much as possible.

From the description of the curves Ci (@) wecan at least try to calculate the bigger circle that can
inscribed in it. It's simple to check that the center of symmetry of the curve is O except for k=2.
Hence we can use the minimum modulus of ¢, (g) as upper bound for the optimization disc.

2

‘cﬁ(q)‘z— ky cos(i q) - V cos(ikg) + k; sin(iq) - k; sin(ikg) =

_ 1 12 . . o
= k%l + kz%-l kk+}/k_l (C05(| g) cos(ikg) +sin(ig) sin(i kq))

The function cos(ig) cos(ikg) +sin(ig) sin(ikg) is bounded to £1 (what can be checked by
showing that it's equivalent to cos(t(k - 1)) for example), so we can safely bound the complete
expression to

1 2
@ Tt =R)
kl k k-1 k k-1

From here we get that

1

Ro=——- —kl or equivalently R, = k%'k - k%"‘
k%—l kA—l

We will call this minimum radius of safety R, .



Note how

ImR, =1

k® ¥

We can now draw this safety circles together with the cﬁ (g) curves. Notice that the bigger k the
better the disk does on saving rendering or pixel counting time.

Circleswith radius R,and R, in red, together withc; (g) and C3(g) in black



5. External Bound

The oldest agorithm ever used for rendering the classic Mandelbrot set is the escape method.
Based on the fact that any orbit with a point outside the disk of radius max{c,Z} escapes to

infinity with no “back” stepping anymore, points can be detected to belong to the set as long as
the orbit never exceeds this distance from the origin.

The value 2 is not arbitrary. We will try to find the bailout for k other than max{c,2}, of the form

B, = max{C,Qk}. Assumethat |z, | is already bigger than |c| . Escape to infinity will occur then
if

|Zn+1 — ZE+C‘ >1 C'l' Mk

EAREA

Removing the subscripts for clarity, and by using the anti-triangle inequality

a+b? [d-

b

we get

R A B
FRR I

Since we assumed |Z > |c| we get

c\‘

2, +C ,

1
gt Cegtann P fzea

2z

So, in general we have

Q. =2%1 B, =maxf, 2|

Of course this generalizes to the case k=2. Note how the escape radius gets smaller as k increases.
Actualy,

imo. =1

Now that we have the escape radius, we can set an upper bound to the complete set. If
c 3 Q then B, =|c|isobviously abounding radius: let's say we start iterating for a point of c:



0,c,c +c,..

For the second iteration we have

k
c+e =c* 413 0¥ 13 |Q - 1=Q,,- 13 2-1=1

c

So, the set is completely contained in the disc or radius Q, .

Circleswithradius R, and Q, for k=2,4,10 and 36



6. Period 2 bulbs

It's very usual to people to know that for the classic Mandelbrot set the period two hyperbolic
component HZis a disc of radius 1/4 centered at —1. Can we find also such a description for k

other than 2? In [1] a direct method was used to derive both ¢ (g) and S’. Let’s show first how
the case k=2 can be done in another way that will allow to generalize the method for k>2.

6.1. Casefor k=2

We start by imposing that the after some iteration n, themap f 2(Z) must have afixed point:
z=(z"+c)’+c ® z'+2cxz°- z+(c*+c)=0

We know that points in the main hyperbolic component have an converging orbit, and since
convergence can be considered as being periodic of period 2 as well, we have to extract the
hidden solution that represents H ifrom the previous polynomial.

For period 1 we have

z=f(2) ® Zz°-z+c=0

So we do the division

4 2 2

Z +2cxz°- z+(c“+cC
. ( ):22+z+(c+1):0
z°-z+cC

The derivative must be analyzed as for ensuring the convergence:
1 =(£.2) @

and by the chain rule

I = 1), (,(2)) = 22522 +¢)

For easier later manipulation, we make the change of variable
9=1/4

The boundary of H; in the ¢ plane - Cg(q)- will be given by the fixed point theorem’s
constraint |/| =€'? (and the interior when the modulus is less than one and hence the iteration

converges) so we should be able to isolate z from one of the equations, and substitute in the other
one to get ¢ as a function of / . There is a technique called “resultant elimination” that is quite
simple to use:



1 1 1+c O 0
) N=0 01 1 1+c O
+z+(c+1) =
Zaz( )o ® 00 1 1 1+c = (c+1-/)?=0
z’+cz-g=
g 10 ¢ -g O
01 O c -g
We now undo the change of variable
=14/
c=-1+//
and impose the boundary condition to get
e’
C22(0)='1+7

6.2 Casefor k=3

Let's follow exactly the same steps for the case k=3. The second iterate must be equal to the
iterated value, so

z=1%(2 ® 2°+3c2+3°Z- z+(c*+¢c)=0
Again, this should be divisible by the period 1 polynomial

z=f(2) ® Zz°-z+c=0

7’ +3cz2° +3c%2° - z+(c*+c) _
Z’- z+c

2°+72"+2c+ 2" +cz+(c*+1) =0
For the derivative,

1 =(£.2)(2) = £,(2) xF,(2* +©) =92° XZ* +0)?

We make the change of variable

9°=//9 ® zxz°+c)-g=0

Applying the resultant elimination method resultsin a11x11 determinant this time:



2+ +2c2+ 2 +cz+(c*+1) =0

® = (- (g- D@+D’f =0
vz 920 | = - 90+y)

We undo the change of variable and we get

c:\/- 1+i/(/2+3/ - 9)
27

hence

@)= -1 L@ a9

Because of the square root we can conclude that there will be two hyperbolic components of
period 2, both symmetrical around the origin.

Comparing the formulas for the 022’3(67) one is tempted to believe that in general there will be k-1
hyperbolic components of period two, with aformula of the type

@) = 1+ 8°(.)

Anyway, we can at least draw the curves for k=2 and k=3:

g
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c2(g)and C-(q) in orange together with C}(g) and Ci(g) in black



7. Limit of the Area of the Mandelbrot set

We have aready shown that H,ﬁcomponent tends to the unit circle as k increases to infinity,
while the outer bounding disk has becomes smaller and smaller with aradius 1 aslimit. In general
we havethat, if A isthe areaof the Mandelbrot set M, .

pREEAEpQE=preic:
We showed that

IImR, =1

k® ¥

limQ, =1+

k® ¥

S0 we conclude that



8. Area of the main Hyperbolic component

Working with hyperbolic components of period bigger than two is not easy. Even period two
becomes problematic for k>3. However, the main oneis easy to deal with.

Recall that we got the following result for boundary of H i :

1 1
c (@)= e - e
«(@) k%'l k%'l

ikg

We can calculate the areainside of the curve by using the Green’s theorem from potential theory,
that is basically the same as the Stokes theorem applied to 2D.

1/ . —
) /."X TPgy DO = (Pdx+Qdy)

This basically means that we can replace an integral over a surface by an integral over the
boundary of that surface. It's obviously the perfect case for what we need, because the area is
basically the integral of the constant function 1 over the surface, and we indeed know the
boundary curve for it. It'saclassical result that by making P=-y and Q=x, the theorem transforms
into

_ _ _1
2 ! dxxdy = 2A= " (xdy - ydx) A= 5 (xdy - ydx)
Since our curve is parametric, we can do

¢, (@) = X(@) +i*y(q)
dx = x'(g) dg

dy =y'(g) xdg

2p , ,
A= T (xxy- y)dg

N

with

Kg) =——0odq) - —coska) ©® x(g) =——(sin(ka) - Sn(@))

k k-1 kkk—l k -1
— 1 i _ i ] ' :i -
V@)= 5 sing) - psnka) © y'(@) k%_1( cos(kg) + cos(q))

k+1

X(@) %' (@) - ¥(@)*X'(@) = 2(k + k<1 sin® ;ﬂk- D

SO



1: , , k+1
oy yucydg =p KD

kﬁ

A=

N |

that we rewrite as
k+1

A =p(k+Dk
For the standard Mandelbrot set, the area of the main cardioid isthen A; = 3/%

There are the values for the first k:

3 4 5
Aiz ép@p’ﬁp’"'

It's clear also that

limA =p

k® ¥

Recall that we showed the complete area of the set is also one in the limit. As consequence we
can conclude that the relative area of the rest of hyperbolic components vanish as the degree of
the polynomial increases. Thisis something that agrees with the graphical experiments.

1 if h=1
0 if h>1



9. Experiments with pixel counting

Much has been discussed about the area of the standard Mandelbrot set. Only one
mathematically exact solution has been proposed, but it happens to be far too slow to use
in any computer. The area is given as a summation series, may be a bit disappointing for
many people that would expect a nice small and compact formula, probably involving a
few universal constants (p, Feigenbaun number, e, ...). There has been many
experiments in other directions, thou, as pixel counting approaches (sometimes assisted
by the distance estimator to better bound the error) [3].

Here we will not care that much about the exact value of the area for the standard
Mandelbrot set, but the behavior of the area as k increases instead. We know the areais
asymptotically approaching p. We aso know, as discussed before, that the period one
hyperbolic component influences more and more in the total area, so the graph should
asymptotically behave as the formulawe got for A;.

Only in the reddish region the pixel counting is done

This is the results after a low resolution (40967 px, 530*it.) pixel counting method. However,
the knowledge of R, and Q, was used, as well as the rotational symmetry of the sets to speed up

the calculation time. The table below shows some results from k=2 to k=31. No more than two
decimals are probably correct.

1.5065 1.7959 1.9828 2.1167 2.2183 2.2986 2.3642 2.4188

2.4655 2.5052 2.5405 25712 2.5984 2.6230 2.6451 2.6650

2.6835 2.7000 2.7157 2.7299 2.7432 2.7553 2.7669 2.7778

2.7876 2.7970 2.8059 2.8143 2.8223 2.8299




Approximated values of A, in green, and exact values for Aiin red

The green graph comes from the experimental results. The red one is the represents the area of the
period one hyperbolic component H,i calculated with the formula we got for Af As expected,
the red graph gets closer to the green one as k increases.

To better understand the behavior for big k, we can also calculate the area for the first powers of
two. For k>16 agrid of 16384° was used with 10° iterations. As expected, areas approach p .

1.5065 1.9829 2.3642 2.6451 2.8369 2.9606 3.0366

3.0816 3.1081 3.1231 3.1313 3.1358 3.1379 3.1387

Areavaluesfor A,, A,, Ay, Ag - Agsss

A graph, with logarithmic scale
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