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1 c/bin/Makefile

## mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
## Copyright (C) 2015−2018 Claude Heiland −Allen
## License GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 p r e f i x ?= $ (HOME)/opt
CC ?= gcc

PKGCONFIG := PKG CONFIG PATH=”$ ( p r e f i x ) / l i b / pkgconf ig ” pkg− c on f i g
COMPILE := $ (CC) −std=c99 −Wall −Wextra −pedant ic −fPIC −fopenmp −O3 −pipe −MMD ⤦

Ç ‘ $ (PKGCONFIG) −− c f l a g s mandelbrot−numerics mandelbrot−symbol ics ‘
10 LINK := $ (CC) −fopenmp

LIBS := ‘ $ (PKGCONFIG) −− l i b s mandelbrot−numerics mandelbrot− symbol i c s s nd f i l e ⤦
Ç ‘ −lmpc − lmpfr −lgmp −lm

OBJECTS := $ ( patsubst %.c ,%.o , $ ( wi ldcard ∗ . c ) )
DEPENDS := $ ( patsubst %.o ,%.d , $ (OBJECTS) )
EXES := $ ( patsubst %.o ,% ,$ (OBJECTS) )

15 JSEXES := $ ( patsubst %.o ,%. j s , $ (OBJECTS) )

a l l : $ (EXES)

j s : $ (JSEXES)
20

c l ean :
@echo ”CLEAN” ; rm − f $ (OBJECTS) $ (DEPENDS) $ (EXES)

i n s t a l l : $ (EXES)
25 i n s t a l l −d ”$ ( p r e f i x ) / bin ”

i n s t a l l −m 755 −t ”$ ( p r e f i x ) / bin ” $ (EXES)

%: %.o
@echo ”EXE $@” ; $ (LINK) −o $@ $< $ (LIBS) | | ( echo ”ERROR $ (LINK)⤦

Ç −o $@ $< $ (LIBS) ” && f a l s e )
30

%.o : %.c
@echo ”O $@” ; $ (COMPILE) −o $@ −c $< | | ( echo ”ERROR $ (COMPILE⤦

Ç ) −o $@ $<” && f a l s e )

%. j s : %.o
35 emcc −O2 −o $@ $< ${ p r e f i x }/ l i b / l ibmandelbrot −numerics . a ${ p r e f i x }/ l i b /⤦

Ç l ibmpc . a ${ p r e f i x }/ l i b / l ibmpfr . a ${ p r e f i x }/ l i b / libgmp . a

. SUFFIXES :

.PHONY: a l l j s c l ean i n s t a l l

.SECONDARY: $ (OBJECTS)
40

− i n c lude $ (DEPENDS)

2 c/bin/m-attractor.c
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// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

s t a t i c void usage ( const char ∗progname ) {
10 f p r i n t f

( s t d e r r
, ” usage : %s p r e c i s i o n z−guess − re z−guess −im c− re c−im per iod maxsteps\n”
, progname
) ;

15 }

extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( argc != 8) {

usage ( argv [ 0 ] ) ;
20 re turn 1 ;

}
bool nat ive = true ;
i n t b i t s = 0 ;
i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }

25 i f ( nat ive ) {
double z r e = 0 ;
double zim = 0 ;
double c r e = 0 ;
double cim = 0 ;

30 i n t per iod = 0 ;
i n t maxsteps = 0 ;
i f ( ! a rg doub le ( argv [ 2 ] , &zre ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 3 ] , &zim ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 4 ] , &cre ) ) { re turn 1 ; }

35 i f ( ! a rg doub le ( argv [ 5 ] , &cim ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 6 ] , &per iod ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 7 ] , &maxsteps ) ) { re turn 1 ; }
complex double z = 0 ;
m newton r = m d att rac to r (&z , z r e + I ∗ zim , c r e + I ∗ cim , per iod , ⤦

Ç maxsteps ) ;
40 f p r i n t f ( s tde r r , ” r e s u l t : %s \n” , r == m fa i l ed ? ” f a i l e d ” : r == m stepped ? ⤦

Ç ” stepped ” : r == m converged ? ” converged ” : ”unknown”) ;
p r i n t f (”%.16 e %.16e\n” , c r e a l ( z ) , cimag ( z ) ) ;
r e turn 0 ;

} e l s e {
mpc t z guess , c ;

45 i n t per iod = 0 ;
i n t maxsteps = 0 ;
mpc in i t2 ( z guess , b i t s ) ;
mpc in i t2 ( c , b i t s ) ;
i f ( ! arg mpc ( argv [ 2 ] , argv [ 3 ] , z gue s s ) ) { re turn 1 ; }

50 i f ( ! arg mpc ( argv [ 4 ] , argv [ 5 ] , c ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 6 ] , &per iod ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 7 ] , &maxsteps ) ) { re turn 1 ; }
mpc t z out ;
mpc in i t2 ( z out , b i t s ) ;

55 m newton r = m r a t t r a c t o r ( z out , z guess , c , per iod , maxsteps ) ;
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f p r i n t f ( s tde r r , ” r e s u l t : %s \n” , r == m fa i l ed ? ” f a i l e d ” : r == m stepped ? ⤦
Ç ” stepped ” : r == m converged ? ” converged ” : ”unknown”) ;

mp f r p r i n t f (”%Re %Re\n” , mpc r ea l r e f ( z out ) , mpc imagref ( z out ) ) ;
mpc c lear ( z out ) ;
mpc c lear ( z gue s s ) ;

60 mpc clear ( c ) ;
r e turn 0 ;

}
re turn 1 ;

}

3 c/bin/m-ball-period.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

s t a t i c void usage ( const char ∗progname ) {
10 f p r i n t f

( s t d e r r
, ” usage :\n%s p r e c i s i o n center − re center −im rad iu s maxperiod\n”
”%s p r e c i s i o n per iod rad iu s maxperiod <<EOF\n”
” center − re \ncenter −im\nEOF\n”

15 , progname , progname
) ;

}

extern i n t main ( i n t argc , char ∗∗ argv ) {
20 i f ( argc != 4 && argc != 6) {

usage ( argv [ 0 ] ) ;
r e turn 1 ;

}
bool nat ive = true ;

25 i n t b i t s = 0 ;
i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }
i f ( nat ive ) {

double c r e = 0 ;
double cim = 0 ;

30 double rad iu s = 0 ;
i n t maxperiod = 0 ;
i f ( argc == 4)
{

i f ( ! s td in doub l e (&cre ) ) { re turn 1 ; }
35 i f ( ! s td in doub l e (&cim ) ) { re turn 1 ; }

i f ( ! a rg doub le ( argv [ 2 ] , &rad iu s ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 3 ] , &maxperiod ) ) { re turn 1 ; }

}
e l s e

40 {
i f ( ! a rg doub le ( argv [ 2 ] , &cre ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 3 ] , &cim ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 4 ] , &rad iu s ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 5 ] , &maxperiod ) ) { re turn 1 ; }

6



mandelbrot-numerics c/bin/m-ball-vs-box-period.c

45 }
i n t per iod = m d ba l l p e r i od do ( c r e + I ∗ cim , radius , maxperiod ) ;
i f ( per iod > 0) {

p r i n t f (”%d\n” , per iod ) ;
r e turn 0 ;

50 }
} e l s e {

mpc t cente r ;
mpfr t rad iu s ;
i n t maxperiod = 0 ;

55 mpc in i t2 ( center , b i t s ) ;
mp f r i n i t 2 ( radius , 53) ;
i f ( argc == 4)
{

i f ( ! s td in mpfr ( mpc r ea l r e f ( c en t e r ) ) ) { re turn 1 ; }
60 i f ( ! s td in mpfr ( mpc imagref ( c en t e r ) ) ) { re turn 1 ; }

i f ( ! arg mpfr ( argv [ 2 ] , r ad iu s ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 3 ] , &maxperiod ) ) { re turn 1 ; }

}
e l s e

65 {
i f ( ! arg mpc ( argv [ 2 ] , argv [ 3 ] , c en t e r ) ) { re turn 1 ; }
i f ( ! arg mpfr ( argv [ 4 ] , r ad iu s ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 5 ] , &maxperiod ) ) { re turn 1 ; }

}
70 i n t per iod = m r ba l l p e r i od do ( center , radius , maxperiod ) ;

i f ( per iod > 0) {
p r i n t f (”%d\n” , per iod ) ;

}
mpc clear ( c ent e r ) ;

75 mpf r c l ea r ( rad iu s ) ;
r e turn per iod <= 0 ;

}
re turn 1 ;

}

4 c/bin/m-ball-vs-box-period.c

#inc lude <complex . h>
#inc lude <math . h>
#inc lude <s t d i o . h>
#inc lude <s t d l i b . h>

5

#de f i n e N 36
#de f i n e PI 3.141592653589793

s t a t i c i n t sgn ( double x )
10 {

re turn (x > 0) − (0 > x ) ;
}

s t a t i c double c r o s s ( double Complex a , double Complex b) {
15 re turn cimag ( a ) ∗ c r e a l (b) − c r e a l ( a ) ∗ cimag (b) ;

}

s t a t i c i n t c r o s s e s p o s i t i v e r e a l a x i s ( double Complex a , double Complex b) {
i f ( sgn ( cimag ( a ) ) != sgn ( cimag (b) ) ) {

7
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20 double Complex d = b − a ;
i n t s = sgn ( cimag (d) ) ;
i n t t = sgn ( c r o s s (d , a ) ) ;
r e turn s == t ;

}
25 re turn 0 ;

}

i n t main ( i n t argc , char ∗∗ argv )
{

30 i f ( argc < 4) re turn 1 ;
double Complex c = ato f ( argv [ 1 ] ) + I ∗ a to f ( argv [ 2 ] ) ;
double r = a to f ( argv [ 3 ] ) ;
double Complex c b a l l = c ;
double Complex z b a l l = c ;

35 double r b a l l = r ;
double Complex c box [N ] ;
double Complex z box [N ] ;
f o r ( i n t i = 0 ; i < N; ++i )
{

40 double t = 2 ∗ PI ∗ ( i + 0 . 5 ) / N;
c box [ i ] = z box [ i ] = c + r ∗ ( cos ( t ) + I ∗ s i n ( t ) ) ;

}
i n t ba l l f ound = 0 ;
i n t box found = 0 ;

45 i n t both found = 0 ;
f o r ( i n t p = 1 ; p < 100 ; ++p)
{

double a box = 0 ;
f o r ( i n t i = 0 ; i < N; ++i )

50 {
a box += c r e a l ( z box [ i ] ) ∗ cimag ( z box [ ( i +1)%N] ) − c r e a l ( z box [ ( i +1)%N] ) ∗⤦

Ç cimag ( z box [ i ] ) ;
}
a box = 0 .5 ∗ f abs ( a box ) ;
double r box = sq r t ( a box / PI ) ;

55 i n t p b a l l = cabs ( z b a l l ) <= r b a l l ;
i n t count = 0 ;
f o r ( i n t i = 0 ; i < N; ++i )
{

count += c r o s s e s p o s i t i v e r e a l a x i s ( z box [ i ] , z box [ ( i +1)%N] ) ;
60 }

i n t p box = count & 1 ;
ba l l f ound |= p ba l l ;
box found |= p box ;
both found = ba l l f ound && box found ;

65 p r i n t f (”%d\ t%e\ t%e\ t%d\ t%d\n” , p , r b a l l , r box , p ba l l , p box ) ;
f f l u s h ( stdout ) ;
i f ( both found ) break ;
r b a l l = (2 ∗ cabs ( z b a l l ) + r b a l l ) ∗ r b a l l ;
z b a l l = z b a l l ∗ z b a l l + c b a l l ;

70 f o r ( i n t i = 0 ; i < N; ++i )
{

z box [ i ] = z box [ i ] ∗ z box [ i ] + c box [ i ] ;
}

}
75 re turn 0 ;

8
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}

5 c/bin/m-box-misiurewicz.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

s t a t i c void usage ( const char ∗progname ) {
10 f p r i n t f

( s t d e r r
, ” usage : %s p r e c i s i o n center − re center −im rad iu s maxpreperiod maxperiod\n”
, progname
) ;

15 }

extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( argc != 7) {

usage ( argv [ 0 ] ) ;
20 re turn 1 ;

}
bool nat ive = true ;
i n t b i t s = 0 ;
i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }

25 i f ( nat ive ) {
double c r e = 0 ;
double cim = 0 ;
double rad iu s = 0 ;
i n t maxpreperiod = 0 ;

30 i n t maxperiod = 0 ;
i f ( ! a rg doub le ( argv [ 2 ] , &cre ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 3 ] , &cim ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 4 ] , &rad iu s ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 5 ] , &maxpreperiod ) ) { re turn 1 ; }

35 i f ( ! a r g i n t ( argv [ 6 ] , &maxperiod ) ) { re turn 1 ; }
i n t preper iod = −1;
i n t per iod = 0 ;
bool ok = m d box mis iurewicz do(&preper iod , &per iod , c r e + I ∗ cim , radius ,⤦

Ç maxpreperiod , maxperiod ) ;
i f ( ok ) {

40 p r i n t f (”%d %d\n” , preper iod , per iod ) ;
}
re turn ok ? 0 : 1 ;

} e l s e {
mpc t cente r ;

45 mpfr t rad iu s ;
i n t maxpreperiod = 0 ;
i n t maxperiod = 0 ;
mpc in i t2 ( center , b i t s ) ;
mp f r i n i t 2 ( radius , b i t s ) ;

50 i f ( ! arg mpc ( argv [ 2 ] , argv [ 3 ] , c en t e r ) ) { re turn 1 ; }
i f ( ! arg mpfr ( argv [ 4 ] , r ad iu s ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 5 ] , &maxpreperiod ) ) { re turn 1 ; }

9
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i f ( ! a r g i n t ( argv [ 6 ] , &maxperiod ) ) { re turn 1 ; }
i n t preper iod = −1;

55 i n t per iod = 0 ;
bool ok = m r box mis iurewicz do (&preper iod , &period , center , radius , ⤦

Ç maxpreperiod , maxperiod ) ;
i f ( ok ) {

p r i n t f (”%d %d\n” , preper iod , per iod ) ;
}

60 mpc clear ( c ent e r ) ;
mp f r c l e a r ( rad iu s ) ;
r e turn ok ? 0 : 1 ;

}
re turn 1 ;

65 }

6 c/bin/m-box-period.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

s t a t i c void usage ( const char ∗progname ) {
10 f p r i n t f

( s t d e r r
, ” usage : %s p r e c i s i o n center − re center −im rad iu s maxperiod\n”
, progname
) ;

15 }

extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( argc != 6) {

usage ( argv [ 0 ] ) ;
20 re turn 1 ;

}
bool nat ive = true ;
i n t b i t s = 0 ;
i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }

25 i f ( nat ive ) {
double c r e = 0 ;
double cim = 0 ;
double rad iu s = 0 ;
i n t maxperiod = 0 ;

30 i f ( ! a rg doub le ( argv [ 2 ] , &cre ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 3 ] , &cim ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 4 ] , &rad iu s ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 5 ] , &maxperiod ) ) { re turn 1 ; }
i n t per iod = m d box per iod do ( c r e + I ∗ cim , radius , maxperiod ) ;

35 i f ( per iod > 0) {
p r i n t f (”%d\n” , per iod ) ;
r e turn 0 ;

}
} e l s e {

40 mpc t cente r ;

10
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mpfr t rad iu s ;
i n t maxperiod = 0 ;
mpc in i t2 ( center , b i t s ) ;
mp f r i n i t 2 ( radius , b i t s ) ;

45 i f ( ! arg mpc ( argv [ 2 ] , argv [ 3 ] , c en t e r ) ) { re turn 1 ; }
i f ( ! arg mpfr ( argv [ 4 ] , r ad iu s ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 5 ] , &maxperiod ) ) { re turn 1 ; }
i n t per iod = m r box per iod do ( center , radius , maxperiod ) ;
i f ( per iod > 0) {

50 p r i n t f (”%d\n” , per iod ) ;
}
mpc clear ( c ent e r ) ;
mp f r c l e a r ( rad iu s ) ;
r e turn per iod <= 0 ;

55 }
re turn 1 ;

}

7 c/bin/m-circles.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 // m− c i r c l e s . c (C) 2016 Claude Heiland −Allen <claude@mathr . co . uk>
// demonstrate d i s t o r t i o n o f some c i r c l e − l i k e components in the Mandelbrot s e t
// see : http ://math . stackexchange . com/q/1857237/209286

#inc lude <complex . h>
10 #inc lude <s t d i o . h>

#inc lude <mandelbrot−numerics . h>
// https : // code . mathr . co . uk/mandelbrot−numerics
//

15 // m d in t e r i o r ( z out , c out , z guess , c guess , coord inate , per iod , s t ep s ) ;
// Find a po int with g iven i n t e r i o r ’ coord inate ’ in a hype rbo l i c component o f
// ’ per iod ’ ( magnitude 1 i s boundary ) .
// Uses Newton ’ s method with at most ’ s teps ’ .
//

20 // m d nucleus ( c out , c guess , per iod , s t ep s ) ;
// Find the nuc leus o f a hype rbo l i c component with g iven ’ per iod ’ .
// Uses Newton ’ s method with at most ’ s teps ’ .
//
// m d s i ze ( nucleus , per iod ) ;

25 // Find a s i z e e s t imate f o r a hype rbo l i c component .
// For c i r c u l a r − l i k e components , approximates the diameter .

#de f i n e twopi 6.283185307179586

30 i n t main ( i n t argc , char ∗∗ argv ) {
( void ) argc ;
( void ) argv ;

// i n i t i a l component
35 i n t per iod = 2 ;

double s i z e = 0 . 5 ;
complex double nuc leus = −1;

11
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complex double l e f t p o i n t = −1 .25 ;
complex double r i gh tpo i n t = −0 .75 ;

40

// cons id e r components heading towards − i n f on the per iod −doubl ing cascade
f o r ( i n t depth = 0 ; depth < 12 ; ++depth ) {

// geometr ic midpoint might d i f f e r from nuc leus in gene ra l
45 complex double midpoint = ( l e f t p o i n t + r i gh tpo i n t ) / 2 ;

double rad iu s = cabs ( r i gh tpo i n t − midpoint ) ;

// t r a c e boundar ies o f components
complex double z = nucleus , c = nuc leus ;

50 f o r ( i n t t = 0 ; t < 360 ; ++t ) {

// m d in t e r i o r i s unstab le at root po int ( theta = 0) , hence adding 0 .5 deg
double theta = twopi ∗ ( t + 0 . 5 ) / 360 ;
m d in t e r i o r (&z , &c , z , c , cexp ( I ∗ theta ) , per iod , 64) ;

55

// compute the geometr ic d i s t ance to the midpoint
// d iv id e by the geometr ic rad iu s to normal ize output range
double d i s t ance = cabs ( c − midpoint ) / rad iu s ;

60 // output with f u l l p r e c i s i o n
p r i n t f (”%.18g\n” , d i s t anc e ) ;

}

// separa to r between curves f o r gnuplot
65 p r i n t f (”\n\n”) ;

// advance to the next component
per iod ∗= 2 ;

70 // the next component i s approximately 1/4 the s i z e
complex double es t imate = nuc leus − 1 .25 ∗ ( s i z e / 2) ;
m d nucleus(&nucleus , est imate , per iod , 64) ;
s i z e = cabs ( m d s i ze ( nucleus , per iod ) ) ;

75 // update edges − can ’ t f i nd r i gh tpo i n t with m d in t e r i o r due to i n s t a b i l i t y
r i gh tpo i n t = l e f t p o i n t ;
m d in t e r i o r (&z , &l e f t p o i n t , nucleus , nucleus , −1 , per iod , 64) ;

}
80

re turn 0 ;
}

8 c/bin/m-describe.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2019 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <complex . h>
#inc lude <math . h>
#inc lude <s tdboo l . h>
#inc lude <s t d i o . h>
#inc lude <s t d l i b . h>

12
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10 #inc lude <s t r i n g . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

s t a t i c const char ∗compass [ 1 6 ] =
15 { ” ea s t ”

, ” east −north− ea s t ”
, ”north− ea s t ”
, ”north−north− ea s t ”
, ” north ”

20 , ”north−north−west”
, ”north−west”
, ”west−north−west”
, ”west ”
, ”west−south−west”

25 , ” south−west”
, ” south−south−west”
, ” south ”
, ” south−south− ea s t ”
, ” south− ea s t ”

30 , ” east −south− ea s t ”
} ;

s t a t i c i n l i n e double cabs2 ( double Complex z ) {
re turn c r e a l ( z ) ∗ c r e a l ( z ) + cimag ( z ) ∗ cimag ( z ) ;

35 }

i n t main ( i n t argc , char ∗∗ argv )
{

i f ( argc < 7)
40 {

f p r i n t f ( s tde r r , ” usage : %s p r e c i s i o n maxperiod maxiters re im ncpus\n” , argv⤦
Ç [ 0 ] ) ;

r e turn 1 ;
}
bool nat ive = true ;

45 i n t b i t s = 0 ;
i n t maxperiod = 0 ;
i n t maxiters = 0 ;
i n t ncpus = 0 ;
i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }

50 i f ( ! a r g i n t ( argv [ 2 ] , &maxperiod ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 3 ] , &maxiters ) ) { re turn 1 ; }
i f ( nat ive ) {

double c r e = 0 ;
double cim = 0 ;

55 i f ( ! a rg doub le ( argv [ 4 ] , &cre ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 5 ] , &cim ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 6 ] , &ncpus ) ) { re turn 1 ; }

double Complex c = cre + I ∗ cim ;
60 double Complex z = 0 ;

double Complex dc = 0 ;
p r i n t f (” the input po int was %+.18 f + %+.18 f i \n” , c r e a l ( c ) , cimag ( c ) ) ;
bool escaped = f a l s e ;
f o r ( i n t i = 0 ; i < maxiters ; ++i )

65 {

13
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dc = 2 ∗ z ∗ dc + 1 ;
z = z ∗ z + c ;
i f ( ! escaped && cabs2 ( z ) > 1e10 )
{

70 double mu = i + 1 − l og2 ( l og ( cabs ( z ) ) ) ;
double de = 2 ∗ cabs ( z ) ∗ l og ( cabs ( z ) ) / cabs ( dc ) ;
p r i n t f (” the po int escaped with dwel l %.5 f \nand e x t e r i o r d i s t ance ⤦

Ç es t imate %.5g\n” , mu, de ) ;
escaped = true ;

}
75 }

i f ( ! escaped )
{

p r i n t f (” the po int didn ’ t escape a f t e r %d i t e r a t i o n s \n” , maxiters ) ;
}

80 p r i n t f (”\ nnearby hype rbo l i c components to the input po int :\n”) ;
double Complex cp e r i o d i c = 0 ;
double p e r i o d i c = 1 .0 / 0 . 0 ;
i n t l a s t l a s t p e r i o d = 1 ;
i n t l a s t p e r i o d = 1 ;

85 bool i n t e r i o r = f a l s e ;
z = 0 ;
f o r ( i n t per iod = 1 ; per iod <= maxperiod && ! i n t e r i o r ; ++per iod )
{

z = z ∗ z + c ;
90 double m = cabs ( z ) ;

i f (m <= pe r i o d i c )
{

pe r i o d i c = m;
double Complex q ;

95 i f ( m fa i l ed != m d nucleus(&q , c , per iod , 64) )
{

double Complex w = 0 ;
f o r ( i n t i = 0 ; i <= 64 ; ++i )
{

100 m d att rac to r (&w, w, ( c p e r i o d i c ∗ (64 − i ) + i ∗ q ) / 64 , l a s t p e r i od ⤦
Ç , 64) ;

}
double Complex dw = 1 ;
f o r ( i n t i = 0 ; i < l a s t p e r i o d ; ++i )
{

105 dw ∗= 2 ∗ w;
w = w ∗ w + q ;

}
double Complex nuc l eus domain coord inate = dw;
double Complex u = 0 , v = 0 ;

110 f o r ( i n t i = 1 ; i <= l a s t p e r i o d ; ++i )
{

u = u ∗ u + q ;
i f ( i == l a s t l a s t p e r i o d )

v = u ;
115 }

double Complex atom domain coordinate = u / v ;
c p e r i o d i c = q ;
l a s t l a s t p e r i o d = l a s t p e r i o d ;
l a s t p e r i o d = per iod ;

120 i n t d i r = round ( carg (q − c ) / 6.283185307179586 ∗ 16) ;

14
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d i r += 16 ;
d i r %= 16 ;
double Complex r = m d s ize (q , per iod ) ;
i n t s d i r = round ( carg ( r ) / 6.283185307179586 ∗ 16) ;

125 s d i r += 16 ;
s d i r += 8 ;
s d i r %= 16 ;
i n t c a rd i o i d = m d shape d i sc r iminant ( m d shape est imate (q , per iod ) ) ⤦

Ç == m cardio id ;
p r i n t f (

130 ”\n− a per iod %d %s \n”
” with nuc leus at %+.18 f + %+.18 f i \n”
” the component has s i z e %.5g and i s po in t ing %s \n”
” the atom domain has s i z e %.5g\n”
” the nuc leus domain coord inate i s %.5g at turn %.18 f \n”

135 ” the atom domain coord ina te i s %.5g at turn %.18 f \n”
” the nuc leus i s %.5g to the %s o f the input po int \n”
, per iod , c a rd i o i d ? ” ca rd i o i d ” : ” c i r c l e ”
, c r e a l ( q ) , cimag (q )
, cabs ( r ) , compass [ s d i r ]

140 , m d domain s ize (q , per iod )
, cabs ( nuc l eus domain coord inate ) , fmod ( carg (⤦

Ç nuc l eus domain coord inate ) / 6.283185307179586 + 1 , 1)
, cabs ( atom domain coordinate ) , fmod ( carg ( atom domain coordinate ) / ⤦

Ç 6.283185307179586 + 1 , 1)
, cabs ( q − c ) , compass [ d i r ]
) ;

145 i f ( m fa i l ed != m d att rac to r (&w, z , c , per iod , 64) )
{

double Complex w0 = w;
double Complex dw = 1 ;
f o r ( i n t i = 0 ; i < per iod ; ++i )

150 {
dw = 2 ∗ w ∗ dw;
w = w ∗ w + c ;

}
double t = carg (dw) / 6 .283185307179586 ;

155 t −= f l o o r ( t ) ;
i n t e r i o r = cabs (dw) <= 1 ;
p r i n t f (

” the input po int i s %s to t h i s component at \n”
” rad iu s %.5g and ang le %.5 f ( in turns ) \n”

160 ” a po int in the a t t r a c t o r i s %+.18 f + %+.18 f i \n”
, i n t e r i o r ? ” i n t e r i o r ” : ” e x t e r i o r ”
, cabs (dw) , t
, c r e a l (w0) , cimag (w0)
) ;

165 i f ( i n t e r i o r )
{

double ide = 0 ;
double Complex dz = 0 ;
i f ( m d in t e r i o r d e (&ide , &dz , w0 , c , per iod , 64) )

170 {
p r i n t f (

” the i n t e r i o r d i s t ance es t imate i s %.5g\n”
, ide
) ;

15
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175 }
}

}
char ∗ l o = 0 , ∗ hi = 0 ;
m d ext e rna l ang l e s (&lo , &hi , q , per iod , 0 . 9 − 0 .8 / sq r t ( per iod ) , 64)⤦

Ç ;
180 i f ( l o && hi )

p r i n t f (” ex t e rna l ang l e s o f t h i s component are :\n %s \n %s \n” , lo ,⤦
Ç hi ) ;

i f ( l o )
f r e e ( l o ) ;

i f ( h i )
185 f r e e ( h i ) ;

}
}

}

190 p r i n t f (”\ nnearby Mis iurewicz po in t s to the input po int :\n”) ;
double de = 1 .0 / 0 . 0 ;
double d = 1 .0 / 0 . 0 ;
i n t per iod = −1;
i n t preper iod = −1;

195 f o r ( i n t m = 1 ; m <= l a s t p e r i o d ; ++m)
{

z = c ;
double Complex w = c ;
f o r ( i n t n = 0 ; n < m; ++n)

200 {
z = z ∗ z + c ;

}
f o r ( i n t n = 1 ; n <= l a s t p e r i o d ; ++n)
{

205 z = z ∗ z + c ;
w = w ∗ w + c ;
double z2 = cabs2 ( z − w) ;
i f ( z2 < de )
{

210 de = z2 ;
per iod = m;
preper iod = n + 1 ;

double Complex z2 = c ;
215 m d mis iurewicz (&z2 , z2 , preper iod , per iod , 64) ;

m d mis iurewicz na ive (&z2 , z2 , preper iod , per iod , 64) ;
double d2 = cabs2 ( z2 − c ) ;
i f ( d2 < d)
{

220 d = d2 ;
i n t d i r = round ( carg ( z2 − c ) / 6.283185307179586 ∗ 16) ;
d i r += 16 ;
d i r %= 16 ;
double Complex w = z2 ;

225 double Complex dw = 1 ;
f o r ( i n t i = 0 ; i < preper iod ; ++i )
{

w = w ∗ w + z2 ;
}
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230 f o r ( i n t i = 0 ; i < per iod ; ++i )
{

dw = 2 ∗ w ∗ dw;
w = w ∗ w + z2 ;

}
235 double t = carg (dw) / 6 .283185307179586 ;

i f ( cabs (dw) > 1)
{

p r i n t f (
”\n− %dp%d\n”

240 ” the s t r ength i s %.5g\n” ,
preper iod , per iod ,
de
) ;

p r i n t f (
245 ” the cente r i s at %+.18 f + %.18 f i \n”

” the cente r i s %.5g to the %s o f the input po int \n”
” the mu l t i p l i e r has rad iu s %.5g and ang le %.5 f ( in turns ) \n” ,
c r e a l ( z2 ) , cimag ( z2 ) ,
cabs ( z2 − c ) , compass [ d i r ] ,

250 cabs (dw) , t
) ;

}
}

}
255 }

}

} e l s e {
mpc t c ;

260 mpc in i t2 ( c , b i t s ) ;
i f ( ! arg mpc ( argv [ 4 ] , argv [ 5 ] , c ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 6 ] , &ncpus ) ) { re turn 1 ; }

mpc t z , dc , q , r , w, w0 , dw, pe r i od i c z , a ;
265 mpfr t z2 , er2 , de , p e r i o d i c ;

mpc in i t2 ( z , b i t s ) ;
mpc in i t2 ( dc , b i t s ) ;
mpc in i t2 (q , b i t s ) ;
mpc in i t2 ( r , b i t s ) ;

270 mpc in i t2 (w, b i t s ) ;
mpc in i t2 (w0 , b i t s ) ;
mpc in i t2 (dw, b i t s ) ;
mpc in i t2 ( pe r i od i c z , b i t s ) ;
mpc in i t2 ( a , 53) ;

275 mpf r i n i t 2 ( z2 , 53) ;
mp f r i n i t 2 ( er2 , 53) ;
mp f r i n i t 2 ( de , 53) ;
mp f r i n i t 2 ( pe r i od i c , 53) ;
mpf r s e t d ( er2 , 1e100 , MPFRRNDN) ;

280 mpc s e t u i u i ( z , 0 , 0 , MPCRNDNN) ;
mpc s e t u i u i ( dc , 0 , 0 , MPCRNDNN) ;
mp f r p r i n t f (” the input po int was %+Re + %+Re i \n” , mpc r ea l r e f ( c ) , ⤦

Ç mpc imagref ( c ) ) ;
bool escaped = f a l s e ;
f o r ( i n t i = 0 ; i < maxiters ; ++i )

285 {

17
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// dc = 2 ∗ z ∗ dc + 1 ;
mpc mul ( dc , dc , z , MPCRNDNN) ;
mpfr mul 2exp ( mpc r ea l r e f ( dc ) , mpc r ea l r e f ( dc ) , 1 , MPFRRNDN) ;
mpfr mul 2exp ( mpc imagref ( dc ) , mpc imagref ( dc ) , 1 , MPFRRNDN) ;

290 mpfr add ui ( mpc r ea l r e f ( dc ) , mpc r ea l r e f ( dc ) , 1 , MPFRRNDN) ;
// z = z ∗ z + c ;
mpc sqr ( z , z , MPCRNDNN) ;
mpc add ( z , z , c , MPCRNDNN) ;
mpc norm( z2 , z , MPFRRNDN) ;

295 i f ( mp f r g r ea t e r p ( z2 , er2 ) )
{

double dz2 = mpfr get d ( z2 , MPFRRNDN) ;
double mu = i + 1 − l og2 ( l og ( sq r t ( dz2 ) ) ) ;
mpf r s e t d ( de , 2 ∗ s q r t ( dz2 ) ∗ l og ( sq r t ( dz2 ) ) , MPFRRNDN) ;

300 mpc abs ( z2 , dc , MPFRRNDN) ;
mpfr div ( de , de , z2 , MPFRRNDN) ;
mp f r p r i n t f (” the po int escaped with dwel l %.5 f \nand e x t e r i o r d i s t ance ⤦

Ç es t imate %.5Re\n” , mu, de ) ;
escaped = true ;
break ;

305 }
}
i f ( ! escaped )
{

p r i n t f (” the po int didn ’ t escape a f t e r %d i t e r a t i o n s \n” , maxiters ) ;
310 }

p r i n t f (” nearby hype rbo l i c components to the input po int :\n”) ;
mpf r s e t d ( pe r i od i c , 1 . 0 / 0 . 0 , MPFRRNDN) ;

i n t l a s t p e r i o d = 1 ;
315 bool i n t e r i o r = f a l s e ;

mpc s e t u i u i ( z , 0 , 0 , MPCRNDNN) ;
f o r ( i n t per iod = 1 ; per iod <= maxperiod && ! i n t e r i o r ; ++per iod )
{

// z = z ∗ z + c ;
320 mpc sqr ( z , z , MPCRNDNN) ;

mpc add ( z , z , c , MPCRNDNN) ;
mpc norm( z2 , z , MPFRRNDN) ;
i f ( ! mp f r g r ea t e r p ( z2 , p e r i o d i c ) )
{

325 mpc div (a , z , p e r i od i c z , MPCRNDNN) ;
double Complex atom = mpc get dc (a , MPCRNDNN) ;
i n t ad i r = round ( carg ( atom) / 6.283185307179586 ∗ 16) ;
ad i r += 16 ;
ad i r %= 16 ;

330 mpc set ( pe r i od i c z , z , MPCRNDNN) ;
mpfr se t ( pe r i od i c , z2 , MPFRRNDN) ;
i f ( m fa i l ed != m r nuc leus (q , c , per iod , 64 , ncpus ) )
{

mpc sub ( dc , q , c , MPCRNDNN) ;
335 mpc arg ( z2 , dc , MPFRRNDN) ;

mpc abs ( er2 , dc , MPFRRNDN) ;
i n t d i r = round ( mpfr get d ( z2 , MPFRRNDN) / 6.283185307179586 ∗ 16) ;
d i r += 16 ;
d i r %= 16 ;

340 m r s i z e ( r , q , per iod ) ;
mpc arg ( z2 , r , MPFRRNDN) ;
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i n t s d i r = round ( mpfr get d ( z2 , MPFRRNDN) / 6.283185307179586 ∗ 16) ;
s d i r += 16 ;
s d i r += 8 ;

345 s d i r %= 16 ;
mpc abs ( z2 , r , MPFRRNDN) ;
mpfr exp t e = mpfr get exp ( z2 ) ;
mpf r prec t prec = 16 − e ;
mpfr prec round ( mpc r ea l r e f ( q ) , prec , MPFRRNDN) ;

350 mpfr prec round ( mpc imagref ( q ) , prec , MPFRRNDN) ;
m r domain s ize ( de , q , per iod ) ;
mp f r p r i n t f (

”\n− a per iod %d %s \n”
” with nuc leus at %+Re + %+Re i \n”

355 ” the component has s i z e %.5Re and i s po in t ing %s \n”
” the atom domain has s i z e %.5Re\n”
” the atom domain coo rd ina t e s o f the input po int are %+.5g + %+.5g ⤦

Ç i \n”
” the atom domain coo rd ina t e s in po la r form are %.5g to the %s \n”
” the nuc leus i s %.5Re to the %s o f the input po int \n”

360 , per iod , m r shape (q , per iod ) == m cardio id ? ” ca rd i o i d ” : ” c i r c l e ”
, mpc r ea l r e f ( q ) , mpc imagref ( q )
, z2 , compass [ s d i r ]
, de
, c r e a l ( atom) , cimag (atom)

365 , cabs ( atom) , compass [ ad i r ]
, er2 , compass [ d i r ]
) ;

l a s t p e r i o d = per iod ;
i f ( ! i n t e r i o r )

370 {
i f ( m fa i l ed != m r a t t r a c t o r (w, z , c , per iod , 64) )
{

mpc set prec (w0 , prec ) ;
mpc set (w0 , w, MPCRNDNN) ;

375 mpc s e t u i u i (dw, 1 , 0 , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < per iod ; ++i )
{

// dw = 2 ∗ w ∗ dw;
mpc mul (dw, w, dw, MPCRNDNN) ;

380 mpfr mul 2exp ( mpc r ea l r e f (dw) , mpc r ea l r e f (dw) , 1 , MPFRRNDN) ;
mpfr mul 2exp ( mpc imagref (dw) , mpc imagref (dw) , 1 , MPFRRNDN) ;
// w = w ∗ w + c ;
mpc sqr (w, w, MPCRNDNN) ;
mpc add (w, w, c , MPCRNDNN) ;

385 }
mpc arg ( z2 , dw, MPFRRNDN) ;
double t = mpfr get d ( z2 , MPFRRNDN) / 6.283185307179586 ;
t −= f l o o r ( t ) ;
mpc abs ( z2 , dw, MPFRRNDN) ;

390 i n t e r i o r = mpfr get d ( z2 , MPFRRNDN) <= 1 ;
mp f r p r i n t f (

” the input po int i s %s to t h i s component at \n”
” rad iu s %.5Re and ang le %.18 f ( in turns ) \n”
” the mu l t i p l i e r i s %+.5Re + %+.5Re i \n”

395 ” a po int in the a t t r a c t o r i s %+Re + %+Re i \n”
, i n t e r i o r ? ” i n t e r i o r ” : ” e x t e r i o r ”
, z2 , t
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, mpc r ea l r e f (dw) , mpc imagref (dw)
, mpc r ea l r e f (w0) , mpc imagref (w0)

400 ) ;
}

}
f f l u s h ( stdout ) ;

405 i f ( per iod < 200)
{

char ∗ l o = 0 , ∗ hi = 0 ;
m r ex t e rna l ang l e s (&lo , &hi , q , per iod , 0 . 5 − 0 .4 / sq r t ( per iod ) , ⤦

Ç 64) ;
i f ( l o && hi )

410 p r i n t f (” ex t e rna l ang l e s o f t h i s component are :\n %s \n %s \n” , ⤦
Ç lo , h i ) ;

i f ( l o )
f r e e ( l o ) ;

i f ( h i )
f r e e ( h i ) ;

415 f f l u s h ( stdout ) ;
}

}
}

420 }
( void ) l a s t p e r i o d ;

#i f 0
i f ( ! i n t e r i o r )

425 {
mpfr se t d ( de , 1 . 0 / 0 . 0 , MPFRRNDN) ;
i n t per iod = −1;
i n t preper i od = −1;
f o r ( i n t m = 1 ; m < maxperiod ; ++m)

430 {
i f ( l a s t p e r i o d > 1 && (m % l a s t p e r i o d ) == 0)
{

cont inue ;
}

435 mpc set ( z , c , MPCRNDNN) ;
mpc set (w, c , MPCRNDNN) ;
f o r ( i n t n = 0 ; n < m; ++n)
{

// z = z ∗ z + c ;
440 mpc sqr ( z , z , MPCRNDNN) ;

mpc add ( z , z , c , MPCRNDNN) ;
}
f o r ( i n t n = 0 ; n < maxperiod ; ++n)
{

445 mpc sub (dw, z , w, MPCRNDNN) ;
mpc norm( z2 , dw, MPFRRNDN) ;
i f ( mp f r l e s s p ( z2 , de ) )
{

mpfr se t ( de , z2 , MPFRRNDN) ;
450 per iod = m;

preper i od = n ;
}
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// z = z ∗ z + c ;
mpc sqr ( z , z , MPCRNDNN) ;

455 mpc add ( z , z , c , MPCRNDNN) ;
// w = w ∗ w + c ;
mpc sqr (w, w, MPCRNDNN) ;
mpc add (w, w, c , MPCRNDNN) ;

}
460 }

p r i n t f (”\ nnearby Mis iurewicz po in t s to the input po int :\n”) ;
mp f r p r i n t f (

”\n− %dp%d\n”
465 ” the s t r ength i s %.5Re\n” ,

preper iod , per iod ,
de
) ;

mpc set ( z , c , MPCRNDNN) ;
470 m r mis iurewicz ( z , z , preper iod , per iod , 64) ;

m r mi s iu r ew i c z na ive ( z , z , preper iod , per iod , 64) ;
m r mis iurewicz ( z , z , preper iod , per iod , 64) ;
m r mi s iu r ew i c z na ive ( z , z , preper iod , per iod , 64) ;
{

475 mpc sub (w, z , c , MPCRNDNN) ;
mpc arg ( de , w, MPFRRNDN) ;
i n t d i r = round ( mpfr get d ( de , MPFRRNDN) / 6.283185307179586 ∗ 16) ;
d i r += 16 ;
d i r %= 16 ;

480 mpc set (w, z , MPCRNDNN) ;
mpc s e t u i u i (dw, 1 , 0 , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < preper iod ; ++i )
{

// w = w ∗ w + z ;
485 mpc sqr (w, w, MPCRNDNN) ;

mpc add (w, w, z , MPCRNDNN) ;
}
f o r ( i n t i = 0 ; i < per iod ; ++i )
{

490 // dw = 2 ∗ w ∗ dw;
mpc mul (dw, w, dw, MPCRNDNN) ;
mpfr mul 2exp ( mpc r ea l r e f (dw) , mpc r ea l r e f (dw) , 1 , MPFRRNDN) ;
mpfr mul 2exp ( mpc imagref (dw) , mpc imagref (dw) , 1 , MPFRRNDN) ;
// w = w ∗ w + z ;

495 mpc sqr (w, w, MPCRNDNN) ;
mpc add (w, w, z , MPCRNDNN) ;

}
mpc arg ( de , w, MPFRRNDN) ;
double t = mpfr get d ( de , MPFRRNDN) / 6.283185307179586 ;

500 mpc abs ( de , w, MPFRRNDN) ;
mpc sub (w, z , c , MPCRNDNN) ;
mpc abs ( z2 , w, MPFRRNDN) ;
mp f r p r i n t f (

” the cente r i s at %+Re + %+Re i \n”
505 ” the cente r i s %.5Re to the %s o f the input po int \n”

” the mu l t i p l i e r has rad iu s %.18Rg and ang le %.18 f ( in turns ) \n” ,
mpc r ea l r e f ( z ) , mpc imagref ( z ) ,
z2 , compass [ d i r ] ,
de , t
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510 ) ;
}
f f l u s h ( stdout ) ;

}
#end i f

515

mpc clear ( c ) ;
mpc c lear ( z ) ;
mpc c lear ( dc ) ;
mpc c lear ( q ) ;

520 mpc clear ( r ) ;
mpc c lear (w) ;
mpc c lear (w0) ;
mpc c lear (dw) ;
mp f r c l e a r ( z2 ) ;

525 mpf r c l ea r ( er2 ) ;
mp f r c l e a r ( de ) ;
mp f r c l e a r ( p e r i o d i c ) ;

}

530 re turn 0 ;
}

9 c/bin/m-domain-coord.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

s t a t i c void usage ( const char ∗progname ) {
10 f p r i n t f

( s t d e r r
, ” usage : %s p r e c i s i o n guess − re guess −im coord− re coord−im l op e r i od h ipe r i od⤦

Ç maxsteps\n”
, progname
) ;

15 }

extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( argc != 9) {

usage ( argv [ 0 ] ) ;
20 re turn 1 ;

}
bool nat ive = true ;
i n t b i t s = 0 ;
i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }

25 i f ( nat ive ) {
double c r e = 0 ;
double cim = 0 ;
double are = 0 ;
double aim = 0 ;

30 i n t l op e r i od = 0 ;
i n t h ip e r i od = 0 ;
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i n t maxsteps = 0 ;
i f ( ! a rg doub le ( argv [ 2 ] , &cre ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 3 ] , &cim ) ) { re turn 1 ; }

35 i f ( ! a rg doub le ( argv [ 4 ] , &are ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 5 ] , &aim ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 6 ] , &l op e r i od ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 7 ] , &h ipe r i od ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 8 ] , &maxsteps ) ) { re turn 1 ; }

40 double Complex c = 0 ;
m d domain coord(&c , c r e + I ∗ cim , are + I ∗ aim , l ope r i od , h iper iod , ⤦

Ç maxsteps ) ;
p r i n t f (”%.16 e %.16e\n” , c r e a l ( c ) , cimag ( c ) ) ;
r e turn 0 ;

} e l s e {
45 mpc t c gue s s ;

mpc t domain coord ;
i n t l op e r i od = 0 ;
i n t h ip e r i od = 0 ;
i n t maxsteps = 0 ;

50 mpc in i t2 ( c guess , b i t s ) ;
mpc in i t2 ( domain coord , b i t s ) ;
i f ( ! arg mpc ( argv [ 2 ] , argv [ 3 ] , c gue s s ) ) { re turn 1 ; }
i f ( ! arg mpc ( argv [ 4 ] , argv [ 5 ] , domain coord ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 6 ] , &l op e r i od ) ) { re turn 1 ; }

55 i f ( ! a r g i n t ( argv [ 7 ] , &h ipe r i od ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 8 ] , &maxsteps ) ) { re turn 1 ; }
mpc t c out ;
mpc in i t2 ( c out , b i t s ) ;
m r domain coord ( c out , c guess , domain coord , l ope r i od , h iper iod , maxsteps )⤦

Ç ;
60 mpf r p r i n t f (”%Re %Re\n” , mpc r ea l r e f ( c out ) , mpc imagref ( c out ) ) ;

mpc c lear ( c out ) ;
mpc c lear ( domain coord ) ;
mpc c lear ( c gue s s ) ;
r e turn 0 ;

65 }
re turn 1 ;

}

10 c/bin/m-domain-size.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

s t a t i c void usage ( const char ∗progname ) {
10 f p r i n t f

( s t d e r r
, ” usage : %s p r e c i s i o n nucleus − re nucleus −im per iod \n”
, progname
) ;

15 }

23



mandelbrot-numerics c/bin/m-ejs-evotree-morph.c

extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( argc != 5) {

usage ( argv [ 0 ] ) ;
20 re turn 1 ;

}
bool nat ive = true ;
i n t b i t s = 0 ;
i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }

25 i f ( nat ive ) {
double nre = 0 ;
double nim = 0 ;
i n t per iod = 0 ;
i f ( ! a rg doub le ( argv [ 2 ] , &nre ) ) { re turn 1 ; }

30 i f ( ! a rg doub le ( argv [ 3 ] , &nim) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 4 ] , &per iod ) ) { re turn 1 ; }
double s i z e = m d domain s ize ( nre + I ∗ nim , per iod ) ;
p r i n t f (”%.16 e\n” , s i z e ) ;
r e turn 0 ;

35 } e l s e {
mpc t n ;
i n t per iod = 0 ;
mpc in i t2 (n , b i t s ) ;
i f ( ! arg mpc ( argv [ 2 ] , argv [ 3 ] , n ) ) { re turn 1 ; }

40 i f ( ! a r g i n t ( argv [ 4 ] , &per iod ) ) { re turn 1 ; }
mpfr t s i z e ;
mp f r i n i t 2 ( s i z e , b i t s ) ;
m r domain s ize ( s i z e , n , per iod ) ;
mp f r p r i n t f (”%Re\n” , s i z e ) ;

45 mpf r c l ea r ( s i z e ) ;
mpc c lear (n) ;
r e turn 0 ;

}
re turn 1 ;

50 }

11 c/bin/m-ejs-evotree-morph.c

#inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>

#de f i n e NCPUS 8
5

void m r domain coord o f po int (mpc t out , const mpc t c , i n t lo , i n t h i )
{

mpfr prec t prec r = mpf r ge t prec ( mpc r ea l r e f ( c ) ) ;
mp f r prec t p r e c i = mpf r ge t prec ( mpc imagref ( c ) ) ;

10 mpfr prec t prec = prec r > p r e c i ? prec r : p r e c i ;
mpc t z , w;
mpc in i t2 ( z , prec ) ;
mpc in i t2 (w, prec ) ;
mpc s e t s i ( z , 0 , MPCRNDNN) ;

15 i n t i ;
f o r ( i = 0 ; i < l o ; ++i )
{

mpc sqr ( z , z , MPCRNDNN) ;
mpc add ( z , z , c , MPCRNDNN) ;

20 }
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mpc set (w, z , MPCRNDNN) ;
f o r ( ; i < hi ; ++i )
{

mpc sqr (w, w, MPCRNDNN) ;
25 mpc add (w, w, c , MPCRNDNN) ;

}
mpc div ( out , w, z , MPCRNDNN) ;
mpc c lear (w) ;
mpc c lear ( z ) ;

30 }

i n t main ( )
{

// i n c r e a s e COUNT += 2 makes runtime ∗= 3
35 #de f i n e COUNT 23

mpc t n [COUNT] ;
i n t p [COUNT] ;
i n t k = 0 ;
i n t newton steps = 64 ;

40 #de f i n e EXAMPLE 2
#i f d e f EXAMPLE 1

in t arm length = 3 ;
i n t m i s i u r ew i c z o f f s e t = −38;
p [ k ] = 3 ; mpc in i t2 (n [ k ] , 58) ; mpc s e t s t r (n [ k ] , ”( −1.754877666246692759 e⤦

Ç +00 0) ” , 0 , MPCRNDNN) ; ++k ;
45 p [ k ] = 49 ; mpc in i t2 (n [ k ] , 82) ; mpc s e t s t r (n [ k ] , ⤦

Ç ”( −1.7688461803065816237450786 e+00 3.4939191863819327949020038 e −03) ” , 0 ,⤦
Ç MPCRNDNN) ; ++k ;

p [ k ] = 64 ; mpc in i t2 (n [ k ] , 94) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.76884409441181277395011982187 e+00 3.4957196778936422763739025558 e⤦
Ç −03) ” , 0 , MPCRNDNN) ; ++k ;

p [ k ] = 117 ; mpc in i t2 (n [ k ] , 118) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.768844092775164025862093523045031305 e+00 ⤦
Ç 3.495718057801599551975253121894943407 e −03) ” , 0 , MPCRNDNN) ; ++k ;

p [ k ] = 181 ; mpc in i t2 (n [ k ] , 132) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.7688440927751570014850048850353445142184 e+00 ⤦
Ç 3.4957180577999912067144897356997614965912 e −03) ” , 0 , MPCRNDNN) ; ++k ;

p [ k ] = 254 ; mpc in i t2 (n [ k ] , 160) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.7688440927751569792819521193939891298902074339019 e+00 ⤦
Ç 3.4957180578002213724742715966595572790855236613665 e −03) ” , 0 , MPCRNDNN)⤦
Ç ; ++k ;

50 p [ k ] = 435 ; mpc in i t2 (n [ k ] , 196) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.76884409277515697928194562039220965173703143728197823392142 e+00 ⤦
Ç 3.495718057800221372471458903836524013644362866304627755680588 e −03) ” , 0 ,⤦
Ç MPCRNDNN) ; ++k ;

p [ k ] = 508 ; mpc in i t2 (n [ k ] , 224) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.76884409277515697928194560359430152795490027703035490856832694792752⤦
Ç e+00 ⤦
Ç 3.49571805780022137247151331544497347465874421145679492139545762726381 e⤦
Ç −03) ” , 0 , MPCRNDNN) ; ++k ;

p [ k ] = 762 ; mpc in i t2 (n [ k ] , 257) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.768844092775156979281945603594301527925590805370612532363237194497526858232⤦
Ç e+00 ⤦
Ç 3.495718057800221372471513315444973449396101549422070022979279111184821457949172⤦
Ç e −03) ” , 0 , MPCRNDNN) ; ++k ;

p [ k ] = 1025 ; mpc in i t2 (n [ k ] , 319) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.7688440927751569792819456035943015279256533451829493563771471113509314963340549834375239075670953⤦
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Ç e+00 ⤦
Ç 3.4957180578002213724715133154449734497441040991526208736900690746016375909341613367940589780886361⤦
Ç e −03) ” , 0 , MPCRNDNN) ; ++k ;

p [ k ] = 1533 ; mpc in i t2 (n [ k ] , 368) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.768844092775156979281945603594301527925653345182949356377130376161619855790842127165255090681594999276746567781⤦
Ç e+00 ⤦
Ç 3.495718057800221372471513315444973449744104099152620873684358683174216904615538781449027679246932953105541477463⤦
Ç e −03) ” , 0 , MPCRNDNN) ; ++k ;

55 p [ k ] = 2050 ; mpc in i t2 (n [ k ] , 461) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.7688440927751569792819456035943015279256533451829493563771304367710561424416827170633838892511860350414937465901889193405446696893131800947⤦
Ç e+00 ⤦
Ç 3.4957180578002213724715133154449734497441040991526208736844563593757964780333923075502984775212034944159805698622483936543283650157064873435⤦
Ç e −03) ” , 0 , MPCRNDNN) ; ++k ;

p [ k ] = 3075 ; mpc in i t2 (n [ k ] , 534) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.76884409277515697928194560359430152792565334518294935637713043677105614244168271706338388913180978515336171916543079248373097296089099002200136955339352239860037⤦
Ç e+00 ⤦
Ç 3.49571805780022137247151331544497344974410409915262087368445635937579647803339230755029850672445871760447704090396083958921690316665377686324667397540742698108669⤦
Ç e −03) ” , 0 , MPCRNDNN) ; ++k ;

#end i f
#i f d e f EXAMPLE 2

in t arm length = 2 ;
60 p [ k ] = 5 ; mpc in i t2 (n [ k ] , 60) ; mpc s e t s t r (n [ k ] , ”( −1.625413725123303739 e⤦

Ç +00 9.7234613716580339174 e −63) ” , 0 , MPCRNDNN) ; k++;
p [ k ] = 143 ; mpc in i t2 (n [ k ] , 86) ; mpc s e t s t r (n [ k ] , ⤦

Ç ”( −1.62619907438846548237333121 e+00 2.6665097815009713063921593 e −03) ” , ⤦
Ç 0 , MPCRNDNN) ; k++;

p [ k ] = 168 ; mpc in i t2 (n [ k ] , 95) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.6261989142434299262185390938 e+00 2.66660322795375674423335783379 e⤦
Ç −03) ” , 0 , MPCRNDNN) ; k++;

p [ k ] = 314 ; mpc in i t2 (n [ k ] , 116) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.62619891418294511703728002465342015 e+00 ⤦
Ç 2.66660377656010550460720561137918004 e −03) ” , 0 , MPCRNDNN) ; k++;

p [ k ] = 482 ; mpc in i t2 (n [ k ] , 129) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.626198914182938985538564677089586752005 e+00 ⤦
Ç 2.666603776564300070770030455549097775821 e −03) ” , 0 , MPCRNDNN) ; k++;

65 p [ k ] = 660 ; mpc in i t2 (n [ k ] , 153) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.62619891418293919077345316571454618577384301925 e+00 ⤦
Ç 2.6666037765644914252281141812413610123721996724 e −03) ” , 0 , MPCRNDNN) ; k⤦
Ç ++;

p [ k ] = 1142 ; mpc in i t2 (n [ k ] , 185) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.6261989141829391907733600437272183398807805398681256755 e+00 ⤦
Ç 2.66660377656449142518885862009990385158592536408559768538 e −03) ” , 0 , ⤦
Ç MPCRNDNN) ; k++;

p [ k ] = 1320 ; mpc in i t2 (n [ k ] , 209) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.626198914182939190773359851571723918799976100496450303179772746 e+00⤦
Ç 2.666603776564491425189798214768480627632121278272245683223110403 e −03)⤦
Ç ” , 0 , MPCRNDNN) ; k++;

p [ k ] = 1980 ; mpc in i t2 (n [ k ] , 238) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.626198914182939190773359851571723908773386713133162973699947469588474642⤦
Ç e+00 ⤦
Ç 2.666603776564491425189798214768507349505965110503748647983181864801564807⤦
Ç e −03) ” , 0 , MPCRNDNN) ; k++;

p [ k ] = 2650 ; mpc in i t2 (n [ k ] , 291) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.6261989141829391907733598515717239091323642584441005707581106150627339241680724559620377⤦
Ç e+00 ⤦
Ç 2.6666037765644914251897982147685069763620488642930714269660021119421774624367952398479325⤦
Ç e −03) ” , 0 , MPCRNDNN) ; k++;
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70 p [ k ] = 3970 ; mpc in i t2 (n [ k ] , 334) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.62619891418293919077335985157172390913236425844410056991504123113851339910027357626859568228064797992⤦
Ç e+00 ⤦
Ç 2.66660377656449142518979821476850697636204886429307911612752935439096123454965953046934111849712997261⤦
Ç e −03) ” , 0 , MPCRNDNN) ; k++;

p [ k ] = 5300 ; mpc in i t2 (n [ k ] , 415) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.62619891418293919077335985157172390913236425844410056996530949644313587590738494569348357316793126184118713048917921475425104⤦
Ç e+00 ⤦
Ç 2.66660377656449142518979821476850697636204886429307902888876089580437029518678280419044564705243227013391254787193401643143724⤦
Ç e −03) ” , 0 , MPCRNDNN) ; k++;

p [ k ] = 7950 ; mpc in i t2 (n [ k ] , 479) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.6261989141829391907733598515717239091323642584441005699653094964431358759073849458938918775053735635708963038260947774460302549731821937014203412⤦
Ç e+00 ⤦
Ç 2.6666037765644914251897982147685069763620488642930790288887608958043702951867835613392908296565073555859963831885707923474373990923763527811603473⤦
Ç e −03) ” , 0 , MPCRNDNN) ; k++;

p [ k ] = 10610; mpc in i t2 (n [ k ] , 600) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.6261989141829391907733598515717239091323642584441005699653094964431358759073849458892704775591507734104088453740810796466369370210224454420167585830035807997849103274464322494655169⤦
Ç e+00 ⤦
Ç 2.6666037765644914251897982147685069763620488642930790288887608958043702951867835482923523682975475909864804618696375268516137221949137501194561642831651732650815769216374735619710935⤦
Ç e −03) ” , 0 , MPCRNDNN) ; k++;

p [ k ] = 15910; mpc in i t2 (n [ k ] , 695) ; mpc s e t s t r (n [ k ] , ⤦
Ç ”( −1.626198914182939190773359851571723909132364258444100569965309496443135875907384945889270477559150773410408845374081079646635888888951089987324140948577055193161550812916267389585878113561637265835393257026829626⤦
Ç e+00 ⤦
Ç 2.666603776564491425189798214768506976362048864293079028888760895804370295186783548292352368297547590986480461869637526851330968151333179158301850379847713315299682249822007363541791804852034150081419609999408103⤦
Ç e −03) ” , 0 , MPCRNDNN) ; k++;

75 #end i f
const i n t DEFINED = k ;
mpc t a , b , c , a2 , b2 , c2 ;
mpc in i t2 ( a , 24) ;
mpc in i t2 (b , 24) ;

80 mpc in i t2 ( c , 24) ;
mpc in i t2 ( a2 , 24) ;
mpc in i t2 (b2 , 24) ;
mpc in i t2 ( c2 , 24) ;
p r i n t f (” s i z e 1280 720\n# view 53 −0.75 0 1 .5\n”) ;

85 f o r ( i n t i = 4 ; i < COUNT; ++i )
{

i f ( ( i & 1) == 0)
{

i f (DEFINED <= i )
90 {

p [ i ] = p [ i −1] + p [ i −3 ] ;
mpc in i t2 (n [ i ] , mp f r ge t prec ( mpc r ea l r e f (n [ i −2 ] ) ) ∗ 1 .5 − 18) ;
mpc set (n [ i ] , n [ i −1 ] , MPCRNDNN) ;
m r domain coord (n [ i ] , n [ i ] , c , p [ i −3 ] , p [ i −1 ] , newton steps ) ;

95 m r nuc leus (n [ i ] , n [ i ] , p [ i ] , newton steps , NCPUS) ;
}
mpc set (b , a , MPCRNDNN) ;
m r domain coord o f po int ( a , n [ i ] , p [ i −3 ] , p [ i −1 ] ) ;
mpc log (a , a , MPFRRNDN) ;

100 mpc div ( c , a , b , MPCRNDNN) ;
mp f r f p r i n t f ( s tde r r , ”%d(%d/%d) \ t%Re\ t%Re\n” , p [ i ] , p [ i −3 ] , p [ i −1 ] , ⤦

Ç mpc rea l r e f ( c ) , mpc imagref ( c ) ) ;
mpc mul ( c , c , a , MPCRNDNN) ;
mpc exp ( c , c , MPCRNDNN) ;

}
105 i f ( ( i & 1) == 1)
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{
i f (DEFINED <= i )
{

#i f d e f EXAMPLE 2
110 i n t m i s i u r ew i c z o f f s e t = −14 − 10 ∗ ( i / 4) ;

#end i f
p [ i ] = p [ i −1] + p [ i −4] + arm length ∗ p [ 0 ] ;
mpc in i t2 (n [ i ] , mp f r ge t prec ( mpc r ea l r e f (n [ i −2 ] ) ) ∗ 1 .5 − 18) ;
mpc set (n [ i ] , n [ i −1 ] , MPCRNDNN) ;

115 m r domain coord (n [ i ] , n [ i ] , c2 , p [ i −2 ] , p [ i −1 ] , newton steps ) ;
m r mis iurewicz (n [ i ] , n [ i ] , p [ i ] + m i s i u r ew i c z o f f s e t , p [ 0 ] , ⤦

Ç newton steps ) ;
m r mi s iu r ew i c z na ive (n [ i ] , n [ i ] , p [ i ] + m i s i u r ew i c z o f f s e t , p [ 0 ] , ⤦

Ç newton steps ) ;
m r nuc leus (n [ i ] , n [ i ] , p [ i ] , newton steps , NCPUS) ;

}
120 mpc set (b2 , a2 , MPCRNDNN) ;

m r domain coord o f po int ( a2 , n [ i ] , p [ i −2 ] , p [ i −1 ] ) ;
mpc log ( a2 , a2 , MPFRRNDN) ;
mpc div ( c2 , a2 , b2 , MPCRNDNN) ;
mp f r f p r i n t f ( s tde r r , ”%d(%d/%d) \ t%Re\ t%Re\n” , p [ i ] , p [ i −2 ] , p [ i −1 ] , ⤦

Ç mpc rea l r e f ( c2 ) , mpc imagref ( c2 ) ) ;
125 mpc mul ( c2 , c2 , a2 , MPCRNDNN) ;

mpc exp ( c2 , c2 , MPCRNDNN) ;
}
mpf r p r i n t f (” t ext %Pd %Re %Re %d\n” , mpf r ge t prec ( mpc r ea l r e f (n [ i ] ) ) , ⤦

Ç mpc rea l r e f (n [ i ] ) , mpc imagref (n [ i ] ) , p [ i ] ) ;
f f l u s h ( stdout ) ;

130 }
mpc sub (b , n [COUNT−1 ] , n [COUNT−2 ] , MPCRNDNN) ;
mpc abs ( mpc r ea l r e f ( a ) , b , MPFRRNDN) ;
mpfr mul d ( mpc r ea l r e f ( a ) , mpc r ea l r e f ( a ) , 2 , MPFRRNDN) ;
mp f r p r i n t f (”# view %Pd %Re %Re %Re\n” , mpf r ge t prec ( mpc r ea l r e f (n [COUNT−2 ] ) )⤦

Ç , mpc r ea l r e f (n [COUNT−2 ] ) , mpc imagref (n [COUNT−2 ] ) , mpc r ea l r e f ( a ) ) ;
135 f f l u s h ( stdout ) ;

mpc c lear ( a ) ;
mpc c lear (b) ;
mpc c lear ( c ) ;
mpc c lear ( a2 ) ;

140 mpc clear ( b2 ) ;
mpc c lear ( c2 ) ;
f o r ( i n t i = 0 ; i < COUNT; ++i )
{

mpc clear (n [ i ] ) ;
145 }

re turn 0 ;
}

12 c/bin/m-ejs-tree-morph.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude <mandelbrot− symbol i c s . h>
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#de f i n e EXAMPLE 3
10

#de f i n e NCPUS 8

in t main ( )
{

15 m symbo l i c s i n i t ( ) ;

#i f d e f EXAMPLE 1
// embedded Ju l i a s e t i s 1 1/2−>2 1/2−>3 2/5−>15 4/7−>88
// https : //mathr . co . uk/mandelbrot /web/#!q=1 1/2−%3E2 1/2−%3E3 2/5−%3E15 4/7−%3⤦

Ç E88
20 // the ray goes to the t i p o f the f i r s t morphing in prepar t i on f o r the next

const char ∗ embedded ju l ia ray = ⤦
Ç ”.011100011100011011100011011100011100011100011011100011011100011100011100011011100011100001110001101110010010010010010010010001110001110001101110001101110001110001110001101110001101110001110001110001101110001110000111000110111(001)⤦
Ç ” ;

i n t r ay pr epe r i od = 225 ;
i n t r ay pe r i od = 3 ;
double Complex ray endpo int

25 = −1.76525599938987623396492597243303 e+00
+ 1.04485517375987067290733632798876 e−02 ∗ I ;

i n t i n f l u e n c i n g i s l a n d p e r i o d = 3 ;
i n t embedded ju l i a s e t p e r i od = 88 ;
i n t denomina to r o f r o ta t i on = 5 ;

30 // t r e e morphing
i n t arm length = 7 ;
// how to s c a l e the view
double v i ew s i z e mu l t i p l i e r = 3600 ;

#end i f
35

#i f d e f EXAMPLE 2
// embedded Ju l i a s e t i s 1 1/2−>2 1/2−>3 1/4−>4 1/2−>8 1 /15−>116 1/2−>119
// https : //mathr . co . uk/mandelbrot /web/#!q=1 1/2−%3E2 1/2−%3E3 1/2−%3E4 1/2−%3⤦

Ç E8 1/15−%3E116 1/2−%3E119
// the ray goes to the t i p o f the f i r s t morphing in prepar t i on f o r the next

40 const char ∗ embedded ju l ia ray = ⤦
Ç ”.01111000011110000111100001111000011110000111100001111000011110000111100001111000011110000111100001111000100001110111011011110001000100010001000100010001000100010000111100001111000011110000111100001111000011110000111100001111000011110000111100001111000011110000111100010000111011101110000(1110)⤦
Ç ” ;

i n t r ay pr epe r i od = 287 ;
i n t r ay pe r i od = 4 ;
double Complex ray endpo int

= −1.94155104121873375917685284273942 e+00
45 + 1.08484266852462027458038858364597 e−04 ∗ I ;

i n t i n f l u e n c i n g i s l a n d p e r i o d = 4 ;
i n t embedded ju l i a s e t p e r i od = 119 ;
i n t denomina to r o f r o ta t i on = 2 ;
// t r e e morphing

50 i n t arm length = 9 ;
// how to s c a l e the view
double v i ew s i z e mu l t i p l i e r = 32768 ;

#end i f

55 #i f d e f EXAMPLE 3
// embedded Ju l i a s e t i s 1 1/3−>3 1/2−>4 11/23−>89
// https : //mathr . co . uk/mandelbrot /web/#!q=1 1/3−%3E3 1/2−%3E4 11/23−%3E89
// the ray goes to the t i p o f the f i r s t morphing in prepar t i on f o r the next
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const char ∗ embedded ju l ia ray = ⤦
Ç ”.001101000011010000110100001101000011010000110100001101000011010000110100001101000011010000100001100110011010000110100001101000011010000110100001101000011010000110100001101000011010000110100001000(0110)⤦
Ç ” ;

60 i n t r ay pr epe r i od = 195 ;
i n t r ay pe r i od = 4 ;
double Complex ray endpo int

= −1.60671574317626674138601221936210 e−01
+ 1.03694257152534946094999286804216 e+00 ∗ I ;

65 i n t i n f l u e n c i n g i s l a n d p e r i o d = 4 ;
i n t embedded ju l i a s e t p e r i od = 89 ;
i n t denomina to r o f r o ta t i on = 2 ;
// t r e e morphing
i n t arm length = 1 ;

70 // how to s c a l e the view
double v i ew s i z e mu l t i p l i e r = 8 ;

#end i f

// how many times to i t e r a t e
75 i n t number of morphs = 10 ;

// ray t r a c i ng sharpness
i n t ray sharpnes s = 8 ;

80 // maximum number o f newton s t ep s
i n t newton steps = 64 ;

// cur rent and prev ious pe r i od s o f the nuc leus
i n t nper iod = 1 ;

85 i n t npe r i od o ld = 1 ;
i n t p r e c i s i o n = 53 + 1 .5 ∗ nper iod ; // number o f b i t s
mpc t nuc leus ;
mpc in i t2 ( nucleus , p r e c i s i o n ) ;

90 // cur rent mi s iu rewicz po int
i n t mpreperiod = 0 ;
i n t mperiod = i n f l u e n c i n g i s l a n d p e r i o d ;
mpc t mi s iu rewicz ;
mpc in i t2 ( mis iurewicz , p r e c i s i o n ) ;

95

// cur rent guess f o r Mis iurewicz po int
mpc t guess ;
mpc in i t2 ( guess , p r e c i s i o n ) ;

100 // v a r i a b l e s f o r atom domain coo rd ina t e s and view s i z e don ’ t need to be so ⤦
Ç p r e c i s e

mpc t atom coord ;
mpfr t a tom coord s i z e ;
mpc in i t2 ( atom coord , 53) ;
mp f r i n i t 2 ( atom coord s i ze , 53) ;

105 mp f r s e t s i ( a tom coord s i ze , 1 , MPFRRNDN) ;
mpc t v i ew de l t a ;
mpfr t v i ew s i z e ;
mpc in i t2 ( v i ew de l ta , 53) ;
mp f r i n i t 2 ( v i ew s i z e , 53) ;

110 mp f r s e t s i ( v i ew s i z e , 1 , MPFRRNDN) ;

i f ( cabs ( ray endpo int ) < 0 . 1 )
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{
// t r a c e ray towards t i p o f f i r s t l e v e l morphed embedded Ju l i a nuc leus

115 m binangle b inang le ;
m b inang l e i n i t (&binang le ) ;
m b inang l e f r om st r ing (&binangle , embedded ju l ia ray ) ;
mpreperiod = binang l e . pre . l ength ;
mperiod = binang l e . per . l ength ;

120 mpq t ang le ;
mpq init ( ang le ) ;
m b inang l e t o r a t i ona l ( angle , &binang l e ) ;
m b inang l e c l e a r (&binang l e ) ;
m r exray in ∗ ray = m r exray in new ( angle , r ay sharpnes s ) ;

125 mpq clear ( ang le ) ;
f o r ( i n t i = 0 ; i < ray sharpnes s ∗ ( mpreperiod + mperiod ) ∗ 3 ; ++i ) // ⤦

Ç FIXME check i f 3x i s always f a r enough !
{

m r ex ray in s t ep ( ray , newton steps ) ;
}

130 m r ex ray in g e t ( ray , guess ) ; // updates p r e c i s i o n too
m r ex r ay i n d e l e t e ( ray ) ;
p r e c i s i o n = mpf r ge t prec ( mpc r ea l r e f ( guess ) ) ;
mp f r p r i n t f (” ray endpoint %dp%d %d %Re %Re\n” , mpreperiod , mperiod , ⤦

Ç p r e c i s i on , mpc r ea l r e f ( guess ) , mpc imagref ( guess ) ) ;
}

135 e l s e
{

// have the ray end point already , saves computation time
mpreperiod = ray prepe r i od ;
mperiod = ray pe r i od ;

140 p r e c i s i o n = 100 ; // FIXME don ’ t hardcode t h i s
mp f r s e t p r e c ( mpc r ea l r e f ( guess ) , p r e c i s i o n ) ;
mp f r s e t p r e c ( mpc imagref ( guess ) , p r e c i s i o n ) ;
mpc set dc ( guess , ray endpoint , MPCRNDNN) ;

}
145

// Mis iurewicz to t i p
p r e c i s i o n = mpf r ge t prec ( mpc r ea l r e f ( guess ) ) ;
mp f r s e t p r e c ( mpc r ea l r e f ( mi s iu rewicz ) , p r e c i s i o n ) ;
mp f r s e t p r e c ( mpc imagref ( mi s iu rew icz ) , p r e c i s i o n ) ;

150 m r mis iurewicz ( mis iurewicz , guess , mpreperiod , mperiod , newton steps ) ;

// Newton to cente r
npe r i od o ld = embedded ju l i a s e t p e r i od ;

155 nper iod = embedded ju l i a s e t p e r i od + ( arm length + denomina to r o f r o ta t i on ) ∗⤦
Ç i n f l u e n c i n g i s l a n d p e r i o d ;

p r e c i s i o n = mpf r ge t prec ( mpc r ea l r e f ( guess ) ) ;
mp f r s e t p r e c ( mpc r ea l r e f ( nuc leus ) , p r e c i s i o n ) ;
mp f r s e t p r e c ( mpc imagref ( nuc leus ) , p r e c i s i o n ) ;
m r nuc leus ( nucleus , mis iurewicz , nperiod , newton steps , NCPUS) ;

160

// update per iod to new ta rg e t
npe r i od o ld = nper iod ;
nper iod = 2 ∗ nper iod + arm length ∗ i n f l u e n c i n g i s l a n d p e r i o d ;

165 f o r ( i n t morph = 2 ; morph <= number of morphs + 1 ; ++morph)
{
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// i nva r i an t : at loop entry :
// nuc leus po in t s to a p e r i o d i c nuc leus at the cente r o f a morphing
// guess po in t s to the i n i t a l guess f o r mi s iu rew icz f i nd i n g

170 // mis iu rewicz po in t s to the tree −wards t i p o f the morphing

// compute view and output
mpc sub ( v i ew de l ta , mis iurewicz , nucleus , MPCRNDNN) ;
mpc abs ( v i ew s i z e , v i ew de l ta , MPFRRNDN) ;

175 mpfr mul d ( v i ew s i z e , v i ew s i z e , v i ew s i z e mu l t i p l i e r , MPFRRNDN) ;
mp f r p r i n t f

( ” s i z e 1280 720\n”
”view %d %Re %Re %Re\n”
” text %d %Re %Re %d\n”

180 ” text %d %Re %Re %dp%d\n”
” text %d %Re %Re GUESS\n”
”\n”

, p r e c i s i on , mpc r ea l r e f ( nuc leus ) , mpc imagref ( nuc leus ) , v i ew s i z e
, p r e c i s i on , mpc r ea l r e f ( nuc leus ) , mpc imagref ( nuc leus ) , npe r i od o ld

185 , p r e c i s i on , mpc r ea l r e f ( mi s iu rewicz ) , mpc imagref ( mi s iu rew icz ) , ⤦
Ç mpreperiod , mperiod

, p r e c i s i on , mpc r ea l r e f ( guess ) , mpc imagref ( guess )
) ;

f f l u s h ( stdout ) ;
i f (morph == number of morphs + 1)

190 {
break ;

}

// c a l c u l a t e atom domain coord o f t i p
195 mpc t z , zp , zq ;

mpfr t mz2 , z2 ;
mpc in i t2 ( z , p r e c i s i o n ) ;
mpc in i t2 ( zp , p r e c i s i o n ) ;
mpc in i t2 ( zq , p r e c i s i o n ) ;

200 mpf r i n i t 2 (mz2 , p r e c i s i o n ) ;
mp f r i n i t 2 ( z2 , p r e c i s i o n ) ;
mpc s e t s i ( z , 0 , MPCRNDNN) ;
mpf r s e t d (mz2 , 1 . 0 / 0 . 0 , MPFRRNDN) ;
f o r ( i n t i = 1 ; i <= nper i od o ld ; ++i )

205 {
mpc sqr ( z , z , MPCRNDNN) ;
mpc add ( z , z , mis iurewicz , MPCRNDNN) ;
mpc norm( z2 , z , MPFRRNDN) ;
i f ( mp f r l e s s p ( z2 , mz2) )

210 {
mpfr se t (mz2 , z2 , MPFRRNDN) ;
mpc set ( zq , zp , MPCRNDNN) ;
mpc set ( zp , z , MPCRNDNN) ;

}
215 }

mpc div ( atom coord , zp , zq , MPCRNDNN) ;
mpc c lear ( z ) ;
mpc c lear ( zp ) ;

220 // s c a l e atom coord by ∗∗1 .5 FIXME make t h i s a s e t t a b l e v a r i ab l e ?
mpc abs ( atom coord s i ze , atom coord , MPCRNDNN) ;
mpc d iv f r ( atom coord , atom coord , atom coord s i ze , MPCRNDNN) ;
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mpfr sqr t ( atom coord s i ze , a tom coord s i ze , MPFRRNDN) ;
mpfr pow si ( atom coord s i ze , a tom coord s i ze , 3 , MPFRRNDN) ;

225 mpc mul fr ( atom coord , atom coord , atom coord s i ze , MPCRNDNN) ;

#i f d e f EXAMPLE 3
// FIXME HACK fo r example 3 − the guess i s too o f f r o t a t i o n a l l y otherwi se
mpfr swap ( mpc r ea l r e f ( atom coord ) , mpc imagref ( atom coord ) ) ;

230 #end i f

// nuc leus i s in arm near mi s iu rewicz t i p
m r nuc leus ( nucleus , mis iurewicz , nperiod , newton steps , NCPUS) ;

235 // guess i s atom coord r e l a t i v e to new nuc leus
m r domain coord ( guess , nucleus , atom coord , nper iod o ld , nperiod , ⤦

Ç newton steps ) ;

// update per iod to new ta rg e t
npe r i od o ld = nper iod ;

240 nper iod = 2 ∗ nper iod + arm length ∗ i n f l u e n c i n g i s l a n d p e r i o d ;

// s e t p r e c i s i o n
p r e c i s i o n = 53 − 3 ∗ mpfr get exp ( v i ew s i z e ) ;
mpfr prec round ( mpc r ea l r e f ( nuc leus ) , p r e c i s i on , MPFRRNDN) ;

245 mpfr prec round ( mpc imagref ( nuc leus ) , p r e c i s i on , MPFRRNDN) ;
mpfr prec round ( mpc r ea l r e f ( guess ) , p r e c i s i on , MPFRRNDN) ;
mpfr prec round ( mpc imagref ( guess ) , p r e c i s i on , MPFRRNDN) ;
mpfr prec round ( mpc r ea l r e f ( mi s iu rewicz ) , p r e c i s i on , MPFRRNDN) ;
mpfr prec round ( mpc imagref ( mi s iu rew icz ) , p r e c i s i on , MPFRRNDN) ;

250

// mis iu rew icz i s guess r e f i n e d to new t i p
i n t d = i n f l u e n c i n g i s l a n d p e r i o d − 1 + arm length ∗ ⤦

Ç i n f l u e n c i n g i s l a n d p e r i o d ∗ (morph + 1) ;
mpreperiod = nper iod − d ;
mperiod = i n f l u e n c i n g i s l a n d p e r i o d ;

255 m r mis iurewicz ( mis iurewicz , guess , mpreperiod , mperiod , newton steps ) ;

}

m symbo l i c s ex i t ( ) ;
260 re turn 0 ;

}

13 c/bin/m-equipotential.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2019 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude <mandelbrot− symbol i c s . h>
#inc lude ”m− u t i l . h”

10 s t a t i c void usage ( const char ∗progname ) {
f p r i n t f

( s t d e r r
, ” usage : %s p r e c i s i o n count sharpness \n”
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, progname
15 ) ;

}

extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( argc != 4) {

20 usage ( argv [ 0 ] ) ;
r e turn 1 ;

}
bool nat ive = true ;
i n t b i t s = 0 ;

25 i n t count = 0 ;
i n t sharpness = 0 ;
i n t newton = 64 ;
i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 2 ] , &count ) ) { re turn 1 ; }

30 i f ( ! a r g i n t ( argv [ 3 ] , &sharpness ) ) { re turn 1 ; }
i n t r e t v a l = 0 ;
i f ( nat ive )
{

mpq t ang le ;
35 mpq init ( ang le ) ;

mpq se t s i ( angle , 0 , 1) ;
mpq canon ica l i ze ( ang le ) ;
double Complex c = m d exray in do ( angle , sharpness , sharpness ∗ count , ⤦

Ç newton ) ;
mpq clear ( ang le ) ;

40 m d equ ipo t en t i a l ∗ ray = m d equ ipotent ia l new ( c , sharpness , count ) ;
i n t 6 4 t s t ep s = ( ( i n t 6 4 t ) sharpness ) << count ;
f o r ( i n t 6 4 t i = 0 ; i < s t ep s ; ++i )
{

p r i n t f (”%.16 e %.16e\n” , c r e a l ( c ) , cimag ( c ) ) ;
45 i f ( m stepped != m d equ ipo t en t i a l s t ep ( ray , newton ) )

{
r e t v a l = 1 ;
break ;

}
50 c = m d equ ipo t en t i a l g e t ( ray ) ;

}
m d equ i po t en t i a l d e l e t e ( ray ) ;

}
e l s e

55 {
f p r i n t f ( s tde r r , ”non−nat ive e qu i p o t e n t i a l not yet implemented\n”) ;
r e t v a l = 1 ;

}
re turn r e t v a l ;

60 }

14 c/bin/m-exray-in.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
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#inc lude <mandelbrot− symbol i c s . h>
#inc lude ”m− u t i l . h”

10 s t a t i c void usage ( const char ∗progname ) {
f p r i n t f

( s t d e r r
, ” usage : %s p r e c i s i o n ang le sharpness maxsteps\n”
, progname

15 ) ;
}

extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( argc != 5) {

20 usage ( argv [ 0 ] ) ;
r e turn 1 ;

}
bool nat ive = true ;
i n t b i t s = 0 ;

25 i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }
mpq t ang le ;
mpq init ( ang le ) ;
i n t sharpness = 0 ;
i n t maxsteps = 0 ;

30 i f ( ! a r g r a t i o n a l ( argv [ 2 ] , ang le ) ) {
m binangle ba ;
m b inang l e i n i t (&ba ) ;
const char ∗ s = m binang l e f r om st r ing (&ba , argv [ 2 ] ) ;
i f ( ( ! s ) | | ∗ s ) r e turn 1 ;

35 m binang l e t o r a t i ona l ( angle , &ba ) ;
m b inang l e c l e a r (&ba ) ;

}
i f ( ! a r g i n t ( argv [ 3 ] , &sharpness ) ) { mpq clear ( ang le ) ; r e turn 1 ; }
i f ( ! a r g i n t ( argv [ 4 ] , &maxsteps ) ) { mpq clear ( ang le ) ; r e turn 1 ; }

40 i n t r e t v a l = 0 ;
i f ( nat ive ) {

m d exray in ∗ ray = m d exray in new ( angle , sharpness ) ;
i f ( ! ray ) { mpq clear ( ang le ) ; r e turn 1 ; }
f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {

45 complex double c = m d exray in ge t ( ray ) ;
p r i n t f (”%.16 e %.16e\n” , c r e a l ( c ) , cimag ( c ) ) ;
i f ( m stepped != m d exray in s t ep ( ray , 8) ) {

r e t v a l = 1 ;
break ;

50 }
}
m d exray in de l e t e ( ray ) ;

} e l s e {
m r exray in ∗ ray = m r exray in new ( angle , sharpness ) ;

55 i f ( ! ray ) { mpq clear ( ang le ) ; r e turn 1 ; }
mpc t c ;
mpc in i t2 ( c , 53) ;
f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {

m r ex ray in g e t ( ray , c ) ;
60 mpf r p r i n t f (”%Re %Re\n” , mpc r ea l r e f ( c ) , mpc imagref ( c ) ) ;

i f ( m stepped != m r ex ray in s t ep ( ray , 8) ) {
r e t v a l = 1 ;
break ;

35



mandelbrot-numerics c/bin/m-exray-out.c

}
65 // prec

mpf r prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , c ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;
i f ( prec > b i t s ) {

70 break ;
}

}
m r ex r ay i n d e l e t e ( ray ) ;

}
75 mpq clear ( ang le ) ;

r e turn r e t v a l ;
}

15 c/bin/m-exray-out.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

s t a t i c void usage ( const char ∗progname ) {
10 f p r i n t f

( s t d e r r
, ” usage : %s p r e c i s i o n c− re c−im sharpness maxdwell p reper i od per iod \n”
, progname
) ;

15 }

extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( argc != 8) {

usage ( argv [ 0 ] ) ;
20 re turn 1 ;

}
bool nat ive = true ;
i n t b i t s = 0 ;
i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }

25 i f ( nat ive ) {
double c r e = 0 ;
double cim = 0 ;
i n t sharpness = 0 ;
i n t maxdwell = 0 ;

30 i n t preper iod = 0 ;
i n t per iod = 0 ;
i f ( ! a rg doub le ( argv [ 2 ] , &cre ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 3 ] , &cim ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 4 ] , &sharpness ) ) { re turn 1 ; }

35 i f ( ! a r g i n t ( argv [ 5 ] , &maxdwell ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 6 ] , &preper i od ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 7 ] , &per iod ) ) { re turn 1 ; }
i f ( ! ( p reper i od >= 0) ) { re turn 1 ; }
i f ( ! ( per iod >= 0) ) { re turn 1 ; }

40 i f ( p reper i od > 0 && ! ( per iod > 0) ) { re turn 1 ; }

36
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m d exray out ∗ ray = m d exray out new ( c re + I ∗ cim , sharpness , maxdwell ) ;
i f ( ! ray ) { re turn 1 ; }
char ∗ s b i t s = mal loc (maxdwell + 2) ;
i f ( ! s b i t s ) { m d exray out de l e t e ( ray ) ; r e turn 1 ; }

45 i n t n = 0 ;
do {

complex double c = m d exray out get ( ray ) ;
p r i n t f (”%.16 e %.16e ” , c r e a l ( c ) , cimag ( c ) ) ;
i f ( m d exray out have b i t ( ray ) ) {

50 i n t b i t = m d exray out ge t b i t ( ray ) ;
s b i t s [ n++] = ’0 ’ + b i t ;
p r i n t f (” %d\n” , b i t ) ;

} e l s e {
p r i n t f (”\n”) ;

55 }
} whi le ( m stepped == m d exray out s tep ( ray ) ) ;
s b i t s [ n ] = 0 ;
m d exray out de l e t e ( ray ) ;
i f ( p reper i od + per iod > 0) {

60 p r i n t f (”\n . ” ) ;
f o r ( i n t i = 0 ; i < preper i od && 0 <= n − 1 − i ; ++i ) {

putchar ( s b i t s [ n − 1 − i ] ) ;
}
putchar ( ’ ( ’ ) ;

65 f o r ( i n t i = preper i od ; i < preper iod + per iod && 0 <= n − 1 − i ; ++i ) {
putchar ( s b i t s [ n − 1 − i ] ) ;

}
putchar ( ’ ) ’ ) ;
putchar ( ’\n ’ ) ;

70 }
f r e e ( s b i t s ) ;
r e turn 0 ;

} e l s e {
mpc t c ;

75 i n t sharpness = 0 ;
i n t maxdwell = 0 ;
i n t preper iod = 0 ;
i n t per iod = 0 ;
mpc in i t2 ( c , b i t s ) ;

80 i f ( ! arg mpc ( argv [ 2 ] , argv [ 3 ] , c ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 4 ] , &sharpness ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 5 ] , &maxdwell ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 6 ] , &preper i od ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 7 ] , &per iod ) ) { re turn 1 ; }

85 i f ( ! ( p reper i od >= 0) ) { re turn 1 ; }
i f ( ! ( per iod >= 0) ) { re turn 1 ; }
i f ( p reper i od > 0 && ! ( per iod > 0) ) { re turn 1 ; }
m r exray out ∗ ray = m r exray out new ( c , sharpness , maxdwell , 65536) ;
i f ( ! ray ) { re turn 1 ; }

90 char ∗ s b i t s = mal loc (maxdwell + 2) ;
i f ( ! s b i t s ) { m r ex ray ou t de l e t e ( ray ) ; r e turn 1 ; }
i n t n = 0 ;
do {

m r exray out ge t ( ray , c ) ;
95 mpf r p r i n t f (”%Re %Re” , mpc r ea l r e f ( c ) , mpc imagref ( c ) ) ;

i f ( m r ex ray out have b i t ( ray ) ) {
i n t b i t = m r ex r ay ou t g e t b i t ( ray ) ;
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s b i t s [ n++] = ’0 ’ + b i t ;
p r i n t f (” %d\n” , b i t ) ;

100 } e l s e {
p r i n t f (”\n”) ;

}
} whi le ( m stepped == m r exray out s t ep ( ray ) ) ;
s b i t s [ n ] = 0 ;

105 m r ex ray ou t de l e t e ( ray ) ;
i f ( p reper i od + per iod > 0) {

p r i n t f (”\n . ” ) ;
f o r ( i n t i = 0 ; i < preper i od && 0 <= n − 1 − i ; ++i ) {

putchar ( s b i t s [ n − 1 − i ] ) ;
110 }

putchar ( ’ ( ’ ) ;
f o r ( i n t i = preper i od ; i < preper iod + per iod && 0 <= n − 1 − i ; ++i ) {

putchar ( s b i t s [ n − 1 − i ] ) ;
}

115 putchar ( ’ ) ’ ) ;
putchar ( ’\n ’ ) ;

}
f r e e ( s b i t s ) ;
r e turn 0 ;

120 }
re turn 1 ;

}

16 c/bin/m-exray-out-perturbed.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2019 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

s t a t i c void usage ( const char ∗progname ) {
10 f p r i n t f

( s t d e r r
, ” usage : %s p r e c i s i o n nucleus − re nucleus −im nucleus −per iod c− re c−im ⤦

Ç sharpness maxdwell p reper i od per iod \n”
, progname
) ;

15 }

extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( argc != 11) {

usage ( argv [ 0 ] ) ;
20 re turn 1 ;

}
bool nat ive = true ;
i n t b i t s = 0 ;
i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }

25 i f ( nat ive ) {
f p r i n t f ( s tde r r , ”no nat ive \n”) ;
r e turn 1 ;

} e l s e {
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mpc t nucleus , endpoint ;
30 i n t sharpness = 0 ;

i n t maxdwell = 0 ;
i n t preper iod = 0 ;
i n t per iod = 0 ;
i n t nper iod = 0 ;

35 mpc in i t2 ( nucleus , b i t s ) ;
mpc in i t2 ( endpoint , b i t s ) ;
i f ( ! arg mpc ( argv [ 2 ] , argv [ 3 ] , nuc leus ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 4 ] , &nper iod ) ) { re turn 1 ; }
i f ( ! arg mpc ( argv [ 5 ] , argv [ 6 ] , endpoint ) ) { re turn 1 ; }

40 i f ( ! a r g i n t ( argv [ 7 ] , &sharpness ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 8 ] , &maxdwell ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 9 ] , &preper i od ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 1 0 ] , &per iod ) ) { re turn 1 ; }
i f ( ! ( p reper i od >= 0) ) { re turn 1 ; }

45 i f ( ! ( nper iod > 0) ) { re turn 1 ; }
i f ( ! ( per iod >= 0) ) { re turn 1 ; }
i f ( p reper i od > 0 && ! ( per iod > 0) ) { re turn 1 ; }
m r exray out per turbed ∗ ray = m r exray out perturbed new ( nucleus , nperiod ,⤦

Ç endpoint , sharpness , maxdwell , 65536) ;
i f ( ! ray ) { re turn 1 ; }

50 char ∗ s b i t s = mal loc (maxdwell + 2) ;
i f ( ! s b i t s ) { m r ex ray ou t pe r tu rbed de l e t e ( ray ) ; r e turn 1 ; }
i n t n = 0 ;
do {

double Complex c = m r exray out pe r tu rbed ge t ( ray ) ;
55 p r i n t f (”%.18 e %.18e ” , c r e a l ( c ) , cimag ( c ) ) ;

i f ( m r ex ray out pe r tu rbed have b i t ( ray ) ) {
i n t b i t = m r ex ray ou t pe r tu rb ed ge t b i t ( ray ) ;
s b i t s [ n++] = ’0 ’ + b i t ;
p r i n t f (” %d\n” , b i t ) ;

60 } e l s e {
p r i n t f (”\n”) ;

}
} whi le ( m stepped == m r exray out pe r tu rbed s t ep ( ray ) ) ;
s b i t s [ n ] = 0 ;

65 m r ex ray ou t pe r tu rbed de l e t e ( ray ) ;
i f ( p reper i od + per iod > 0) {

p r i n t f (”\n . ” ) ;
f o r ( i n t i = 0 ; i < preper i od && 0 <= n − 1 − i ; ++i ) {

putchar ( s b i t s [ n − 1 − i ] ) ;
70 }

putchar ( ’ ( ’ ) ;
f o r ( i n t i = preper i od ; i < preper iod + per iod && 0 <= n − 1 − i ; ++i ) {

putchar ( s b i t s [ n − 1 − i ] ) ;
}

75 putchar ( ’ ) ’ ) ;
putchar ( ’\n ’ ) ;

}
f r e e ( s b i t s ) ;
r e turn 0 ;

80 }
re turn 1 ;

}
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17 c/bin/m-feature-database.c

#inc lude <a s s e r t . h>
#inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude <mandelbrot− symbol i c s . h>

5 #inc lude ”m− u t i l . h”

i n t main ( i n t argc , char ∗∗ argv )
{

i f ( ! ( argc == 3) )
10 {

f p r i n t f ( s tde r r , ” usage : %s preper i od per iod \n” , argv [ 0 ] ) ;
r e turn 1 ;

}
i n t preper i od = 0 ;

15 i n t per iod = 1 ;
i n t sharpness = 16 ;
i n t maxsteps = 100 ;
i n t ncpus = 0 ;
a r g i n t ( argv [ 1 ] , &preper i od ) ;

20 a s s e r t ( preper i od >= 0) ;
a s s e r t ( preper i od < 64) ;
a r g i n t ( argv [ 2 ] , &per iod ) ;
a s s e r t ( per iod > 0) ;
a s s e r t ( per iod < 64) ;

25 mpfr prec t p r e c i s i o n = 4 ∗ ( preper i od + per iod ) ;
i n t depth = ( p r e c i s i o n + 16) ∗ sharpness ;
i n t d i g i t s = log10 (2 ) ∗ p r e c i s i o n ;
m binangle ang le ;
m b inang l e i n i t (&angle ) ;

30 mpq t q ;
mpq init ( q ) ;
mpc t endpoint , root , output , d e l t a ;
mpc in i t2 ( endpoint , p r e c i s i o n + 16) ;
mpc in i t2 ( root , p r e c i s i o n + 16) ;

35 mpc in i t2 ( output , p r e c i s i o n ) ;
mpc in i t2 ( de l ta , 16) ;
mpfr t d i s t ance ;
mp f r i n i t 2 ( d i s tance , 16) ;
f o r ( u i n t 64 t pre = 0 ; pre < ( ( u i n t 64 t ) 1) << preper i od ; ++pre )

40 {
f o r ( u i n t 64 t per = 0 ; per < ( ( u i n t 64 t ) 1) << per iod ; ++per )
{

mpz set u i ( ang le . pre . b i t s , pre ) ;
ang le . pre . l ength = preper iod ;

45 mpz set u i ( ang le . per . b i t s , per ) ;
ang le . per . l ength = per iod ;
m b inang l e t o r a t i ona l (q , &ang le ) ;
m b inang l e f r om ra t i ona l (&angle , q ) ;
i f ( ang le . pre . l ength == preper iod && angle . per . l ength == per iod &&

50 mpz get u i ( ang le . pre . b i t s ) == pre && mpz get u i ( ang le . per . b i t s ) == per⤦
Ç &&

mpq cmp ui (q , 1 , 2) <= 0)
{

m r exray in ∗ ray = m r exray in new (q , sharpness ) ;
m newton r ;

40
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55 f o r ( i n t i = 0 ; i < depth ; ++i )
{

r = m r ex ray in s t ep ( ray , maxsteps ) ;
i f ( r == m fa i l ed )
{

60 f p r i n t f ( s tde r r , ”FAIL %lu %lu %d\n” , pre , per , i ) ;
abort ( ) ;

}
}
m r ex ray in g e t ( ray , endpoint ) ;

65 mpc set ( root , endpoint , MPCRNDNN) ;
i f ( p reper i od == 0)
{

r = m r nuc leus ( root , root , per iod , maxsteps , ncpus ) ;
}

70 e l s e
{

r = m r mis iurewicz ( root , root , p reper i od + 1 , per iod , maxsteps ) ;
i f ( r != m fa i l ed )
{

75 r = m r mi s iu r ew i c z na ive ( root , root , p reper i od + 1 , per iod , ⤦
Ç maxsteps ) ;

}
}
i f ( r == m fa i l ed )
{

80 f p r i n t f ( s tde r r , ”FAIL %lu %lu \n” , pre , per ) ;
abort ( ) ;

}
mpc sub ( de l ta , root , endpoint , MPCRNDNN) ;
mpc norm( d i s tance , de l ta , MPFRRNDN) ;

85 mpfr exp t e = −mpfr get exp ( d i s t anc e ) ;
i f (1 | | ( e > 2 ∗ p r e c i s i o n ) )
{

mpc set ( output , root , MPCRNDNN) ;
mpfr abs ( mpc imagref ( output ) , mpc imagref ( output ) , MPFRRNDN) ;

90 char ∗ s = mal loc ( m b inang l e s t r l en (&angle ) ) ;
m b inang l e t o s t r i n g ( s , &ang le ) ;
mp f r p r i n t f (”%s \ t%Qd\ t%.∗Rf\ t%.∗Rf\n” , s , q , d i g i t s , mpc r ea l r e f (⤦

Ç output ) , d i g i t s , mpc imagref ( output ) ) ;
f r e e ( s ) ;
f f l u s h ( stdout ) ;

95 }
e l s e
{

f p r i n t f ( s tde r r , ”FAIL %lu %lu e=%ld \n” , pre , per , e ) ;
abort ( ) ;

100 }
}

}
}
re turn 0 ;

105 }

18 c/bin/m-feigenbaum3.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
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// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <complex . h>
#inc lude <s t d i o . h>

#inc lude <mandelbrot−numerics . h>

10 #de f i n e twopi 6.283185307179586

i n t main ( i n t argc , char ∗∗ argv ) {
( void ) argc ;
( void ) argv ;

15 i f ( argc != 4) re turn 1 ;
complex double l o c a t i o n = ato f ( argv [ 1 ] ) + I ∗ a to f ( argv [ 2 ] ) ;
i n t per iodFactor = a t o i ( argv [ 3 ] ) ;
i n t per iod = 1 ;
complex double nuc leus = 0 ;

20 complex double s i z e = 1 ;
;

f o r ( i n t depth = 0 ; depth < 12 ; ++depth ) {
s i z e = m d s ize ( nucleus , per iod ) ;
complex double es t imate = nuc leus + l o c a t i o n ∗ s i z e ;

25 per iod ∗= per iodFactor ;
m d nucleus(&nucleus , est imate , per iod , 64) ;

}
complex double c0 = nuc leus ;
nuc leus = 0 ;

30 s i z e = 1 ;
per iod = 1 ;
f o r ( i n t depth = 0 ; depth < 12 ; ++depth ) {

s i z e = m d s ize ( nucleus , per iod ) ;
complex double d0 = nuc leus − c0 ;

35 complex double es t imate = nuc leus + l o c a t i o n ∗ s i z e ;
per iod ∗= per iodFactor ;
m d nucleus(&nucleus , est imate , per iod , 64) ;
complex double d1 = nuc leus − c0 ;
complex double r = d0 / d1 ;

40 p r i n t f
( ”#pre s e t \nC = %.18e ,%.18 e\nZ = %.18e ,%.18 e\nT = %d\n#endpreset \n”
, c r e a l ( c0 ) , cimag ( c0 ) , c r e a l ( r ) , cimag ( r ) , ( i n t ) round (25 ∗ l og10 ( cabs ( r ) )⤦

Ç )
) ;

f f l u s h ( stdout ) ;
45 }

re turn 0 ;
}

19 c/bin/m-feigenbaum.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <complex . h>
#inc lude <s t d i o . h>
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#inc lude <mandelbrot−numerics . h>

10 #de f i n e twopi 6.283185307179586

i n t main ( i n t argc , char ∗∗ argv ) {
( void ) argc ;
( void ) argv ;

15 i n t count = 32 ;
i n t per iod = 2 ;
double s i z e = 0 . 5 ;
complex double nuc leus = −1;
p r i n t f (”%.18 e\n” , −1.0) ;

20 f o r ( i n t depth = 1 ; depth < count ; ++depth ) {
per iod ∗= 2 ;
complex double es t imate = nuc leus − 1 .25 ∗ ( s i z e / 2) ;
m d nucleus(&nucleus , est imate , per iod , 64) ;
s i z e = cabs ( m d s i ze ( nucleus , per iod ) ) ;

25 p r i n t f (”%.18 e\n” , c r e a l ( nuc leus ) ) ;
f f l u s h ( stdout ) ;

}
re turn 0 ;

}

20 c/bin/m-fibonacci-phi.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <gmp . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

10 i n t main ( i n t argc , char ∗∗ argv )
{

( void ) argc ;
( void ) argv ;
mpq t a , b , c ;

15 mpq init ( a ) ;
mpq init (b) ;
mpq init ( c ) ;
mpq se t s i ( a , 0 , 1) ;
mpq se t s i (b , 1 , 1) ;

20 double p r e v s i z e = 0 . 0 / 0 . 0 ;
f o r ( i n t i = 0 ; i < 24 ; ++i )
{

mpz add (mpq numref ( c ) , mpq numref ( a ) , mpq numref (b) ) ;
mpz add ( mpq denref ( c ) , mpq denref ( a ) , mpq denref (b) ) ;

25 mpq canon ica l i ze ( c ) ;
complex double z = 0 , bond = 0 , nuc leus = 0 ;
m d in t e r i o r (&z , &bond , 0 , 0 , cexp ( I ∗ twopi ∗ mpq get d ( c ) ) , 1 , 64) ;
i n t per iod = mpz get s i ( mpq denref ( c ) ) ;
m d nucleus(&nucleus , bond , per iod , 64) ;

30 double s i z e = cabs ( m d s i ze ( nucleus , per iod ) ) ;
p r i n t f

( ”%d/%d\ t%.18e\ t%.18e\n”

43



mandelbrot-numerics c/bin/m-furcation.c

, ( i n t ) mpz ge t s i (mpq numref ( c ) )
, pe r iod

35 , s i z e
, s q r t ( p r e v s i z e / s i z e )
) ;

f f l u s h ( stdout ) ;
mpq set ( a , b ) ;

40 mpq set (b , c ) ;
p r e v s i z e = s i z e ;

}
mpq clear ( a ) ;
mpq clear (b) ;

45 mpq clear ( c ) ;
r e turn 0 ;

}

21 c/bin/m-furcation.c

#inc lude <complex . h>
#inc lude <math . h>
#inc lude <s t d i o . h>

5 #inc lude <mandelbrot−numerics . h>

#inc lude ”m− u t i l . h”

s t a t i c void usage ( const char ∗progname ) {
10 f p r i n t f

( s t d e r r
, ” usage : %s ang le . . . | f fmpeg −r 10 − i − output . g i f \n”
, progname
) ;

15 }

extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( ! ( argc > 1) ) {

usage ( argv [ 0 ] ) ;
20 re turn 1 ;

}
const i n t maxsteps = 64 ;
const i n t sharpness = 64 ;
mpq t q ;

25 mpq init ( q ) ;
double dper iod = 1 ;
f o r ( i n t arg = 1 ; arg < argc ; ++arg )
{

i f ( ! a r g r a t i o n a l ( argv [ arg ] , q ) ) { mpq clear ( q ) ; r e turn 1 ; }
30 i f ( ! (0 < mpq cmp si (q , 0 , 1) && mpq cmp si (q , 1 , 1) < 1) ) { mpq clear ( q ) ; ⤦

Ç re turn 1 ; }
dper iod ∗= mpz get d ( mpq denref ( q ) ) ;

}
i f ( dper iod > INT MAX) { mpq clear ( q ) ; r e turn 1 ; }
i n t he ight = 2 ∗ sharpness ∗ ( argc − 1) ;

35 i n t width = he ight ;
unsigned char ∗ppm = malloc ( width ∗ he ight ∗ 3) ;
f o r ( i n t ang le = 0 ; ang le < 360 ; ang le += 5)
{
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memset (ppm, 0 , width ∗ he ight ∗ 3) ;
40 i n t per iod = 1 ;

double Complex c = 0 ;
double Complex z = 0 ;
double Complex dc = 0 ;
double Complex dz = 0 ;

45 double Complex r o t a t i on = cexp ( I ∗ twopi ∗ ang le / 360 . 0 ) ;
double Complex l e f t = cexp ( I ∗ twopi ∗ 2 .0 / 360) ∗ r o t a t i on ;
double Complex r i g h t = cexp ( I ∗ twopi ∗ −2.0 / 360) ∗ r o t a t i on ;
i n t x = 0 ;
f o r ( i n t arg = 1 ; arg < argc ; ++arg )

50 {
a r g r a t i o n a l ( argv [ arg ] , q ) ;
m d nucleus(&c , c , per iod , maxsteps ) ;
z = 0 ;
f o r ( i n t s tep = 0 ; s tep < sharpness ; ++step )

55 {
i n t y = (2 ∗ arg − 1) ∗ sharpness − 1 − s tep ;
m d in t e r i o r (&z , &c , z , c , ( s tep + 0 . 5 ) / sharpness , per iod , maxsteps ) ;
double Complex w = z ;
f o r ( i n t a t t = 0 ; a t t < per iod ; ++att )

60 {
x = cimag ( r i g h t ∗ w) / cabs ( r i g h t ∗ w − 10) ∗ 4 ∗ width + width / 2 ;
i f ( x < 0) x = 0 ;
i f ( x >= width ) x = width − 1 ;
ppm[3 ∗ width ∗ y + 3 ∗ x + 0 ] = 255 ;

65 x = cimag ( l e f t ∗ w) / cabs ( l e f t ∗ w − 10) ∗ 4 ∗ width + width / 2 ;
i f ( x < 0) x = 0 ;
i f ( x >= width ) x = width − 1 ;
ppm[3 ∗ width ∗ y + 3 ∗ x + 1 ] = 255 ;
ppm[3 ∗ width ∗ y + 3 ∗ x + 2 ] = 255 ;

70 w = w ∗ w + c ;
}

}
double t = twopi ∗ mpq get d (q ) ;
double Complex v = cexp ( I ∗ t ) ;

75 m d nucleus(&c , c , per iod , maxsteps ) ;
z = 0 ;
f o r ( i n t s tep = 0 ; s tep < sharpness ; ++step )
{

i n t y = (2 ∗ arg − 1) ∗ sharpness + step ;
80 double Complex z1 , c1 ;

m d in t e r i o r (&z1 , &c1 , z , c , ( s tep + 0 . 5 ) / sharpness ∗ v , per iod , ⤦
Ç maxsteps ) ;

dc = c1 − c ;
dz = z1 − z ;
c = c1 ;

85 z = z1 ;
double Complex w = z ;
f o r ( i n t a t t = 0 ; a t t < per iod ; ++att )
{

x = cimag ( r i g h t ∗ w) / cabs ( r i g h t ∗ w − 10) ∗ 4 ∗ width + width / 2 ;
90 i f ( x < 0) x = 0 ;

i f ( x >= width ) x = width − 1 ;
ppm[3 ∗ width ∗ y + 3 ∗ x + 0 ] = 255 ;
x = cimag ( l e f t ∗ w) / cabs ( l e f t ∗ w − 10) ∗ 4 ∗ width + width / 2 ;
i f ( x < 0) x = 0 ;

45
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95 i f ( x >= width ) x = width − 1 ;
ppm[3 ∗ width ∗ y + 3 ∗ x + 1 ] = 255 ;
ppm[3 ∗ width ∗ y + 3 ∗ x + 2 ] = 255 ;
w = w ∗ w + c ;

}
100 ++y ;

}
i n t p = mpz get u i ( mpq denref ( q ) ) ;
double f = 0 .5 ∗ (1 + ( per iod == 1 ? s i n ( 0 . 5 ∗ p) : 1 . 0 ) / (p ∗ p) ) ;
c += dc ∗ f ;

105 z += dz ∗ f ;
pe r iod ∗= p ;

}
p r i n t f (”P6\n%d %d\n255\n” , width , he ight ) ;
fw r i t e (ppm, width ∗ he ight ∗ 3 , 1 , s tdout ) ;

110 f f l u s h ( stdout ) ;
}
mpq clear ( q ) ;
f r e e (ppm) ;
re turn 0 ;

115 }

22 c/bin/m-interior.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

s t a t i c void usage ( const char ∗progname ) {
10 f p r i n t f

( s t d e r r
, ” usage : %s p r e c i s i o n z−guess − re z−guess −im c−guess − re c−guess −im i n t e r i o r −⤦

Ç r i n t e r i o r −t per iod maxsteps\n”
, progname
) ;

15 }

extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( argc != 10) {

usage ( argv [ 0 ] ) ;
20 re turn 1 ;

}
bool nat ive = true ;
i n t b i t s = 0 ;
i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }

25 i f ( nat ive ) {
double z r e = 0 ;
double zim = 0 ;
double c r e = 0 ;
double cim = 0 ;

30 double i r = 0 ;
double i t = 0 ;
i n t per iod = 0 ;
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i n t maxsteps = 0 ;
i f ( ! a rg doub le ( argv [ 2 ] , &zre ) ) { re turn 1 ; }

35 i f ( ! a rg doub le ( argv [ 3 ] , &zim ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 4 ] , &cre ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 5 ] , &cim ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 6 ] , &i r ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 7 ] , &i t ) ) { re turn 1 ; }

40 i f ( ! a r g i n t ( argv [ 8 ] , &per iod ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 9 ] , &maxsteps ) ) { re turn 1 ; }
complex double z = 0 ;
complex double c = 0 ;
m d in t e r i o r (&z , &c , z r e + I ∗ zim , c r e + I ∗ cim , i r ∗ cexp ( I ∗ twopi ∗ i t )⤦

Ç , per iod , maxsteps ) ;
45 p r i n t f (”%.16 e %.16e %.16e %.16e\n” , c r e a l ( z ) , cimag ( z ) , c r e a l ( c ) , cimag ( c ) ) ;

r e turn 0 ;
} e l s e {

mpc t z , c , i , i n t e r i o r ;
mpfr t p ;

50 mpc in i t2 ( z , b i t s ) ;
mpc in i t2 ( c , b i t s ) ;
mpc in i t2 ( i , b i t s ) ;
mpc in i t2 ( i n t e r i o r , b i t s ) ;
mp f r i n i t 2 (p , b i t s ) ;

55 i n t per iod = 0 ;
i n t maxsteps = 0 ;
i f ( ! arg mpc ( argv [ 2 ] , argv [ 3 ] , z ) ) { re turn 1 ; }
i f ( ! arg mpc ( argv [ 4 ] , argv [ 5 ] , c ) ) { re turn 1 ; }
i f ( ! arg mpc ( argv [ 6 ] , argv [ 7 ] , i ) ) { re turn 1 ; }

60 i f ( ! a r g i n t ( argv [ 8 ] , &per iod ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 9 ] , &maxsteps ) ) { re turn 1 ; }
// i n t e r i o r = i r ∗ cexp ( I ∗ twopi ∗ i t ) ;
mp f r cons t p i (p , MPFRRNDN) ;
mpfr mul ( mpc imagref ( i ) , mpc imagref ( i ) , p , MPFRRNDN) ;

65 mpfr mul 2s i ( mpc imagref ( i ) , mpc imagref ( i ) , 1 , MPFRRNDN) ;
mp f r s i n co s ( mpc imagref ( i n t e r i o r ) , mpc r ea l r e f ( i n t e r i o r ) , mpc imagref ( i ) , ⤦

Ç MPFRRNDN) ;
mpc mul fr ( i n t e r i o r , i n t e r i o r , mpc r ea l r e f ( i ) , MPCRNDNN) ;
m r i n t e r i o r ( z , c , z , c , i n t e r i o r , per iod , maxsteps ) ;
mp f r p r i n t f (”%Re %Re %Re %Re\n” , mpc r ea l r e f ( z ) , mpc imagref ( z ) , mpc r ea l r e f⤦

Ç ( c ) , mpc imagref ( c ) ) ;
70 mpc clear ( z ) ;

mpc c lear ( c ) ;
mpc c lear ( i ) ;
mpc c lear ( i n t e r i o r ) ;
mp f r c l e a r (p) ;

75 re turn 0 ;
}
re turn 1 ;

}

23 c/bin/m-misiurewicz.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
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#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

s t a t i c void usage ( const char ∗progname ) {
10 f p r i n t f

( s t d e r r
, ” usage : %s p r e c i s i o n guess − re guess −im preper i od per iod maxsteps\n”
, progname
) ;

15 }

extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( argc != 7) {

usage ( argv [ 0 ] ) ;
20 re turn 1 ;

}
bool nat ive = true ;
i n t b i t s = 0 ;
i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }

25 i f ( nat ive ) {
double c r e = 0 ;
double cim = 0 ;
i n t preper iod = 0 ;
i n t per iod = 0 ;

30 i n t maxsteps = 0 ;
i f ( ! a rg doub le ( argv [ 2 ] , &cre ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 3 ] , &cim ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 4 ] , &preper i od ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 5 ] , &per iod ) ) { re turn 1 ; }

35 i f ( ! a r g i n t ( argv [ 6 ] , &maxsteps ) ) { re turn 1 ; }
complex double c = 0 ;
m d mis iurewicz (&c , c r e + I ∗ cim , preper iod , per iod , maxsteps ) ;
m d mis iurewicz na ive (&c , c , preper iod , per iod , maxsteps ) ;
p r i n t f (”%.16 e %.16e\n” , c r e a l ( c ) , cimag ( c ) ) ;

40 re turn 0 ;
} e l s e {

mpc t c gue s s ;
i n t preper iod = 0 ;
i n t per iod = 0 ;

45 i n t maxsteps = 0 ;
mpc in i t2 ( c guess , b i t s ) ;
i f ( ! arg mpc ( argv [ 2 ] , argv [ 3 ] , c gue s s ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 4 ] , &preper i od ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 5 ] , &per iod ) ) { re turn 1 ; }

50 i f ( ! a r g i n t ( argv [ 6 ] , &maxsteps ) ) { re turn 1 ; }
mpc t c out ;
mpc in i t2 ( c out , b i t s ) ;
m r mis iurewicz ( c out , c guess , preper iod , per iod , maxsteps ) ;
m r mi s iu r ew i c z na ive ( c out , c out , preper iod , per iod , maxsteps ) ;

55 mpf r p r i n t f (”%Re %Re\n” , mpc r ea l r e f ( c out ) , mpc imagref ( c out ) ) ;
mpc c lear ( c out ) ;
mpc c lear ( c gue s s ) ;
r e turn 0 ;

}
60 re turn 1 ;

}
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24 c/bin/m-nearest-roots.c

#inc lude <mandelbrot−numerics . h>

#de f i n e NCPUS 8

5 i n t main ( )
{

mpfr t d i s t ance ;
mp f r i n i t 2 ( d i s tance , 53) ;
f o r ( i n t per iod = 4 ; per iod <= 65536; per iod <<= 1)

10 {
mpc t nuc leus [ 3 ] ;
mpc t de l t a ;
mpc in i t2 ( nuc leus [ 0 ] , 4 ∗ per iod ) ;
mpc in i t2 ( nuc leus [ 1 ] , 4 ∗ per iod ) ;

15 mpc in i t2 ( nuc leus [ 2 ] , 4 ∗ per iod ) ;
mpc in i t2 ( de l ta , 4 ∗ per iod ) ;
mpc s e t s i ( nuc leus [ 0 ] , −2 , MPCRNDNN) ;
mpc s e t s i ( nuc leus [ 1 ] , −2 , MPCRNDNN) ;
m r nuc leus ( nuc leus [ 0 ] , nuc leus [ 0 ] , per iod , 64 , NCPUS) ;

20 m r nuc leus ( nuc leus [ 1 ] , nuc leus [ 1 ] , pe r iod + 1 , 64 , NCPUS) ;
mpc sub ( de l ta , nuc leus [ 0 ] , nuc leus [ 1 ] , MPCRNDNN) ;
mpc add ( nuc leus [ 2 ] , nuc leus [ 0 ] , de l ta , MPCRNDNN) ;
m r nuc leus ( nuc leus [ 2 ] , nuc leus [ 2 ] , pe r iod + 1 , 64 , NCPUS) ;
mpc sub ( de l ta , nuc leus [ 1 ] , nuc leus [ 2 ] , MPCRNDNN) ;

25 mpc abs ( d i s tance , de l ta , MPFRRNDN) ;
mpfr log2 ( d i s tance , d i s tance , MPFRRNDN) ;
mp f r d i v s i ( d i s tance , d i s tance , per iod + 1 , MPFRRNDN) ;
mp f r p r i n t f (”%6d\ t%Re\n” , per iod + 1 , d i s t anc e ) ;
mpc c lear ( nuc leus [ 0 ] ) ;

30 mpc clear ( nuc leus [ 1 ] ) ;
mpc c lear ( nuc leus [ 2 ] ) ;
mpc c lear ( de l t a ) ;

}
re turn 0 ;

35 }

25 c/bin/m-nucleus.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

s t a t i c void usage ( const char ∗progname ) {
10 f p r i n t f

( s t d e r r
, ” usage :\n”
”%s p r e c i s i o n guess − re guess −im per iod maxsteps ncpus\n”
”%s p r e c i s i o n per iod maxsteps ncpus <<EOF\n”

15 ” guess − re \nguess −im\nEOF\n”
, progname , progname
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) ;
}

20 extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( argc != 5 && argc != 7) {

usage ( argv [ 0 ] ) ;
r e turn 1 ;

}
25 bool nat ive = true ;

i n t b i t s = 0 ;
i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }
i f ( nat ive ) {

double c r e = 0 ;
30 double cim = 0 ;

i n t per iod = 0 ;
i n t maxsteps = 0 ;
i n t ncpus = 0 ;
i f ( argc == 5)

35 {
i f ( ! s td in doub l e (&cre ) ) { re turn 1 ; }
i f ( ! s td in doub l e (&cim ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 2 ] , &per iod ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 3 ] , &maxsteps ) ) { re turn 1 ; }

40 i f ( ! a r g i n t ( argv [ 4 ] , &ncpus ) ) { re turn 1 ; }
}
e l s e
{

i f ( ! a rg doub le ( argv [ 2 ] , &cre ) ) { re turn 1 ; }
45 i f ( ! a rg doub le ( argv [ 3 ] , &cim ) ) { re turn 1 ; }

i f ( ! a r g i n t ( argv [ 4 ] , &per iod ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 5 ] , &maxsteps ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 6 ] , &ncpus ) ) { re turn 1 ; }

}
50 complex double c = 0 ;

m d nucleus(&c , c r e + I ∗ cim , per iod , maxsteps ) ;
p r i n t f (”%.16 e %.16e\n” , c r e a l ( c ) , cimag ( c ) ) ;
r e turn 0 ;

} e l s e {
55 mpc t c gue s s ;

i n t per iod = 0 ;
i n t maxsteps = 0 ;
i n t ncpus = 0 ;
mpc in i t2 ( c guess , b i t s ) ;

60 i f ( argc == 5)
{

i f ( ! s td in mpfr ( mpc r ea l r e f ( c gue s s ) ) ) { re turn 1 ; }
i f ( ! s td in mpfr ( mpc imagref ( c gue s s ) ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 2 ] , &per iod ) ) { re turn 1 ; }

65 i f ( ! a r g i n t ( argv [ 3 ] , &maxsteps ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 4 ] , &ncpus ) ) { re turn 1 ; }

}
e l s e
{

70 i f ( ! arg mpc ( argv [ 2 ] , argv [ 3 ] , c gue s s ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 4 ] , &per iod ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 5 ] , &maxsteps ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 6 ] , &ncpus ) ) { re turn 1 ; }
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}
75 mpc t c out ;

mpc in i t2 ( c out , b i t s ) ;
m r nuc leus ( c out , c guess , per iod , maxsteps , ncpus ) ;
mp f r p r i n t f (”%Re %Re\n” , mpc r ea l r e f ( c out ) , mpc imagref ( c out ) ) ;
mpc c lear ( c out ) ;

80 mpc clear ( c gue s s ) ;
r e turn 0 ;

}
re turn 1 ;

}

26 c/bin/m-parent.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

s t a t i c void usage ( const char ∗progname ) {
10 f p r i n t f

( s t d e r r
, ” usage : %s p r e c i s i o n nucleus − re nucleus −im per iod maxsteps ncpus\n”
, progname
) ;

15 }

extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( argc != 7) {

usage ( argv [ 0 ] ) ;
20 re turn 1 ;

}
bool nat ive = true ;
i n t b i t s = 0 ;
i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }

25 i f ( nat ive ) {
double c r e = 0 ;
double cim = 0 ;
i n t per iod = 0 ;
i n t maxsteps = 0 ;

30 i n t ncpus = 0 ;
i f ( ! a rg doub le ( argv [ 2 ] , &cre ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 3 ] , &cim ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 4 ] , &per iod ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 5 ] , &maxsteps ) ) { re turn 1 ; }

35 i f ( ! a r g i n t ( argv [ 6 ] , &ncpus ) ) { re turn 1 ; }
mpq t ang le ;
mpq init ( ang le ) ;
complex double root = 0 ;
complex double parent = 0 ;

40 i n t p = m d parent ( angle , &root , &parent , c r e + I ∗ cim , per iod , maxsteps ) ;
i f (p > 0) {

gmp pr int f (”%.16 e %.16e %Qd %.16e %.16e %d\n” , c r e a l ( root ) , cimag ( root ) , ⤦
Ç angle , c r e a l ( parent ) , cimag ( parent ) , p ) ;
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} e l s e i f (p == 0) {
p r i n t f (”%.16 e %.16e\n” , c r e a l ( root ) , cimag ( root ) ) ;

45 }
mpq clear ( ang le ) ;
r e turn p < 0 ;

} e l s e {
mpc t c , root , parent ;

50 mpc in i t2 ( c , b i t s ) ;
mpc in i t2 ( root , b i t s ) ;
mpc in i t2 ( parent , b i t s ) ;
i n t per iod = 0 ;
i n t maxsteps = 0 ;

55 i n t ncpus = 0 ;
i f ( ! arg mpc ( argv [ 2 ] , argv [ 3 ] , c ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 4 ] , &per iod ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 5 ] , &maxsteps ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 6 ] , &ncpus ) ) { re turn 1 ; }

60 mpq t ang le ;
mpq init ( ang le ) ;
i n t p = m r parent ( angle , root , parent , c , per iod , maxsteps , ncpus ) ;
i f (p > 0) {

mpf r p r i n t f (”%Re %Re %Qd %Re %Re %d\n” , mpc r ea l r e f ( root ) , mpc imagref (⤦
Ç root ) , angle , mpc r ea l r e f ( parent ) , mpc imagref ( parent ) , p ) ;

65 } e l s e i f (p == 0) {
mpf r p r i n t f (”%Re %Re\n” , mpc r ea l r e f ( root ) , mpc imagref ( root ) ) ;

}
mpc clear ( c ) ;
mpc c lear ( root ) ;

70 mpc clear ( parent ) ;
mpq clear ( ang le ) ;
r e turn p < 0 ;

}
re turn 1 ;

75 }

27 c/bin/m-pi-rays.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

s t a t i c void usage ( const char ∗progname ) {
10 f p r i n t f

( s t d e r r
, ” usage : %s parent −per iod nucleus − re nucleus −im in t e rna l −ang le exte rna l −⤦

Ç ang le \n”
, progname
) ;

15 }

extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( argc != 6) {

usage ( argv [ 0 ] ) ;
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20 re turn 1 ;
}
i n t per iod = 0 ;
double nuc leusre , nucleusim ;
mpq t inang le , exang le ;

25 mpq init ( i nang l e ) ;
mpq init ( exang le ) ;
a r g i n t ( argv [ 1 ] , &per iod ) ;
a rg doub le ( argv [ 2 ] , &nuc l eu s r e ) ;
a rg doub le ( argv [ 3 ] , &nucleusim ) ;

30 a r g r a t i o n a l ( argv [ 4 ] , i nang l e ) ;
a r g r a t i o n a l ( argv [ 5 ] , exangle ) ;
complex double pnucleus ;
m d nucleus(&pnucleus , nuc l eu s r e + I ∗ nucleusim , per iod , 256) ;
complex double z , bond ;

35 m d in t e r i o r (&z , &bond , pnucleus , pnucleus , cexp ( I ∗ 2 ∗ 3.141592653589793 ∗ ⤦
Ç mpq get d ( inang l e ) ) , per iod , 256) ;

complex double cnuc l eus ;
i n t den = mpz get s i ( mpq denref ( i nang l e ) ) ;
m d nucleus(&cnucleus , bond + (bond − pnucleus ) / ( den ∗ den ) , per iod ∗ den , ⤦

Ç 256) ;
double s = cabs ( cnuc l eus − bond ) ;

40 i n t sharpness = 4 ;
m d exray in ∗ ray = m d exray in new ( exangle , sharpness ) ;
i f ( ! ray ) { mpq clear ( i nang l e ) ; mpq clear ( exang le ) ; r e turn 1 ; }
i n t n = 0 ;
f o r ( i n t j = 4 ; j < 17 ; ++j ) {

45 f o r ( i n t i = 0 ; i < 1 << j ; ++i ) {
m d exray in s t ep ( ray , 4) ;

}
complex double c = m d exray in ge t ( ray ) ;
double eps = cabs ( c − bond ) ;

50 z = 0 ;
f o r (n = 0 ; ; ++n) {

z = z ∗ z + c ;
i f ( cabs ( z ) > 2) { break ; }

}
55 p r i n t f (”%d %.16e %.16e\n” , n , eps , eps ∗ n / (2 ∗ s ∗ per iod ∗ den ) ) ;

f f l u s h ( stdout ) ;
}
m d exray in de l e t e ( ray ) ;
mpq clear ( i nang l e ) ;

60 mpq clear ( exang le ) ;
r e turn 0 ;

}

28 c/bin/m-pi-rays.sh

#!/bin /bash
m−pi − rays 1 0 0 1/2 1/3 > ”1 1 −2 1 −3. dat”
m−pi − rays 2 −1 0 1/2 2/5 > ”2 1 −2 2 −5. dat”
m−pi − rays 1 0 0 1/3 1/7 > ”1 1 −3 1 −7. dat”

5 m−pi − rays 1 0 0 1/3 2/7 > ”1 1 −3 2 −7. dat”
m−pi − rays 1 0 0 2/5 9/31 > ”1 2 −5 9 −31. dat”
m−pi − rays 1 0 0 2/5 10/31 > ”1 2 −5 10 −31. dat”
m−pi − rays 3 −2 0 1/2 4/9 > ”3 1 −2 4 −9. dat”
m−pi − rays 3 −2 0 1/3 220/511 > ”3 1 −3 220 −511. dat”
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29 c/bin/m-rodney.c

#inc lude <complex . h>
#inc lude <math . h>
#inc lude <s t d i o . h>
#inc lude <s t d l i b . h>

5 #inc lude <time . h>

#inc lude <mandelbrot−numerics . h>

#de f i n e U ( rand ( ) /( double ) RANDMAX)
10 #de f i n e p i 3.141592653589793

#de f i n e twopi (2 ∗ pi )

double cnorm( double Complex z )
{

15 double x = c r e a l ( z ) ;
double y = cimag ( z ) ;
r e turn x ∗ x + y ∗ y ;

}

20 void wheel ( const mpc t c , const mpfr t r , i n t p)
{

mpfr t zoom ;
mp f r i n i t 2 (zoom , 64) ;
mp f r u i d iv (zoom , 1 , r , MPFRRNDN) ;

25 mpf r p r i n t f
( // l o c a t i o n

”Re : %Re\ r \n”
”Im : %Re\ r \n”
”Zoom : %Re\ r \n”

30 ” I t e r a t i o n s : 10100100\ r \n”
” I t e rD iv : 0 .010000\ r \n”
”SmoothMethod : 0\ r \n”
”ColorMethod : 7\ r \n”
” D i f f e r e n c e s : 3\ r \n”

35 ”Co lo rOf f s e t : 0\ r \n”
”Rotate : 0 .000000\ r \n”
”Ratio : 360.000000\ r \n”
”Colors : ⤦

Ç 255 ,255 ,255 ,128 ,0 ,64 ,160 ,0 ,0 ,192 ,128 ,0 ,64 ,128 ,0 ,0 ,255 ,255 ,64 ,128 ,255 ,0 ,0 ,255 ,\⤦
Ç r \n”

” I n t e r i o rCo l o r : 0 ,0 ,0 ,\ r \n”
40 ”Smooth : 1\ r \n”

”Mult iColor : 0\ r \n”
”BlendMC : 0\ r \n”
”Mult iColors : \ r \n”
”Power : 2\ r \n”

45 ”FractalType : 0\ r \n”
” S lopes : 1\ r \n”
”SlopePower : 50\ r \n”
” SlopeRat io : 20\ r \n”
”SlopeAngle : 45\ r \n”

50 ”imag : 1\ r \n”
” r e a l : 1\ r \n”
”SeedR : 0\ r \n”
”SeedI : 0\ r \n”

54



mandelbrot-numerics c/bin/m-rodney.c

”FactorAR : 1\ r \n”
55 ”FactorAI : 0\ r \n”

”Period : %d\ r \n”
// s e t t i n g s
”ZoomSize : 2\ r \n”
”MaxReferences : 10000\ r \n”

60 ”GlitchLowTolerance : 0\ r \n”
”ApproxLowTolerance : 0\ r \n”
”AutoApproxTerms : 1\ r \n”
”ImageWidth : 256\ r \n”
” ImageHeight : 256\ r \n”

65 ”ThreadsPerCore : 1\ r \n”
”Arb i t r a ryS i z e : 1\ r \n”
”ReuseReference : 0\ r \n”
”AutoSo lveGl i tches : 1\ r \n”
”Guessing : 1\ r \n”

70 ” SolveGl i tchNear : 0\ r \n”
”NoApprox : 0\ r \n”
”Mirror : 0\ r \n”
”LongDoubleAlways : 0\ r \n”
”FloatExpAlways : 0\ r \n”

75 ”Auto I t e ra t i on s : 1\ r \n”
”ShowGlitches : 1\ r \n”
”NoReuseCenter : 1\ r \n”
” Iso latedGl i tchNe ighbourhood : 4\ r \n”
” J i t t e r S e ed : 1\ r \n”

80 ” J i t t e rShape : 0\ r \n”
” J i t t e r S c a l e : 1\ r \n”
”Der i va t i v e s : 0\ r \n”
”ShowCrossHair : 0\ r \n”
”UseNanoMB1 : 0\ r \n”

85 ”UseNanoMB2 : 1\ r \n”
”OrderM : 16\ r \n”
”OrderN : 16\ r \n”
” In te r i o rCheck ing : 0\ r \n”
”RadiusScale : 0 .1\ r \n”

90 , mpc r ea l r e f ( c )
, mpc imagref ( c )
, zoom
, p
) ;

95 mpf r c l ea r ( zoom) ;
}

i n t gcd ( i n t a , i n t b)
{

100 i f ( a <= 0) return b ;
i f ( a > b) re turn gcd (b , a ) ;
r e turn gcd (b % a , a ) ;

}

105 i n t main ( i n t argc , char ∗∗ argv )
{

i f ( argc > 1)
srand ( a t o i ( argv [ 1 ] ) ) ;

e l s e
110 srand ( time (0 ) ) ;
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i n t kind = 1 ∗ U;
switch ( kind )
{

#i f 0
115 case −1: // s h o r e l i n e

{
double Complex c = 0 ;
i n t per iod = 1 ;
double s i z e = cabs ( m d s i ze ( c , per iod ) ) ;

120 do
{

i n t denominator = 2 + 12 ∗ U;
i n t numerator = 1 + ( denominator − 1) ∗ U;
i n t g = gcd ( numerator , denominator ) ;

125 numerator /= g ;
denominator /= g ;
f p r i n t f ( s tde r r , ”q/p = %d/%d\n” , numerator , denominator ) ;
double Complex z new = 0 ;
double Complex c new = 0 ;

130 double Complex z gue s s = 0 ;
double Complex c gue s s = c ;
double Complex i n t e r i o r = cexp ( twopi ∗ I ∗ numerator / denominator ) ;
m d in t e r i o r (&z new , &c new , z guess , c guess , i n t e r i o r , per iod , 64) ;
c gue s s = c new + ( c new − c gue s s ) ∗ ( per iod == 1 ? s i n ( p i ∗ numerator ⤦

Ç / denominator ) : 1) / ( denominator ∗ denominator ) ;
135 per iod ∗= denominator ;

m d nucleus(&c , c guess , per iod , 64) ;
s i z e = cabs ( m d s i ze ( c , per iod ) ) ;

} whi le ( s i z e > 1e −10) ;
double Complex z new = 0 ;

140 double Complex c new = 0 ;
double Complex z gue s s = 0 ;
double Complex c gue s s = c ;
double Complex i n t e r i o r = cexp ( twopi ∗ I ∗ U) ;
m d in t e r i o r (&z new , &c new , z guess , c guess , i n t e r i o r , per iod , 64) ;

145 s i z e /= 100 ;
// output ( c new , s i z e , per iod ) ;
break ;

}
#end i f

150 de f au l t :
case 0 : // wheels
{

mpc t c guess , c out ;
mpc t z guess , z out ;

155 mpc in i t2 ( c guess , 1024) ;
mpc in i t2 ( c out , 1024) ;
mpc in i t2 ( z guess , 1024) ;
mpc in i t2 ( z out , 1024) ;
mpc t c outer , c inne r , c new ;

160 mpc in i t2 ( c outer , 1024) ;
mpc in i t2 ( c inne r , 1024) ;
mpc in i t2 ( c new , 1024) ;
mpc se t u i ( c outer , 0 , MPCRNDNN) ;
mpc set dc ( c inne r , −2 , MPCRNDNN) ;

165 i n t ou t e r p e r i od = 1 , i nn e r p e r i od = 3 + 10 ∗ U;
m r nuc leus ( c inne r , c inne r , i nne r pe r i od , 64 , 1) ;

56



mandelbrot-numerics c/bin/m-rodney.c

// mp f r f p r i n t f ( s tde r r , ”%Re + %Re i \n” , mpc r ea l r e f ( c i nn e r ) , mpc imagref (⤦
Ç c i nn e r ) ) ;

mpc t s i z e , i n n e r s i z e ;
mpc in i t2 ( s i z e , 64) ;

170 mpc in i t2 ( i n n e r s i z e , 64) ;
mpfr t oute r r , i nne r r , new r ;
mp f r i n i t 2 ( oute r r , 64) ;
mp f r i n i t 2 ( i nne r r , 64) ;
mp f r i n i t 2 ( new r , 64) ;

175 m r s i z e ( s i z e , c outer , ou t e r p e r i od ) ;
mpc abs ( oute r r , s i z e , MPFRRNDN) ;
m r s i z e ( i n n e r s i z e , c inne r , i nn e r p e r i od ) ;
mpc abs ( i nne r r , i n n e r s i z e , MPFRRNDN) ;
mpfr t o , i ;

180 mpf r i n i t 2 ( o , 64) ;
mp f r i n i t 2 ( i , 64) ;
mpc t t ;
mpc in i t2 ( t , 64) ;
i n t depth ;

185 f o r ( depth = 0 ; depth < 16 ; ++depth )
{

mpfr prec t p = 53 − 2 ∗ mpfr get exp ( i n n e r r ) ;
mpfr prec round ( mpc r ea l r e f ( c i nn e r ) , p , MPFRRNDN) ;
mpfr prec round ( mpc imagref ( c i nn e r ) , p , MPFRRNDN) ;

190 mpf r s e t p r e c ( mpc r ea l r e f ( c gue s s ) , p ) ;
mp f r s e t p r e c ( mpc imagref ( c gue s s ) , p ) ;
mp f r s e t p r e c ( mpc r ea l r e f ( c out ) , p ) ;
mp f r s e t p r e c ( mpc imagref ( c out ) , p ) ;
mp f r s e t p r e c ( mpc r ea l r e f ( z gue s s ) , p ) ;

195 mpf r s e t p r e c ( mpc imagref ( z gue s s ) , p ) ;
mp f r s e t p r e c ( mpc r ea l r e f ( z out ) , p ) ;
mp f r s e t p r e c ( mpc imagref ( z out ) , p ) ;
mp f r s e t p r e c ( mpc r ea l r e f ( c new ) , 3 ∗ p) ;
mp f r s e t p r e c ( mpc imagref ( c new ) , 3 ∗ p) ;

200 mpfr pow ui ( i , i nne r r , 3 , MPFRRNDN) ;
mp f r f p r i n t f ( s tde r r , ”%d @ %Re\n” , i nne r pe r i od , i n n e r r ) ;
i f ( i nn e r p e r i od >= 10000)
{

break ;
205 }

f o r ( i n t t ry = 0 ; t ry < 10000 ; ++try )
{

// pick a po int ou t s id e M 1
double Complex c = (4 ∗ U − 2) + I ∗ (4 ∗ U − 2) − 0 . 7 5 ;

210 double Complex z = 0 ;
i n t k ;
f o r ( k = 0 ; k < 100 ; ++k)
{

z = z ∗ z + c ;
215 i f ( cnorm( z ) > 4) break ;

}
i f ( ! ( cnorm( z ) > 4) ) cont inue ;
i f ( k < 10) cont inue ;

#i f 0
220 // compute atom coord ina te

z = 0 ;
f o r ( k = 0 ; k < 64 ; ++k)

57



mandelbrot-numerics c/bin/m-rodney.c

m d att rac to r (&z , z , ( k + 0 . 5 ) /64 ∗ c , 1 , 64) ;
m d at t rac to r (&z , z , c , 1 , 64) ;

225 double Complex a = 2 ∗ z ;
#end i f

// f p r i n t f ( s tde r r , ”%e + %e i \n” , c r e a l ( a ) , cimag ( a ) ) ;
// compute coord inate r e l a t i v e to inner atom
mpc set dc ( t , c , MPCRNDNN) ;

230 mpc mul ( t , t , i n n e r s i z e , MPCRNDNN) ;
mpc add ( c out , c inne r , t , MPCRNDNN) ;

#i f 0
mpc set dc ( z guess , 0 , MPCRNDNN) ;
mpc set ( c guess , c inne r , MPCRNDNN) ;

235 f o r ( i n t k = 0 ; k < 16 ; ++k)
{

mpc set dc ( t , ( k + 0 . 5 ) /16 ∗ a , MPCRNDNN) ;
m r i n t e r i o r ( z out , c out , z guess , c guess , t , i nne r pe r i od , 64) ;
mpc swap ( z out , z gue s s ) ;

240 mpc swap ( c out , c gue s s ) ;
}
mpc set dc ( t , a , MPCRNDNN) ;
m r i n t e r i o r ( z out , c out , z guess , c guess , t , i nne r pe r i od , 64) ;

#end i f
245 // compute per iod

mpfr mul d ( new r , i nne r r , 1e −4 , MPFRRNDN) ;
i n t new period = m r ba l l p e r i od do ( c out , new r , i nn e r p e r i od ∗ 100) ;
i f ( new period <= inne r p e r i od )

cont inue ;
250 i f ( new period % inne r p e r i od == 0)

cont inue ;
// compute nuc leus
m newton r e s u l t = m r nuc leus ( c new , c out , new period , 256 , 1) ;
i f ( r e s u l t == m fa i l ed )

255 cont inue ;
m r s i z e ( s i z e , c new , new period ) ;
mpc abs ( new r , s i z e , MPFRRNDN) ;
i f ( ! mp f r g r ea t e r p ( new r , i ) )

cont inue ;
260 i f ( ! mp f r l e s s p ( new r , i n n e r r ) )

cont inue ;
// s tep
mpc swap ( i n n e r s i z e , s i z e ) ;
mpc swap ( c inne r , c ou t e r ) ;

265 mpc swap ( c inne r , c new ) ;
ou t e r p e r i od = inne r p e r i od ;
i nn e r p e r i od = new period ;
mpfr swap ( inne r r , o u t e r r ) ;
mpfr swap ( inne r r , new r ) ;

270 break ;
}

}
mpfr prec t p = 53 − 2 ∗ mpfr get exp ( i n n e r r ) ;
mpfr prec round ( mpc r ea l r e f ( c i nn e r ) , p , MPFRRNDN) ;

275 mpfr prec round ( mpc imagref ( c i nn e r ) , p , MPFRRNDN) ;
i f ( depth == 16)

e x i t (1 ) ;
i n t f o l d = 7 ∗ U;
switch ( f o l d )
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280 {
case 0 : // wheel

f p r i n t f ( s tde r r , ”wheel\n”) ;
mpfr mul d ( new r , i nne r r , 100 , MPFRRNDN) ;
break ;

285 case 1 : // 2− f o l d
case 2 : // 4− f o l d
case 3 : // 8− f o l d

f p r i n t f ( s tde r r , ”%d− f o l d \n” , 1 << f o l d ) ;
// i n t new period = out e r p e r i od + f o l d ∗ i n n e r p e r i od ;

290 mpfr se t ( new r , oute r r , MPFRRNDN) ;
f o r ( i n t k = 0 ; k < f o l d ; ++k)
{

mpfr mul ( new r , new r , i nne r r , MPFRRNDN) ;
mpfr sqr t ( new r , new r , MPFRRNDN) ;

295 }
#i f 0

f o r ( i n t k = 0 ; k < 100 ; ++k)
{

double Complex a = cexp ( twopi ∗ I ∗ U) ;
300 mpc set dc ( t , a , MPCRNDNN) ;

mpc mul fr ( t , t , new r , MPCRNDNN) ;
mpc add ( c guess , c inne r , t , MPCRNDNN) ;
m newton r e s u l t = m r nuc leus ( c new , c guess , new period , 64 , 1) ;
i f ( r e s u l t == m fa i l ed )

305 cont inue ;
mpc sub ( t , c new , c inne r , MPCRNDNN) ;
mpc abs ( o , t , MPFRRNDN) ;
i f ( mp f r g r ea t e r p ( inne r r , o ) )

cont inue ;
310 i f ( mp f r g r ea t e r p (o , ou t e r r ) )

cont inue ;
mpfr swap (o , new r ) ;
break ;

}
315 #end i f

// mpfr mul 2ui ( new r , new r , 1 , MPFRRNDN) ;
break ;

case 4 : // minibrot
f p r i n t f ( s tde r r , ”minibrot \n”) ;

320 mpc set dc ( z out , 0 , MPCRNDNN) ;
mpc set dc ( t , −1 , MPCRNDNN) ;
m r i n t e r i o r ( z out , c inne r , z out , c inne r , t , i nne r pe r i od , 64) ;
mpfr mul d ( new r , i nne r r , 1 , MPFRRNDN) ;
break ;

325 case 5 : // s h o r e l i n e
case 6 : // t ex ture

f p r i n t f ( s tde r r , f o l d == 5 ? ” s h o r e l i n e \n” : ” t ex ture \n”) ;
// p ick a po int ou t s id e M 1
double Complex c , z ;

330 f o r ( i n t j = 0 ; j < 10000 ; ++j )
{

c = (4 ∗ U − 2) + I ∗ (4 ∗ U − 2) − 0 . 7 5 ;
z = 0 ;
i n t k ;

335 f o r ( k = 0 ; k < 100 ; ++k)
{
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z = z ∗ z + c ;
i f ( cnorm( z ) > 4) break ;

}
340 i f ( ! ( cnorm( z ) > 4) ) cont inue ;

i f ( k < 10) cont inue ;
}
// compute atom coord ina te

#i f 0
345 z = 0 ;

f o r ( i n t k = 0 ; k < 64 ; ++k)
m d att rac to r (&z , z , ( k + 0 . 5 ) /64 ∗ c , 1 , 64) ;

m d at t rac to r (&z , z , c , 1 , 64) ;
double Complex a = 2 ∗ z ;

350 #end i f
// f p r i n t f ( s tde r r , ”%e + %e i \n” , c r e a l ( a ) , cimag ( a ) ) ;
// compute coord inate r e l a t i v e to inner atom
mpc set dc ( t , c , MPCRNDNN) ;
mpc mul ( t , t , i n n e r s i z e , MPCRNDNN) ;

355 mpc add ( c inne r , c inne r , t , MPCRNDNN) ;
mpfr mul d ( new r , i nne r r , f o l d == 5 ? 0 .1 : 0 . 01 , MPFRRNDN) ;

#i f 0
i n t new period = inne r p e r i od ;
i n t count = 4 ∗ U;

360 f o r ( i n t k = 0 ; k < count ; ++k)
{

i n t denominator = 2 + 11 ∗ U;
i n t numerator = 1 + ( denominator − 1) ∗ U;
i n t g = gcd ( numerator , denominator ) ;

365 numerator /= g ;
denominator /= g ;
f p r i n t f ( s tde r r , ”q/p = %d/%d\n” , numerator , denominator ) ;
mpc set dc ( t , cexp ( twopi ∗ I ∗ numerator / denominator ) , MPCRNDNN) ;
mpc set dc ( z out , 0 , MPCRNDNN) ;

370 m r i n t e r i o r ( z out , c new , z out , c inne r , t , new period , 64) ;
mpc sub ( t , c new , c inne r , MPCRNDNN) ;
mpf r s e t d ( i , ( k == 0 ? s i n ( p i ∗ numerator / denominator ) : 1) / (⤦

Ç denominator ∗ denominator ) , MPFRRNDN) ;
mpc mul fr ( t , t , i , MPCRNDNN) ;
mpc add ( c inne r , c new , t , MPCRNDNN) ;

375 new period ∗= denominator ;
}
m r nuc leus ( c inne r , c inne r , new period , 64 , 1) ;
m r s i z e ( s i z e , c inne r , new period ) ;
mpc abs ( new r , s i z e , MPFRRNDN) ;

380 mpfr mul d ( new r , new r , 4 , MPFRRNDN) ;
#end i f

break ;
}
wheel ( c inne r , new r , i nn e r p e r i od ) ;

385 break ;
}

}
re turn 0 ;

}

30 c/bin/m-shape.c
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// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

s t a t i c void usage ( const char ∗progname ) {
10 f p r i n t f

( s t d e r r
, ” usage : %s p r e c i s i o n nucleus − re nucleus −im per iod \n”
, progname
) ;

15 }

extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( argc != 5) {

usage ( argv [ 0 ] ) ;
20 re turn 1 ;

}
bool nat ive = true ;
i n t b i t s = 0 ;
i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }

25 i f ( nat ive ) {
double nre = 0 ;
double nim = 0 ;
i n t per iod = 0 ;
i f ( ! a rg doub le ( argv [ 2 ] , &nre ) ) { re turn 1 ; }

30 i f ( ! a rg doub le ( argv [ 3 ] , &nim) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 4 ] , &per iod ) ) { re turn 1 ; }
double Complex s = m d shape est imate ( nre + I ∗ nim , per iod ) ;
m shape shape = m d shape d i sc r iminant ( s ) ;
switch ( shape ) {

35 case m card io id : p r i n t f (” c a rd i o i d %.16e %.16e\n” , c r e a l ( s ) , cimag ( s ) ) ; ⤦
Ç re turn 0 ;

case m c i r c l e : p r i n t f (” c i r c l e %.16e %.16e\n” , c r e a l ( s ) , cimag ( s ) ) ; ⤦
Ç re turn 0 ;

}
} e l s e {

mpc t n ;
40 i n t per iod = 0 ;

mpc in i t2 (n , b i t s ) ;
i f ( ! arg mpc ( argv [ 2 ] , argv [ 3 ] , n ) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 4 ] , &per iod ) ) { re turn 1 ; }
mpc t s ;

45 mpc in i t2 ( s , 53) ;
m r shape es t imate ( s , n , per iod ) ;
m shape shape = m r shape d i s c r im inant ( s ) ;
mpc c lear (n) ;
switch ( shape ) {

50 case m card io id : mp f r p r i n t f (” c a rd i o i d %Re %Re\n” , mpc r ea l r e f ( s ) , ⤦
Ç mpc imagref ( s ) ) ; break ;

case m c i r c l e : mp f r p r i n t f (” c i r c l e %Re %Re\n” , mpc r ea l r e f ( s ) , ⤦
Ç mpc imagref ( s ) ) ; break ;

}
mpc clear ( s ) ;
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}
55 re turn 1 ;

}

31 c/bin/m-size.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m− u t i l . h”

s t a t i c void usage ( const char ∗progname ) {
10 f p r i n t f

( s t d e r r
, ” usage :\n”
”%s p r e c i s i o n nucleus − re nucleus −im per iod \n”
”%s p r e c i s i o n per iod <<EOF\n”

15 ”nucleus − re \nnucleus −im\nEOF\n”
, progname , progname
) ;

}

20 extern i n t main ( i n t argc , char ∗∗ argv ) {
i f ( argc != 3 && argc != 5) {

usage ( argv [ 0 ] ) ;
r e turn 1 ;

}
25 bool nat ive = true ;

i n t b i t s = 0 ;
i f ( ! a r g p r e c i s i o n ( argv [ 1 ] , &nat ive , &b i t s ) ) { re turn 1 ; }
i f ( nat ive ) {

double nre = 0 ;
30 double nim = 0 ;

i n t per iod = 0 ;
i f ( argc == 3)
{

i f ( ! a r g i n t ( argv [ 2 ] , &per iod ) ) { re turn 1 ; }
35 i f ( ! s td in doub l e (&nre ) ) { re turn 1 ; }

i f ( ! s td in doub l e (&nim) ) { re turn 1 ; }
}
e l s e
{

40 i f ( ! a rg doub le ( argv [ 2 ] , &nre ) ) { re turn 1 ; }
i f ( ! a rg doub le ( argv [ 3 ] , &nim) ) { re turn 1 ; }
i f ( ! a r g i n t ( argv [ 4 ] , &per iod ) ) { re turn 1 ; }

}
complex double s i z e = m d s ize ( nre + I ∗ nim , per iod ) ;

45 p r i n t f (”%.16 e %.16e\n” , cabs ( s i z e ) , carg ( s i z e ) ) ;
r e turn 0 ;

} e l s e {
mpc t n ;
i n t per iod = 0 ;

50 mpc in i t2 (n , b i t s ) ;
i f ( argc == 3)

62



mandelbrot-numerics c/bin/m-size-precision.c

{
i f ( ! a r g i n t ( argv [ 2 ] , &per iod ) ) { re turn 1 ; }
i f ( ! s td in mpfr ( mpc r ea l r e f (n) ) ) { re turn 1 ; }

55 i f ( ! s td in mpfr ( mpc imagref (n) ) ) { re turn 1 ; }
}
e l s e
{

i f ( ! arg mpc ( argv [ 2 ] , argv [ 3 ] , n ) ) { re turn 1 ; }
60 i f ( ! a r g i n t ( argv [ 4 ] , &per iod ) ) { re turn 1 ; }

}
mpc t s i z e ;
mpc in i t2 ( s i z e , 53) ;
m r s i z e ( s i z e , n , per iod ) ;

65 mpfr t r , t ;
mp f r i n i t 2 ( r , 53) ;
mp f r i n i t 2 ( t , 53) ;
mpc abs ( r , s i z e , MPFRRNDN) ;
mpc arg ( t , s i z e , MPFRRNDN) ;

70 mpf r p r i n t f (”%Re %Re\n” , r , t ) ;
mp f r c l e a r ( r ) ;
mp f r c l e a r ( t ) ;
mpc c lear ( s i z e ) ;
mpc c lear (n) ;

75 re turn 0 ;
}
re turn 1 ;

}

32 c/bin/m-size-precision.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 /∗

f o r antenna :
need nuc leus p r e c i s i o n at l e a s t 2x per iod to compute s i z e and domain s i z e
need nuc leus p r e c i s i o n at l e a s t 4x per iod to ensure nuc leus with in atom

10 atom s i z e ˜ A/16ˆ per iod
domain s i z e ˜ B/4ˆ per iod ˜ sq r t ( atom s i z e )

∗/
#inc lude <s t d i o . h>

15 #inc lude <mandelbrot−numerics . h>

i n t main ( i n t argc , char ∗∗ argv )
{

( void ) argc ;
20 ( void ) argv ;

f o r ( i n t per iod = 1 ; per iod < 64 ; per iod += 1)
{

p r i n t f (”# per iod %d\n” , per iod ) ;
f f l u s h ( stdout ) ;

25 mpfr prec t prec = 16 ∗ per iod + 8 ;
mpc t guess , nucleus , s i z e ;
mpc in i t2 ( guess , prec ) ;
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mpc in i t2 ( nucleus , prec ) ;
mpc in i t2 ( s i z e , prec ) ;

30 mpc set d ( guess , −2 , MPCRNDNN) ;
whi l e ( prec > 2)
{

mpfr prec round ( mpc r ea l r e f ( guess ) , prec , MPFRRNDN) ;
mpfr prec round ( mpc imagref ( guess ) , prec , MPFRRNDN) ;

35 m r nuc leus ( nucleus , guess , per iod , 64 , 8) ;
p r i n t f (”% ld ” , prec ) ;
f f l u s h ( stdout ) ;
m r s i z e ( s i z e , nucleus , per iod ) ;
mpc norm( mpc r ea l r e f ( s i z e ) , s i z e , MPFRRNDN) ;

40 mpfr log2 ( mpc r ea l r e f ( s i z e ) , mpc r ea l r e f ( s i z e ) , MPFRRNDN) ;
mpf r d iv 2u i ( mpc r ea l r e f ( s i z e ) , mpc r ea l r e f ( s i z e ) , 1 , MPFRRNDN) ;
mp f r p r i n t f (”%Re ” , mpc r ea l r e f ( s i z e ) ) ;
f f l u s h ( stdout ) ;
m r domain s ize ( mpc r ea l r e f ( s i z e ) , nucleus , per iod ) ;

45 mpfr prec round ( mpc r ea l r e f ( s i z e ) , 53 , MPFRRNDN) ;
mpfr log2 ( mpc r ea l r e f ( s i z e ) , mpc r ea l r e f ( s i z e ) , MPFRRNDN) ;
mp f r p r i n t f (”%Re\n” , mpc r ea l r e f ( s i z e ) ) ;
f f l u s h ( stdout ) ;
prec −−;

50 mpfr prec round ( mpc r ea l r e f ( nuc leus ) , prec , MPFRRNDN) ;
mpfr prec round ( mpc imagref ( nuc leus ) , prec , MPFRRNDN) ;

}
p r i n t f (”\n\n”) ;
f f l u s h ( stdout ) ;

55 }
re turn 0 ;

}

33 c/bin/m-sonify.c

#inc lude <mandelbrot−numerics . h>
#inc lude <math . h>
#inc lude <s n d f i l e . h>

5 #de f i n e SR 48000
#de f i n e FPS 60
#de f i n e PI 3.141592653589793

// http :// bu r t l e bu r t l e . net /bob/hash/ i n t e g e r . html
10 s t a t i c u i n t 32 t bur t l e ha sh ( u in t 32 t a )

{
a = ( a+0x7ed55d16 ) + (a<<12) ;
a = ( aˆ0 xc761c23c ) ˆ (a>>19) ;
a = ( a+0x165667b1 ) + (a<<5) ;

15 a = ( a+0xd3a2646c ) ˆ (a<<9) ;
a = ( a+0xfd7046c5 ) + (a<<3) ;
a = ( aˆ0 xb55a4f09 ) ˆ (a>>16) ;
r e turn a ;

}
20

// pseudo−random uniform number in [ 0 , 1 )
s t a t i c f l o a t uniform ( u in t 32 t c )
{
// return rand ( ) / ( double ) RANDMAX;
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25 re turn bur t l e ha sh ( c ) / ( f l o a t ) (0 x100000000LL ) ;
}

f l o a t bu f f e r [SR ] [ 4 ] ;

30 i n t main ( i n t argc , char ∗∗ argv )
{

SF INFO in f o = { 0 , 48000 , 4 , SF FORMATWAV | SF FORMAT FLOAT, 0 , 0 } ;
SNDFILE ∗ s n d f i l e = s f open (”m− s on i f y . wav” , SFM WRITE, &i n f o ) ;
mpq t ang le ;

35 mpq init ( ang le ) ;
i n t sharpness = 8 ;
i n t j = 0 ;
f o r ( i n t per iod = 1 ; per iod < 8 ; ++per iod )
{

40 i n t denominator = (1 << per iod ) − 1 ;
f o r ( i n t numerator = 1 ; numerator < denominator ; numerator += 2)
{

mpq set u i ( angle , numerator , denominator ) ;
mpq canon ica l i ze ( ang le ) ;

45 i f ( mpz get u i ( mpq denref ( ang le ) ) != denominator ) cont inue ;
m d exray in ∗ ray = m d exray in new ( angle , sharpness ) ;
f o r ( i n t i = 0 ; i < per iod ∗ sharpness ∗ 2 ; ++i )

m d exray in s t ep ( ray , 16) ;
double Complex endpoint = m d exray in ge t ( ray ) ;

50 m d exray in de l e t e ( ray ) ;
double Complex nuc leus ;
m d nucleus(&nucleus , endpoint , per iod , 16) ;
i n t k = 0 ;
double Complex z = 0 ;

55 double Complex c = nuc leus ;
f o r ( i n t t = 0 ; t < SR; ++t )
{

m d in t e r i o r (&z , &c , z , c , cexp ( I ∗ 2 ∗ PI ∗ ( t + 0 . 5 ) / SR) , per iod , ⤦
Ç 16) ;

60 bu f f e r [ k ] [ 0 ] = 0 ;
bu f f e r [ k ] [ 1 ] = 0 ;
bu f f e r [ k ] [ 2 ] = 0 ;
bu f f e r [ k ] [ 3 ] = 0 ;
f l o a t omni = ( uniform ( j++) − 0 .5 f ) / per iod ;

65 f o r ( i n t i = 0 ; i < per iod ; ++i )
{

double X = c r e a l ( z ) ;
double Y = cimag ( z ) ;
double R = X ∗ X + Y ∗ Y + 1 ;

70 double u = 2 ∗ X / R;
double v = 2 ∗ Y / R;
double w = (R − 2) / R;
f l o a t l e f t = −u ∗ omni ;
f l o a t f r on t = −w ∗ omni ;

75 f l o a t up = v ∗ omni ;
bu f f e r [ k ] [ 0 ] += omni ;
bu f f e r [ k ] [ 1 ] += l e f t ;
bu f f e r [ k ] [ 2 ] += up ;
bu f f e r [ k ] [ 3 ] += f r on t ;

80 z = z ∗ z + c ;
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}
i f (++k == SR)
{

k = 0 ;
85 s f w r i t e f f l o a t ( s nd f i l e , &bu f f e r [ 0 ] [ 0 ] , SR) ;

}

}
}

90 }
mpq clear ( ang le ) ;
s f c l o s e ( s n d f i l e ) ;
r e turn 0 ;

}

34 c/bin/m-stability.c

#inc lude <math . h>
#inc lude <s t d i n t . h>
#inc lude <s t d i o . h>

5 #inc lude <mpfr . h>

i n t main ( i n t argc , char ∗∗ argv )
{

u in t 64 t exact = 0 ;
10 u in t 64 t histogram [ 2 5 6 ] ;

f o r ( u i n t 64 t k = 0 ; k < 256 ; ++k)
{

histogram [ k ] = 0 ;
}

15 u in t 64 t otherwi se = 0 ;
u i n t 64 t t o t a l = 0 ;
const u i n t 64 t depth = 11 ;
const mpf r prec t prec = depth + 1 ;
{

20 const u i n t 64 t range = 1 << depth ;
#pragma omp p a r a l l e l f o r
f o r ( u i n t 64 t j = 0 ; j < range ; ++j )
{

mpfr t fx , fy , fp , fm , f r , f i ;
25 mpf r i n i t 2 ( fx , prec ) ;

mp f r i n i t 2 ( fy , prec ) ;
mp f r i n i t 2 ( fp , prec ) ;
mp f r i n i t 2 ( fm , prec ) ;
mp f r i n i t 2 ( f r , prec ) ;

30 mpf r i n i t 2 ( f i , prec ) ;
mpf r s e t d ( fy , ( ( ( j << 1) + 1 . ) / ( range << 1) ) ∗ 4 . − 2 . , MPFRRNDN) ;
const f l o a t dy = mpfr get d ( fy , MPFRRNDN) ;
f o r ( u i n t 64 t i = 0 ; i < range ; ++i )
{

35 mpfr se t d ( fx , ( ( ( i << 1) + 1 . ) / ( range << 1) ) ∗ 4 . − 2 . , MPFRRNDN) ;
const double dx = mpfr get d ( fx , MPFRRNDN) ;

mpfr add ( fp , fx , fy , MPFRRNDN) ;
mpfr add ( fm , fx , fy , MPFRRNDN) ;

40 mpfr mul ( f r , fp , fm , MPFRRNDN) ;
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mpfr mul ( f i , fx , fy , MPFRRNDN) ;
mpfr mul 2exp ( f i , f i , 1 , MPFRRNDN) ;

const double ex = (dx + dy ) ∗ ( dx − dy ) ;
45 const double ey = 2 . ∗ dx ∗ dy ;

const double hx = mpfr get d ( f r , MPFRRNDN) ;
const double hy = mpfr get d ( f i , MPFRRNDN) ;

50 const double cx = hx − ex ;
const double cy = hy − ey ;
const double c = cx ∗ cx + cy ∗ cy ;

i n t b = 0 ;
55 f r exp ( c , &b) ;

const i n t k = −b ;
i f ( c == 0 . 0 )
{

#pragma omp atomic
60 exact++;

}
e l s e i f (0 <= k && k < 256)
{

#pragma omp atomic
65 histogram [ k]++;

}
e l s e
{

#pragma omp atomic
70 otherwi s e++;

}
}
mpf r c l ea r ( fx ) ;
mp f r c l e a r ( fy ) ;

75 mpf r c l ea r ( fp ) ;
mp f r c l e a r ( fm) ;
mp f r c l e a r ( f r ) ;
mp f r c l e a r ( f i ) ;

}
80 t o t a l += range ∗ range ;

f o r ( u i n t 64 t k = 0 ; k < 256 ; ++k)
{

p r i n t f (”%g\n” , histogram [ k ] / ( double ) t o t a l ) ;
}

85 p r i n t f (”\n\n”) ;
f f l u s h ( stdout ) ;

}
re turn 0 ;

}

35 c/bin/m-two-spirals-out.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <s t d i o . h>
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#inc lude <mandelbrot−numerics . h>

i n t main ( )
{

10 i n t n = 64 ;
double Complex c = −1.7687402565964134 e+00 + I ∗ 3.0387357058642636 e −03;
i n t p = 3 ;
i n t P = 56 ;
i n t arms = 2 ;

15 // per iod 56 nuc leus at c ent e r
m d nucleus(&c , c , P, n) ;
// a
m d mis iurewicz (&c , c , P + 1 , p , n) ;
// b

20 m d nucleus(&c , c , P = P + arms ∗ p , n) ;
// c
m d mis iurewicz (&c , c , P + 1 , p , n) ;
// d
m d nucleus(&c , c , P = P + p , n) ;

25 // e
m d mis iurewicz (&c , c , P + 1 , p , n) ;
// f
m d nucleus(&c , c , P = P + p , n) ;
// per iod 68 nuc leus two s p i r a l s out

30 p r i n t f (”%.18 f %.18 f 1e−8\n” , c r e a l ( c ) , cimag ( c ) ) ;
r e turn 0 ;

}

36 c/bin/m-util.h

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #i f n d e f M UTIL H
#de f i n e M UTIL H 1

#inc lude <errno . h>
#inc lude <s tdboo l . h>

10 #inc lude <s t d l i b . h>
#inc lude <s t r i n g . h>

#inc lude <mpfr . h>

15 s t a t i c i n l i n e bool a r g p r e c i s i o n ( const char ∗arg , bool ∗nat ive , i n t ∗ b i t s ) {
i f (0 == strcmp (” double ” , arg ) ) {

∗ nat ive = true ;
∗ b i t s = 53 ;
re turn true ;

20 } e l s e {
char ∗ check = 0 ;
errno = 0 ;
long i n t l i = s t r t o l ( arg , &check , 10) ;
bool v a l i d = ! errno && arg != check && ! ∗ check ;

25 i n t i = l i ;
i f ( v a l i d && i > 1) {

∗ nat ive = f a l s e ;
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∗ b i t s = i ;
r e turn true ;

30 }
}
re turn f a l s e ;

}

35 s t a t i c i n l i n e bool arg doub le ( const char ∗arg , double ∗x ) {
char ∗ check = 0 ;
errno = 0 ;
double d = s t r t od ( arg , &check ) ;
i f ( ! e r rno && arg != check && ! ∗ check ) {

40 ∗x = d ;
re turn true ;

}
re turn f a l s e ;

}
45

s t a t i c i n l i n e bool a r g i n t ( const char ∗arg , i n t ∗x ) {
char ∗ check = 0 ;
errno = 0 ;
long i n t l i = s t r t o l ( arg , &check , 10) ;

50 i f ( ! e r rno && arg != check && ! ∗ check ) {
∗x = l i ;
r e turn true ;

}
re turn f a l s e ;

55 }

s t a t i c i n l i n e bool a r g r a t i o n a l ( const char ∗arg , mpq t x ) {
i n t ok = mpq se t s t r (x , arg , 10) ;
mpq canon ica l i ze ( x ) ;

60 re turn ok == 0 ;
}

s t a t i c i n l i n e bool arg mpfr ( const char ∗arg , mpfr t x ) {
re turn 0 == mp f r s e t s t r (x , arg , 10 , MPFRRNDN) ;

65 }

s t a t i c i n l i n e bool arg mpc ( const char ∗ re , const char ∗im , mpc t x ) {
i n t ok
= mp f r s e t s t r ( mpc r ea l r e f ( x ) , re , 10 , MPFRRNDN)

70 + mp f r s e t s t r ( mpc imagref ( x ) , im , 10 , MPFRRNDN) ;
re turn ok == 0 ;

}

s t a t i c i n l i n e bool s td in doub l e ( double ∗x ) {
75 re turn 1 == scan f (”% l f ” , x ) ;

}

s t a t i c i n l i n e bool s td in mpfr ( mpfr t x ) {
re turn 0 != mpf r i np s t r (x , s td in , 10 , MPFRRNDN) ;

80 }

s t a t i c const double twopi = 6.283185307179586 ;

#end i f
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37 c/include/mandelbrot-numerics.h

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2019 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #i f n d e f MANDELBROTNUMERICSH
#de f i n e MANDELBROTNUMERICSH 1

#inc lude <complex . h>
#inc lude <math . h>

10 #inc lude <s tdboo l . h>
#inc lude <s t d i n t . h>
#inc lude <s t d l i b . h>
#inc lude <gmp . h>
#inc lude <mpfr . h>

15 #inc lude <mpc . h>

#i f d e f c p l u s p l u s
extern ”C”
{

20 #end i f

/∗ f un c t i on s r e tu rn ing bool re turn true f o r succes s , f a l s e f o r f a i l u r e ∗/

s t r u c t m d mat2 {
25 double Complex a , b , c , d ;

} ;
typede f s t r u c t m d mat2 m d mat2 ;

extern void m d mat2 set (m d mat2 ∗o , const m d mat2 ∗m) ;
30 extern void m d mat2 id (m d mat2 ∗o ) ;

extern double Complex m d mat2 tr ( const m d mat2 ∗m) ;
extern double Complex m d mat2 det ( const m d mat2 ∗m) ;
extern void m d mat2 inv (m d mat2 ∗m1, const m d mat2 ∗m) ;
extern void m d mat2 mul (m d mat2 ∗o , const m d mat2 ∗ l , const m d mat2 ∗ r ) ;

35 extern void m d mat2 diagonal i ze (m d mat2 ∗p , m d mat2 ∗d , m d mat2 ∗p1 , const ⤦
Ç m d mat2 ∗m) ;

extern void m d mat2 moebius3 (m d mat2 ∗m, double Complex zero , double Complex⤦
Ç one , double Complex i n f i n i t y ) ;

s t r u c t m d mat2 interp ;
typede f s t r u c t m d mat2 interp m d mat2 interp ;

40

extern m d mat2 interp ∗m d mat2 interp new ( void ) ;
extern void m d mat2 in te rp de l e t e ( m d mat2 interp ∗ i ) ;
extern void m d mat2 in t e rp in i t ( m d mat2 interp ∗ i , const m d mat2 ∗ f , const ⤦

Ç m d mat2 ∗g ) ;
extern void m d mat2 interp do (m d mat2 ∗m, const m d mat2 interp ∗ i , double t ) ;

45

enum m shape { m cardioid , m c i r c l e } ;
typede f enum m shape m shape ;

enum m newton { m fa i l ed , m stepped , m converged } ;
50 typede f enum m newton m newton ;

s t r u c t m p e r i o d f i l t e r t ;
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typede f s t r u c t m p e r i o d f i l t e r t m p e r i o d f i l t e r t ;
typede f bool ( m p e r i o d f i l t e r f ) ( m p e r i o d f i l t e r t ∗ f i l t e r , i n t per iod ) ;

55 s t r u c t m p e r i o d f i l t e r t
{

m p e r i o d f i l t e r f ∗ accept ;
m p e r i o d f i l t e r f ∗ r e j e c t ;

} ;
60

/∗ double p r e c i s i o n : m d ∗ ( ) ∗/
/∗ f un c t i on s tak ing non−const mpq t use them f o r output ∗/
/∗ f un c t i on s tak ing po i n t e r s to double Complex use them f o r output ∗/

65 extern m newton m d nuc l eu s na ive s t ep ( double Complex ∗ c out , double Complex ⤦
Ç c guess , i n t per iod ) ;

extern m newton m d nuc leus na ive ( double Complex ∗ c out , double Complex ⤦
Ç c guess , i n t per iod , i n t maxsteps ) ;

extern m newton m d nuc leus s tep ( double Complex ∗ c out , double Complex c guess⤦
Ç , i n t per iod ) ;

extern m newton m d nucleus ( double Complex ∗ c out , double Complex c guess , i n t⤦
Ç per iod , i n t maxsteps ) ;

70

extern m newton m d mis iu r ew i c z na ive s t ep ( double Complex ∗ c out , double ⤦
Ç Complex c guess , i n t preper iod , i n t per iod ) ;

extern m newton m d mis iurewicz na ive ( double Complex ∗ c out , double Complex ⤦
Ç c guess , i n t preper iod , i n t per iod , i n t maxsteps ) ;

extern m newton m d mis iu rewicz s t ep ( double Complex ∗ c out , double Complex ⤦
Ç c guess , i n t preper iod , i n t per iod ) ;

75 extern m newton m d mis iurewicz ( double Complex ∗ c out , double Complex c guess ,⤦
Ç i n t preper iod , i n t per iod , i n t maxsteps ) ;

extern m newton m d at t r a c t o r s t ep ( double Complex ∗z , double Complex z guess , ⤦
Ç double Complex c , i n t per iod ) ;

extern m newton m d att rac to r ( double Complex ∗z , double Complex z guess , ⤦
Ç double Complex c , i n t per iod , i n t maxsteps ) ;

80 extern m newton m d i n t e r i o r s t e p ( double Complex ∗z , double Complex ∗c , double⤦
Ç Complex z guess , double Complex c guess , double Complex i n t e r i o r , i n t ⤦
Ç per iod ) ;

extern m newton m d in t e r i o r ( double Complex ∗z , double Complex ∗c , double ⤦
Ç Complex z guess , double Complex c guess , double Complex i n t e r i o r , i n t ⤦
Ç per iod , i n t maxsteps ) ;

extern m newton m d domain coord step ( double Complex ∗ c out , double Complex ⤦
Ç c guess , double Complex domain coord , i n t l ope r i od , i n t h ip e r i od ) ;

extern m newton m d domain coord ( double Complex ∗ c out , double Complex c guess⤦
Ç , double Complex domain coord , i n t l ope r i od , i n t h iper iod , i n t maxsteps ) ;

85

extern i n t m d parent (mpq t angle , double Complex ∗ root out , double Complex ∗⤦
Ç parent out , double Complex nucleus , i n t per iod , i n t maxsteps ) ;

extern bool m d in t e r i o r d e ( double ∗de out , double Complex ∗dz out , double ⤦
Ç Complex z , double Complex c , i n t p , i n t s t ep s ) ;

90 extern double Complex m d s i ze ( double Complex nucleus , i n t per iod ) ;
extern double m d domain s ize ( double Complex nucleus , i n t per iod ) ;
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extern double m d f i l t e r e d doma in s i z e ( double Complex nucleus , i n t per iod , ⤦
Ç m p e r i o d f i l t e r t ∗ f i l t e r ) ;

extern m shape m d shape ( double Complex nucleus , i n t per iod ) ;
extern double Complex m d shape est imate ( double Complex nucleus , i n t per iod ) ;

95 extern m shape m d shape d i sc r iminant ( double Complex shape ) ;

s t r u c t m d exray in ;
typede f s t r u c t m d exray in m d exray in ;
extern m d exray in ∗m d exray in new ( const mpq t angle , i n t sharpness ) ;

100 extern void m d ex ray in de l e t e ( m d exray in ∗ ray ) ;
extern m newton m d exray in s t ep ( m d exray in ∗ ray , i n t maxsteps ) ;
extern double Complex m d exray in ge t ( const m d exray in ∗ ray ) ;
extern double Complex m d exray in do ( const mpq t angle , i n t sharpness , i n t ⤦

Ç maxsteps , i n t maxnewtonsteps ) ;

105 s t r u c t m d exray out ;
typede f s t r u c t m d exray out m d exray out ;
extern m d exray out ∗m d exray out new ( double Complex c , i n t sharpness , i n t ⤦

Ç maxdwell ) ;
extern void m d exray out de l e t e ( m d exray out ∗ ray ) ;
extern m newton m d exray out s tep ( m d exray out ∗ ray ) ;

110 extern bool m d exray out have b i t ( const m d exray out ∗ ray ) ;
extern bool m d ex ray out ge t b i t ( const m d exray out ∗ ray ) ;
extern double Complex m d exray out get ( const m d exray out ∗ ray ) ;
extern char ∗m d exray out do ( double Complex c , i n t sharpness , i n t maxdwell ) ;

115 s t r u c t m d equ ipo t en t i a l ;
typede f s t r u c t m d equ ipo t en t i a l m d equ ipo t en t i a l ;
extern m d equ ipo t en t i a l ∗m d equipotent ia l new ( const double Complex c , i n t ⤦

Ç sharpness , i n t count ) ;
extern void m d equ i po t en t i a l d e l e t e ( m d equ ipo t en t i a l ∗ ray ) ;
extern m newton m d equ ipo t en t i a l s t ep ( m d equ ipo t en t i a l ∗ ray , i n t maxsteps ) ;

120 extern double Complex m d equ ipo t en t i a l g e t ( const m d equ ipo t en t i a l ∗ ray ) ;

s t r u c t m d box per iod ;
typede f s t r u c t m d box per iod m d box per iod ;
extern m d box per iod ∗m d box period new ( double Complex center , double rad iu s )⤦

Ç ;
125 extern void m d box per i od de l e t e ( m d box per iod ∗box ) ;

extern bool m d box per iod step ( m d box per iod ∗box ) ;
extern bool m d box per iod have per iod ( const m d box per iod ∗box ) ;
extern i n t m d box per i od ge t pe r i od ( const m d box per iod ∗box ) ;
extern i n t m d box per iod do ( double Complex center , double radius , i n t ⤦

Ç maxperiod ) ;
130

s t r u c t m d box mis iurewicz ;
typede f s t r u c t m d box mis iurewicz m d box mis iurewicz ;
extern m d box mis iurewicz ∗m d box mis iurewicz new ( double Complex center , ⤦

Ç double rad iu s ) ;
extern void m d box mi s iu r ew i c z de l e t e ( m d box mis iurewicz ∗box ) ;

135 extern bool m d box mis iurewicz s tep ( m d box mis iurewicz ∗box ) ;
extern bool m d box mis iu r ew icz check per i ods ( m d box mis iurewicz ∗box , i n t ⤦

Ç maxperiod ) ;
extern i n t m d box mi s iu r ew i c z ge t p r epe r i od ( const m d box mis iurewicz ∗box ) ;
extern i n t m d box mi s iu r ew i c z ge t pe r i od ( const m d box mis iurewicz ∗box ) ;
extern bool m d box mis iurewicz do ( i n t ∗ preper iod , i n t ∗per iod , double Complex ⤦

Ç center , double radius , i n t maxpreperiod , i n t maxperiod ) ;
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140

s t r u c t m d ba l l p e r i od ;
typede f s t r u c t m d ba l l p e r i od m d ba l l p e r i od ;
extern m d ba l l p e r i od ∗m d bal l per iod new ( double Complex center , double ⤦

Ç rad iu s ) ;
extern void m d ba l l p e r i o d d e l e t e ( m d ba l l p e r i od ∗ ba l l ) ;

145 extern bool m d ba l l p e r i od s t ep ( m d ba l l p e r i od ∗ ba l l ) ;
extern bool m d ba l l p e r i od have pe r i od ( const m d ba l l p e r i od ∗ ba l l ) ;
extern i n t m d ba l l p e r i o d g e t p e r i o d ( const m d ba l l p e r i od ∗ ba l l ) ;
extern i n t m d ba l l p e r i od do ( double Complex center , double radius , i n t ⤦

Ç maxperiod ) ;

150 extern void m d ext e rna l ang l e s ( char ∗∗ lo , char ∗∗hi , double Complex nucleus , ⤦
Ç i n t per iod , double radius , i n t r e s o l u t i o n ) ;

extern double m d f r om l og i s t i c ( double r ) ;
extern double m d t o l o g i s t i c ( double c ) ;

155 /∗ a rb i t r a r y p r e c i s i o n : m r ∗ ( ) ∗/
/∗ f un c t i on s tak ing non−const mpq t/mpfr t /mpc t use them f o r output , raw a l s o ⤦

Ç uses f o r temporar i e s ∗/

extern m newton m r nuc l eu s na ive s t ep raw (mpc t c out , const mpc t c guess , i n t⤦
Ç per iod , mpc t z , mpc t dc , mpc t c new , mpc t d , mpfr t d2 , mpfr t ⤦
Ç ep s i l on2 ) ;

extern m newton m r nuc l eu s na i v e s t ep (mpc t c out , const mpc t c guess , i n t ⤦
Ç per iod ) ;

160 extern m newton m r nuc l eus na ive (mpc t c out , const mpc t c guess , i n t per iod , ⤦
Ç i n t maxsteps , i n t ncpus ) ;

extern m newton m r nuc l eus s t ep raw (mpc t c out , const mpc t c guess , i n t ⤦
Ç per iod , mpfr t eps i l on2 , mpc t z , mpc t dc , mpc t c new , mpc t h , mpc t dh⤦
Ç , mpc t f , mpc t df ) ;

// extern m newton m r nuc l eu s s t ep (mpc t c out , const mpc t c guess , i n t per iod )⤦
Ç ;

extern m newton m r nuc leus (mpc t c out , const mpc t c guess , i n t per iod , i n t ⤦
Ç maxsteps , i n t ncpus ) ;

165

extern m newton m r mi s iu r ew i c z na ive s t ep raw (mpc t c out , const mpc t c guess ,⤦
Ç i n t preper iod , i n t per iod , mpc t z , mpc t dc , mpc t zp , mpc t dcp , mpc t ⤦
Ç c new , mpc t d , mpfr t d2 , mpfr t ep s i l on2 ) ;

extern m newton m r mi s i u r ew i c z na i v e s t ep (mpc t c out , const mpc t c guess , i n t⤦
Ç preper iod , i n t per iod ) ;

extern m newton m r mi s iu r ew i c z na ive (mpc t c out , const mpc t c guess , i n t ⤦
Ç preper iod , i n t per iod , i n t maxsteps ) ;

extern m newton m r mis iu r ew i cz s t ep raw (mpc t c out , const mpc t c guess , i n t ⤦
Ç preper iod , i n t per iod , mpc t z , mpc t dc , mpc t zp , mpc t dcp , mpc t f , ⤦
Ç mpc t df , mpc t g , mpc t dg , mpc t h , mpc t dh , mpc t k , mpc t l , mpfr t ⤦
Ç ep s i l on2 ) ;

170 // extern m newton m r mi s iu r ew i c z s t ep (mpc t c out , const mpc t c guess , i n t ⤦
Ç preper iod , i n t per iod , i n t maxsteps ) ;

extern m newton m r mis iurewicz (mpc t c out , const mpc t c guess , i n t preper iod ,⤦
Ç i n t per iod , i n t maxsteps ) ;

extern m newton m r a t t r a c t o r s t ep r aw (mpc t z out , const mpc t z guess , const ⤦
Ç mpc t c , i n t per iod , mpc t z , mpc t dz , mpc t z new , mpc t d , mpfr t d2 , ⤦
Ç mpfr t ep s i l on2 ) ;
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extern m newton m r a t t r a c t o r s t e p (mpc t z out , const mpc t z guess , const mpc t⤦
Ç c , i n t per iod ) ;

175 extern m newton m r a t t r a c t o r (mpc t z out , const mpc t z guess , const mpc t c , ⤦
Ç i n t per iod , i n t maxsteps ) ;

extern m newton m r i n t e r i o r s t e p r aw (mpc t z out , mpc t c out , const mpc t ⤦
Ç z guess , const mpc t c guess , const mpc t i n t e r i o r , i n t per iod , mpc t ⤦
Ç z new , mpc t c new , mpc t c , mpc t z , mpc t dz , mpc t dc , mpc t dzdz , ⤦
Ç mpc t dcdz , mpc t det , mpc t d , mpc t dz1 , mpfr t d2z , mpfr t d2c , mpfr t ⤦
Ç ep s i l on2 ) ;

extern m newton m r i n t e r i o r s t e p (mpc t z out , mpc t c out , const mpc t z guess ,⤦
Ç const mpc t c guess , const mpc t i n t e r i o r , i n t per iod ) ;

extern m newton m r i n t e r i o r (mpc t z out , mpc t c out , const mpc t z guess , ⤦
Ç const mpc t c guess , const mpc t i n t e r i o r , i n t per iod , i n t maxsteps ) ;

180

extern m newton m r domain coord step raw (mpc t c out , const mpc t c guess , ⤦
Ç const mpc t domain coord , i n t l ope r i od , i n t h iper iod , mpc t z , mpc t dc , ⤦
Ç mpc t zp , mpc t dcp , mpc t f , mpc t df , mpc t c new , mpc t d , mpfr t d2 , ⤦
Ç mpfr t ep s i l on2 ) ;

extern m newton m r domain coord step (mpc t c out , const mpc t c guess , const ⤦
Ç mpc t domain coord , i n t l ope r i od , i n t h ip e r i od ) ;

extern m newton m r domain coord (mpc t c out , const mpc t c guess , const mpc t ⤦
Ç domain coord , i n t l ope r i od , i n t h iper iod , i n t maxsteps ) ;

extern m newton m r domain coord dynamic step raw (mpc t c out , const mpc t ⤦
Ç c guess , const mpc t domain coord , i n t h iper iod , mpc t z , mpc t dc , mpc t ⤦
Ç zp , mpc t dcp , mpc t f , mpc t df , mpc t c new , mpc t d , mpfr t d2 , mpfr t ⤦
Ç ep s i l on2 ) ;

185 extern m newton m r domain coord dynamic step (mpc t c out , const mpc t c guess , ⤦
Ç const mpc t domain coord , i n t h ip e r i od ) ;

extern m newton m r domain coord dynamic (mpc t c out , const mpc t c guess , const⤦
Ç mpc t domain coord , i n t h iper iod , i n t maxsteps ) ;

extern i n t m r parent (mpq t ang le out , mpc t root out , mpc t parent out , const ⤦
Ç mpc t nucleus , i n t per iod , i n t maxsteps , i n t ncpus ) ;

190 extern void m r s i z e (mpc t s i z e , const mpc t nucleus , i n t per iod ) ;
extern i n t m r domain s ize ( mpfr t s i z e , const mpc t nucleus , i n t per iod ) ;
extern m shape m r shape ( const mpc t nucleus , i n t per iod ) ;
extern void m r shape es t imate (mpc t shape , const mpc t nucleus , i n t per iod ) ;
extern m shape m r shape d i s c r im inant ( const mpc t shape ) ;

195

s t r u c t m r exray in ;
typede f s t r u c t m r exray in m r exray in ;
extern m r exray in ∗m r exray in new ( const mpq t angle , i n t sharpness ) ;
extern void m r ex r ay i n d e l e t e ( m r exray in ∗ ray ) ;

200 extern m newton m r ex ray in s t ep ( m r exray in ∗ ray , i n t maxsteps ) ;
extern void m r ex ray in g e t ( const m r exray in ∗ ray , mpc t c ) ;

s t r u c t m r exray out ;
typede f s t r u c t m r exray out m r exray out ;

205 extern m r exray out ∗m r exray out new ( const mpc t c , i n t sharpness , i n t ⤦
Ç maxdwell , double er ) ;

extern void m r ex ray ou t de l e t e ( m r exray out ∗ ray ) ;
extern m newton m r exray out s t ep ( m r exray out ∗ ray ) ;
extern void m r exray out ge t ( const m r exray out ∗ ray , mpc t endpoint ) ;
extern bool m r ex ray out have b i t ( const m r exray out ∗ ray ) ;

210 extern bool m r ex r ay ou t g e t b i t ( const m r exray out ∗ ray ) ;
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extern char ∗m r exray out do ( const mpc t c , i n t sharpness , i n t maxdwell , double⤦
Ç er ) ;

s t r u c t m r exray out per turbed ;
typede f s t r u c t m r exray out per turbed m r exray out per turbed ;

215 extern m r exray out per turbed ∗m r exray out perturbed new ( const mpc t nucleus ,⤦
Ç i n t per iod , const mpc t endpoint , i n t sharpness , i n t maxdwell , double er )⤦
Ç ;

extern void m r ex ray ou t pe r tu rbed de l e t e ( m r exray out per turbed ∗ ray ) ;
extern m newton m r exray out pe r tu rbed s t ep ( m r exray out per turbed ∗ ray ) ;
extern bool m r ex ray out pe r tu rbed have b i t ( const m r exray out per turbed ∗ ray )⤦

Ç ;
extern bool m r ex r ay ou t pe r tu rb ed ge t b i t ( const m r exray out per turbed ∗ ray ) ;

220 extern double Complex m r exray out pe r tu rbed ge t ( const m r exray out per turbed⤦
Ç ∗ ray ) ;

extern char ∗m r exray out per turbed do ( const mpc t nucleus , i n t per iod , const ⤦
Ç mpc t c , i n t sharpness , i n t maxdwell , double er ) ;

s t r u c t m r box per iod ;
typede f s t r u c t m r box per iod m r box per iod ;

225 extern m r box per iod ∗m r box per iod new ( const mpc t center , const mpfr t ⤦
Ç rad iu s ) ;

extern void m r box pe r i od de l e t e ( m r box per iod ∗box ) ;
extern bool m r box per i od s t ep ( m r box per iod ∗box ) ;
extern bool m r box per i od have per i od ( const m r box per iod ∗box ) ;
extern i n t m r box pe r i od ge t pe r i od ( const m r box per iod ∗box ) ;

230 extern i n t m r box per iod do ( const mpc t center , const mpfr t radius , i n t ⤦
Ç maxperiod ) ;

s t r u c t m r box mis iurewicz ;
typede f s t r u c t m r box mis iurewicz m r box mis iurewicz ;
extern m r box mis iurewicz ∗m r box mis iurewicz new ( const mpc t center , const ⤦

Ç mpfr t rad iu s ) ;
235 extern void m r box mi s i u r ew i c z de l e t e ( m r box mis iurewicz ∗box ) ;

extern bool m r box mi s iu r ew i c z s t ep ( m r box mis iurewicz ∗box ) ;
extern bool m r box mi s iu r ew i c z check pe r i od s ( m r box mis iurewicz ∗box , i n t ⤦

Ç maxperiod ) ;
extern i n t m r box mi s i u r ew i c z ge t p r epe r i od ( const m r box mis iurewicz ∗box ) ;
extern i n t m r box mi s i u r ew i c z g e t pe r i od ( const m r box mis iurewicz ∗box ) ;

240 extern bool m r box mis iurewicz do ( i n t ∗ preper iod , i n t ∗per iod , const mpc t ⤦
Ç center , const mpfr t radius , i n t maxpreperiod , i n t maxperiod ) ;

s t r u c t m r ba l l p e r i o d ;
typede f s t r u c t m r ba l l p e r i o d m r ba l l p e r i o d ;
extern m r ba l l p e r i o d ∗m r ba l l p e r i od new ( const mpc t center , const mpfr t ⤦

Ç rad iu s ) ;
245 extern void m r b a l l p e r i o d d e l e t e ( m r ba l l p e r i o d ∗ ba l l ) ;

extern bool m r ba l l p e r i o d s t e p ( m r ba l l p e r i o d ∗ ba l l ) ;
extern bool m r ba l l p e r i od hav e p e r i od ( const m r ba l l p e r i o d ∗ ba l l ) ;
extern i n t m r ba l l p e r i o d g e t p e r i o d ( const m r ba l l p e r i o d ∗ ba l l ) ;
extern i n t m r ba l l p e r i od do ( const mpc t center , const mpfr t radius , i n t ⤦

Ç maxperiod ) ;
250

extern void m r ex t e rna l ang l e s ( char ∗∗ lo , char ∗∗hi , const mpc t nucleus , i n t ⤦
Ç per iod , double radius , i n t r e s o l u t i o n ) ;

#i f d e f c p l u s p l u s
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}
255 #end i f

#end i f

38 c/lib/Makefile

## mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
## Copyright (C) 2015−2018 Claude Heiland −Allen
## License GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 p r e f i x ?= $ (HOME)/opt
CC ?= gcc

COMPILE := $ (CC) −std=c11 −Wall −Wextra −pedant ic −fPIC −O3 −pipe −g −MMD − I . . /⤦
Ç i n c lude −c

LINK := $ (CC) −shared −g
10 LIBRARY := l ibmandelbrot −numerics

OBJECTS := $ ( patsubst %.c ,%.o , $ ( wi ldcard ∗ . c ) )
DEPENDS := $ ( patsubst %.o ,%.d , $ (OBJECTS) )

a l l : $ (LIBRARY) . a $ (LIBRARY) . so pkgconf ig /mandelbrot−numerics . pc
15

c l ean :
@echo ”CLEAN” ; rm − f $ (OBJECTS) $ (DEPENDS) $ (LIBRARY) . a $ (LIBRARY) . so ⤦

Ç pkgconf ig /mandelbrot−numerics . pc

i n s t a l l : $ (LIBRARY) . a $ (LIBRARY) . so . . / i n c lude /mandelbrot−numerics . h pkgconf ig /⤦
Ç mandelbrot−numerics . pc

20 i n s t a l l −d ”$ ( p r e f i x ) / in c lude ” ”$ ( p r e f i x ) / l i b ” ”$ ( p r e f i x ) / l i b / pkgconf ig ”
i n s t a l l −m 644 −t ”$ ( p r e f i x ) / in c lude ” . . / i n c lude /mandelbrot−numerics . h
i n s t a l l −m 644 −t ”$ ( p r e f i x ) / l i b ” $ (LIBRARY) . a $ (LIBRARY) . so
i n s t a l l −m 644 −t ”$ ( p r e f i x ) / l i b / pkgconf ig ” pkgconf ig /mandelbrot−⤦

Ç numerics . pc

25 $ (LIBRARY) . a : $ (OBJECTS)
@echo ”A $@” ; ar − r s $@ $ˆ | | ( echo ”ERROR ar − r s $@ $ˆ” && ⤦

Ç f a l s e )

$ (LIBRARY) . so : $ (OBJECTS)
@echo ”SO $@” ; $ (LINK) −o $@ $ˆ −lmpc − lmpfr −lgmp −lm | | ( echo ”⤦

Ç ERROR $ (LINK) −o $@ $ˆ −lmpc − lmpfr −lgmp −lm” && f a l s e )
30

%.o : %.c
@echo ”O $@” ; $ (COMPILE) −o $@ $< | | ( echo ”ERROR $ (COMPILE) −⤦

Ç o $@ $<” && f a l s e )

pkgconf ig /mandelbrot−numerics . pc : pkgconf ig /mandelbrot−numerics . pc . in
35 @echo ”PC $@” ; ( echo ” p r e f i x=$ ( p r e f i x ) ” ; cat pkgconf ig /⤦

Ç mandelbrot−numerics . pc . in ) > pkgconf ig /mandelbrot−numerics . pc | | ⤦
Ç ( echo ’ERROR ( echo ” p r e f i x=$ ( p r e f i x ) ” ; cat pkgconf ig /⤦
Ç mandelbrot−numerics . pc . in ) > pkgconf ig /mandelbrot−numerics . pc ’ &&⤦
Ç f a l s e )

. SUFFIXES :

.PHONY: a l l c l ean i n s t a l l
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40 − i n c lude $ (DEPENDS)

39 c/lib/m d attractor.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

extern m newton m d at t r a c t o r s t ep ( double Complex ∗z , double Complex z guess , ⤦
Ç double Complex c , i n t per iod ) {

double Complex zz = z gue s s ;
10 double Complex dzz = 1 ;

f o r ( i n t i = 0 ; i < per iod ; ++i ) {
dzz = 2 ∗ zz ∗ dzz ;
zz = zz ∗ zz + c ;

}
15 i f ( cabs2 ( zz − z gue s s ) <= eps i l on2 ) {

∗z = z gue s s ;
r e turn m converged ;

}
double Complex z new = z gue s s − ( zz − z gue s s ) / ( dzz − 1) ;

20 double Complex d = z new − z gue s s ;
i f ( cabs2 (d) <= eps i l on2 ) {

∗z = z new ;
re turn m converged ;

}
25 i f ( c i s f i n i t e (d) ) {

∗z = z new ;
re turn m stepped ;

} e l s e {
∗z = z gue s s ;

30 re turn m fa i l ed ;
}

}

extern m newton m d att rac to r ( double Complex ∗ z out , double Complex z guess , ⤦
Ç double Complex c , i n t per iod , i n t maxsteps ) {

35 m newton r e s u l t = m fa i l ed ;
double Complex z = z gue s s ;
f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {

i f ( m stepped != ( r e s u l t = m d at t r a c t o r s t ep (&z , z , c , per iod ) ) ) {
break ;

40 }
}
∗ z out = z ;
re turn r e s u l t ;

}

40 c/lib/m d ball period.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html
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5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”
#inc lude <s t d i o . h>

s t r u c t m d ba l l p e r i od {
10 double Complex c ;

double Complex z ;
double Complex dz ;
double r , rdz , rz , rr , Ei ;
i n t p ;

15 } ;

extern m d ba l l p e r i od ∗m d bal l per iod new ( double Complex center , double ⤦
Ç rad iu s ) {

m d ba l l p e r i od ∗ ba l l = ( m d ba l l p e r i od ∗) mal loc ( s i z e o f (∗ ba l l ) ) ;
i f ( ! b a l l ) {

20 re turn 0 ;
}
ba l l −>c = cente r ;
ba l l −>r = rad iu s ;
ba l l −>z = 0 ;

25 ba l l −>rdz = 0 ;
ba l l −>rz = 0 ;
ba l l −>r r = 0 ;
ba l l −>Ei = 0 ;
ba l l −>p = 0 ;

30 m d ba l l p e r i od s t ep ( b a l l ) ;
r e turn b a l l ;

}

extern void m d ba l l p e r i o d d e l e t e ( m d ba l l p e r i od ∗ ba l l ) {
35 i f ( b a l l ) {

f r e e ( b a l l ) ;
}

}

40 extern bool m d ba l l p e r i od s t ep ( m d ba l l p e r i od ∗ ba l l ) {
i f ( ! b a l l ) {

re turn f a l s e ;
}
ba l l −>Ei = ba l l −>rdz ∗ ba l l −>rdz + (2 ∗ ba l l −>rz + ba l l −>r ∗ (2 ∗ ba l l −>rdz + ⤦

Ç ba l l −>r ∗ ba l l −>Ei ) ) ∗ ba l l −>Ei ;
45 ba l l −>dz = 2 ∗ ba l l −>z ∗ ba l l −>dz + 1 ;

ba l l −>z = ba l l −>z ∗ ba l l −>z + ba l l −>c ;
ba l l −>rdz = cabs ( ba l l −>dz ) ;
ba l l −>rz = cabs ( ba l l −>z ) ;
ba l l −>r r = ba l l −>r ∗ ( ba l l −>rdz + ba l l −>r ∗ ba l l −>Ei ) ;

50 ba l l −>p = ba l l −>p + 1 ;
re turn ba l l −>rz − ba l l −>r r <= 2 ;

}

extern bool m d ba l l p e r i od have pe r i od ( const m d ba l l p e r i od ∗ ba l l ) {
55 i f ( ! b a l l ) {

re turn true ;
}
re turn ba l l −>rz <= ba l l −>r r ;
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}
60

extern i n t m d ba l l p e r i o d g e t p e r i o d ( const m d ba l l p e r i od ∗ ba l l ) {
i f ( ! b a l l ) {

re turn 0 ;
}

65 re turn ba l l −>p ;
}

extern i n t m d ba l l p e r i od do ( double Complex center , double radius , i n t ⤦
Ç maxperiod ) {

m d ba l l p e r i od ∗ ba l l = m d ba l l per iod new ( center , r ad iu s ) ;
70 i f ( ! b a l l ) {

re turn 0 ;
}
i n t per iod = 0 ;
f o r ( i n t i = 0 ; i < maxperiod ; ++i ) {

75 i f ( m d ba l l p e r i od have pe r i od ( b a l l ) ) {
per iod = m d ba l l p e r i o d g e t p e r i o d ( b a l l ) ;
break ;

}
i f ( ! m d ba l l p e r i od s t ep ( b a l l ) ) {

80 break ;
}

}
m d ba l l p e r i o d d e l e t e ( b a l l ) ;
r e turn per iod ;

85 }

41 c/lib/m d box misiurewicz.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

s t a t i c double c r o s s ( double Complex a , double Complex b) {
re turn cimag ( a ) ∗ c r e a l (b) − c r e a l ( a ) ∗ cimag (b) ;

10 }

s t a t i c bool c r o s s e s p o s i t i v e r e a l a x i s ( double Complex a , double Complex b) {
i f ( sgn ( cimag ( a ) ) != sgn ( cimag (b) ) ) {

double Complex d = b − a ;
15 i n t s = sgn ( cimag (d) ) ;

i n t t = sgn ( c r o s s (d , a ) ) ;
r e turn s == t ;

}
re turn f a l s e ;

20 }

s t a t i c bool s u r r ound s o r i g i n ( double Complex a , double Complex b , double ⤦
Ç Complex c , double Complex d) {

re turn odd
( c r o s s e s p o s i t i v e r e a l a x i s ( a , b )

25 + c r o s s e s p o s i t i v e r e a l a x i s (b , c )
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+ c r o s s e s p o s i t i v e r e a l a x i s ( c , d )
+ c r o s s e s p o s i t i v e r e a l a x i s (d , a )
) ;

}
30

s t r u c t m d box mis iurewicz {
double Complex cente r ;
double Complex w, wp ;
double Complex c [ 4 ] ;

35 double Complex z [ 4 ] ;
i n t preper i od ;
i n t per iod ;

} ;

40 extern m d box mis iurewicz ∗m d box mis iurewicz new ( double Complex center , ⤦
Ç double rad iu s ) {

m d box mis iurewicz ∗box = ( m d box mis iurewicz ∗) mal loc ( s i z e o f (∗box ) ) ;
i f ( ! box ) {

re turn 0 ;
}

45 box−>cente r = cente r ;
box−>w = cente r ;
box−>z [ 0 ] = box−>c [ 0 ] = cente r + ((− rad iu s ) + I ∗ (− rad iu s ) ) ;
box−>z [ 1 ] = box−>c [ 1 ] = cente r + ( ( rad iu s ) + I ∗ (− rad iu s ) ) ;
box−>z [ 2 ] = box−>c [ 2 ] = cente r + ( ( rad iu s ) + I ∗ ( rad iu s ) ) ;

50 box−>z [ 3 ] = box−>c [ 3 ] = cente r + ((− rad iu s ) + I ∗ ( rad iu s ) ) ;
box−>preper iod = 1 ;
box−>per iod = 0 ;
re turn box ;

}
55

extern void m d box mi s iu r ew i c z de l e t e ( m d box mis iurewicz ∗box ) {
i f ( box ) {

f r e e ( box ) ;
}

60 }

extern bool m d box mis iurewicz s tep ( m d box mis iurewicz ∗box ) {
i f ( ! box ) {

re turn f a l s e ;
65 }

box−>w = box−>w ∗ box−>w + box−>cente r ;
bool ok = c i s f i n i t e ( box−>w) ;
f o r ( i n t i = 0 ; i < 4 ; ++i ) {

box−>z [ i ] = box−>z [ i ] ∗ box−>z [ i ] + box−>c [ i ] ;
70 ok = ok && c i s f i n i t e ( box−>z [ i ] ) ;

}
box−>preper iod++;
return ok ;

}
75

extern bool m d box mis iu r ew icz check per i ods ( m d box mis iurewicz ∗box , i n t ⤦
Ç maxperiod ) {

i f ( ! box ) {
re turn true ;

}
80 double Complex z = box−>w;
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f o r ( i n t per iod = 1 ; per iod <= maxperiod ; ++per iod )
{

z = z ∗ z + box−>cente r ;
i f ( s u r r ound s o r i g i n ( box−>z [ 0 ] − z , box−>z [ 1 ] − z , box−>z [ 2 ] − z , box−>z [ 3 ] ⤦

Ç − z ) )
85 {

box−>per iod = per iod ;
re turn true ;

}
}

90 re turn f a l s e ;
}

extern i n t m d box mi s iu r ew i c z ge t pe r i od ( const m d box mis iurewicz ∗box ) {
i f ( ! box ) {

95 re turn 0 ;
}
re turn box−>per iod ;

}

100 extern i n t m d box mi s iu r ew i c z ge t p r epe r i od ( const m d box mis iurewicz ∗box ) {
i f ( ! box ) {

re turn −1;
}
re turn box−>preper iod ;

105 }

extern bool m d box mis iurewicz do ( i n t ∗ preper iod , i n t ∗per iod , double Complex ⤦
Ç center , double radius , i n t maxpreperiod , i n t maxperiod ) {

m d box mis iurewicz ∗box = m d box mis iurewicz new ( center , r ad iu s ) ;
i f ( ! box ) {

110 re turn f a l s e ;
}
f o r ( i n t i = 0 ; i < maxpreperiod ; ++i ) {

i f ( m d box mis iu r ew icz check per i ods ( box , maxperiod ) ) {
∗ preper iod = m d box mi s iu r ew i c z ge t p r epe r i od ( box ) ;

115 ∗ per iod = m d box mi s iu r ew i c z ge t pe r i od ( box ) ;
m d box mi s iu r ew i c z de l e t e ( box ) ;
r e turn true ;

}
i f ( ! m d box mis iurewicz s tep ( box ) ) {

120 break ;
}

}
m d box mi s iu r ew i c z de l e t e ( box ) ;
r e turn f a l s e ;

125 }

42 c/lib/m d box period.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”
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s t a t i c double c r o s s ( double Complex a , double Complex b) {
re turn cimag ( a ) ∗ c r e a l (b) − c r e a l ( a ) ∗ cimag (b) ;

10 }

s t a t i c bool c r o s s e s p o s i t i v e r e a l a x i s ( double Complex a , double Complex b) {
i f ( sgn ( cimag ( a ) ) != sgn ( cimag (b) ) ) {

double Complex d = b − a ;
15 i n t s = sgn ( cimag (d) ) ;

i n t t = sgn ( c r o s s (d , a ) ) ;
r e turn s == t ;

}
re turn f a l s e ;

20 }

s t a t i c bool s u r r ound s o r i g i n ( double Complex a , double Complex b , double ⤦
Ç Complex c , double Complex d) {

re turn odd
( c r o s s e s p o s i t i v e r e a l a x i s ( a , b )

25 + c r o s s e s p o s i t i v e r e a l a x i s (b , c )
+ c r o s s e s p o s i t i v e r e a l a x i s ( c , d )
+ c r o s s e s p o s i t i v e r e a l a x i s (d , a )
) ;

}
30

s t r u c t m d box per iod {
double Complex c [ 4 ] ;
double Complex z [ 4 ] ;
i n t p ;

35 } ;

extern m d box per iod ∗m d box period new ( double Complex center , double rad iu s )⤦
Ç {

m d box per iod ∗box = ( m d box per iod ∗) mal loc ( s i z e o f (∗box ) ) ;
i f ( ! box ) {

40 re turn 0 ;
}
box−>z [ 0 ] = box−>c [ 0 ] = cente r + ((− rad iu s ) + I ∗ (− rad iu s ) ) ;
box−>z [ 1 ] = box−>c [ 1 ] = cente r + ( ( rad iu s ) + I ∗ (− rad iu s ) ) ;
box−>z [ 2 ] = box−>c [ 2 ] = cente r + ( ( rad iu s ) + I ∗ ( rad iu s ) ) ;

45 box−>z [ 3 ] = box−>c [ 3 ] = cente r + ((− rad iu s ) + I ∗ ( rad iu s ) ) ;
box−>p = 1 ;
re turn box ;

}

50 extern void m d box per i od de l e t e ( m d box per iod ∗box ) {
i f ( box ) {

f r e e ( box ) ;
}

}
55

extern bool m d box per iod step ( m d box per iod ∗box ) {
i f ( ! box ) {

re turn f a l s e ;
}

60 bool ok = true ;
f o r ( i n t i = 0 ; i < 4 ; ++i ) {

box−>z [ i ] = box−>z [ i ] ∗ box−>z [ i ] + box−>c [ i ] ;
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ok = ok && c i s f i n i t e ( box−>z [ i ] ) ;
}

65 box−>p = box−>p + 1 ;
re turn ok ;

}

extern bool m d box per iod have per iod ( const m d box per iod ∗box ) {
70 i f ( ! box ) {

re turn true ;
}
re turn su r r ound s o r i g i n ( box−>z [ 0 ] , box−>z [ 1 ] , box−>z [ 2 ] , box−>z [ 3 ] ) ;

}
75

extern i n t m d box per i od ge t pe r i od ( const m d box per iod ∗box ) {
i f ( ! box ) {

re turn 0 ;
}

80 re turn box−>p ;
}

extern i n t m d box per iod do ( double Complex center , double radius , i n t ⤦
Ç maxperiod ) {

m d box per iod ∗box = m d box period new ( center , r ad iu s ) ;
85 i f ( ! box ) {

re turn 0 ;
}
i n t per iod = 0 ;
f o r ( i n t i = 0 ; i < maxperiod ; ++i ) {

90 i f ( m d box per iod have per iod ( box ) ) {
per iod = m d box per i od ge t pe r i od ( box ) ;
break ;

}
i f ( ! m d box per iod step ( box ) ) {

95 break ;
}

}
m d box per i od de l e t e ( box ) ;
r e turn per iod ;

100 }

43 c/lib/m d domain coord.c
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5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

extern m newton m d domain coord step ( double Complex ∗ c out , double Complex ⤦
Ç c guess , double Complex domain coord , i n t l ope r i od , i n t h ip e r i od ) {

double Complex zp = 0 ;
10 double Complex dcp = 0 ;

double Complex z = 0 ;
double Complex dc = 0 ;
f o r ( i n t i = 1 ; i <= hipe r i od ; ++i ) {

dc = 2 ∗ z ∗ dc + 1 ;
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15 z = z ∗ z + c gue s s ;
i f ( i == lope r i od )
{

zp = z ;
dcp = dc ;

20 }
}
double Complex f = z / zp − domain coord ;
double Complex df = ( dc ∗ zp − z ∗ dcp ) / ( zp ∗ zp ) ;
i f ( cabs2 ( df ) <= eps i l on2 ) {

25 ∗ c out = c gue s s ;
r e turn m converged ;

}
double Complex c new = c gue s s − f / df ;
double Complex d = c new − c gue s s ;

30 i f ( cabs2 (d) <= eps i l on2 ) {
∗ c out = c new ;
re turn m converged ;

}
i f ( c i s f i n i t e (d) ) {

35 ∗ c out = c new ;
re turn m stepped ;

} e l s e {
∗ c out = c gue s s ;
r e turn m fa i l ed ;

40 }
}

extern m newton m d domain coord ( double Complex ∗ c out , double Complex c guess⤦
Ç , double Complex domain coord , i n t l ope r i od , i n t h iper iod , i n t maxsteps ) ⤦
Ç {

m newton r e s u l t = m fa i l ed ;
45 double Complex c = c gue s s ;

f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {
i f ( m stepped != ( r e s u l t = m d domain coord step(&c , c , domain coord , ⤦

Ç l ope r i od , h ip e r i od ) ) ) {
break ;

}
50 }

∗ c out = c ;
re turn r e s u l t ;

}

44 c/lib/m d domain size.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
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5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

extern double m d domain s ize ( double Complex nucleus , i n t per iod )
{

10 double Complex z = nuc leus ;
double Complex dc = 1 ;
double zq2 = cabs2 ( z ) ;
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f o r ( i n t q = 2 ; q <= per iod ; ++q)
{

15 dc = 2 ∗ z ∗ dc + 1 ;
z = z ∗ z + nuc leus ;
double zp2 = cabs2 ( z ) ;
i f ( q < per iod && zp2 < zq2 )

zq2 = zp2 ;
20 }

re turn sq r t ( zq2 ) / cabs ( dc ) ;
}

extern double m d f i l t e r e d doma in s i z e ( double Complex nucleus , i n t per iod , ⤦
Ç m p e r i o d f i l t e r t ∗ f i l t e r )

25 {
double Complex z = 0 ;
double Complex dc = 0 ;
double zq = 1 . 0 / 0 . 0 ;
f o r ( i n t q = 1 ; q <= per iod ; ++q)

30 {
dc = 2 ∗ z ∗ dc + 1 ;
z = z ∗ z + nuc leus ;
double zp = cabs ( z ) ;
i f ( q < per iod && zp < zq && f i l t e r −>accept ( f i l t e r , q ) )

35 zq = zp ;
}
re turn zq / cabs ( dc ) ;

}

45 c/lib/m d equipotential.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2019 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

s t r u c t m d equ ipo t en t i a l {
i n t count ;

10 double Complex c ;
double Complex d ;
double Complex z ;

} ;

15 extern m d equ ipo t en t i a l ∗m d equipotent ia l new ( const double Complex c , i n t ⤦
Ç sharpness , i n t count ) {

m d equ ipo t en t i a l ∗ ray = mal loc ( s i z e o f (∗ ray ) ) ;
ray−>count = count ;
ray−>c = c ;
ray−>d = cexp ( I ∗ twopi / sharpness ) ;

20 double Complex z = 0 ;
f o r ( i n t i = 0 ; i < count ; ++i )
{

z = z ∗ z + c ;
}

25 ray−>z = z ;
re turn ray ;
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}

extern void m d equ i po t en t i a l d e l e t e ( m d equ ipo t en t i a l ∗ ray ) {
30 i f ( ! ray ) {

re turn ;
}
f r e e ( ray ) ;

}
35

extern m newton m d equ ipo t en t i a l s t ep ( m d equ ipo t en t i a l ∗ ray , i n t maxsteps ) {
ray−>z ∗= ray−>d ;
double Complex t a r g e t = ray−>z ;
double Complex c = ray−>c ;

40 f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {
double Complex z = 0 ;
double Complex dc = 0 ;
f o r ( i n t p = 0 ; p < ray−>count ; ++p) {

dc = 2 ∗ z ∗ dc + 1 ;
45 z = z ∗ z + c ;

}
double Complex c new = c − ( z − t a r g e t ) / dc ;
i f ( c i s f i n i t e ( c new ) ) {

c = c new ;
50 } e l s e {

break ;
}

}
i f ( c i s f i n i t e ( c ) ) {

55 ray−>c = c ;
re turn m stepped ;

} e l s e {
re turn m fa i l ed ;

}
60 }

extern double Complex m d equ ipo t en t i a l g e t ( const m d equ ipo t en t i a l ∗ ray ) {
i f ( ! ray ) {

re turn 0 ;
65 }

re turn ray−>c ;
}

46 c/lib/m d exray in.c
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5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

s t r u c t m d exray in {
mpq t ang le ;

10 mpq t one ;
i n t sharpness ;
double er ;
double Complex c ;
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i n t j ;
15 i n t k ;

} ;

extern m d exray in ∗m d exray in new ( const mpq t angle , i n t sharpness ) {
m d exray in ∗ ray = mal loc ( s i z e o f (∗ ray ) ) ;

20 mpq init ( ray−>ang le ) ;
mpq set ( ray−>angle , ang le ) ;
mpq init ( ray−>one ) ;
mpq set u i ( ray−>one , 1 , 1) ;
ray−>sharpness = sharpness ;

25 ray−>er = 65536 . 0 ;
double a = twopi ∗ mpq get d ( ray−>ang le ) ;
ray−>c = ray−>er ∗ ( cos ( a ) + I ∗ s i n ( a ) ) ;
ray−>k = 0 ;
ray−> j = 0 ;

30 re turn ray ;
}

extern void m d ex ray in de l e t e ( m d exray in ∗ ray ) {
i f ( ! ray ) {

35 re turn ;
}
mpq clear ( ray−>ang le ) ;
mpq clear ( ray−>one ) ;
f r e e ( ray ) ;

40 }

extern m newton m d exray in s t ep ( m d exray in ∗ ray , i n t maxsteps ) {
i f ( ray−> j >= ray−>sharpness ) {

mpq mul 2exp ( ray−>angle , ray−>angle , 1) ;
45 i f (mpq cmp ui ( ray−>angle , 1 , 1) >= 0) {

mpq sub ( ray−>angle , ray−>angle , ray−>one ) ;
}
ray−>k = ray−>k + 1 ;
ray−> j = 0 ;

50 }
double r = pow( ray−>er , pow ( 0 . 5 , ( ray−> j + 0 . 5 ) / ray−>sharpness ) ) ;
double a = twopi ∗ mpq get d ( ray−>ang le ) ;
double Complex t a r g e t = r ∗ ( cos ( a ) + I ∗ s i n ( a ) ) ;
double Complex c = ray−>c ;

55 f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {
double Complex z = 0 ;
double Complex dc = 0 ;
f o r ( i n t p = 0 ; p <= ray−>k ; ++p) {

dc = 2 ∗ z ∗ dc + 1 ;
60 z = z ∗ z + c ;

}
double Complex c new = c − ( z − t a r g e t ) / dc ;
double d2 = cabs2 ( c new − c ) ;
i f ( c i s f i n i t e ( c new ) ) {

65 c = c new ;
} e l s e {

break ;
}
i f ( d2 <= eps i l on2 ) {

70 break ;
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}
}
ray−> j = ray−> j + 1 ;
double d2 = cabs2 ( c − ray−>c ) ;

75 i f ( d2 <= eps i l on2 ) {
ray−>c = c ;
re turn m converged ;

}
i f ( c i s f i n i t e ( c ) ) {

80 ray−>c = c ;
re turn m stepped ;

} e l s e {
re turn m fa i l ed ;

}
85 }

extern double Complex m d exray in ge t ( const m d exray in ∗ ray ) {
i f ( ! ray ) {

re turn 0 ;
90 }

re turn ray−>c ;
}

extern double Complex m d exray in do ( const mpq t angle , i n t sharpness , i n t ⤦
Ç maxsteps , i n t maxnewtonsteps ) {

95 m d exray in ∗ ray = m d exray in new ( angle , sharpness ) ;
i f ( ! ray ) {

re turn 0 ;
}
f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {

100 i f ( m stepped != m d exray in s t ep ( ray , maxnewtonsteps ) ) {
break ;

}
}
double Complex endpoint = m d exray in ge t ( ray ) ;

105 m d exray in de l e t e ( ray ) ;
r e turn endpoint ;

}

47 c/lib/m d exray out.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
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5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

s t a t i c double dwel l ( double loger2 , i n t n , double zmag2 ) {
re turn n − l og2 ( l og ( zmag2 ) / l o g e r 2 ) ;

10 }

s t r u c t m d exray out {
i n t sharpness ;
double er ;

15 double er2 ;
double l o g e r 2 ;
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double Complex c ;
double Complex z ;
double d ;

20 i n t n ;
i n t b i t ;

} ;

extern m d exray out ∗m d exray out new ( double Complex c , i n t sharpness , i n t ⤦
Ç maxdwell ) {

25 double er = 65536 ;
double er2 = er ∗ er ;
i n t n = 0 ;
double Complex z = 0 ;
f o r ( i n t i = 0 ; i < maxdwell ; ++i ) {

30 n = n + 1 ;
z = z ∗ z + c ;
i f ( cabs2 ( z ) > er2 ) {

break ;
}

35 }
i f ( ! ( cabs2 ( z ) > er2 ) ) {

re turn 0 ;
}
m d exray out ∗ ray = mal loc ( s i z e o f (∗ ray ) ) ;

40 i f ( ! ray ) {
re turn 0 ;

}
ray−>sharpness = sharpness ;
ray−>er = er ;

45 ray−>er2 = er2 ;
ray−> l o g e r 2 = log ( er2 ) ;
ray−>c = c ;
ray−>z = z ;
ray−>d = dwel l ( ray−>l oger2 , n , cabs2 ( z ) ) ;

50 ray−>n = n ;
ray−>b i t = −1;
re turn ray ;

}

55 extern void m d exray out de l e t e ( m d exray out ∗ ray ) {
i f ( ray ) {

f r e e ( ray ) ;
}

}
60

extern m newton m d exray out s tep ( m d exray out ∗ ray ) {
i f ( ! ray ) {

re turn m fa i l ed ;
}

65 ray−>b i t = −1;
ray−>d −= 1.0 / ray−>sharpness ;
i f ( ray−>d <= 0) {

re turn m converged ;
}

70 i n t m = c e i l ( ray−>d) ;
double r = pow( ray−>er , pow(2 , m − ray−>d) ) ;
double a = carg ( ray−>z ) / twopi ;
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double t = a − f l o o r ( a ) ;
i f (m == ray−>n) {

75 double Complex k = r ∗ cexp ( I ∗ twopi ∗ t ) ;
double Complex c = ray−>c ;
double Complex z = 0 ;
f o r ( i n t i = 0 ; i < 64 ; ++i ) { // FIXME arb i t r a r y l im i t

double Complex dc = 0 ;
80 z = 0 ;

f o r ( i n t p = 0 ; p < m; ++p) {
dc = 2 ∗ z ∗ dc + 1 ;
z = z ∗ z + c ;

}
85 double Complex c new = c − ( z − k ) / dc ;

double d2 = cabs2 ( c new − c ) ;
i f ( c i s f i n i t e ( c new ) ) {

c = c new ;
} e l s e {

90 break ;
}
i f ( d2 <= eps i l on2 ) {

break ;
}

95 }
i f ( c i s f i n i t e ( c ) ) {

ray−>c = c ;
ray−>z = z ;
ray−>d = dwel l ( ray−>l oger2 , m, cabs2 ( z ) ) ;

100 re turn m stepped ;
}
re turn m fa i l ed ;

} e l s e {
double Complex k [ 2 ] = { r ∗ cexp ( I ∗ pi ∗ t ) , r ∗ cexp ( I ∗ pi ∗ ( t + 1) ) } ;

105 double Complex c [ 2 ] = { ray−>c , ray−>c } ;
double Complex z [ 2 ] = { 0 , 0 } ;
double d2 [ 2 ] ;
double e2 [ 2 ] ;
f o r ( i n t i = 0 ; i < 64 ; ++i ) { // FIXME arb i t r a r y l im i t

110 z [ 0 ] = 0 ;
z [ 1 ] = 0 ;
double Complex dc [ 2 ] = { 0 , 0 } ;
f o r ( i n t p = 0 ; p < m; ++p) {

f o r ( i n t w = 0 ; w < 2 ; ++w) {
115 dc [w] = 2 ∗ z [w] ∗ dc [w] + 1 ;

z [w] = z [w] ∗ z [w] + c [w ] ;
}

}
double Complex c new [ 2 ] ;

120 f o r ( i n t w = 0 ; w < 2 ; ++w) {
c new [w] = c [w] − ( z [w] − k [w] ) / dc [w ] ;
e2 [w] = cabs2 ( c new [w] − c [w] ) ;
d2 [w] = cabs2 ( c new [w] − ray−>c ) ;
c [w] = c new [w ] ;

125 }
i f ( ! ( e2 [ 0 ] > ep s i l on2 && e2 [ 1 ] > ep s i l on2 ) ) {

break ;
}

}
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130 i f ( ( c i s f i n i t e ( c [ 0 ] ) && c i s f i n i t e ( c [ 1 ] ) && d2 [ 0 ] <= d2 [ 1 ] )
| | ( c i s f i n i t e ( c [ 0 ] ) && ! c i s f i n i t e ( c [ 1 ] ) ) ) {
ray−>b i t = 0 ;
ray−>c = c [ 0 ] ;
ray−>z = z [ 0 ] ;

135 ray−>n = m;
ray−>d = dwel l ( ray−>l oger2 , m, cabs2 ( z [ 0 ] ) ) ;
r e turn m stepped ;

}
i f ( ( c i s f i n i t e ( c [ 0 ] ) && c i s f i n i t e ( c [ 1 ] ) && d2 [ 1 ] <= d2 [ 0 ] )

140 | | ( ! c i s f i n i t e ( c [ 0 ] ) && c i s f i n i t e ( c [ 1 ] ) ) ) {
ray−>b i t = 1 ;
ray−>c = c [ 1 ] ;
ray−>z = z [ 1 ] ;
ray−>n = m;

145 ray−>d = dwel l ( ray−>l oger2 , m, cabs2 ( z [ 1 ] ) ) ;
r e turn m stepped ;

}
re turn m fa i l ed ;

}
150 }

extern bool m d exray out have b i t ( const m d exray out ∗ ray ) {
i f ( ! ray ) {

re turn f a l s e ;
155 }

re turn 0 <= ray−>b i t ;
}

extern bool m d ex ray out ge t b i t ( const m d exray out ∗ ray ) {
160 i f ( ! ray ) {

re turn f a l s e ;
}
re turn ray−>b i t ;

}
165

extern double Complex m d exray out get ( const m d exray out ∗ ray ) {
i f ( ! ray ) {

re turn 0 ;
}

170 re turn ray−>c ;
}

extern char ∗m d exray out do ( double Complex c , i n t sharpness , i n t maxdwell ) {
m d exray out ∗ ray = m d exray out new ( c , sharpness , maxdwell ) ;

175 i f ( ! ray ) {
re turn 0 ;

}
char ∗ b i t s = mal loc (maxdwell + 2) ;
i f ( ! b i t s ) {

180 m d exray out de l e t e ( ray ) ;
r e turn 0 ;

}
i n t n = 0 ;
whi l e (n <= maxdwell ) {

185 i f ( m d exray out have b i t ( ray ) ) {
b i t s [ n++] = ’0 ’ + m d exray out ge t b i t ( ray ) ;
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}
i f ( m stepped != m d exray out s tep ( ray ) ) {

break ;
190 }

}
b i t s [ n ] = 0 ;
m d exray out de l e t e ( ray ) ;
r e turn b i t s ;

195 }

48 c/lib/m d external angles.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
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5 // f o r strdup ( )
#de f i n e POSIX C SOURCE 200809L

#inc lude <complex . h>
#inc lude <math . h>

10 #inc lude <s t d i o . h>
#inc lude <s t d l i b . h>
#inc lude <s t r i n g . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

15

extern void m d ext e rna l ang l e s ( char ∗∗ lo , char ∗∗hi , double Complex nucleus , ⤦
Ç i n t per iod , double radius , i n t r e s o l u t i o n )

{
i f ( ( ! l o ) | | ( ! h i ) )
{

20 re turn ;
}
i f ( per iod <= 1)
{

∗ l o = strdup ( ” . ( 0 ) ”) ;
25 ∗ hi = strdup ( ” . ( 1 ) ”) ;

r e turn ;
}
double r = m d domain s ize ( nucleus , per iod ) ;
r ∗= rad iu s ;

30 i n t ∗ counts = mal loc ( r e s o l u t i o n ∗ s i z e o f ( i n t ) ) ;
i n t maxiter = 16 ∗ per iod ;
f o r ( i n t t = 0 ; t < r e s o l u t i o n ; ++t )
{

double a = 2 ∗ pi ∗ ( t + 0 . 5 ) / r e s o l u t i o n ;
35 double c = cos ( a ) ;

double s = s i n ( a ) ;
double Complex probe = nuc leus + r ∗ ( c + I ∗ s ) ;
double Complex z = 0 ;
i n t count = maxiter ;

40 f o r ( i n t i = 0 ; i < maxiter ; ++i )
{

z = z ∗ z + probe ;
double mz = cabs2 ( z ) ;
i f (mz > 1024)

92



mandelbrot-numerics c/lib/m d external angles.c

45 {
count = i ;
break ;

}
}

50 counts [ t ] = count ;
}
char ∗ f i r s t = 0 ;
whi l e (1 )
{

55 i n t mint = −1;
i n t mincount = maxiter ;
f o r ( i n t t = 0 ; t < r e s o l u t i o n ; ++t )
{

i f ( counts [ t ] < mincount )
60 {

mincount = counts [ t ] ;
mint = t ;

}
}

65 i f (mint == −1)
{

i f ( f i r s t )
f r e e ( f i r s t ) ;

∗ l o = 0 ;
70 ∗ hi = 0 ;

re turn ;
}
double a = 2 ∗ pi ∗ (mint + 0 . 5 ) / r e s o l u t i o n ;
double c = cos ( a ) ;

75 double s = s i n ( a ) ;
double Complex probe = nuc leus + r ∗ ( c + I ∗ s ) ;
char ∗ b i t s = m d exray out do ( probe , 16 , mincount ∗ 2) ;
i n t b i t l e n = s t r l e n ( b i t s ) ;
char ∗ ang le = mal loc ( per iod + 4) ;

80 ang le [ 0 ] = ’ . ’ ;
ang le [ 1 ] = ’ ( ’ ;
f o r ( i n t i = 0 ; i < per iod ; ++i )
{

ang le [ 2 + i ] = b i t s [ b i t l en −1 − i ] ;
85 }

ang le [ 2 + per iod ] = ’ ) ’ ;
ang le [ 3 + per iod ] = 0 ;
f r e e ( b i t s ) ;
i f ( f i r s t )

90 {
i f ( strcmp ( f i r s t , ang le ) != 0)
{

i f ( strcmp ( f i r s t , ang le ) < 0)
{

95 ∗ l o = f i r s t ;
∗ hi = angle ;

}
e l s e
{

100 ∗ l o = angle ;
∗ hi = f i r s t ;
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}
f r e e ( counts ) ;
r e turn ;

105 }
e l s e
{

f r e e ( ang le ) ;
}

110 }
e l s e
{

f i r s t = ang le ;
ang le = 0 ;

115 }
counts [ mint ] = maxiter ;

}
}

49 c/lib/m d from logistic.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
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5 #inc lude <mandelbrot−numerics . h>

// https : // en . w ik iped ia . org /wik i /Talk : Log i s t i c map#Ve ry o l d d i s c u s s i on s
extern double m d f r om l og i s t i c ( double r )
{

10 double t = r − 1 ;
re turn (1 − t ∗ t ) / 4 ;

}

50 c/lib/m d interior.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

extern m newton m d i n t e r i o r s t e p ( double Complex ∗ z out , double Complex ∗ c out⤦
Ç , double Complex z guess , double Complex c guess , double Complex ⤦
Ç i n t e r i o r , i n t per iod ) {

double Complex c = c gue s s ;
10 double Complex z = z gue s s ;

double Complex dz = 1 ;
double Complex dc = 0 ;
double Complex dzdz = 0 ;
double Complex dcdz = 0 ;

15 f o r ( i n t p = 0 ; p < per iod ; ++p) {
dcdz = 2 ∗ ( z ∗ dcdz + dc ∗ dz ) ;
dzdz = 2 ∗ ( z ∗ dzdz + dz ∗ dz ) ;
dc = 2 ∗ z ∗ dc + 1 ;
dz = 2 ∗ z ∗ dz ;
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20 z = z ∗ z + c ;
}
double Complex det = ( dz − 1) ∗ dcdz − dc ∗ dzdz ;
double Complex z new = z gue s s − ( dcdz ∗ ( z − z gue s s ) − dc ∗ ( dz − i n t e r i o r )⤦

Ç ) / det ;
double Complex c new = c gue s s − ( ( dz − 1) ∗ ( dz − i n t e r i o r ) − dzdz ∗ ( z − ⤦

Ç z gue s s ) ) / det ;
25 i f ( c i s f i n i t e ( z new ) && c i s f i n i t e ( c new ) ) {

∗ z out = z new ;
∗ c out = c new ;
i f ( cabs2 ( z new − z gue s s ) <= eps i l on2 && cabs2 ( c new − c gue s s ) <= eps i l on2⤦

Ç ) {
re turn m converged ;

30 } e l s e {
re turn m stepped ;

}
} e l s e {

∗ z out = z gue s s ;
35 ∗ c out = c gue s s ;

r e turn m fa i l ed ;
}

}

40 extern m newton m d in t e r i o r ( double Complex ∗ z out , double Complex ∗ c out , ⤦
Ç double Complex z guess , double Complex c guess , double Complex i n t e r i o r ⤦
Ç , i n t per iod , i n t maxsteps ) {

m newton r e s u l t = m fa i l ed ;
double Complex z = z gue s s ;
double Complex c = c gue s s ;
f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {

45 i f ( m stepped != ( r e s u l t = m d in t e r i o r s t e p (&z , &c , z , c , i n t e r i o r , per iod )⤦
Ç ) ) {

break ;
}

}
∗ z out = z ;

50 ∗ c out = c ;
re turn r e s u l t ;

}

51 c/lib/m d interior de.c
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5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

extern bool m d in t e r i o r d e ( double ∗de out , double Complex ∗dz out , double ⤦
Ç Complex z , double Complex c , i n t p , i n t s t ep s ) {

double Complex z00 = 0 ;
10 i f ( m fa i l ed != m d att rac to r (&z00 , z , c , p , s t ep s ) ) {

double Complex z0 = z00 ;
double Complex dz0 = 1 ;
f o r ( i n t j = 0 ; j < p ; ++j ) {

dz0 = 2 ∗ z0 ∗ dz0 ;
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15 z0 = z0 ∗ z0 + c ;
}
i f ( cabs2 ( dz0 ) <= 1) {

double Complex z1 = z00 ;
double Complex dz1 = 1 ;

20 double Complex dzdz1 = 0 ;
double Complex dc1 = 0 ;
double Complex dcdz1 = 0 ;
f o r ( i n t j = 0 ; j < p ; ++j ) {

dcdz1 = 2 ∗ ( z1 ∗ dcdz1 + dz1 ∗ dc1 ) ;
25 dc1 = 2 ∗ z1 ∗ dc1 + 1 ;

dzdz1 = 2 ∗ ( dz1 ∗ dz1 + z1 ∗ dzdz1 ) ;
dz1 = 2 ∗ z1 ∗ dz1 ;
z1 = z1 ∗ z1 + c ;

}
30 ∗de out = (1 − cabs2 ( dz1 ) ) / cabs ( dcdz1 + dzdz1 ∗ dc1 / (1 − dz1 ) ) ;

∗dz out = dz1 ;
re turn true ;

}
}

35 re turn f a l s e ;
}

52 c/lib/m d mat2.c
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5 #inc lude <mandelbrot−numerics . h>

extern void m d mat2 set (m d mat2 ∗o , const m d mat2 ∗m) {
o−>a = m−>a ;
o−>b = m−>b ;

10 o−>c = m−>c ;
o−>d = m−>d ;

}

extern void m d mat2 id (m d mat2 ∗o ) {
15 o−>a = 1 ;

o−>b = 0 ;
o−>c = 0 ;
o−>d = 1 ;

}
20

extern double Complex m d mat2 tr ( const m d mat2 ∗m) {
re turn m−>a + m−>d ;

}

25 extern double Complex m d mat2 det ( const m d mat2 ∗m) {
re turn m−>a ∗ m−>d − m−>b ∗ m−>c ;

}

extern void m d mat2 inv (m d mat2 ∗m1, const m d mat2 ∗m) {
30 double Complex det = m d mat2 det (m) ;

double Complex a = m−>d / det ;
double Complex b = −m−>b / det ;
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double Complex c = −m−>c / det ;
double Complex d = m−>a / det ;

35 m1−>a = a ;
m1−>b = b ;
m1−>c = c ;
m1−>d = d ;

}
40

extern void m d mat2 mul (m d mat2 ∗o , const m d mat2 ∗ l , const m d mat2 ∗ r ) {
double Complex a , b , c , d ;
a = l−>a ∗ r−>a + l−>b ∗ r−>c ;
b = l−>a ∗ r−>b + l−>b ∗ r−>d ;

45 c = l−>c ∗ r−>a + l−>d ∗ r−>c ;
d = l−>c ∗ r−>b + l−>d ∗ r−>d ;
o−>a = a ;
o−>b = b ;
o−>c = c ;

50 o−>d = d ;
}

extern void m d mat2 diagonal i ze (m d mat2 ∗p , m d mat2 ∗d , m d mat2 ∗p1 , const ⤦
Ç m d mat2 ∗m) {

double Complex t r2 = m d mat2 tr (m) / 2 ;
55 double Complex det = m d mat2 det (m) ;

double Complex k = c sq r t ( t r2 ∗ t r2 − det ) ;
double Complex l 1 = tr2 + k ;
double Complex l 2 = tr2 − k ;
d−>a = l1 ;

60 d−>b = 0 ;
d−>c = 0 ;
d−>d = l2 ;
i f (m−>b != 0) {

p−>a = m−>b ;
65 p−>b = m−>b ;

p−>c = l1 − m−>a ;
p−>d = l2 − m−>a ;
m d mat2 inv (p1 , p) ;

} e l s e i f (m−>c != 0) {
70 p−>a = l1 − m−>d ;

p−>b = l2 − m−>d ;
p−>c = m−>c ;
p−>d = m−>c ;
m d mat2 inv (p1 , p) ;

75 } e l s e {
p1−>a = p−>a = 1 ;
p1−>b = p−>b = 0 ;
p1−>c = p−>c = 0 ;
p1−>d = p−>d = 1 ;

80 }
}

extern void m d mat2 moebius3 (m d mat2 ∗m, double Complex zero , double Complex⤦
Ç one , double Complex i n f i n i t y ) {

m−>a = i n f i n i t y ∗ ( ze ro − one ) ;
85 m−>b = zero ∗ ( one − i n f i n i t y ) ;

m−>c = zero − one ;
m−>d = one − i n f i n i t y ;
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}

90 s t r u c t m d mat2 interp {
m d mat2 fp , d , p1 ;

} ;

extern m d mat2 interp ∗m d mat2 interp new ( void ) {
95 re turn ( m d mat2 interp ∗) mal loc ( s i z e o f ( m d mat2 interp ) ) ;

}

extern void m d mat2 in te rp de l e t e ( m d mat2 interp ∗ i ) {
f r e e ( i ) ;

100 }

extern void m d mat2 in t e rp in i t ( m d mat2 interp ∗ i , const m d mat2 ∗ f , const ⤦
Ç m d mat2 ∗g ) {

m d mat2 f1 ;
m d mat2 inv(&f1 , f ) ;

105 m d mat2 f1g ;
m d mat2 mul(&f1g , &f1 , g ) ;
m d mat2 p ;
m d mat2 diagonal i ze (&p , &i−>d , &i−>p1 , &f1g ) ;
m d mat2 mul(&i−>fp , f , &p) ;

110 }

extern void m d mat2 interp do (m d mat2 ∗m, const m d mat2 interp ∗ i , double t ) ⤦
Ç {

m d mat2 e ;
e . a = cpow( i−>d . a , t ) ;

115 e . b = 0 ;
e . c = 0 ;
e . d = cpow( i−>d . d , t ) ;
m d mat2 fpe ;
m d mat2 mul(&fpe , &i−>fp , &e ) ;

120 m d mat2 mul (m, &fpe , &i−>p1 ) ;
}

53 c/lib/m d misiurewicz.c
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5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

extern m newton m d mis iu r ew i c z na ive s t ep ( double Complex ∗ c out , double ⤦
Ç Complex c guess , i n t preper iod , i n t per iod ) {

double Complex z = 0 ;
10 double Complex dc = 0 ;

double Complex zp = 0 ;
double Complex dcp = 0 ;
f o r ( i n t i = 0 ; i < preper iod + per iod ; ++i ) {

i f ( i == preper iod ) {
15 zp = z ;

dcp = dc ;
}
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dc = 2 ∗ z ∗ dc + 1 ;
z = z ∗ z + c gue s s ;

20 }
double Complex f = z − zp ;
double Complex df = dc − dcp ;
double Complex c new = c gue s s − f / df ;
double Complex d = c new − c gue s s ;

25 i f ( cabs2 (d) <= eps i l on2 ) {
∗ c out = c new ;
re turn m converged ;

}
i f ( c i s f i n i t e (d) ) {

30 ∗ c out = c new ;
re turn m stepped ;

} e l s e {
∗ c out = c gue s s ;
r e turn m fa i l ed ;

35 }
}

extern m newton m d mis iurewicz na ive ( double Complex ∗ c out , double Complex ⤦
Ç c guess , i n t preper iod , i n t per iod , i n t maxsteps ) {

m newton r e s u l t = m fa i l ed ;
40 double Complex c = c gue s s ;

f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {
i f ( m stepped != ( r e s u l t = m d mis iu r ew i c z na ive s t ep (&c , c , preper iod , ⤦

Ç per iod ) ) ) {
break ;

}
45 }

∗ c out = c ;
re turn r e s u l t ;

}

50 /∗
(pp+p) = (pp)
(pp+p) / (pp) − 1 = 0

quot i ent r u l e :
f ( x ) = \ f r a c {g (x ) }{h(x ) }

55 f ’ ( x ) = \ f r a c {g ’ ( x )h(x ) − g (x )h ’ ( x ) }{ [ h ( x ) ]ˆ2}
( ( pp+p) ’ (pp) − (pp+p) (pp) ’ ) / (pp) ˆ2

(0 +p) /= ( 0)
(1 +p) /= ( 1)

60 . . .
( pp+p) = (pp)

(pp+p) − (pp)
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− = 0

65 ( (0 +p) − ( 0) ) ∗ ( (1 + p) − ( 1) ) . . .

product r u l e :
\ f r a c {d}{dx} \ l e f t [ \prod { i =1}ˆk f i ( x ) \ r i g h t ]
= \sum { i =1}ˆk \ l e f t (\ f r a c {d}{dx} f i ( x ) \prod { j \ne i } f j ( x ) \ r i g h t )

70 = \ l e f t ( \prod { i =1}ˆk f i ( x ) \ r i g h t ) \ l e f t ( \sum { i =1}ˆk \ f r a c { f ’ i ( x ) }{ f i⤦
Ç ( x ) } \ r i g h t )
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h = ((0 +p) − ( 0) ) ∗ ( (1 + p) − ( 1) ) . . .
h ’ = h ∗ sum ( ( ( i +p) ’−( i ) ’ ) / ( ( i +p) − ( i ) )

75 ( ( ( pp+p) ’ − (pp) ’ ) ∗ h − ( ( pp+p) − (pp) ) ∗ h ’ ) / hˆ2

∗/

extern m newton m d mis iu rewicz s t ep ( double Complex ∗ c out , double Complex ⤦
Ç c guess , i n t preper iod , i n t per iod ) {

80 // i t e r a t i o n
double Complex z = 0 ;
double Complex dc = 0 ;
double Complex zp = 0 ;
double Complex dcp = 0 ;

85 f o r ( i n t i = 0 ; i < per iod ; ++i ) {
dc = 2 ∗ z ∗ dc + 1 ;
z = z ∗ z + c gue s s ;

}
double Complex h = 1 ;

90 double Complex dh = 0 ;
f o r ( i n t i = 0 ; i < preper iod ; ++i ) {

// r e j e c t lower p r epe r i od s
double Complex k = z − zp ;
h = h ∗ k ;

95 dh = dh + ( dc − dcp ) / k ;
// i t e r a t e
dc = 2 ∗ z ∗ dc + 1 ;
z = z ∗ z + c gue s s ;
dcp = 2 ∗ zp ∗ dcp + 1 ;

100 zp = zp ∗ zp + c gue s s ;
}
// bu i ld func t i on
dh = dh ∗ h ;
double Complex g = z − zp ;

105 double Complex dg = dc − dcp ;
double Complex f = g / h ;
double Complex df = (dg ∗ h − g ∗ dh) / (h ∗ h) ;
// newton step
double Complex c new = c gue s s − f / df ;

110 // check convergence
double Complex d = c new − c gue s s ;
i f ( cabs2 (d) <= eps i l on2 ) {

∗ c out = c new ;
re turn m converged ;

115 }
i f ( c i s f i n i t e (d) ) {

∗ c out = c new ;
re turn m stepped ;

} e l s e {
120 ∗ c out = c gue s s ;

r e turn m fa i l ed ;
}

}

125 extern m newton m d mis iurewicz ( double Complex ∗ c out , double Complex c guess ,⤦
Ç i n t preper iod , i n t per iod , i n t maxsteps ) {

m newton r e s u l t = m fa i l ed ;
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double Complex c = c gue s s ;
f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {

i f ( m stepped != ( r e s u l t = m d mis iu rewicz s t ep (&c , c , preper iod , per iod ) ) ) ⤦
Ç {

130 break ;
}

}
∗ c out = c ;
re turn r e s u l t ;

135 }

54 c/lib/m d nucleus.c
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5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

extern m newton m d nuc l eu s na ive s t ep ( double Complex ∗ c out , double Complex ⤦
Ç c guess , i n t per iod ) {

double Complex z = 0 ;
10 double Complex dc = 0 ;

f o r ( i n t i = 0 ; i < per iod ; ++i ) {
dc = 2 ∗ z ∗ dc + 1 ;
z = z ∗ z + c gue s s ;

}
15 #i f 0

i f ( cabs2 ( dc ) <= eps i l on2 ) {
∗ c out = c gue s s ;
r e turn m converged ;

}
20 #end i f

double Complex c new = c gue s s − z / dc ;
double Complex d = c new − c gue s s ;
i f ( cabs2 (d) <= eps i l on2 ) {

∗ c out = c new ;
25 re turn m converged ;

}
i f ( c i s f i n i t e (d) ) {

∗ c out = c new ;
re turn m stepped ;

30 } e l s e {
∗ c out = c gue s s ;
r e turn m fa i l ed ;

}
}

35

extern m newton m d nuc leus na ive ( double Complex ∗ c out , double Complex ⤦
Ç c guess , i n t per iod , i n t maxsteps ) {

m newton r e s u l t = m fa i l ed ;
double Complex c = c gue s s ;
f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {

40 i f ( m stepped != ( r e s u l t = m d nuc l eu s na ive s t ep (&c , c , per iod ) ) ) {
break ;

}
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}
∗ c out = c ;

45 re turn r e s u l t ;
}

extern m newton m d nuc leus s tep ( double Complex ∗ c out , double Complex c guess⤦
Ç , i n t per iod ) {

double Complex z = 0 ;
50 double Complex dc = 0 ;

double Complex h = 1 ;
double Complex dh = 0 ;
f o r ( i n t i = 1 ; i <= per iod ; ++i ) {

dc = 2 ∗ z ∗ dc + 1 ;
55 z = z ∗ z + c gue s s ;

// r e j e c t lower pe r i od s
i f ( i < per iod && per iod % i == 0)
{

h = h ∗ z ;
60 dh = dh + dc / z ;

}
}
// bu i ld func t i on
dh = dh ∗ h ;

65 double Complex g = z ;
double Complex dg = dc ;
double Complex f = g / h ;
double Complex df = (dg ∗ h − g ∗ dh) / (h ∗ h) ;
// newton step

70 double Complex c new = c gue s s − f / df ;
// check convergence
double Complex d = c new − c gue s s ;
i f ( cabs2 (d) <= eps i l on2 ) {

∗ c out = c new ;
75 re turn m converged ;

}
i f ( c i s f i n i t e (d) ) {

∗ c out = c new ;
re turn m stepped ;

80 } e l s e {
∗ c out = c gue s s ;
r e turn m fa i l ed ;

}
}

85

extern m newton m d nucleus ( double Complex ∗ c out , double Complex c guess , i n t⤦
Ç per iod , i n t maxsteps ) {

m newton r e s u l t = m fa i l ed ;
double Complex c = c gue s s ;
f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {

90 i f ( m stepped != ( r e s u l t = m d nuc leus s tep (&c , c , per iod ) ) ) {
break ;

}
}
∗ c out = c ;

95 re turn r e s u l t ;
}
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55 c/lib/m d parent.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
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// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

extern i n t m d parent (mpq t angle , double Complex ∗ root out , double Complex ∗⤦
Ç parent out , double Complex nucleus , i n t per iod , i n t maxsteps ) {

switch (m d shape ( nucleus , per iod ) ) {
10 case m card io id : {

// f i nd root d i r e c t l y
double Complex z = nuc leus ;
double Complex c = nuc leus ;
m d in t e r i o r (&z , &c , z , c , 1 , per iod , maxsteps ) ;

15 ∗ r oo t ou t = c ;
re turn 0 ; // no parent

}
case m c i r c l e : {

// t r a c e i n t e r n a l ray to near to root
20 double Complex z = nuc leus ;

double Complex c = nuc leus ;
f o r ( i n t s tep = 0 ; s tep < maxsteps − 1 ; ++step ) {

m d in t e r i o r (&z , &c , z , c , ( s tep + 0 . 5 ) / maxsteps , per iod , maxsteps ) ;
}

25 double Complex root0 = c ;
m d in t e r i o r (&z , &c , z , c , ( maxsteps − 0 . 5 ) / maxsteps , per iod , maxsteps ) ;
double Complex root1 = c ;
// f i nd i n t e r i o r coo rd ina te o f a po int j u s t past the root in to the parent
double Complex parent gue s s = 2 ∗ root1 − root0 ;

30 c = parent gue s s ;
z = 0 ;
double mz2 = 1 .0 / 0 . 0 ;
f o r ( i n t p = 1 ; p < per iod ; ++p) {

z = z ∗ z + c ;
35 double z2 = cabs2 ( z ) ;

i f ( z2 < mz2) {
mz2 = z2 ;
i f ( per iod % p == 0) {

double Complex w = z ;
40 m d att rac to r (&w, w, c , p , maxsteps ) ;

double Complex dw = 1 ;
f o r ( i n t q = 0 ; q < p ; ++q) {

dw = 2 ∗ w ∗ dw;
w = w ∗ w + c ;

45 }
i f ( cabs2 (dw) < 1) {

// i n t e r i o r to component o f per iod p
i n t den = per iod / p ;
i n t num = (( i n t ) round ( den ∗ carg (dw) / twopi ) + den ) % den ;

50 mpq se t s i ( angle , num, den ) ;
mpq canon ica l i ze ( ang le ) ;
m d nucleus(&c , c , p , maxsteps ) ;
∗ parent out = c ;
double Complex i n t e r i o r = cexp ( I ∗ twopi ∗ num / ( double ) den ) ;
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55 m d in t e r i o r (&w, &c , w, c , i n t e r i o r , p , maxsteps ) ;
∗ r oo t ou t = c ;
re turn p ; // per iod o f parent

}
}

60 }
}

}
}
re turn −1; // f a i l

65 }

56 c/lib/m d shape.c
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5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

extern double Complex m d shape est imate ( double Complex nucleus , i n t per iod ) {
double Complex z = nuc leus ;

10 double Complex dc = 1 ;
double Complex dz = 1 ;
double Complex dcdc = 0 ;
double Complex dcdz = 0 ;
f o r ( i n t i = 1 ; i < per iod ; ++i ) {

15 dcdc = 2 ∗ ( z ∗ dcdc + dc ∗ dc ) ;
dcdz = 2 ∗ ( z ∗ dcdz + dc ∗ dz ) ;
dc = 2 ∗ z ∗ dc + 1 ;
dz = 2 ∗ z ∗ dz ;
z = z ∗ z + nuc leus ;

20 }
double Complex shape = − ( dcdc / (2 ∗ dc ) + dcdz / dz ) / ( dc ∗ dz ) ;
r e turn shape ;

}

25 extern m shape m d shape d i sc r iminant ( double Complex shape ) {
i f ( cabs ( shape ) < cabs ( shape − 1) ) {

re turn m cardio id ;
} e l s e {

re turn m c i r c l e ;
30 }

}

extern m shape m d shape ( double Complex nucleus , i n t per iod ) {
re turn m d shape d i sc r iminant ( m d shape est imate ( nucleus , per iod ) ) ;

35 }

57 c/lib/m d size.c
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5 #inc lude <mandelbrot−numerics . h>

extern double Complex m d s i ze ( double Complex nucleus , i n t per iod ) {
double Complex l = 1 ;
double Complex b = 1 ;

10 double Complex z = 0 ;
f o r ( i n t i = 1 ; i < per iod ; ++i ) {

z = z ∗ z + nuc leus ;
l = 2 ∗ z ∗ l ;
b = b + 1 / l ;

15 }
re turn 1 / (b ∗ l ∗ l ) ;

}

58 c/lib/m d to logistic.c
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5 #inc lude <mandelbrot−numerics . h>

// https : // en . w ik iped ia . org /wik i /Talk : Log i s t i c map#Ve ry o l d d i s c u s s i on s
extern double m d t o l o g i s t i c ( double c )
{

10 re turn 1 + sq r t (1 − 4 ∗ c ) ;
}

59 c/lib/m d util.h
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// Copyright (C) 2015−2018 Claude Heiland −Allen
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5 #i f n d e f M D UTIL H
#de f i n e M D UTIL H 1

#inc lude <complex . h>

10 s t a t i c i n l i n e i n t sgn ( double z ) {
i f ( z > 0) { re turn 1 ; }
i f ( z < 0) { re turn −1; }
re turn 0 ;

}
15

s t a t i c i n l i n e bool odd ( i n t a ) {
re turn a & 1 ;

}

20 s t a t i c i n l i n e double cabs2 ( double Complex z ) {
re turn c r e a l ( z ) ∗ c r e a l ( z ) + cimag ( z ) ∗ cimag ( z ) ;

}

s t a t i c i n l i n e bool c i s f i n i t e ( double Complex z ) {
25 re turn i s f i n i t e ( c r e a l ( z ) ) && i s f i n i t e ( cimag ( z ) ) ;

}
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s t a t i c const double p i = 3.141592653589793 ;
s t a t i c const double twopi = 6.283185307179586 ;

30

// l a s t . takeWhile (\x −> 2 /= 2 + x) . i t e r a t e (/2) $ 1 : : Double
s t a t i c const double e p s i l o n = 4.440892098500626 e −16;

// ep s i l o n ˆ2
35 s t a t i c const double ep s i l on2 = 1.9721522630525295 e −31;

#end i f

60 c/lib/m r attractor.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>

extern m newton m r a t t r a c t o r s t ep r aw (mpc t z out , const mpc t z guess , const ⤦
Ç mpc t c , i n t per iod , mpc t z , mpc t dz , mpc t z new , mpc t d , mpfr t d2 , ⤦
Ç mpfr t ep s i l on2 ) {

// z = z gue s s ; dz = 1 ;
mpc set ( z , z guess , MPCRNDNN) ;

10 mpc s e t s i ( dz , 1 , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < per iod ; ++i ) {

// dz = 2 ∗ z ∗ dz ;
mpc mul ( dz , z , dz , MPCRNDNN) ;
mpc mul 2si ( dz , dz , 1 , MPCRNDNN) ;

15 // z = z ∗ z + c ;
mpc sqr ( z , z , MPCRNDNN) ;
mpc add ( z , z , c , MPCRNDNN) ;

}
// z new = z gue s s − ( z − z gue s s ) / ( dz − 1) ;

20 mpc sub ( z , z , z guess , MPCRNDNN) ;
mpc sub ui ( dz , dz , 1 , MPCRNDNN) ;
mpc div ( z , z , dz , MPCRNDNN) ;
mpc sub ( z new , z guess , z , MPCRNDNN) ;
// d = z new − z gue s s ;

25 mpc sub (d , z new , z guess , MPCRNDNN) ;
// d2 = norm(d) ;
mpc norm(d2 , d , MPFRRNDN) ;
i f ( mp f r l e s s equa l p (d2 , ep s i l on2 ) ) {

mpc set ( z out , z new , MPCRNDNN) ;
30 re turn m converged ;

}
i f ( mpfr number p ( mpc r ea l r e f (d) ) && mpfr number p ( mpc imagref (d) ) ) {

mpc set ( z out , z new , MPCRNDNN) ;
re turn m stepped ;

35 } e l s e {
mpc set ( z out , z guess , MPCRNDNN) ;
re turn m fa i l ed ;

}
}

40

extern m newton m r a t t r a c t o r s t e p (mpc t z out , const mpc t z guess , const mpc t⤦
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Ç c , i n t per iod ) {
// prec
mpf r prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , z gue s s ) ;

45 prec = prec r > p r e c i ? prec r : p r e c i ;
mpc get prec2(&precr , &prec i , c ) ;
prec = prec r > prec ? prec r : prec ;
prec = p r e c i > prec ? p r e c i : prec ;
mpc set prec ( z out , prec ) ; // FIXME might t ra sh when z out = z gue s s

50 // i n i t
mpc t z , dz , z new , d ;
mpfr t d2 , ep s i l on2 ;
mpc in i t2 ( z , prec ) ;
mpc in i t2 ( dz , prec ) ;

55 mpc in i t2 ( z new , prec ) ;
mpc in i t2 (d , prec ) ;
mp f r i n i t 2 (d2 , prec ) ;
mp f r i n i t 2 ( eps i l on2 , prec ) ;
// ep s i l o n

60 mp f r s e t s i ( eps i l on2 , 2 , MPFRRNDN) ;
mpfr nextabove ( ep s i l on2 ) ;
mp f r sub s i ( eps i l on2 , eps i l on2 , 2 , MPFRRNDN) ;
mpfr sqr ( eps i l on2 , eps i l on2 , MPFRRNDN) ;
// step raw

65 m newton r e t v a l = m r a t t r a c t o r s t ep r aw ( z out , z guess , c , per iod , z , dz , ⤦
Ç z new , d , d2 , ep s i l on2 ) ;

// cleanup
mpc clear ( z ) ;
mpc c lear ( dz ) ;
mpc c lear ( z new ) ;

70 mpc clear (d) ;
mp f r c l e a r ( d2 ) ;
mp f r c l e a r ( ep s i l on2 ) ;
r e turn r e t v a l ;

}
75

extern m newton m r a t t r a c t o r (mpc t z out , const mpc t z guess , const mpc t c , ⤦
Ç i n t per iod , i n t maxsteps ) {

m newton r e s u l t = m fa i l ed ;
// prec
mpf r prec t precr , p rec i , prec ;

80 mpc get prec2(&precr , &prec i , z gue s s ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;
mpc get prec2(&precr , &prec i , c ) ;
prec = prec r > prec ? prec r : prec ;
prec = p r e c i > prec ? p r e c i : prec ;

85 // i n i t
mpc t z0 , z , dz , z new , d ;
mpfr t d2 , ep s i l on2 ;
mpc in i t2 ( z0 , prec ) ;
mpc in i t2 ( z , prec ) ;

90 mpc in i t2 ( dz , prec ) ;
mpc in i t2 ( z new , prec ) ;
mpc in i t2 (d , prec ) ;
mp f r i n i t 2 (d2 , prec ) ;
mp f r i n i t 2 ( eps i l on2 , prec ) ;

95 // ep s i l o n
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mp f r s e t s i ( eps i l on2 , 2 , MPFRRNDN) ;
mpfr nextabove ( ep s i l on2 ) ;
mp f r sub s i ( eps i l on2 , eps i l on2 , 2 , MPFRRNDN) ;
mpfr sqr ( eps i l on2 , eps i l on2 , MPFRRNDN) ;

100 // z0 = z gue s s ;
mpc set ( z0 , z guess , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {

i f ( m stepped != ( r e s u l t = m r a t t r a c t o r s t ep r aw ( z0 , z0 , c , per iod , z , dz , ⤦
Ç z new , d , d2 , ep s i l on2 ) ) ) {

break ;
105 }

}
// z out = z0 ;
mpc set prec ( z out , prec ) ;
mpc set ( z out , z0 , MPCRNDNN) ;

110 // cleanup
mpc clear ( z0 ) ;
mpc c lear ( z ) ;
mpc c lear ( dz ) ;
mpc c lear ( z new ) ;

115 mpc clear (d) ;
mp f r c l e a r ( d2 ) ;
mp f r c l e a r ( ep s i l on2 ) ;
r e turn r e s u l t ;

}

61 c/lib/m r ball period.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>
#inc lude <s t d i o . h>

s t r u c t m r ba l l p e r i o d {
mpc t c , z , dz ;

10 mpfr t r , rdz , rz , rr , Ei , t [ 3 ] ;
i n t p ;

} ;

extern m r ba l l p e r i o d ∗m r ba l l p e r i od new ( const mpc t center , const mpfr t ⤦
Ç rad iu s ) {

15 m r ba l l p e r i o d ∗ ba l l = ( m r ba l l p e r i o d ∗) mal loc ( s i z e o f (∗ ba l l ) ) ;
i f ( ! b a l l ) {

re turn 0 ;
}
i n t b i t s r = mpf r ge t prec ( mpc r ea l r e f ( c en t e r ) ) ;

20 i n t b i t s i = mpf r ge t prec ( mpc imagref ( c en t e r ) ) ;
i n t b i t s = b i t s r > b i t s i ? b i t s r : b i t s i ;
mpc in i t2 ( ba l l −>c , b i t s ) ; mpc set ( ba l l −>c , center , MPCRNDNN) ;
mpc in i t2 ( ba l l −>z , b i t s ) ; mpc se t u i ( ba l l −>z , 0 , MPCRNDNN) ;
mpc in i t2 ( ba l l −>dz , b i t s ) ; mpc se t u i ( ba l l −>dz , 0 , MPCRNDNN) ;

25 mpf r i n i t 2 ( ba l l −>r , 53) ; mpf r se t ( ba l l −>r , rad ius , MPFRRNDU) ;
mp f r i n i t 2 ( ba l l −>rdz , 53) ; mp f r s e t u i ( ba l l −>rdz , 0 , MPFRRNDN) ;
mp f r i n i t 2 ( ba l l −>rz , 53) ; mp f r s e t u i ( ba l l −>rz , 0 , MPFRRNDN) ;
mp f r i n i t 2 ( ba l l −>rr , 53) ; mp f r s e t u i ( ba l l −>rr , 0 , MPFRRNDN) ;
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mpf r i n i t 2 ( ba l l −>Ei , 53) ; mp f r s e t u i ( ba l l −>Ei , 0 , MPFRRNDN) ;
30 mpf r i n i t 2 ( ba l l −>t [ 0 ] , 53) ; mp f r s e t u i ( ba l l −>t [ 0 ] , 0 , MPFRRNDN) ;

mp f r i n i t 2 ( ba l l −>t [ 1 ] , 53) ; mp f r s e t u i ( ba l l −>t [ 1 ] , 0 , MPFRRNDN) ;
mp f r i n i t 2 ( ba l l −>t [ 2 ] , 53) ; mp f r s e t u i ( ba l l −>t [ 2 ] , 0 , MPFRRNDN) ;
ba l l −>p = 0 ;
m r ba l l p e r i o d s t e p ( b a l l ) ;

35 re turn b a l l ;
}

extern void m r b a l l p e r i o d d e l e t e ( m r ba l l p e r i o d ∗ ba l l ) {
i f ( b a l l ) {

40 mpc clear ( ba l l −>c ) ;
mpc c lear ( ba l l −>z ) ;
mpc c lear ( ba l l −>dz ) ;
mp f r c l e a r ( ba l l −>r ) ;
mp f r c l e a r ( ba l l −>rdz ) ;

45 mpf r c l ea r ( ba l l −>rz ) ;
mp f r c l e a r ( ba l l −>r r ) ;
mp f r c l e a r ( ba l l −>Ei ) ;
mp f r c l e a r ( ba l l −>t [ 0 ] ) ;
mp f r c l e a r ( ba l l −>t [ 1 ] ) ;

50 mpf r c l ea r ( ba l l −>t [ 2 ] ) ;
f r e e ( b a l l ) ;

}
}

55 extern bool m r ba l l p e r i o d s t e p ( m r ba l l p e r i o d ∗ ba l l ) {
i f ( ! b a l l ) {

re turn f a l s e ;
}
// Ei = rdz ∗ rdz + (2 ∗ rz + r ∗ (2 ∗ rdz + r ∗ Ei ) ) ∗ Ei ;

60 mpfr mul ( ba l l −>t [ 0 ] , ba l l −>r , ba l l −>Ei , MPFRRNDU) ;
mpfr mul 2ui ( ba l l −>t [ 1 ] , ba l l −>rdz , 1 , MPFRRNDU) ;
mpfr add ( ba l l −>t [ 2 ] , ba l l −>t [ 0 ] , ba l l −>t [ 1 ] , MPFRRNDU) ;
mpfr mul ( ba l l −>t [ 0 ] , ba l l −>r , ba l l −>t [ 2 ] , MPFRRNDU) ;
mpfr mul 2ui ( ba l l −>t [ 1 ] , ba l l −>rz , 1 , MPFRRNDU) ;

65 mpfr add ( ba l l −>t [ 2 ] , ba l l −>t [ 1 ] , ba l l −>t [ 0 ] , MPFRRNDU) ;
mpfr mul ( ba l l −>t [ 0 ] , ba l l −>t [ 2 ] , ba l l −>Ei , MPFRRNDU) ;
mpfr sqr ( ba l l −>t [ 1 ] , ba l l −>rdz , MPFRRNDU) ;
mpfr add ( ba l l −>Ei , ba l l −>t [ 1 ] , ba l l −>t [ 0 ] , MPFRRNDU) ;
// dz = 2 ∗ z ∗ dz + 1 ;

70 mpc mul ( ba l l −>dz , ba l l −>z , ba l l −>dz , MPCRNDNN) ;
mpfr mul 2ui ( mpc r ea l r e f ( ba l l −>dz ) , mpc r ea l r e f ( ba l l −>dz ) , 1 , MPFRRNDN) ;
mpfr mul 2ui ( mpc imagref ( ba l l −>dz ) , mpc imagref ( ba l l −>dz ) , 1 , MPFRRNDN) ;
mpfr add ui ( mpc r ea l r e f ( ba l l −>dz ) , mpc r ea l r e f ( ba l l −>dz ) , 1 , MPFRRNDN) ;
// z = z ∗ z + c ;

75 mpc sqr ( ba l l −>z , ba l l −>z , MPCRNDNN) ;
mpc add ( ba l l −>z , ba l l −>z , ba l l −>c , MPCRNDNN) ;
// rdz = cabs ( dz ) ;
mpc abs ( ba l l −>rdz , ba l l −>dz , MPFRRNDU) ;
// rz = cabs ( z ) ;

80 mpc abs ( ba l l −>rz , ba l l −>z , MPFRRNDU) ;
// r r = r ∗ ( rdz + r ∗ Ei ) ;
mpfr mul ( ba l l −>t [ 0 ] , ba l l −>r , ba l l −>Ei , MPFRRNDU) ;
mpfr add ( ba l l −>t [ 1 ] , ba l l −>rdz , ba l l −>t [ 0 ] , MPFRRNDU) ;
mpfr mul ( ba l l −>rr , ba l l −>r , ba l l −>t [ 1 ] , MPFRRNDU) ;

85 // r e t v a l = rz − r r <= 2 ;
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mpfr sub ( ba l l −>t [ 0 ] , ba l l −>rz , ba l l −>rr , MPFRRNDD) ;
mpfr sub ui ( ba l l −>t [ 1 ] , ba l l −>t [ 0 ] , 2 , MPFRRNDD) ;
bool r e t v a l = mpfr sgn ( ba l l −>t [ 1 ] ) <= 0 ;
// p = p + 1

90 ba l l −>p = ba l l −>p + 1 ;
re turn r e t v a l ;

}

extern bool m r ba l l p e r i od hav e p e r i od ( const m r ba l l p e r i o d ∗ ba l l ) {
95 i f ( ! b a l l ) {

re turn true ;
}
// rz <= rr ;
re turn mp f r l e s s equa l p ( ba l l −>rz , ba l l −>r r ) ;

100 }

extern i n t m r ba l l p e r i o d g e t p e r i o d ( const m r ba l l p e r i o d ∗ ba l l ) {
i f ( ! b a l l ) {

re turn 0 ;
105 }

re turn ba l l −>p ;
}

extern i n t m r ba l l p e r i od do ( const mpc t center , const mpfr t radius , i n t ⤦
Ç maxperiod ) {

110 m r ba l l p e r i o d ∗ ba l l = m r ba l l p e r i od new ( center , r ad iu s ) ;
i f ( ! b a l l ) {

re turn 0 ;
}
i n t per iod = 0 ;

115 f o r ( i n t i = 0 ; i < maxperiod ; ++i ) {
i f ( m r ba l l p e r i od hav e p e r i od ( b a l l ) ) {

per iod = m r ba l l p e r i o d g e t p e r i o d ( b a l l ) ;
break ;

}
120 i f ( ! m r b a l l p e r i o d s t e p ( b a l l ) ) {

break ;
}

}
m r ba l l p e r i o d d e l e t e ( b a l l ) ;

125 re turn per iod ;
}

62 c/lib/m r box misiurewicz.c
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5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

s t a t i c void c r o s s ( mpfr t out , const mpc t a , const mpc t b , mpfr t t ) {
mpfr mul ( out , mpc imagref ( a ) , mpc r ea l r e f (b) , MPFRRNDN) ;

10 mpfr mul ( t , mpc r ea l r e f ( a ) , mpc imagref (b) , MPFRRNDN) ;
mpfr sub ( out , out , t , MPFRRNDN) ;

}
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s t a t i c bool c r o s s e s p o s i t i v e r e a l a x i s ( const mpc t a , const mpc t b , mpc t d , ⤦
Ç mpfr t t1 , mpfr t t2 ) {

15 i f ( mpfr sgn ( mpc imagref ( a ) ) != mpfr sgn ( mpc imagref (b) ) ) {
// d = b − a ;
mpc sub (d , b , a , MPCRNDNN) ;
// s = sgn ( cimag (d) ) ;
i n t s = mpfr sgn ( mpc imagref (d) ) ;

20 // t = sgn ( c r o s s (d , a ) ) ;
c r o s s ( t1 , d , a , t2 ) ;
i n t t = mpfr sgn ( t1 ) ;
r e turn s == t ;

}
25 re turn f a l s e ;

}

s t a t i c bool s u r r ound s o r i g i n ( const mpc t a , const mpc t b , const mpc t c , const ⤦
Ç mpc t d , mpc t e , mpfr t t1 , mpfr t t2 ) {

re turn odd
30 ( c r o s s e s p o s i t i v e r e a l a x i s ( a , b , e , t1 , t2 )

+ c r o s s e s p o s i t i v e r e a l a x i s (b , c , e , t1 , t2 )
+ c r o s s e s p o s i t i v e r e a l a x i s ( c , d , e , t1 , t2 )
+ c r o s s e s p o s i t i v e r e a l a x i s (d , a , e , t1 , t2 )
) ;

35 }

s t r u c t m r box mis iurewicz {
mpc t cente r ;
mpc t w, wp ;

40 mpc t c [ 4 ] ;
mpc t z [ 4 ] ;
mpc t d [ 4 ] ;
i n t preper i od ;
i n t per iod ;

45 mpc t e ;
mpfr t t1 ;
mpfr t t2 ;

} ;

50 extern m r box mis iurewicz ∗m r box mis iurewicz new ( const mpc t center , const ⤦
Ç mpfr t rad iu s ) {

m r box mis iurewicz ∗box = ( m r box mis iurewicz ∗) mal loc ( s i z e o f (∗box ) ) ;
i f ( ! box ) {

re turn 0 ;
}

55 // prec
mpf r prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , c en t e r ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;
// i n i t

60 mpc in i t2 ( box−>center , prec ) ;
mpc in i t2 ( box−>w, prec ) ;
mpc in i t2 ( box−>wp, prec ) ;
f o r ( i n t i = 0 ; i < 4 ; ++i ) {

mpc in i t2 ( box−>c [ i ] , prec ) ;
65 mpc in i t2 ( box−>z [ i ] , prec ) ;

mpc in i t2 ( box−>d [ i ] , prec ) ;
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}
mpc in i t2 ( box−>e , prec ) ;
mp f r i n i t 2 ( box−>t1 , prec ) ;

70 mpf r i n i t 2 ( box−>t2 , prec ) ;
// vars
mpc set ( box−>center , center , MPCRNDNN) ;
mpc set ( box−>w, center , MPCRNDNN) ;
box−>preper iod = 1 ;

75 box−>per iod = 0 ;
// box
mpfr sub ( mpc r ea l r e f ( box−>c [ 0 ] ) , mpc r ea l r e f ( c en t e r ) , radius , MPFRRNDN) ;
mpfr sub ( mpc imagref ( box−>c [ 0 ] ) , mpc imagref ( c en t e r ) , radius , MPFRRNDN) ;
mpfr add ( mpc r ea l r e f ( box−>c [ 1 ] ) , mpc r ea l r e f ( c en t e r ) , radius , MPFRRNDN) ;

80 mpfr sub ( mpc imagref ( box−>c [ 1 ] ) , mpc imagref ( c en t e r ) , radius , MPFRRNDN) ;
mpfr add ( mpc r ea l r e f ( box−>c [ 2 ] ) , mpc r ea l r e f ( c en t e r ) , radius , MPFRRNDN) ;
mpfr add ( mpc imagref ( box−>c [ 2 ] ) , mpc imagref ( c en t e r ) , radius , MPFRRNDN) ;
mpfr sub ( mpc r ea l r e f ( box−>c [ 3 ] ) , mpc r ea l r e f ( c en t e r ) , radius , MPFRRNDN) ;
mpfr add ( mpc imagref ( box−>c [ 3 ] ) , mpc imagref ( c en t e r ) , radius , MPFRRNDN) ;

85 mpc set ( box−>z [ 0 ] , box−>c [ 0 ] , MPCRNDNN) ;
mpc set ( box−>z [ 1 ] , box−>c [ 1 ] , MPCRNDNN) ;
mpc set ( box−>z [ 2 ] , box−>c [ 2 ] , MPCRNDNN) ;
mpc set ( box−>z [ 3 ] , box−>c [ 3 ] , MPCRNDNN) ;
re turn box ;

90 }

extern void m r box mi s i u r ew i c z de l e t e ( m r box mis iurewicz ∗box ) {
i f ( box ) {

mpc clear ( box−>cente r ) ;
95 mpc clear ( box−>w) ;

f o r ( i n t i = 0 ; i < 4 ; ++i ) {
mpc clear ( box−>c [ i ] ) ;
mpc c lear ( box−>z [ i ] ) ;
mpc c lear ( box−>d [ i ] ) ;

100 }
mpc clear ( box−>e ) ;
mp f r c l e a r ( box−>t1 ) ;
mp f r c l e a r ( box−>t2 ) ;
f r e e ( box ) ;

105 }
}

extern bool m r box mi s iu r ew i c z s t ep ( m r box mis iurewicz ∗box ) {
i f ( ! box ) {

110 re turn f a l s e ;
}
bool ok = true ;
mpc sqr ( box−>w, box−>w, MPCRNDNN) ;
mpc add (box−>w, box−>w, box−>center , MPCRNDNN) ;

115 f o r ( i n t i = 0 ; i < 4 ; ++i ) {
// box−>z [ i ] = box−>z [ i ] ∗ box−>z [ i ] + box−>c [ i ] ;
mpc sqr ( box−>z [ i ] , box−>z [ i ] , MPCRNDNN) ;
mpc add (box−>z [ i ] , box−>z [ i ] , box−>c [ i ] , MPCRNDNN) ;
ok = ok && mpfr number p ( mpc r ea l r e f ( box−>z [ i ] ) ) && mpfr number p (⤦

Ç mpc imagref ( box−>z [ i ] ) ) ;
120 }

box−>preper iod++;
return ok ;
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}

125

extern bool m r box mi s iu r ew i c z check pe r i od s ( m r box mis iurewicz ∗box , i n t ⤦
Ç maxperiod ) {

// FIXME cache w o rb i t ? time/ space trade − o f f . . .
i f ( ! box ) {

re turn true ;
130 }

// wp = w
mpc set ( box−>wp, box−>w, MPCRNDNN) ;
f o r ( i n t per iod = 1 ; per iod <= maxperiod ; ++per iod )
{

135 // wp = wp ∗ wp + box−>cente r ;
mpc sqr ( box−>wp, box−>wp, MPCRNDNN) ;
mpc add (box−>wp, box−>wp, box−>center , MPCRNDNN) ;
// d = z − wp
mpc sub (box−>d [ 0 ] , box−>z [ 0 ] , box−>wp, MPCRNDNN) ;

140 mpc sub (box−>d [ 1 ] , box−>z [ 1 ] , box−>wp, MPCRNDNN) ;
mpc sub (box−>d [ 2 ] , box−>z [ 2 ] , box−>wp, MPCRNDNN) ;
mpc sub (box−>d [ 3 ] , box−>z [ 3 ] , box−>wp, MPCRNDNN) ;
// i f d surround 0 , found ( pre ) per iod
i f ( s u r r ound s o r i g i n ( box−>d [ 0 ] , box−>d [ 1 ] , box−>d [ 2 ] , box−>d [ 3 ] , box−>e , box⤦

Ç −>t1 , box−>t2 ) )
145 {

box−>per iod = per iod ;
re turn true ;

}
}

150 re turn f a l s e ;
}

extern i n t m r box mi s i u r ew i c z g e t pe r i od ( const m r box mis iurewicz ∗box ) {
155 i f ( ! box ) {

re turn 0 ;
}
re turn box−>per iod ;

}
160

extern i n t m r box mi s i u r ew i c z ge t p r epe r i od ( const m r box mis iurewicz ∗box ) {
i f ( ! box ) {

re turn −1;
165 }

re turn box−>preper iod ;
}

170 extern bool m r box mis iurewicz do ( i n t ∗ preper iod , i n t ∗per iod , const mpc t ⤦
Ç center , const mpfr t radius , i n t maxpreperiod , i n t maxperiod ) {

m r box mis iurewicz ∗box = m r box mis iurewicz new ( center , r ad iu s ) ;
i f ( ! box ) {

re turn f a l s e ;
}

175 f o r ( i n t i = 0 ; i < maxpreperiod ; ++i ) {
i f ( m r box mi s iu r ew i c z check pe r i od s ( box , maxperiod ) ) {
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∗ preper iod = m r box mi s i u r ew i c z ge t p r epe r i od ( box ) ;
∗ per iod = m r box mi s i u r ew i c z g e t pe r i od ( box ) ;
m r box mi s i u r ew i c z de l e t e ( box ) ;

180 re turn true ;
}
i f ( ! m r box mi s iu r ew i cz s t ep ( box ) ) {

break ;
}

185 }
m r box mi s i u r ew i c z de l e t e ( box ) ;
r e turn f a l s e ;

}

63 c/lib/m r box period.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

s t a t i c void c r o s s ( mpfr t out , const mpc t a , const mpc t b , mpfr t t ) {
mpfr mul ( out , mpc imagref ( a ) , mpc r ea l r e f (b) , MPFRRNDN) ;

10 mpfr mul ( t , mpc r ea l r e f ( a ) , mpc imagref (b) , MPFRRNDN) ;
mpfr sub ( out , out , t , MPFRRNDN) ;

}

s t a t i c bool c r o s s e s p o s i t i v e r e a l a x i s ( const mpc t a , const mpc t b , mpc t d , ⤦
Ç mpfr t t1 , mpfr t t2 ) {

15 i f ( mpfr sgn ( mpc imagref ( a ) ) != mpfr sgn ( mpc imagref (b) ) ) {
// d = b − a ;
mpc sub (d , b , a , MPCRNDNN) ;
// s = sgn ( cimag (d) ) ;
i n t s = mpfr sgn ( mpc imagref (d) ) ;

20 // t = sgn ( c r o s s (d , a ) ) ;
c r o s s ( t1 , d , a , t2 ) ;
i n t t = mpfr sgn ( t1 ) ;
r e turn s == t ;

}
25 re turn f a l s e ;

}

s t a t i c bool s u r r ound s o r i g i n ( const mpc t a , const mpc t b , const mpc t c , const ⤦
Ç mpc t d , mpc t e , mpfr t t1 , mpfr t t2 ) {

re turn odd
30 ( c r o s s e s p o s i t i v e r e a l a x i s ( a , b , e , t1 , t2 )

+ c r o s s e s p o s i t i v e r e a l a x i s (b , c , e , t1 , t2 )
+ c r o s s e s p o s i t i v e r e a l a x i s ( c , d , e , t1 , t2 )
+ c r o s s e s p o s i t i v e r e a l a x i s (d , a , e , t1 , t2 )
) ;

35 }

s t r u c t m r box per iod {
mpc t c [ 4 ] ;
mpc t z [ 4 ] ;

40 i n t p ;
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mpc t e ;
mpfr t t1 ;
mpfr t t2 ;

} ;
45

extern m r box per iod ∗m r box per iod new ( const mpc t center , const mpfr t ⤦
Ç rad iu s ) {

m r box per iod ∗box = ( m r box per iod ∗) mal loc ( s i z e o f (∗box ) ) ;
i f ( ! box ) {

re turn 0 ;
50 }

// prec
mpf r prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , c en t e r ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;

55 // i n i t
f o r ( i n t i = 0 ; i < 4 ; ++i ) {

mpc in i t2 ( box−>c [ i ] , prec ) ;
mpc in i t2 ( box−>z [ i ] , prec ) ;

}
60 mpc in i t2 ( box−>e , prec ) ;

mp f r i n i t 2 ( box−>t1 , prec ) ;
mp f r i n i t 2 ( box−>t2 , prec ) ;
// box
mpfr sub ( mpc r ea l r e f ( box−>c [ 0 ] ) , mpc r ea l r e f ( c en t e r ) , radius , MPFRRNDN) ;

65 mpfr sub ( mpc imagref ( box−>c [ 0 ] ) , mpc imagref ( c en t e r ) , radius , MPFRRNDN) ;
mpfr add ( mpc r ea l r e f ( box−>c [ 1 ] ) , mpc r ea l r e f ( c en t e r ) , radius , MPFRRNDN) ;
mpfr sub ( mpc imagref ( box−>c [ 1 ] ) , mpc imagref ( c en t e r ) , radius , MPFRRNDN) ;
mpfr add ( mpc r ea l r e f ( box−>c [ 2 ] ) , mpc r ea l r e f ( c en t e r ) , radius , MPFRRNDN) ;
mpfr add ( mpc imagref ( box−>c [ 2 ] ) , mpc imagref ( c en t e r ) , radius , MPFRRNDN) ;

70 mpfr sub ( mpc r ea l r e f ( box−>c [ 3 ] ) , mpc r ea l r e f ( c en t e r ) , radius , MPFRRNDN) ;
mpfr add ( mpc imagref ( box−>c [ 3 ] ) , mpc imagref ( c en t e r ) , radius , MPFRRNDN) ;
mpc set ( box−>z [ 0 ] , box−>c [ 0 ] , MPCRNDNN) ;
mpc set ( box−>z [ 1 ] , box−>c [ 1 ] , MPCRNDNN) ;
mpc set ( box−>z [ 2 ] , box−>c [ 2 ] , MPCRNDNN) ;

75 mpc set ( box−>z [ 3 ] , box−>c [ 3 ] , MPCRNDNN) ;
box−>p = 1 ;
re turn box ;

}

80 extern void m r box pe r i od de l e t e ( m r box per iod ∗box ) {
i f ( box ) {

f o r ( i n t i = 0 ; i < 4 ; ++i ) {
mpc clear ( box−>c [ i ] ) ;
mpc c lear ( box−>z [ i ] ) ;

85 }
mpc clear ( box−>e ) ;
mp f r c l e a r ( box−>t1 ) ;
mp f r c l e a r ( box−>t2 ) ;
f r e e ( box ) ;

90 }
}

extern bool m r box per i od s t ep ( m r box per iod ∗box ) {
i f ( ! box ) {

95 re turn f a l s e ;
}

115



mandelbrot-numerics c/lib/m r domain coord.c

bool ok = true ;
f o r ( i n t i = 0 ; i < 4 ; ++i ) {

// box−>z [ i ] = box−>z [ i ] ∗ box−>z [ i ] + box−>c [ i ] ;
100 mpc sqr ( box−>z [ i ] , box−>z [ i ] , MPCRNDNN) ;

mpc add (box−>z [ i ] , box−>z [ i ] , box−>c [ i ] , MPCRNDNN) ;
ok = ok && mpfr number p ( mpc r ea l r e f ( box−>z [ i ] ) ) && mpfr number p (⤦

Ç mpc imagref ( box−>z [ i ] ) ) ;
}
box−>p = box−>p + 1 ;

105 re turn ok ;
}

extern bool m r box per i od have per i od ( const m r box per iod ∗box ) {
i f ( ! box ) {

110 re turn true ;
}
m r box per iod ∗ubox = ( m r box per iod ∗) box ; // const ca s t
re turn su r r ound s o r i g i n ( box−>z [ 0 ] , box−>z [ 1 ] , box−>z [ 2 ] , box−>z [ 3 ] , ubox−>e , ⤦

Ç ubox−>t1 , ubox−>t2 ) ;
}

115

extern i n t m r box pe r i od ge t pe r i od ( const m r box per iod ∗box ) {
i f ( ! box ) {

re turn 0 ;
}

120 re turn box−>p ;
}

extern i n t m r box per iod do ( const mpc t center , const mpfr t radius , i n t ⤦
Ç maxperiod ) {

m r box per iod ∗box = m r box per iod new ( center , r ad iu s ) ;
125 i f ( ! box ) {

re turn 0 ;
}
i n t per iod = 0 ;
f o r ( i n t i = 0 ; i < maxperiod ; ++i ) {

130 i f ( m r box per i od have per i od ( box ) ) {
per iod = m r box pe r i od ge t pe r i od ( box ) ;
break ;

}
i f ( ! m r box pe r i od s t ep ( box ) ) {

135 break ;
}

}
m r box pe r i od de l e t e ( box ) ;
r e turn per iod ;

140 }

64 c/lib/m r domain coord.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>

extern m newton m r domain coord step raw (mpc t c out , const mpc t c guess , ⤦
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Ç const mpc t domain coord , i n t l ope r i od , i n t h iper iod , mpc t z , mpc t dc , ⤦
Ç mpc t zp , mpc t dcp , mpc t f , mpc t df , mpc t c new , mpc t d , mpfr t d2 , ⤦
Ç mpfr t ep s i l on2 ) {

// z = 0 ; dc = 0 ; zp = 0 ; dcp = 0 ;
mpc s e t s i ( z , 0 , MPCRNDNN) ;

10 mpc s e t s i ( dc , 0 , MPCRNDNN) ;
mpc s e t s i ( zp , 0 , MPCRNDNN) ;
mpc s e t s i ( dcp , 0 , MPCRNDNN) ;
f o r ( i n t i = 1 ; i <= hipe r i od ; ++i ) {

// dc = 2 ∗ z ∗ dc + 1 ;
15 mpc mul ( dc , z , dc , MPCRNDNN) ;

mpc mul 2si ( dc , dc , 1 , MPCRNDNN) ;
mpc add ui ( dc , dc , 1 , MPCRNDNN) ;
// z = z ∗ z + c gue s s ;
mpc sqr ( z , z , MPCRNDNN) ;

20 mpc add ( z , z , c guess , MPCRNDNN) ;
i f ( i == lope r i od )
{

// zp = z ; dcp = dc ;
mpc set ( zp , z , MPCRNDNN) ;

25 mpc set ( dcp , dc , MPCRNDNN) ;
}

}
// f = z / zp − domain coord ;
mpc div ( f , z , zp , MPCRNDNN) ;

30 mpc sub ( f , f , domain coord , MPCRNDNN) ;
// df = ( dc ∗ zp − z ∗ dcp ) / ( zp ∗ zp ) ;
mpc mul ( dc , dc , zp , MPCRNDNN) ;
mpc mul ( dcp , dcp , z , MPCRNDNN) ;
mpc sqr ( zp , zp , MPCRNDNN) ;

35 mpc sub ( z , dc , dcp , MPCRNDNN) ;
mpc div ( df , z , zp , MPCRNDNN) ;
// check | df |ˆ2 < ep s i l on2
mpc norm(d2 , df , MPFRRNDN) ;
i f ( mp f r l e s s equa l p (d2 , ep s i l on2 ) ) {

40 mpc set ( c out , c guess , MPCRNDNN) ;
re turn m converged ;

}
// c new = c gue s s − f / df ;
mpc div ( f , f , df , MPCRNDNN) ;

45 mpc sub ( c new , c guess , f , MPCRNDNN) ;
// d = c new − c gue s s ;
mpc sub (d , c new , c guess , MPCRNDNN) ;
mpc norm(d2 , d , MPFRRNDN) ;
i f ( mp f r l e s s equa l p (d2 , ep s i l on2 ) ) {

50 mpc set ( c out , c new , MPCRNDNN) ;
re turn m converged ;

}
i f ( mpfr number p ( mpc r ea l r e f (d) ) && mpfr number p ( mpc imagref (d) ) ) {

mpc set ( c out , c new , MPCRNDNN) ;
55 re turn m stepped ;

} e l s e {
mpc set ( c out , c guess , MPCRNDNN) ;
re turn m fa i l ed ;

}
60 }
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extern m newton m r domain coord step (mpc t c out , const mpc t c guess , const ⤦
Ç mpc t domain coord , i n t l ope r i od , i n t h ip e r i od ) {

// prec
mpf r prec t precr , p rec i , prec ;

65 mpc get prec2(&precr , &prec i , c gue s s ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;
mpc set prec ( c out , prec ) ; // FIXME might t ra sh when c out = c gue s s
// i n i t
mpc t z , dc , c new , d , zp , dcp , f , d f ;

70 mpfr t d2 , ep s i l on2 ;
mpc in i t2 ( z , prec ) ;
mpc in i t2 ( dc , prec ) ;
mpc in i t2 ( c new , prec ) ;
mpc in i t2 (d , prec ) ;

75 mpc in i t2 ( zp , prec ) ;
mpc in i t2 ( dcp , prec ) ;
mpc in i t2 ( f , prec ) ;
mpc in i t2 ( df , prec ) ;
mp f r i n i t 2 (d2 , prec ) ;

80 mpf r i n i t 2 ( eps i l on2 , prec ) ;
// ep s i l o n
mp f r s e t s i ( eps i l on2 , 2 , MPFRRNDN) ;
mpfr nextabove ( ep s i l on2 ) ;
mp f r sub s i ( eps i l on2 , eps i l on2 , 2 , MPFRRNDN) ;

85 mpfr sqr ( eps i l on2 , eps i l on2 , MPFRRNDN) ;
// step raw
m newton r e t v a l = m r domain coord step raw ( c out , c guess , domain coord , ⤦

Ç l ope r i od , h iper iod , z , dc , zp , dcp , f , df , c new , d , d2 , ep s i l on2 ) ;
// cleanup
mpc clear ( z ) ;

90 mpc clear ( dc ) ;
mpc c lear ( c new ) ;
mpc c lear (d) ;
mpc c lear ( zp ) ;
mpc c lear ( dcp ) ;

95 mpc clear ( f ) ;
mpc c lear ( df ) ;
mp f r c l e a r ( d2 ) ;
mp f r c l e a r ( ep s i l on2 ) ;
r e turn r e t v a l ;

100 }

extern m newton m r domain coord (mpc t c out , const mpc t c guess , const mpc t ⤦
Ç domain coord , i n t l ope r i od , i n t h iper iod , i n t maxsteps ) {

m newton r e s u l t = m fa i l ed ;
// prec

105 mpfr prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , c gue s s ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;
// i n i t
mpc t c , z , dc , c new , d , zp , dcp , f , d f ;

110 mpfr t d2 , ep s i l on2 ;
mpc in i t2 ( c , prec ) ;
mpc in i t2 ( z , prec ) ;
mpc in i t2 ( dc , prec ) ;
mpc in i t2 ( c new , prec ) ;

115 mpc in i t2 (d , prec ) ;
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mpc in i t2 ( zp , prec ) ;
mpc in i t2 ( dcp , prec ) ;
mpc in i t2 ( f , prec ) ;
mpc in i t2 ( df , prec ) ;

120 mpf r i n i t 2 (d2 , prec ) ;
mp f r i n i t 2 ( eps i l on2 , prec ) ;
// ep s i l o n
mp f r s e t s i ( eps i l on2 , 2 , MPFRRNDN) ;
mpfr nextabove ( ep s i l on2 ) ;

125 mpf r sub s i ( eps i l on2 , eps i l on2 , 2 , MPFRRNDN) ;
mpfr sqr ( eps i l on2 , eps i l on2 , MPFRRNDN) ;
// c = c gue s s
mpc set ( c , c guess , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {

130 i f ( m stepped != ( r e s u l t = m r domain coord step raw ( c , c , domain coord , ⤦
Ç l ope r i od , h iper iod , z , dc , zp , dcp , f , df , c new , d , d2 , ep s i l on2 ) ) ) {

break ;
}

}
// c out = c ;

135 mpc set prec ( c out , prec ) ;
mpc set ( c out , c , MPCRNDNN) ;
// cleanup
mpc clear ( c ) ;
mpc c lear ( z ) ;

140 mpc clear ( dc ) ;
mpc c lear ( c new ) ;
mpc c lear (d) ;
mpc c lear ( zp ) ;
mpc c lear ( dcp ) ;

145 mpc clear ( f ) ;
mpc c lear ( df ) ;
mp f r c l e a r ( d2 ) ;
mp f r c l e a r ( ep s i l on2 ) ;
r e turn r e s u l t ;

150 }

extern m newton m r domain coord dynamic step raw (mpc t c out , const mpc t ⤦
Ç c guess , const mpc t domain coord , i n t h iper iod , mpc t z , mpc t dc , mpc t ⤦
Ç zp , mpc t dcp , mpc t f , mpc t df , mpc t c new , mpc t d , mpfr t d2 , mpfr t ⤦
Ç ep s i l on2 ) {

// z = 0 ; dc = 0 ; zp = 0 ; dcp = 0 ;
mpc s e t s i ( z , 0 , MPCRNDNN) ;

155 mpc s e t s i ( dc , 0 , MPCRNDNN) ;
mpc s e t s i ( zp , 0 , MPCRNDNN) ;
mpc s e t s i ( dcp , 0 , MPCRNDNN) ;
mpf r s e t d ( mpc imagref ( f ) , 1 . 0 / 0 . 0 , MPFRRNDN) ;
f o r ( i n t i = 1 ; i <= hipe r i od ; ++i ) {

160 // dc = 2 ∗ z ∗ dc + 1 ;
mpc mul ( dc , z , dc , MPCRNDNN) ;
mpc mul 2si ( dc , dc , 1 , MPCRNDNN) ;
mpc add ui ( dc , dc , 1 , MPCRNDNN) ;
// z = z ∗ z + c gue s s ;

165 mpc sqr ( z , z , MPCRNDNN) ;
mpc add ( z , z , c guess , MPCRNDNN) ;
mpc norm( mpc r ea l r e f ( f ) , z , MPFRRNDN) ;
i f ( mp f r l e s s p ( mpc r ea l r e f ( f ) , mpc imagref ( f ) ) && i < h ipe r i od )
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{
170 // zp = z ; dcp = dc ;

mpfr se t ( mpc imagref ( f ) , mpc r ea l r e f ( f ) , MPFRRNDN) ;
mpc set ( zp , z , MPCRNDNN) ;
mpc set ( dcp , dc , MPCRNDNN) ;

}
175 }

// f = z / zp − domain coord ;
mpc div ( f , z , zp , MPCRNDNN) ;
mpc sub ( f , f , domain coord , MPCRNDNN) ;
// df = ( dc ∗ zp − z ∗ dcp ) / ( zp ∗ zp ) ;

180 mpc mul ( dc , dc , zp , MPCRNDNN) ;
mpc mul ( dcp , dcp , z , MPCRNDNN) ;
mpc sqr ( zp , zp , MPCRNDNN) ;
mpc sub ( z , dc , dcp , MPCRNDNN) ;
mpc div ( df , z , zp , MPCRNDNN) ;

185 // check | df |ˆ2 < ep s i l on2
mpc norm(d2 , df , MPFRRNDN) ;
i f ( mp f r l e s s equa l p (d2 , ep s i l on2 ) ) {

mpc set ( c out , c guess , MPCRNDNN) ;
re turn m converged ;

190 }
// c new = c gue s s − f / df ;
mpc div ( f , f , df , MPCRNDNN) ;
mpc sub ( c new , c guess , f , MPCRNDNN) ;
// d = c new − c gue s s ;

195 mpc sub (d , c new , c guess , MPCRNDNN) ;
mpc norm(d2 , d , MPFRRNDN) ;
i f ( mp f r l e s s equa l p (d2 , ep s i l on2 ) ) {

mpc set ( c out , c new , MPCRNDNN) ;
re turn m converged ;

200 }
i f ( mpfr number p ( mpc r ea l r e f (d) ) && mpfr number p ( mpc imagref (d) ) ) {

mpc set ( c out , c new , MPCRNDNN) ;
re turn m stepped ;

} e l s e {
205 mpc set ( c out , c guess , MPCRNDNN) ;

re turn m fa i l ed ;
}

}

210 extern m newton m r domain coord dynamic step (mpc t c out , const mpc t c guess , ⤦
Ç const mpc t domain coord , i n t h ip e r i od ) {

// prec
mpf r prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , c gue s s ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;

215 mpc set prec ( c out , prec ) ; // FIXME might t ra sh when c out = c gue s s
// i n i t
mpc t z , dc , c new , d , zp , dcp , f , d f ;
mpfr t d2 , ep s i l on2 ;
mpc in i t2 ( z , prec ) ;

220 mpc in i t2 ( dc , prec ) ;
mpc in i t2 ( c new , prec ) ;
mpc in i t2 (d , prec ) ;
mpc in i t2 ( zp , prec ) ;
mpc in i t2 ( dcp , prec ) ;
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225 mpc in i t2 ( f , prec ) ;
mpc in i t2 ( df , prec ) ;
mp f r i n i t 2 (d2 , prec ) ;
mp f r i n i t 2 ( eps i l on2 , prec ) ;
// ep s i l o n

230 mp f r s e t s i ( eps i l on2 , 2 , MPFRRNDN) ;
mpfr nextabove ( ep s i l on2 ) ;
mp f r sub s i ( eps i l on2 , eps i l on2 , 2 , MPFRRNDN) ;
mpfr sqr ( eps i l on2 , eps i l on2 , MPFRRNDN) ;
// step raw

235 m newton r e t v a l = m r domain coord dynamic step raw ( c out , c guess , ⤦
Ç domain coord , h iper iod , z , dc , zp , dcp , f , df , c new , d , d2 , ep s i l on2 ) ;

// cleanup
mpc clear ( z ) ;
mpc c lear ( dc ) ;
mpc c lear ( c new ) ;

240 mpc clear (d) ;
mpc c lear ( zp ) ;
mpc c lear ( dcp ) ;
mpc c lear ( f ) ;
mpc c lear ( df ) ;

245 mpf r c l ea r ( d2 ) ;
mp f r c l e a r ( ep s i l on2 ) ;
r e turn r e t v a l ;

}

250 extern m newton m r domain coord dynamic (mpc t c out , const mpc t c guess , const⤦
Ç mpc t domain coord , i n t h iper iod , i n t maxsteps ) {

m newton r e s u l t = m fa i l ed ;
// prec
mpf r prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , c gue s s ) ;

255 prec = prec r > p r e c i ? prec r : p r e c i ;
// i n i t
mpc t c , z , dc , c new , d , zp , dcp , f , d f ;
mpfr t d2 , ep s i l on2 ;
mpc in i t2 ( c , prec ) ;

260 mpc in i t2 ( z , prec ) ;
mpc in i t2 ( dc , prec ) ;
mpc in i t2 ( c new , prec ) ;
mpc in i t2 (d , prec ) ;
mpc in i t2 ( zp , prec ) ;

265 mpc in i t2 ( dcp , prec ) ;
mpc in i t2 ( f , prec ) ;
mpc in i t2 ( df , prec ) ;
mp f r i n i t 2 (d2 , prec ) ;
mp f r i n i t 2 ( eps i l on2 , prec ) ;

270 // ep s i l o n
mp f r s e t s i ( eps i l on2 , 2 , MPFRRNDN) ;
mpfr nextabove ( ep s i l on2 ) ;
mp f r sub s i ( eps i l on2 , eps i l on2 , 2 , MPFRRNDN) ;
mpfr sqr ( eps i l on2 , eps i l on2 , MPFRRNDN) ;

275 // c = c gue s s
mpc set ( c , c guess , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {

i f ( m stepped != ( r e s u l t = m r domain coord dynamic step raw ( c , c , ⤦
Ç domain coord , h iper iod , z , dc , zp , dcp , f , df , c new , d , d2 , ep s i l on2 )⤦
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Ç ) ) {
break ;

280 }
}
// c out = c ;
mpc set prec ( c out , prec ) ;
mpc set ( c out , c , MPCRNDNN) ;

285 // cleanup
mpc clear ( c ) ;
mpc c lear ( z ) ;
mpc c lear ( dc ) ;
mpc c lear ( c new ) ;

290 mpc clear (d) ;
mpc c lear ( zp ) ;
mpc c lear ( dcp ) ;
mpc c lear ( f ) ;
mpc c lear ( df ) ;

295 mpf r c l ea r ( d2 ) ;
mp f r c l e a r ( ep s i l on2 ) ;
r e turn r e s u l t ;

}

65 c/lib/m r domain size.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>

extern i n t m r domain s ize ( mpfr t s i z e , const mpc t nucleus , i n t per iod ) {
// prec
i n t p a r t i a l = 1 ;

10 mpfr prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , nuc leus ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;
// i n i t

#de f i n e CVARS z , dc
15 #de f i n e RVARS zq2 , zp2

mpc t CVARS;
mpfr t RVARS;
mp f r i n i t s 2 ( prec , RVARS, ( mpfr ptr ) 0) ;
mpc in i t2 ( z , prec ) ;

20 mpc in i t2 ( dc , prec ) ;
// z = nuc leus ; dc = 1 ; zq2 = norm( z ) ;
mpc set ( z , nucleus , MPCRNDNN) ;
mpc s e t s i ( dc , 1 , MPCRNDNN) ;
mpc norm( zq2 , z , MPFRRNDN) ;

25 f o r ( i n t q = 2 ; q <= per iod ; ++q) {
// dc = 2 ∗ z ∗ dc + 1 ;
mpc mul ( dc , z , dc , MPCRNDNN) ;
mpc mul 2si ( dc , dc , 1 , MPCRNDNN) ;
mpc add ui ( dc , dc , 1 , MPCRNDNN) ;

30 // z = z ∗ z + nuc leus ;
mpc sqr ( z , z , MPCRNDNN) ;
mpc add ( z , z , nucleus , MPCRNDNN) ;
// zp2 = norm( z ) ;
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mpc norm( zp2 , z , MPFRRNDN) ;
35 i f ( q < per iod && mpf r l e s s p ( zp2 , zq2 ) ) {

p a r t i a l = q ;
mpfr se t ( zq2 , zp2 , MPFRRNDN) ;

}
}

40 // s i z e = sq r t ( zq2 / norm( dc ) ) ;
mp f r s e t p r e c ( s i z e , prec ) ;
mpc norm( zp2 , dc , MPFRRNDN) ;
mpfr div ( s i z e , zq2 , zp2 , MPFRRNDN) ;
mpfr sqr t ( s i z e , s i z e , MPFRRNDN) ;

45 // cleanup
mpc clear ( z ) ;
mpc c lear ( dc ) ;
mp f r c l e a r s (RVARS, ( mpfr ptr ) 0) ;

#undef CVARS
50 #undef RVARS

return p a r t i a l ;
}

66 c/lib/m r exray in.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

s t r u c t m r exray in {
mpq t ang le ;

10 mpq t one ;
i n t sharpness ;
double er ;
mpf r prec t prec ;
mpc t c0 , c , c new , target , z , dc , d ;

15 mpfr t d2 , eps i l on2 , ep s i l on256 ;
i n t j ;
i n t k ;

} ;

20 extern m r exray in ∗m r exray in new ( const mpq t angle , i n t sharpness ) {
m r exray in ∗ ray = mal loc ( s i z e o f (∗ ray ) ) ;
mpq init ( ray−>ang le ) ;
mpq set ( ray−>angle , ang le ) ;
mpq init ( ray−>one ) ;

25 mpq set u i ( ray−>one , 1 , 1) ;
ray−>sharpness = sharpness ;
ray−>er = 65536 . 0 ;
ray−>prec = 53 ;
mpc in i t2 ( ray−>c0 , ray−>prec ) ;

30 mpc in i t2 ( ray−>c , ray−>prec ) ;
mpc in i t2 ( ray−>c new , ray−>prec ) ;
mpc in i t2 ( ray−>target , ray−>prec ) ;
mpc in i t2 ( ray−>z , ray−>prec ) ;
mpc in i t2 ( ray−>dc , ray−>prec ) ;

35 mpc in i t2 ( ray−>d , ray−>prec ) ;
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mpf r i n i t 2 ( ray−>d2 , ray−>prec ) ;
mp f r i n i t 2 ( ray−>eps i l on2 , ray−>prec ) ;
mp f r i n i t 2 ( ray−>eps i l on256 , ray−>prec ) ;
double a = twopi ∗ mpq get d ( ray−>ang le ) ;

40 // c0 = er ∗ ( cos ( a ) + I ∗ s i n ( a ) ) ;
mpc set d d ( ray−>c0 , ray−>er ∗ cos ( a ) , ray−>er ∗ s i n ( a ) , MPCRNDNN) ;
ray−>k = 0 ;
ray−> j = 0 ;
// ep s i l o n

45 mp f r s e t s i ( ray−>eps i l on2 , 2 , MPFRRNDN) ;
mpfr nextabove ( ray−>ep s i l on2 ) ;
mp f r sub s i ( ray−>eps i l on2 , ray−>eps i l on2 , 2 , MPFRRNDN) ;
mpfr sqr ( ray−>eps i l on2 , ray−>eps i l on2 , MPFRRNDN) ;
mp f r s e t s i ( ray−>eps i l on256 , 256 , MPFRRNDN) ;

50 mpfr nextabove ( ray−>ep s i l on256 ) ;
mp f r sub s i ( ray−>eps i l on256 , ray−>eps i l on256 , 256 , MPFRRNDN) ;
mpfr sqr ( ray−>eps i l on256 , ray−>eps i l on256 , MPFRRNDN) ;
re turn ray ;

}
55

extern void m r ex r ay i n d e l e t e ( m r exray in ∗ ray ) {
i f ( ! ray ) {

re turn ;
}

60 mpq clear ( ray−>ang le ) ;
mpq clear ( ray−>one ) ;
mpc c lear ( ray−>c0 ) ;
mpc c lear ( ray−>c ) ;
mpc c lear ( ray−>c new ) ;

65 mpc clear ( ray−>t a r g e t ) ;
mpc c lear ( ray−>z ) ;
mpc c lear ( ray−>dc ) ;
mpc c lear ( ray−>d) ;
mp f r c l e a r ( ray−>d2 ) ;

70 mpf r c l ea r ( ray−>ep s i l on2 ) ;
mp f r c l e a r ( ray−>ep s i l on256 ) ;
f r e e ( ray ) ;

}

75 s t a t i c void m r exray in bump prec ( m r exray in ∗ ray ) {
ray−>prec += 16 ;
mpfr prec round ( mpc r ea l r e f ( ray−>c0 ) , ray−>prec , MPFRRNDN) ;
mpfr prec round ( mpc imagref ( ray−>c0 ) , ray−>prec , MPFRRNDN) ;
mpc set prec ( ray−>c , ray−>prec ) ;

80 mpc set prec ( ray−>c new , ray−>prec ) ;
mpc set prec ( ray−>target , ray−>prec ) ;
mpc set prec ( ray−>z , ray−>prec ) ;
mpc set prec ( ray−>dc , ray−>prec ) ;
mpc set prec ( ray−>d , ray−>prec ) ;

85 mpf r s e t p r e c ( ray−>d2 , ray−>prec ) ;
mp f r s e t p r e c ( ray−>eps i l on2 , ray−>prec ) ;
mp f r s e t p r e c ( ray−>eps i l on256 , ray−>prec ) ;
// ep s i l o n
mp f r s e t s i ( ray−>eps i l on2 , 2 , MPFRRNDN) ;

90 mpfr nextabove ( ray−>ep s i l on2 ) ;
mp f r sub s i ( ray−>eps i l on2 , ray−>eps i l on2 , 2 , MPFRRNDN) ;
mpfr sqr ( ray−>eps i l on2 , ray−>eps i l on2 , MPFRRNDN) ;
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mp f r s e t s i ( ray−>eps i l on256 , 256 , MPFRRNDN) ;
mpfr nextabove ( ray−>ep s i l on256 ) ;

95 mpf r sub s i ( ray−>eps i l on256 , ray−>eps i l on256 , 256 , MPFRRNDN) ;
mpfr sqr ( ray−>eps i l on256 , ray−>eps i l on256 , MPFRRNDN) ;

}

extern m newton m r ex ray in s t ep ( m r exray in ∗ ray , i n t maxsteps ) {
100 i f ( ray−> j >= ray−>sharpness ) {

mpq mul 2exp ( ray−>angle , ray−>angle , 1) ;
i f (mpq cmp ui ( ray−>angle , 1 , 1) >= 0) {

mpq sub ( ray−>angle , ray−>angle , ray−>one ) ;
}

105 ray−>k = ray−>k + 1 ;
ray−> j = 0 ;

}
i n t bumps = 0 ;

r e s t a r t :
110 i f ( ! (bumps < 64) ) {

re turn m fa i l ed ;
}
double r = pow( ray−>er , pow ( 0 . 5 , ( ray−> j + 0 . 5 ) / ray−>sharpness ) ) ;
double a = twopi ∗ mpq get d ( ray−>ang le ) ;

115 mpc set d d ( ray−>target , r ∗ cos ( a ) , r ∗ s i n ( a ) , MPCRNDNN) ;
// c = c0 ;
mpc set ( ray−>c , ray−>c0 , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {

// z = 0 ; dc = 0 ;
120 mpc s e t s i ( ray−>z , 0 , MPCRNDNN) ;

mpc s e t s i ( ray−>dc , 0 , MPCRNDNN) ;
f o r ( i n t p = 0 ; p <= ray−>k ; ++p) {

// dc = 2 ∗ z ∗ dc + 1 ;
mpc mul ( ray−>dc , ray−>z , ray−>dc , MPCRNDNN) ;

125 mpc mul 2si ( ray−>dc , ray−>dc , 1 , MPCRNDNN) ;
mpc add ui ( ray−>dc , ray−>dc , 1 , MPCRNDNN) ;
// z = z ∗ z + c ;
mpc sqr ( ray−>z , ray−>z , MPCRNDNN) ;
mpc add ( ray−>z , ray−>z , ray−>c , MPCRNDNN) ;

130 }
// c new = c − ( z − t a r g e t ) / dc ;
mpc sub ( ray−>z , ray−>z , ray−>target , MPCRNDNN) ;
mpc div ( ray−>z , ray−>z , ray−>dc , MPCRNDNN) ;
mpc sub ( ray−>c new , ray−>c , ray−>z , MPCRNDNN) ;

135 i f ( mp f r r egu la r p ( mpc r ea l r e f ( ray−>c new ) ) && mpf r r egu la r p ( mpc imagref (⤦
Ç ray−>c new ) ) ) {

// d2 = norm( c new − c ) ;
mpc sub ( ray−>d , ray−>c new , ray−>c , MPCRNDNN) ;
mpc norm( ray−>d2 , ray−>d , MPFRRNDN) ;
// c = c new ;

140 mpc set ( ray−>c , ray−>c new , MPCRNDNN) ;
i f ( mp f r l e s s equa l p ( ray−>d2 , ray−>ep s i l on2 ) ) {

break ;
}

} e l s e {
145 break ;

}
}
ray−> j = ray−> j + 1 ;
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i f ( mp f r r egu la r p ( mpc r ea l r e f ( ray−>c ) ) && mpf r r egu la r p ( mpc imagref ( ray−>c ) )⤦
Ç ) {

150 // d2 = norm( c − c0 ) ;
mpc sub ( ray−>d , ray−>c , ray−>c0 , MPCRNDNN) ;
mpc norm( ray−>d2 , ray−>d , MPFRRNDN) ;
i f ( mp f r l e s s equa l p ( ray−>d2 , ray−>ep s i l on256 ) ) {

m r exray in bump prec ( ray ) ;
155 bumps++;

goto r e s t a r t ;
} e l s e {

// c0 = c ;
mpc set ( ray−>c0 , ray−>c , MPCRNDNN) ;

160 re turn m stepped ;
}

} e l s e {
re turn m fa i l ed ;

}
165 }

extern void m r ex ray in g e t ( const m r exray in ∗ ray , mpc t c ) {
i f ( ! ray ) {

re turn ;
170 }

mpc set prec ( c , ray−>prec ) ;
mpc set ( c , ray−>c0 , MPCRNDNN) ;

}

175 extern void m r ex r ay i n g e t r ( const m r exray in ∗ ray , mpfr t x , mpfr t y ) {
i f ( ! ray ) {

re turn ;
}
mpf r s e t p r e c (x , ray−>prec ) ;

180 mpf r s e t p r e c (y , ray−>prec ) ;
mpf r se t (x , mpc r ea l r e f ( ray−>c0 ) , MPFRRNDN) ;
mpfr se t (y , mpc imagref ( ray−>c0 ) , MPFRRNDN) ;

}

67 c/lib/m r exray out.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

s t a t i c i n l i n e bool mpc f i n i t e p ( const mpc t z ) {
re turn mpfr number p ( mpc r ea l r e f ( z ) ) && mpfr number p ( mpc imagref ( z ) ) ;

10 }

s t a t i c double dwel l ( double loger2 , i n t n , double zmag2 ) {
re turn n − l og2 ( l og ( zmag2 ) / l o g e r 2 ) ;

}
15

s t r u c t m r exray out {
i n t sharpness ;
mpfr t er ;
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mpfr t er2 ;
20 double l o g e r 2 ;

mpc t c ;
mpc t z ;
double d ;
i n t n ;

25 i n t b i t ;
mpfr t z2 ;
double erd ;
mpc t k [ 2 ] ;
mpc t cn [ 2 ] ;

30 mpc t zn [ 2 ] ;
mpc t dcn [ 2 ] ;
mpc t c new [ 2 ] ;
mpfr t d2 [ 2 ] ;

} ;
35

extern m r exray out ∗m r exray out new ( const mpc t c , i n t sharpness , i n t ⤦
Ç maxdwell , double er ) {

m r exray out ∗ ray = mal loc ( s i z e o f (∗ ray ) ) ;
i f ( ! ray ) {

re turn 0 ;
40 }

mpfr prec t prec r = mpf r ge t prec ( mpc r ea l r e f ( c ) ) ;
mp f r prec t p r e c i = mpf r ge t prec ( mpc imagref ( c ) ) ;
mpf r prec t prec = prec r > p r e c i ? prec r : p r e c i ;
mp f r i n i t 2 ( ray−>er , 53) ;

45 mpf r i n i t 2 ( ray−>er2 , 53) ;
mpc in i t2 ( ray−>c , prec ) ;
mpc in i t2 ( ray−>z , prec ) ;
mp f r i n i t 2 ( ray−>z2 , 53) ;
mpc in i t2 ( ray−>k [ 0 ] , 53) ;

50 mpc in i t2 ( ray−>cn [ 0 ] , prec ) ;
mpc in i t2 ( ray−>zn [ 0 ] , prec ) ;
mpc in i t2 ( ray−>dcn [ 0 ] , prec ) ;
mpc in i t2 ( ray−>c new [ 0 ] , prec ) ;
mp f r i n i t 2 ( ray−>d2 [ 0 ] , 53) ;

55 mpc in i t2 ( ray−>k [ 1 ] , 53) ;
mpc in i t2 ( ray−>cn [ 1 ] , prec ) ;
mpc in i t2 ( ray−>zn [ 1 ] , prec ) ;
mpc in i t2 ( ray−>dcn [ 1 ] , prec ) ;
mpc in i t2 ( ray−>c new [ 1 ] , prec ) ;

60 mpf r i n i t 2 ( ray−>d2 [ 1 ] , 53) ;

double er2 = er ∗ er ;
mpf r s e t d ( ray−>er , er , MPFRRNDN) ;
mpf r s e t d ( ray−>er2 , er2 , MPFRRNDN) ;

65 ray−>erd = er ;
ray−> l o g e r 2 = log ( er2 ) ;
i n t n = 0 ;
mpc s e t u i u i ( ray−>z , 0 , 0 , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < maxdwell ; ++i ) {

70 n = n + 1 ;
mpc sqr ( ray−>z , ray−>z , MPCRNDNN) ;
mpc add ( ray−>z , ray−>z , c , MPCRNDNN) ;
mpc norm( ray−>z2 , ray−>z , MPFRRNDN) ;
i f ( mp f r g r ea t e r p ( ray−>z2 , ray−>er2 ) ) {
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75 break ;
}

}
i f ( ! ( mp f r g r ea t e r p ( ray−>z2 , ray−>er2 ) ) ) {

// FIXME cleanup
80 re turn 0 ;

}
ray−>sharpness = sharpness ;
mpc set ( ray−>c , c , MPCRNDNN) ;
ray−>d = dwel l ( ray−>l oger2 , n , mpfr get d ( ray−>z2 , MPFRRNDN) ) ;

85 ray−>n = n ;
ray−>b i t = −1;
re turn ray ;

}

90 extern void m r ex ray ou t de l e t e ( m r exray out ∗ ray ) {
i f ( ray ) {

mpf r c l ea r ( ray−>er ) ;
mp f r c l e a r ( ray−>er2 ) ;
mpc c lear ( ray−>c ) ;

95 mpc clear ( ray−>z ) ;
mp f r c l e a r ( ray−>z2 ) ;
mpc c lear ( ray−>k [ 0 ] ) ;
mpc c lear ( ray−>cn [ 0 ] ) ;
mpc c lear ( ray−>zn [ 0 ] ) ;

100 mpc clear ( ray−>dcn [ 0 ] ) ;
mpc c lear ( ray−>c new [ 0 ] ) ;
mp f r c l e a r ( ray−>d2 [ 0 ] ) ;
mpc c lear ( ray−>k [ 1 ] ) ;
mpc c lear ( ray−>cn [ 1 ] ) ;

105 mpc clear ( ray−>zn [ 1 ] ) ;
mpc c lear ( ray−>dcn [ 1 ] ) ;
mpc c lear ( ray−>c new [ 1 ] ) ;
mp f r c l e a r ( ray−>d2 [ 1 ] ) ;
f r e e ( ray ) ;

110 }
}

extern m newton m r exray out s t ep ( m r exray out ∗ ray ) {
i f ( ! ray ) {

115 re turn m fa i l ed ;
}
ray−>b i t = −1;
ray−>d −= 1.0 / ray−>sharpness ;
i f ( ray−>d <= 0) {

120 re turn m converged ;
}
i n t m = c e i l ( ray−>d) ;
double r = pow( ray−>erd , pow(2 , m − ray−>d) ) ;
mpc arg ( ray−>z2 , ray−>z , MPFRRNDN) ;

125 double a = mpfr get d ( ray−>z2 , MPFRRNDN) / twopi ;
double t = a − f l o o r ( a ) ;

i f (m == ray−>n) {
mpc set dc ( ray−>k [ 0 ] , r ∗ cexp ( I ∗ twopi ∗ t ) , MPCRNDNN) ;

130 mpc set ( ray−>cn [ 0 ] , ray−>c , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < 8 ; ++i ) { // FIXME arb i t r a r y l im i t
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mpc s e t u i u i ( ray−>zn [ 0 ] , 0 , 0 , MPCRNDNN) ;
mpc s e t u i u i ( ray−>dcn [ 0 ] , 0 , 0 , MPCRNDNN) ;
f o r ( i n t p = 0 ; p < m; ++p) {

135 // dc = 2 ∗ z ∗ dc + 1 ;
mpc mul ( ray−>dcn [ 0 ] , ray−>zn [ 0 ] , ray−>dcn [ 0 ] , MPCRNDNN) ;
mpfr mul 2exp ( mpc r ea l r e f ( ray−>dcn [ 0 ] ) , mpc r ea l r e f ( ray−>dcn [ 0 ] ) , 1 , ⤦

Ç MPFRRNDN) ;
mpfr mul 2exp ( mpc imagref ( ray−>dcn [ 0 ] ) , mpc imagref ( ray−>dcn [ 0 ] ) , 1 , ⤦

Ç MPFRRNDN) ;
mpfr add ui ( mpc r ea l r e f ( ray−>dcn [ 0 ] ) , mpc r ea l r e f ( ray−>dcn [ 0 ] ) , 1 , ⤦

Ç MPFRRNDN) ;
140 // z = z ∗ z + c ;

mpc sqr ( ray−>zn [ 0 ] , ray−>zn [ 0 ] , MPCRNDNN) ;
mpc add ( ray−>zn [ 0 ] , ray−>zn [ 0 ] , ray−>cn [ 0 ] , MPCRNDNN) ;

}
// c new = c − ( z − k ) / dc ;

145 mpc sub ( ray−>c new [ 0 ] , ray−>zn [ 0 ] , ray−>k [ 0 ] , MPCRNDNN) ;
mpc div ( ray−>c new [ 0 ] , ray−>c new [ 0 ] , ray−>dcn [ 0 ] , MPCRNDNN) ;
mpc sub ( ray−>c new [ 0 ] , ray−>cn [ 0 ] , ray−>c new [ 0 ] , MPCRNDNN) ;
// c = c new ;
mpc set ( ray−>cn [ 0 ] , ray−>c new [ 0 ] , MPCRNDNN) ;

150 /∗
double d2 = cabs2 ( c new − c ) ;
i f ( mpc f i n i t e p ( c new ) ) {

c = c new ;
} e l s e {

155 break ;
}
i f ( d2 <= eps i l on2 ) {

break ;
}

160 ∗/
}
i f ( mpc f i n i t e p ( ray−>cn [ 0 ] ) ) {

mpc set ( ray−>c , ray−>cn [ 0 ] , MPCRNDNN) ;
mpc set ( ray−>z , ray−>zn [ 0 ] , MPCRNDNN) ;

165 mpc norm( ray−>z2 , ray−>z , MPFRRNDN) ;
ray−>d = dwel l ( ray−>l oger2 , m, mpfr get d ( ray−>z2 , MPFRRNDN) ) ;
r e turn m stepped ;

}
re turn m fa i l ed ;

170

} e l s e {
mpc set dc ( ray−>k [ 0 ] , r ∗ cexp ( I ∗ pi ∗ t ) , MPCRNDNN) ;
mpc set dc ( ray−>k [ 1 ] , r ∗ cexp ( I ∗ pi ∗ ( t + 1) ) , MPCRNDNN) ;
mpc set ( ray−>cn [ 0 ] , ray−>c , MPCRNDNN) ;

175 mpc set ( ray−>cn [ 1 ] , ray−>c , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < 8 ; ++i ) { // FIXME arb i t r a r y l im i t

mpc s e t u i u i ( ray−>zn [ 0 ] , 0 , 0 , MPCRNDNN) ;
mpc s e t u i u i ( ray−>zn [ 1 ] , 0 , 0 , MPCRNDNN) ;
mpc s e t u i u i ( ray−>dcn [ 0 ] , 0 , 0 , MPCRNDNN) ;

180 mpc s e t u i u i ( ray−>dcn [ 1 ] , 0 , 0 , MPCRNDNN) ;
f o r ( i n t p = 0 ; p < m; ++p) {

f o r ( i n t w = 0 ; w < 2 ; ++w) {
// dc = 2 ∗ z ∗ dc + 1 ;
mpc mul ( ray−>dcn [w] , ray−>zn [w] , ray−>dcn [w] , MPCRNDNN) ;

185 mpfr mul 2exp ( mpc r ea l r e f ( ray−>dcn [w] ) , mpc r ea l r e f ( ray−>dcn [w] ) , 1 , ⤦
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Ç MPFRRNDN) ;
mpfr mul 2exp ( mpc imagref ( ray−>dcn [w] ) , mpc imagref ( ray−>dcn [w] ) , 1 , ⤦

Ç MPFRRNDN) ;
mpfr add ui ( mpc r ea l r e f ( ray−>dcn [w] ) , mpc r ea l r e f ( ray−>dcn [w] ) , 1 , ⤦

Ç MPFRRNDN) ;
// z = z ∗ z + c ;
mpc sqr ( ray−>zn [w] , ray−>zn [w] , MPCRNDNN) ;

190 mpc add ( ray−>zn [w] , ray−>zn [w] , ray−>cn [w] , MPCRNDNN) ;
}

}
f o r ( i n t w = 0 ; w < 2 ; ++w) {

// c new = c − ( z − k ) / dc ;
195 mpc sub ( ray−>c new [w] , ray−>zn [w] , ray−>k [w] , MPCRNDNN) ;

mpc div ( ray−>c new [w] , ray−>c new [w] , ray−>dcn [w] , MPCRNDNN) ;
mpc sub ( ray−>c new [w] , ray−>cn [w] , ray−>c new [w] , MPCRNDNN) ;
// c = c new ;
mpc set ( ray−>cn [w] , ray−>c new [w] , MPCRNDNN) ;

200 // d2 [w] = cabs2 ( c new [w] − ray−>c ) ;
mpc sub ( ray−>dcn [w] , ray−>c new [w] , ray−>c , MPCRNDNN) ;
mpc norm( ray−>d2 [w] , ray−>dcn [w] , MPFRRNDN) ;

}
/∗

205 i f ( ! ( e2 [ 0 ] > ep s i l on2 && e2 [ 1 ] > ep s i l on2 ) ) {
break ;

}
∗/

}
210 i f ( ( mpc f i n i t e p ( ray−>cn [ 0 ] ) && mpc f i n i t e p ( ray−>cn [ 1 ] ) && ⤦

Ç mpf r l e s s equa l p ( ray−>d2 [ 0 ] , ray−>d2 [ 1 ] ) )
| | ( mpc f i n i t e p ( ray−>cn [ 0 ] ) && ! mpc f i n i t e p ( ray−>cn [ 1 ] ) ) ) {
ray−>b i t = 0 ;
mpc set ( ray−>c , ray−>cn [ 0 ] , MPCRNDNN) ;
mpc set ( ray−>z , ray−>zn [ 0 ] , MPCRNDNN) ;

215 mpc norm( ray−>z2 , ray−>z , MPFRRNDN) ;
ray−>n = m;
ray−>d = dwel l ( ray−>l oger2 , m, mpfr get d ( ray−>z2 , MPFRRNDN) ) ;
r e turn m stepped ;

}
220 i f ( ( mpc f i n i t e p ( ray−>cn [ 0 ] ) && mpc f i n i t e p ( ray−>cn [ 1 ] ) && ⤦

Ç mpf r l e s s equa l p ( ray−>d2 [ 1 ] , ray−>d2 [ 0 ] ) )
| | ( ! mpc f i n i t e p ( ray−>cn [ 0 ] ) && mpc f i n i t e p ( ray−>cn [ 1 ] ) ) ) {
ray−>b i t = 1 ;
mpc set ( ray−>c , ray−>cn [ 1 ] , MPCRNDNN) ;
mpc set ( ray−>z , ray−>zn [ 1 ] , MPCRNDNN) ;

225 mpc norm( ray−>z2 , ray−>z , MPFRRNDN) ;
ray−>n = m;
ray−>d = dwel l ( ray−>l oger2 , m, mpfr get d ( ray−>z2 , MPFRRNDN) ) ;
r e turn m stepped ;

}
230 re turn m fa i l ed ;

}
}

extern bool m r ex ray out have b i t ( const m r exray out ∗ ray ) {
235 i f ( ! ray ) {

re turn f a l s e ;
}
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re turn 0 <= ray−>b i t ;
}

240

extern bool m r ex r ay ou t g e t b i t ( const m r exray out ∗ ray ) {
i f ( ! ray ) {

re turn f a l s e ;
}

245 re turn ray−>b i t ;
}

extern void m r exray out ge t ( const m r exray out ∗ ray , mpc t c ) {
i f ( ! ray ) {

250 re turn ;
}
mpfr prec t prec r = mpf r ge t prec ( mpc r ea l r e f ( ray−>c ) ) ;
mpf r prec t p r e c i = mpf r ge t prec ( mpc imagref ( ray−>c ) ) ;
mpf r prec t prec = prec r > p r e c i ? prec r : p r e c i ;

255 mpf r s e t p r e c ( mpc r ea l r e f ( c ) , prec ) ;
mp f r s e t p r e c ( mpc imagref ( c ) , prec ) ;
mpc set ( c , ray−>c , MPCRNDNN) ;

}

260 extern char ∗m r exray out do ( const mpc t c , i n t sharpness , i n t maxdwell , double⤦
Ç er ) {

m r exray out ∗ ray = m r exray out new ( c , sharpness , maxdwell , e r ) ;
i f ( ! ray ) {

re turn 0 ;
}

265 char ∗ b i t s = mal loc (maxdwell + 2) ;
i f ( ! b i t s ) {

m r ex ray ou t de l e t e ( ray ) ;
r e turn 0 ;

}
270 i n t n = 0 ;

whi l e (n <= maxdwell ) {
i f ( m r ex ray out have b i t ( ray ) ) {

b i t s [ n++] = ’0 ’ + m r ex r ay ou t g e t b i t ( ray ) ;
}

275 i f ( m stepped != m r exray out s t ep ( ray ) ) {
break ;

}
}
b i t s [ n ] = 0 ;

280 m r ex ray ou t de l e t e ( ray ) ;
r e turn b i t s ;

}

68 c/lib/m r exray out perturbed.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2019 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

s t a t i c i n l i n e bool mpc f i n i t e p ( const mpc t z ) {
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re turn mpfr number p ( mpc r ea l r e f ( z ) ) && mpfr number p ( mpc imagref ( z ) ) ;
10 }

s t a t i c double dwel l ( double loger2 , i n t n , double zmag2 ) {
re turn n − l og2 ( l og ( zmag2 ) / l o g e r 2 ) ;

}
15

s t r u c t m r exray out per turbed {
i n t per iod ;
double Complex ∗ o rb i t ;
i n t sharpness ;

20 double d ;
double er ;
double er2 ;
double l o g e r 2 ;
double Complex d e l t a c ;

25 double Complex z ;
i n t n ;
i n t b i t ;

} ;

30 extern m r exray out per turbed ∗m r exray out perturbed new ( const mpc t nucleus ,⤦
Ç i n t per iod , const mpc t endpoint , i n t sharpness , i n t maxdwell , double er )⤦
Ç {

m r exray out per turbed ∗ ray = mal loc ( s i z e o f (∗ ray ) ) ;
i f ( ! ray ) {

re turn 0 ;
}

35 ray−>per iod = per iod ;
ray−>o rb i t = c a l l o c (1 , s i z e o f ( ray−>o rb i t [ 0 ] ) ∗ per iod ) ;
i f ( ! ray−>o rb i t )
{

f r e e ( ray ) ;
40 re turn 0 ;

}
mpfr prec t prec r = mpf r ge t prec ( mpc r ea l r e f ( nuc leus ) ) ;
mpf r prec t p r e c i = mpf r ge t prec ( mpc imagref ( nuc leus ) ) ;
mpf r prec t prec = prec r > p r e c i ? prec r : p r e c i ;

45 mpc t Z ;
mpc in i t2 (Z , prec ) ;
mpc set dc (Z , 0 , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < per iod ; ++i )
{

50 ray−>o rb i t [ i ] = mpc get dc (Z , MPCRNDNN) ;
mpc sqr (Z , Z , MPCRNDNN) ;
mpc add (Z , Z , nucleus , MPCRNDNN) ;

}
mpc sub (Z , endpoint , nucleus , MPCRNDNN) ;

55 ray−>d e l t a c = mpc get dc (Z , MPCRNDNN) ;
mpc c lear (Z) ;
double er2 = er ∗ er ;
ray−>er = er ;
ray−>er2 = er2 ;

60 ray−> l o g e r 2 = log ( er2 ) ;
i n t n = 0 ;
double Complex z = 0 ;
f o r ( i n t i = 0 ; i < maxdwell ; ++i ) {
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z = (2 ∗ ray−>o rb i t [ i % ray−>per iod ] + z ) ∗ z + ray−>d e l t a c ;
65 n = n + 1 ;

i f ( cabs2 ( ray−>o rb i t [ n % ray−>per iod ] + z ) > ray−>er2 ) {
break ;

}
}

70 i f ( ! ( cabs2 ( ray−>o rb i t [ n % ray−>per iod ] + z ) > ray−>er2 ) ) {
// FIXME cleanup
return 0 ;

}
ray−>sharpness = sharpness ;

75 ray−>z = ray−>o rb i t [ n % ray−>per iod ] + z ;
ray−>d = dwel l ( ray−>l oger2 , n , cabs2 ( ray−>z ) ) ;
ray−>n = n ;
ray−>b i t = −1;
re turn ray ;

80 }

extern void m r ex ray ou t pe r tu rbed de l e t e ( m r exray out per turbed ∗ ray ) {
i f ( ray ) {

i f ( ray−>o rb i t ) {
85 f r e e ( ray−>o rb i t ) ;

}
f r e e ( ray ) ;

}
}

90

extern m newton m r exray out pe r tu rbed s t ep ( m r exray out per turbed ∗ ray ) {
i f ( ! ray ) {

re turn m fa i l ed ;
}

95 ray−>b i t = −1;
ray−>d −= 1.0 / ray−>sharpness ;
i f ( ray−>d <= 0) {

re turn m converged ;
}

100 i n t m = c e i l ( ray−>d) ;
double r = pow( ray−>er , pow(2 , m − ray−>d) ) ;
double a = carg ( ray−>z ) / twopi ;
double t = a − f l o o r ( a ) ;

105 i f (m == ray−>n) {
double Complex k = r ∗ cexp ( I ∗ twopi ∗ t ) ;
double Complex c = ray−>d e l t a c ;
double Complex Z , z , dc ;
f o r ( i n t i = 0 ; i < 8 ; ++i ) { // FIXME arb i t r a r y l im i t

110 z = 0 ;
dc = 0 ;
f o r ( i n t p = 0 ; p < m; ++p) {

Z = ray−>o rb i t [ p % ray−>per iod ] ;
dc = 2 ∗ (Z + z ) ∗ dc + 1 ;

115 z = (2 ∗ Z + z ) ∗ z + c ;
}
Z = ray−>o rb i t [m % ray−>per iod ] ;
c −= (Z + z − k ) / dc ;

}
120 i f ( c i s f i n i t e ( c ) )

133



mandelbrot-numerics c/lib/m r exray out perturbed.c

{
ray−>d e l t a c = c ;
ray−>z = Z + z ;
ray−>n = m;

125 ray−>d = dwel l ( ray−>l oger2 , m, cabs2 ( ray−>z ) ) ;
r e turn m stepped ;

}
re turn m fa i l ed ;

130 } e l s e {
double Complex k [ 2 ] =

{ r ∗ cexp ( I ∗ pi ∗ t )
, r ∗ cexp ( I ∗ pi ∗ ( t + 1) )
} ;

135 double Complex c [ 2 ] = { ray−>de l t a c , ray−>d e l t a c } ;
double Complex z [ 2 ] , Z ;
double d2 [ 2 ] ;
f o r ( i n t i = 0 ; i < 8 ; ++i ) { // FIXME arb i t r a r y l im i t

z [ 0 ] = 0 ;
140 z [ 1 ] = 0 ;

double Complex dc [ 2 ] = { 0 , 0 } ;
f o r ( i n t p = 0 ; p < m; ++p) {

Z = ray−>o rb i t [ p % ray−>per iod ] ;
f o r ( i n t w = 0 ; w < 2 ; ++w) {

145 dc [w] = 2 ∗ (Z + z [w] ) ∗ dc [w] + 1 ;
z [w] = (2 ∗ Z + z [w] ) ∗ z [w] + c [w ] ;

}
}
Z = ray−>o rb i t [m % ray−>per iod ] ;

150 f o r ( i n t w = 0 ; w < 2 ; ++w) {
c [w] −= (Z + z [w] − k [w] ) / dc [w ] ;
d2 [w] = cabs ( c [w] − ray−>d e l t a c ) ;

}
}

155 i f ( ( c i s f i n i t e ( c [ 0 ] ) && c i s f i n i t e ( c [ 1 ] ) && d2 [ 0 ] <= d2 [ 1 ] ) | | ( c i s f i n i t e ( c⤦
Ç [ 0 ] ) && ! c i s f i n i t e ( c [ 1 ] ) ) ) {

ray−>b i t = 0 ;
ray−>d e l t a c = c [ 0 ] ;
ray−>z = Z + z [ 0 ] ;
ray−>n = m;

160 ray−>d = dwel l ( ray−>l oger2 , m, cabs2 ( ray−>z ) ) ;
r e turn m stepped ;

}
i f ( ( c i s f i n i t e ( c [ 0 ] ) && c i s f i n i t e ( c [ 1 ] ) && d2 [ 1 ] <= d2 [ 0 ] ) | | ( c i s f i n i t e ( c⤦

Ç [ 1 ] ) && ! c i s f i n i t e ( c [ 0 ] ) ) ) {
ray−>b i t = 1 ;

165 ray−>d e l t a c = c [ 1 ] ;
ray−>z = Z + z [ 1 ] ;
ray−>n = m;
ray−>d = dwel l ( ray−>l oger2 , m, cabs2 ( ray−>z ) ) ;
r e turn m stepped ;

170 }
re turn m fa i l ed ;

}
}

175 extern bool m r ex ray out pe r tu rbed have b i t ( const m r exray out per turbed ∗ ray )⤦

134



mandelbrot-numerics c/lib/m r exray out perturbed.c

Ç {
i f ( ! ray ) {

re turn f a l s e ;
}
re turn 0 <= ray−>b i t ;

180 }

extern bool m r ex r ay ou t pe r tu rb ed ge t b i t ( const m r exray out per turbed ∗ ray ) ⤦
Ç {

i f ( ! ray ) {
re turn f a l s e ;

185 }
re turn ray−>b i t ;

}

extern double Complex m r exray out pe r tu rbed ge t ( const m r exray out per turbed⤦
Ç ∗ ray ) {

190 i f ( ! ray ) {
re turn 0 ;

}
re turn ray−>d e l t a c ;

}
195

extern char ∗m r exray out per turbed do ( const mpc t nucleus , i n t per iod , const ⤦
Ç mpc t c , i n t sharpness , i n t maxdwell , double er ) {

m r exray out per turbed ∗ ray = m r exray out perturbed new ( nucleus , per iod , c ,⤦
Ç sharpness , maxdwell , e r ) ;

i f ( ! ray ) {
re turn 0 ;

200 }
char ∗ b i t s = mal loc (maxdwell + 2) ;
i f ( ! b i t s ) {

m r ex ray ou t pe r tu rbed de l e t e ( ray ) ;
r e turn 0 ;

205 }
i n t n = 0 ;
whi l e (n <= maxdwell ) {

i f ( m r ex ray out pe r tu rbed have b i t ( ray ) ) {
b i t s [ n++] = ’0 ’ + m r ex ray ou t pe r tu rb ed ge t b i t ( ray ) ;

210 }
i f ( m stepped != m r exray out pe r tu rbed s t ep ( ray ) ) {

break ;
}

}
215 b i t s [ n ] = 0 ;

m r ex ray ou t pe r tu rbed de l e t e ( ray ) ;
r e turn b i t s ;

}

220 extern char ∗m r exray out pe r tu rbed do r ( const mpfr t nre , const mpfr t nim , ⤦
Ç i n t per iod , const mpfr t ere , const mpfr t eim , i n t sharpness , i n t ⤦
Ç maxdwell , double er )

{
mpc t n , e ;
mpf r prec t prec r = mpf r ge t prec ( nre ) ;
mpf r prec t p r e c i = mpf r ge t prec (nim) ;

225 mpfr prec t prec = prec r > p r e c i ? prec r : p r e c i ;
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mpc in i t2 (n , prec ) ;
mpc in i t2 ( e , prec ) ;
mpf r se t ( mpc r ea l r e f (n) , nre , MPFRRNDN) ;
mpfr se t ( mpc imagref (n) , nim , MPFRRNDN) ;

230 mpfr se t ( mpc r ea l r e f ( e ) , ere , MPFRRNDN) ;
mpfr se t ( mpc imagref ( e ) , eim , MPFRRNDN) ;
char ∗ r = m r exray out per turbed do (n , per iod , e , sharpness , maxdwell , e r ) ;
mpc c lear (n) ;
mpc c lear ( e ) ;

235 re turn r ;
}

69 c/lib/m r external angles.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 // f o r strdup ( )
#de f i n e POSIX C SOURCE 200809L

#inc lude <complex . h>
#inc lude <math . h>

10 #inc lude <s t d i o . h>
#inc lude <s t d l i b . h>
#inc lude <s t r i n g . h>
#inc lude <mandelbrot−numerics . h>
#inc lude ”m d ut i l . h”

15

extern void m r ex t e rna l ang l e s ( char ∗∗ lo , char ∗∗hi , const mpc t nucleus , i n t ⤦
Ç per iod , double radius , i n t r e s o l u t i o n )

{
double er = 32 ;
i f ( ( ! l o ) | | ( ! h i ) )

20 {
re turn ;

}
i f ( per iod <= 1)
{

25 ∗ l o = strdup ( ” . ( 0 ) ”) ;
∗ hi = strdup ( ” . ( 1 ) ”) ;
r e turn ;

}
mpfr prec t prec r = mpf r ge t prec ( mpc r ea l r e f ( nuc leus ) ) ;

30 mpfr prec t p r e c i = mpf r ge t prec ( mpc imagref ( nuc leus ) ) ;
mpf r prec t prec = prec r > p r e c i ? prec r : p r e c i ;
mpfr t r ;
mp f r i n i t 2 ( r , 53) ;
m r domain s ize ( r , nucleus , per iod ) ;

35 mpfr mul d ( r , r , radius , MPFRRNDN) ;
i n t ∗ counts = mal loc ( r e s o l u t i o n ∗ s i z e o f ( i n t ) ) ;
i n t maxiter = 16 ∗ per iod ;
mpc t probe , z ;
mpc in i t2 ( probe , prec ) ;

40 mpc in i t2 ( z , prec ) ;
mpfr t mz , er2 ;
mp f r i n i t 2 (mz , 53) ;
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mpf r i n i t 2 ( er2 , 53) ;
mpf r s e t d ( er2 , e r ∗ er , MPFRRNDN) ;

45 f o r ( i n t t = 0 ; t < r e s o l u t i o n ; ++t )
{

double a = 2 ∗ pi ∗ ( t + 0 . 5 ) / r e s o l u t i o n ;
double c = cos ( a ) ;
double s = s i n ( a ) ;

50 // probe = nuc leus + r ∗ ( c + I ∗ s ) ;
mpc set d d ( probe , c , s , MPCRNDNN) ;
mpc mul fr ( probe , probe , r , MPCRNDNN) ;
mpc add ( probe , probe , nucleus , MPCRNDNN) ;
// z = 0

55 mpc set d ( z , 0 , MPCRNDNN) ;
i n t count = maxiter ;
f o r ( i n t i = 0 ; i < maxiter ; ++i )
{

// z = z ∗ z + probe ;
60 mpc sqr ( z , z , MPCRNDNN) ;

mpc add ( z , z , probe , MPCRNDNN) ;
// mz = cabs2 ( z ) ;
mpc norm(mz, z , MPFRRNDN) ;
i f ( mp f r g r ea t e r p (mz, er2 ) )

65 {
count = i ;
break ;

}
}

70 counts [ t ] = count ;
}
char ∗ f i r s t = 0 ;
whi l e (1 )
{

75 i n t mint = −1;
i n t mincount = maxiter ;
f o r ( i n t t = 0 ; t < r e s o l u t i o n ; ++t )
{

i f ( counts [ t ] < mincount )
80 {

mincount = counts [ t ] ;
mint = t ;

}
}

85 i f (mint == −1)
{

i f ( f i r s t )
f r e e ( f i r s t ) ;

∗ l o = 0 ;
90 ∗ hi = 0 ;

re turn ;
}
double a = 2 ∗ pi ∗ (mint + 0 . 5 ) / r e s o l u t i o n ;
double c = cos ( a ) ;

95 double s = s i n ( a ) ;
// probe = nuc leus + r ∗ ( c + I ∗ s ) ;
mpc set d d ( probe , c , s , MPCRNDNN) ;
mpc mul fr ( probe , probe , r , MPCRNDNN) ;
mpc add ( probe , probe , nucleus , MPCRNDNN) ;

137



mandelbrot-numerics c/lib/m r interior.c

100 char ∗ b i t s = m r exray out do ( probe , 8 , mincount ∗ 2 , e r ) ;
i f ( b i t s )
{

i n t b i t l e n = s t r l e n ( b i t s ) ;
i f ( b i t l e n >= per iod )

105 {
char ∗ ang le = mal loc ( per iod + 4) ;
ang le [ 0 ] = ’ . ’ ;
ang le [ 1 ] = ’ ( ’ ;
f o r ( i n t i = 0 ; i < per iod ; ++i )

110 {
ang le [ 2 + i ] = b i t s [ b i t l en −1 − i ] ;

}
ang le [ 2 + per iod ] = ’ ) ’ ;
ang le [ 3 + per iod ] = 0 ;

115 f r e e ( b i t s ) ;
i f ( f i r s t )
{

i f ( strcmp ( f i r s t , ang le ) != 0)
{

120 i f ( strcmp ( f i r s t , ang le ) < 0)
{

∗ l o = f i r s t ;
∗ hi = angle ;

}
125 e l s e

{
∗ l o = angle ;
∗ hi = f i r s t ;

}
130 f r e e ( counts ) ;

r e turn ;
}
e l s e
{

135 f r e e ( ang le ) ;
}

}
e l s e
{

140 f i r s t = ang le ;
ang le = 0 ;

}
}

}
145 counts [ mint ] = maxiter ;

}
}

70 c/lib/m r interior.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>
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extern m newton m r i n t e r i o r s t e p r aw (mpc t z out , mpc t c out , const mpc t ⤦
Ç z guess , const mpc t c guess , const mpc t i n t e r i o r , i n t per iod , mpc t ⤦
Ç z new , mpc t c new , mpc t c , mpc t z , mpc t dz , mpc t dc , mpc t dzdz , ⤦
Ç mpc t dcdz , mpc t det , mpc t d , mpc t dz1 , mpfr t d2z , mpfr t d2c , mpfr t ⤦
Ç ep s i l on2 ) {

// c = c gue s s ; z = z gue s s ; dz = 1 ; dc = 0 ; dzdz = 0 ; dcdz = 0 ;
mpc set ( c , c guess , MPCRNDNN) ;

10 mpc set ( z , z guess , MPCRNDNN) ;
mpc s e t s i ( dz , 1 , MPCRNDNN) ;
mpc s e t s i ( dc , 0 , MPCRNDNN) ;
mpc s e t s i ( dzdz , 0 , MPCRNDNN) ;
mpc s e t s i ( dcdz , 0 , MPCRNDNN) ;

15 f o r ( i n t p = 0 ; p < per iod ; ++p) {
// dcdz = 2 ∗ ( z ∗ dcdz + dc ∗ dz ) ;
mpc mul ( dcdz , z , dcdz , MPCRNDNN) ;
mpc mul (d , dc , dz , MPCRNDNN) ;
mpc add ( dcdz , dcdz , d , MPCRNDNN) ;

20 mpc mul 2si ( dcdz , dcdz , 1 , MPCRNDNN) ;
// dzdz = 2 ∗ ( z ∗ dzdz + dz ∗ dz ) ;
mpc mul ( dzdz , z , dzdz , MPCRNDNN) ;
mpc sqr (d , dz , MPCRNDNN) ;
mpc add ( dzdz , dzdz , d , MPCRNDNN) ;

25 mpc mul 2si ( dzdz , dzdz , 1 , MPCRNDNN) ;
// dc = 2 ∗ z ∗ dc + 1 ;
mpc mul ( dc , z , dc , MPCRNDNN) ;
mpc mul 2si ( dc , dc , 1 , MPCRNDNN) ;
mpc add ui ( dc , dc , 1 , MPCRNDNN) ;

30 // dz = 2 ∗ z ∗ dz ;
mpc mul ( dz , z , dz , MPCRNDNN) ;
mpc mul 2si ( dz , dz , 1 , MPCRNDNN) ;
// z = z ∗ z + c ;
mpc sqr ( z , z , MPCRNDNN) ;

35 mpc add ( z , z , c , MPCRNDNN) ;
}
// det = ( dz − 1) ∗ dcdz − dc ∗ dzdz ;
mpc sub ui ( dz1 , dz , 1 , MPCRNDNN) ;
mpc mul ( det , dz1 , dcdz , MPCRNDNN) ;

40 mpc mul (d , dc , dzdz , MPCRNDNN) ;
mpc sub ( det , det , d , MPCRNDNN) ;
// z new = z gue s s − ( dcdz ∗ ( z − z gue s s ) − dc ∗ ( dz − i n t e r i o r ) ) / det ;
mpc sub ( z , z , z guess , MPCRNDNN) ;
mpc sub ( dz , dz , i n t e r i o r , MPCRNDNN) ;

45 mpc mul ( dcdz , dcdz , z , MPCRNDNN) ;
mpc mul ( dc , dc , dz , MPCRNDNN) ;
mpc sub ( dcdz , dcdz , dc , MPCRNDNN) ;
mpc div ( dcdz , dcdz , det , MPCRNDNN) ;
mpc sub ( z new , z guess , dcdz , MPCRNDNN) ;

50 // c new = c gue s s − ( ( dz − 1) ∗ ( dz − i n t e r i o r ) − dzdz ∗ ( z − z gue s s ) ) / det⤦
Ç ;

mpc mul ( dz1 , dz1 , dz , MPCRNDNN) ;
mpc mul ( dzdz , dzdz , z , MPCRNDNN) ;
mpc sub ( dzdz , dz1 , dzdz , MPCRNDNN) ;
mpc div ( dzdz , dzdz , det , MPCRNDNN) ;

55 mpc sub ( c new , c guess , dzdz , MPCRNDNN) ;
i f ( mpfr number p ( mpc r ea l r e f ( z new ) ) && mpfr number p ( mpc imagref ( z new ) ) &&

mpfr number p ( mpc r ea l r e f ( c new ) ) && mpfr number p ( mpc imagref ( c new ) ) ) {
// z out = z new ; d2z = norm( z new − z gue s s ) ;

139



mandelbrot-numerics c/lib/m r interior.c

mpc sub (d , z new , z guess , MPCRNDNN) ; // in t h i s order in case z out = ⤦
Ç z gue s s

60 mpc set ( z out , z new , MPCRNDNN) ;
mpc norm( d2z , d , MPFRRNDN) ;
// c out = c new ; d2c = norm( c new − c gue s s ) ;
mpc sub (d , c new , c guess , MPCRNDNN) ; // in t h i s order in case c out = ⤦

Ç c gue s s
mpc set ( c out , c new , MPCRNDNN) ;

65 mpc norm( d2c , d , MPFRRNDN) ;
i f ( mp f r l e s s equa l p ( d2z , ep s i l on2 ) && mpf r l e s s equa l p ( d2c , ep s i l on2 ) ) {

re turn m converged ;
} e l s e {

re turn m stepped ;
70 }

} e l s e {
// z out = z gue s s ; c out = c gue s s ;
mpc set ( z out , z guess , MPCRNDNN) ;
mpc set ( c out , c guess , MPCRNDNN) ;

75 re turn m fa i l ed ;
}

}

extern m newton m r i n t e r i o r s t e p (mpc t z out , mpc t c out , const mpc t z guess ,⤦
Ç const mpc t c guess , const mpc t i n t e r i o r , i n t per iod ) {

80 m newton r e s u l t = m fa i l ed ;
// prec
mpf r prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , z gue s s ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;

85 mpc get prec2(&precr , &prec i , c gue s s ) ;
prec = prec r > prec ? prec r : prec ;
prec = p r e c i > prec ? p r e c i : prec ;
mpc set prec ( z out , prec ) ; // FIXME might t ra sh when z out = z gue s s
mpc set prec ( c out , prec ) ; // FIXME might t ra sh when c out = c gue s s

90 // i n i t
mpc t z new , c new , c , z , dz , dc , dzdz , dcdz , det , d , dz1 ;
mpfr t d2z , d2c , ep s i l on2 ;
mpc in i t2 ( z new , prec ) ;
mpc in i t2 ( c new , prec ) ;

95 mpc in i t2 ( c , prec ) ;
mpc in i t2 ( z , prec ) ;
mpc in i t2 ( dc , prec ) ;
mpc in i t2 ( dz , prec ) ;
mpc in i t2 ( dcdz , prec ) ;

100 mpc in i t2 ( dzdz , prec ) ;
mpc in i t2 ( det , prec ) ;
mpc in i t2 (d , prec ) ;
mpc in i t2 ( dz1 , prec ) ;
mp f r i n i t 2 ( d2z , prec ) ;

105 mpf r i n i t 2 ( d2c , prec ) ;
mp f r i n i t 2 ( eps i l on2 , prec ) ;
// ep s i l o n
mp f r s e t s i ( eps i l on2 , 2 , MPFRRNDN) ;
mpfr nextabove ( ep s i l on2 ) ;

110 mpf r sub s i ( eps i l on2 , eps i l on2 , 2 , MPFRRNDN) ;
mpfr sqr ( eps i l on2 , eps i l on2 , MPFRRNDN) ;
// step
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r e s u l t = m r i n t e r i o r s t e p r aw ( z out , c out , z guess , c guess , i n t e r i o r , ⤦
Ç per iod , z new , c new , c , z , dz , dc , dzdz , dcdz , det , d , dz1 , d2z , d2c , ⤦
Ç ep s i l on2 ) ;

// cleanup
115 mpc clear ( z new ) ;

mpc c lear ( c new ) ;
mpc c lear ( c ) ;
mpc c lear ( z ) ;
mpc c lear ( dc ) ;

120 mpc clear ( dz ) ;
mpc c lear ( dcdz ) ;
mpc c lear ( dzdz ) ;
mpc c lear ( det ) ;
mpc c lear (d) ;

125 mpc clear ( dz1 ) ;
mp f r c l e a r ( d2z ) ;
mp f r c l e a r ( d2c ) ;
mp f r c l e a r ( ep s i l on2 ) ;
r e turn r e s u l t ;

130 }

extern m newton m r i n t e r i o r (mpc t z out , mpc t c out , const mpc t z guess , ⤦
Ç const mpc t c guess , const mpc t i n t e r i o r , i n t per iod , i n t maxsteps ) {

m newton r e s u l t = m fa i l ed ;
// prec

135 mpfr prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , z gue s s ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;
mpc get prec2(&precr , &prec i , c gue s s ) ;
prec = prec r > prec ? prec r : prec ;

140 prec = p r e c i > prec ? p r e c i : prec ;
// i n i t
mpc t z , c , z new , c new , cc , zz , dz , dc , dzdz , dcdz , det , d , dz1 ;
mpfr t d2z , d2c , ep s i l on2 ;
mpc in i t2 ( z , prec ) ;

145 mpc in i t2 ( c , prec ) ;
mpc in i t2 ( z new , prec ) ;
mpc in i t2 ( c new , prec ) ;
mpc in i t2 ( cc , prec ) ;
mpc in i t2 ( zz , prec ) ;

150 mpc in i t2 ( dc , prec ) ;
mpc in i t2 ( dz , prec ) ;
mpc in i t2 ( dcdz , prec ) ;
mpc in i t2 ( dzdz , prec ) ;
mpc in i t2 ( det , prec ) ;

155 mpc in i t2 (d , prec ) ;
mpc in i t2 ( dz1 , prec ) ;
mp f r i n i t 2 ( d2z , prec ) ;
mp f r i n i t 2 ( d2c , prec ) ;
mp f r i n i t 2 ( eps i l on2 , prec ) ;

160 // ep s i l o n
mp f r s e t s i ( eps i l on2 , 2 , MPFRRNDN) ;
mpfr nextabove ( ep s i l on2 ) ;
mp f r sub s i ( eps i l on2 , eps i l on2 , 2 , MPFRRNDN) ;
mpfr sqr ( eps i l on2 , eps i l on2 , MPFRRNDN) ;

165 // z = z gue s s ; c = c gue s s ;
mpc set ( z , z guess , MPCRNDNN) ;
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mpc set ( c , c guess , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {

i f ( m stepped != ( r e s u l t = m r i n t e r i o r s t e p r aw ( z , c , z , c , i n t e r i o r , ⤦
Ç per iod , z new , c new , cc , zz , dz , dc , dzdz , dcdz , det , d , dz1 , d2z , ⤦
Ç d2c , ep s i l on2 ) ) ) {

170 break ;
}

}
// z out = z ; c out = c ;
mpc set prec ( z out , prec ) ;

175 mpc set ( z out , z , MPCRNDNN) ;
mpc set prec ( c out , prec ) ;
mpc set ( c out , c , MPCRNDNN) ;
// cleanup
mpc clear ( z ) ;

180 mpc clear ( c ) ;
mpc c lear ( z new ) ;
mpc c lear ( c new ) ;
mpc c lear ( cc ) ;
mpc c lear ( zz ) ;

185 mpc clear ( dc ) ;
mpc c lear ( dz ) ;
mpc c lear ( dcdz ) ;
mpc c lear ( dzdz ) ;
mpc c lear ( det ) ;

190 mpc clear (d) ;
mpc c lear ( dz1 ) ;
mp f r c l e a r ( d2z ) ;
mp f r c l e a r ( d2c ) ;
mp f r c l e a r ( ep s i l on2 ) ;

195 re turn r e s u l t ;
}

71 c/lib/m r misiurewicz.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>

extern m newton m r mi s iu r ew i c z na ive s t ep raw (mpc t c out , const mpc t c guess ,⤦
Ç i n t preper iod , i n t per iod , mpc t z , mpc t dc , mpc t zp , mpc t dcp , mpc t ⤦
Ç c new , mpc t d , mpfr t d2 , mpfr t ep s i l on2 ) {

mpc s e t u i u i ( z , 0 , 0 , MPCRNDNN) ;
mpc s e t u i u i ( dc , 0 , 0 , MPCRNDNN) ;

10 mpc s e t u i u i ( zp , 0 , 0 , MPCRNDNN) ;
mpc s e t u i u i ( dcp , 0 , 0 , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < preper iod + per iod ; ++i ) {

i f ( i == preper iod ) {
mpc set ( zp , z , MPCRNDNN) ;

15 mpc set ( dcp , dc , MPCRNDNN) ;
}
// dc = 2 ∗ z ∗ dc + 1 ;
mpc mul ( dc , z , dc , MPCRNDNN) ;
mpc mul 2si ( dc , dc , 1 , MPCRNDNN) ;

20 mpc add ui ( dc , dc , 1 , MPCRNDNN) ;
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// z = z ∗ z + c gue s s ;
mpc sqr ( z , z , MPCRNDNN) ;
mpc add ( z , z , c guess , MPCRNDNN) ;

}
25 mpc sub ( z , z , zp , MPCRNDNN) ;

mpc sub ( dc , dc , dcp , MPCRNDNN) ;
mpc div ( zp , z , dc , MPCRNDNN) ;
mpc sub ( c new , c guess , zp , MPCRNDNN) ;
mpc sub (d , c new , c guess , MPCRNDNN) ;

30 mpc norm(d2 , d , MPFRRNDN) ;
i f ( mp f r l e s s p (d2 , ep s i l on2 ) ) {

mpc set ( c out , c new , MPCRNDNN) ;
re turn m converged ;

}
35 i f ( mpfr number p ( mpc r ea l r e f (d) ) && mpfr number p ( mpc imagref (d) ) ) {

mpc set ( c out , c new , MPCRNDNN) ;
re turn m stepped ;

} e l s e {
mpc set ( c out , c guess , MPCRNDNN) ;

40 re turn m fa i l ed ;
}

}

extern m newton m r mi s i u r ew i c z na i v e s t ep (mpc t c out , const mpc t c guess , i n t⤦
Ç preper iod , i n t per iod ) {

45 // prec
mpf r prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , c gue s s ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;
mpc set prec ( c out , prec ) ; // FIXME might t ra sh when c out = c gue s s

50 // i n i t
mpc t z , dc , zp , dcp , c new , d ;
mpfr t d2 , ep s i l on2 ;
mpc in i t2 ( z , prec ) ;
mpc in i t2 ( dc , prec ) ;

55 mpc in i t2 ( zp , prec ) ;
mpc in i t2 ( dcp , prec ) ;
mpc in i t2 ( c new , prec ) ;
mpc in i t2 (d , prec ) ;
mp f r i n i t 2 (d2 , prec ) ;

60 mpf r i n i t 2 ( eps i l on2 , prec ) ;
// ep s i l o n
mp f r s e t s i ( eps i l on2 , 2 , MPFRRNDN) ;
mpfr nextabove ( ep s i l on2 ) ;
mp f r sub s i ( eps i l on2 , eps i l on2 , 2 , MPFRRNDN) ;

65 mpfr sqr ( eps i l on2 , eps i l on2 , MPFRRNDN) ;
// step raw
m newton r e t v a l = m r mi s iu r ew i c z na ive s t ep raw ( c out , c guess , preper iod , ⤦

Ç per iod , z , dc , zp , dcp , c new , d , d2 , ep s i l on2 ) ;
// cleanup
mpc clear ( z ) ;

70 mpc clear ( dc ) ;
mpc c lear ( zp ) ;
mpc c lear ( dcp ) ;
mpc c lear ( c new ) ;
mpc c lear (d) ;

75 mpf r c l ea r ( d2 ) ;
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mpf r c l ea r ( ep s i l on2 ) ;
r e turn r e t v a l ;

}

80 extern m newton m r mi s iu r ew i c z na ive (mpc t c out , const mpc t c guess , i n t ⤦
Ç preper iod , i n t per iod , i n t maxsteps ) {

// prec
mpf r prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , c gue s s ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;

85 // i n i t
mpc t c , z , dc , zp , dcp , c new , d ;
mpfr t d2 , ep s i l on2 ;
mpc in i t2 ( c , prec ) ;
mpc in i t2 ( z , prec ) ;

90 mpc in i t2 ( dc , prec ) ;
mpc in i t2 ( zp , prec ) ;
mpc in i t2 ( dcp , prec ) ;
mpc in i t2 ( c new , prec ) ;
mpc in i t2 (d , prec ) ;

95 mpf r i n i t 2 (d2 , prec ) ;
mp f r i n i t 2 ( eps i l on2 , prec ) ;
// ep s i l o n
mp f r s e t s i ( eps i l on2 , 2 , MPFRRNDN) ;
mpfr nextabove ( ep s i l on2 ) ;

100 mpf r sub s i ( eps i l on2 , eps i l on2 , 2 , MPFRRNDN) ;
mpfr sqr ( eps i l on2 , eps i l on2 , MPFRRNDN) ;
// c = c gue s s
m newton r e t v a l = m fa i l ed ;
mpc set ( c , c guess , MPCRNDNN) ;

105 f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {
i f ( m stepped != ( r e t v a l = m r mi s iu r ew i c z na ive s t ep raw ( c , c , preper iod , ⤦

Ç per iod , z , dc , zp , dcp , c new , d , d2 , ep s i l on2 ) ) ) {
break ;

}
}

110 // c out = c ;
mpc set prec ( c out , prec ) ;
mpc set ( c out , c , MPCRNDNN) ;
// cleanup
mpc clear ( c ) ;

115 mpc clear ( z ) ;
mpc c lear ( dc ) ;
mpc c lear ( zp ) ;
mpc c lear ( dcp ) ;
mpc c lear ( c new ) ;

120 mpc clear (d) ;
mp f r c l e a r ( d2 ) ;
mp f r c l e a r ( ep s i l on2 ) ;
r e turn r e t v a l ;

}
125

extern m newton m r mis iu r ew i cz s t ep raw (mpc t c out , const mpc t c guess , i n t ⤦
Ç preper iod , i n t per iod , mpc t z , mpc t dc , mpc t zp , mpc t dcp , mpc t f , ⤦
Ç mpc t df , mpc t g , mpc t dg , mpc t h , mpc t dh , mpc t k , mpc t l , mpfr t ⤦
Ç ep s i l on2 ) {

// i t e r a t i o n
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// z = 0 ; dc = 0 ; zp = 0 ; dcp = 0 ; h = 1 ; dh = 0 ;
mpc s e t s i ( z , 0 , MPCRNDNN) ;

130 mpc s e t s i ( dc , 0 , MPCRNDNN) ;
mpc s e t s i ( zp , 0 , MPCRNDNN) ;
mpc s e t s i ( dcp , 0 , MPCRNDNN) ;
mpc s e t s i (h , 1 , MPCRNDNN) ;
mpc s e t s i (dh , 0 , MPCRNDNN) ;

135 f o r ( i n t i = 0 ; i < per iod ; ++i ) {
// dc = 2 ∗ z ∗ dc + 1 ;
mpc mul ( dc , z , dc , MPCRNDNN) ;
mpc mul 2si ( dc , dc , 1 , MPCRNDNN) ;
mpc add ui ( dc , dc , 1 , MPCRNDNN) ;

140 // z = z ∗ z + c gue s s ;
mpc sqr ( z , z , MPCRNDNN) ;
mpc add ( z , z , c guess , MPCRNDNN) ;

}
f o r ( i n t i = 0 ; i < preper iod ; ++i ) {

145 // r e j e c t lower p r epe r i od s
// k = z − zp ;
mpc sub (k , z , zp , MPCRNDNN) ;
// h = h ∗ k ;
mpc mul (h , h , k , MPCRNDNN) ;

150 // dh = dh + ( dc − dcp ) / k ;
mpc sub ( l , dc , dcp , MPCRNDNN) ;
mpc div ( l , l , k , MPCRNDNN) ;
mpc add (dh , dh , l , MPCRNDNN) ;
// i t e r a t e

155 // dc = 2 ∗ z ∗ dc + 1 ;
mpc mul ( dc , z , dc , MPCRNDNN) ;
mpc mul 2si ( dc , dc , 1 , MPCRNDNN) ;
mpc add ui ( dc , dc , 1 , MPCRNDNN) ;
// z = z ∗ z + c gue s s ;

160 mpc sqr ( z , z , MPCRNDNN) ;
mpc add ( z , z , c guess , MPCRNDNN) ;
// dcp = 2 ∗ zp ∗ dcp + 1 ;
mpc mul ( dcp , zp , dcp , MPCRNDNN) ;
mpc mul 2si ( dcp , dcp , 1 , MPCRNDNN) ;

165 mpc add ui ( dcp , dcp , 1 , MPCRNDNN) ;
// zp = zp ∗ zp + c gue s s ;
mpc sqr ( zp , zp , MPCRNDNN) ;
mpc add ( zp , zp , c guess , MPCRNDNN) ;

}
170 // bu i ld func t i on

// dh = dh ∗ h ;
mpc mul (dh , dh , h , MPCRNDNN) ;
// g = z − zp ;
mpc sub (g , z , zp , MPCRNDNN) ;

175 // dg = dc − dcp ;
mpc sub (dg , dc , dcp , MPCRNDNN) ;
// f = g / h ;
mpc div ( f , g , h , MPCRNDNN) ;
// df = (dg ∗ h − g ∗ dh) / (h ∗ h) ;

180 mpc mul (dg , dg , h , MPCRNDNN) ;
mpc mul (dh , dh , g , MPCRNDNN) ;
mpc sub ( df , dg , dh , MPCRNDNN) ;
mpc sqr (h , h , MPCRNDNN) ;
mpc div ( df , df , h , MPCRNDNN) ;
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185 // newton step
// h = c gue s s − f / df ;
mpc div ( g , f , df , MPCRNDNN) ;
mpc sub (h , c guess , g , MPCRNDNN) ;
// check convergence

190 // g = h − c gue s s ;
mpc sub (g , h , c guess , MPCRNDNN) ;
mpc norm( mpc r ea l r e f ( f ) , g , MPFRRNDN) ;
i f ( mp f r l e s s p ( mpc r ea l r e f ( f ) , e p s i l on2 ) ) {

// ∗ c out = h ;
195 mpc set ( c out , h , MPCRNDNN) ;

re turn m converged ;
}
i f ( mpfr number p ( mpc r ea l r e f ( f ) ) ) {

// ∗ c out = h ;
200 mpc set ( c out , h , MPCRNDNN) ;

re turn m stepped ;
} e l s e {

// ∗ c out = c gue s s ;
mpc set ( c out , c guess , MPCRNDNN) ;

205 re turn m fa i l ed ;
}

}

extern m newton m r mis iurewicz (mpc t c out , const mpc t c guess , i n t preper iod ,⤦
Ç i n t per iod , i n t maxsteps ) {

210 // prec
mpf r prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , c gue s s ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;
// i n i t

215 mpc t c , z , dc , f , df , g , dg , h , dh , k , l , zp , dcp ;
mpfr t ep s i l on2 ;
mpc in i t2 ( c , prec ) ;
mpc in i t2 ( z , prec ) ;
mpc in i t2 ( dc , prec ) ;

220 mpc in i t2 ( zp , prec ) ;
mpc in i t2 ( dcp , prec ) ;
mpc in i t2 ( f , prec ) ;
mpc in i t2 ( df , prec ) ;
mpc in i t2 ( g , prec ) ;

225 mpc in i t2 (dg , prec ) ;
mpc in i t2 (h , prec ) ;
mpc in i t2 (dh , prec ) ;
mpc in i t2 (k , prec ) ;
mpc in i t2 ( l , prec ) ;

230 mpf r i n i t 2 ( eps i l on2 , prec ) ;
// ep s i l o n
mp f r s e t s i ( eps i l on2 , 2 , MPFRRNDN) ;
mpfr nextabove ( ep s i l on2 ) ;
mp f r sub s i ( eps i l on2 , eps i l on2 , 2 , MPFRRNDN) ;

235 mpfr sqr ( eps i l on2 , eps i l on2 , MPFRRNDN) ;
// c = c gue s s
m newton r e t v a l = m fa i l ed ;
mpc set ( c , c guess , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {

240 i f ( m stepped != ( r e t v a l = m r mis iu r ew i cz s t ep raw ( c , c , preper iod , per iod ,⤦
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Ç z , dc , zp , dcp , f , df , g , dg , h , dh , k , l , e p s i l on2 ) ) ) {
break ;

}
}
// c out = c ;

245 mpc set prec ( c out , prec ) ;
mpc set ( c out , c , MPCRNDNN) ;
// cleanup
mpc clear ( c ) ;
mpc c lear ( z ) ;

250 mpc clear ( dc ) ;
mpc c lear ( zp ) ;
mpc c lear ( dcp ) ;
mpc c lear ( f ) ;
mpc c lear ( df ) ;

255 mpc clear ( g ) ;
mpc c lear ( dg ) ;
mpc c lear (h) ;
mpc c lear (dh) ;
mpc c lear ( k ) ;

260 mpc clear ( l ) ;
mp f r c l e a r ( ep s i l on2 ) ;
r e turn r e t v a l ;

}

72 c/lib/m r nucleus.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>
#inc lude <s t d i o . h>

//#de f i n e THREADING
#undef THREADING

10 #i f ( ! de f ined ( STDC NO THREADS ) ) && ( ! de f i ned ( STDC NO ATOMICS ) )
#inc lude <threads . h>
#inc lude <stdatomic . h>
typede f void ∗ t h r d r e s u l t t ;
#e l s e

15 #i f ( ! de f ined ( STDC NO ATOMICS ) )
#inc lude <sched . h>
#inc lude <pthread . h>
#inc lude <stdatomic . h>
typede f pthread t th rd t ;

20 typede f void ∗ t h r d r e s u l t t ;
#de f i n e th rd su c c e s s 0
#de f i n e th rd c r e a t e (T,F ,A) pth r ead c r ea t e (T,NULL,F ,A)
#de f i n e t h r d j o i n (T,R) p th r ead j o i n (∗T,R)
#de f i n e t h r d y i e l d ( ) s c h ed y i e l d ( )

25 #e l s e
#undef THREADING
#end i f
#end i f

30 #i f d e f THREADING
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// c e n t r a l i z e d b a r r i e r from
// https : //www. j l a b . org /hpc/ papers / hpcas ia07 . pdf

35 s t r u c t b a r r i e r t
{

a tomic in t r e l e a s e ;
i n t padding1 [ 6 3 ] ;
a tomic in t counter ;

40 i n t padding2 [ 6 3 ] ;
i n t num thread ;
bool y i e l d i n g ;

} ;

45 void b a r r i e r i n i t ( s t r u c t b a r r i e r t ∗b , i n t num thread , bool y i e l d i n g )
{

b−> r e l e a s e = 0 ;
b−>counter = num thread ;
b−>num thread = num thread ;

50 b−>y i e l d i n g = y i e l d i n g ;
}

void b a r r i e r wa i t ( s t r u c t b a r r i e r t ∗b)
{

55 i n t f l a g = b−> r e l e a s e ;
i n t count = −−(b−>counter ) ;
i f ( count == 0)
{

b−>counter = b−>num thread ;
60 ++(b−> r e l e a s e ) ;

}
e l s e

i f (b−>y i e l d i n g )
whi l e ( f l a g == b−> r e l e a s e )

65 t h r d y i e l d ( ) ;
e l s e

whi l e ( f l a g == b−> r e l e a s e )
;

}
70

s t r u c t m r nuc leus na ive step common t
{

s t r u c t b a r r i e r t b a r r i e r ;
mpfr t cr , c i , zr , z i , dr , di , zrdr , z i d i , z idr , z rd i , z rz r , z i z i , z r z i , d2 , ⤦

Ç ep s i l on2 ;
75 mpc t z , dc , c new , d ;

i n t per iod ;
} ;

void m r nuc l eus na ive s t ep common in i t ( s t r u c t m r nuc leus na ive step common t ∗⤦
Ç m, mpf r prec t prec , i n t per iod , i n t ncpus )

80 {
b a r r i e r i n i t (&m−>ba r r i e r , 7 , ncpus < 7) ;
mp f r i n i t s 2 ( prec , m−>cr , m−>c i , m−>zr , m−>z i , m−>dr , m−>di , m−>zrdr , m−>z i d i , ⤦

Ç m−>z idr , m−>zrd i , m−>zrzr , m−>z i z i , m−>z r z i , m−>d2 , m−>eps i l on2 , NULL) ;
mpc in i t2 (m−>z , prec ) ;
mpc in i t2 (m−>dc , prec ) ;
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85 mpc in i t2 (m−>c new , prec ) ;
mpc in i t2 (m−>d , prec ) ;
mp f r s e t s i (m−>eps i l on2 , 2 , MPFRRNDN) ;
mpfr nextabove (m−>ep s i l on2 ) ;
mp f r sub s i (m−>eps i l on2 , m−>eps i l on2 , 2 , MPFRRNDN) ;

90 mpfr sqr (m−>eps i l on2 , m−>eps i l on2 , MPFRRNDN) ;
m−>per iod = per iod ;

}

void m r nuc l eus na ive s tep common c l ear ( s t r u c t m r nuc leus na ive step common t ⤦
Ç ∗m)

95 {
mpf r c l e a r s (m−>cr , m−>c i , m−>zr , m−>z i , m−>dr , m−>di , m−>zrdr , m−>z i d i , m−>⤦

Ç z idr , m−>zrd i , m−>zrzr , m−>z i z i , m−>z r z i , m−>d2 , m−>eps i l on2 , NULL) ;
mpc c lear (m−>z ) ;
mpc c lear (m−>dc ) ;
mpc c lear (m−>c new ) ;

100 mpc clear (m−>d) ;
}

s t r u c t m r nu c l e u s na i v e s t e p a r g t
{

105 s t r u c t m r nuc leus na ive step common t ∗data ;
i n t id ;

} ;

s t a t i c t h r d r e s u l t t m r nuc l eu s na i v e s t ep th r ead ( void ∗ arg0 )
110 {

s t r u c t m r nu c l e u s na i v e s t e p a r g t ∗ arg = arg0 ;
s t r u c t m r nuc leus na ive step common t ∗m = arg−>data ;
i n t t = arg−>id ;
i n t per iod = m−>per iod ;

115 f o r ( i n t p = 0 ; p < per iod ; ++p)
{

switch ( t )
{

case 0 : mpfr mul (m−>zrdr , m−>zr , m−>dr , MPFRRNDN) ; break ;
120 case 1 : mpfr mul (m−>z i d i , m−>z i , m−>di , MPFRRNDN) ; break ;

case 2 : mpfr mul (m−>z idr , m−>z i , m−>dr , MPFRRNDN) ; break ;
case 3 : mpfr mul (m−>zrd i , m−>zr , m−>di , MPFRRNDN) ; break ;
case 4 : mpfr sqr (m−>zrzr , m−>zr , MPFRRNDN) ; break ;
case 5 : mpfr sqr (m−>z i z i , m−>z i , MPFRRNDN) ; break ;

125 case 6 : mpfr mul (m−>z r z i , m−>z i , m−>z i , MPFRRNDN) ; break ;
}
ba r r i e r wa i t (&m−>ba r r i e r ) ;
switch ( t )
{

130 case 0 :
mpfr sub (m−>dr , m−>zrdr , m−>z i d i , MPFRRNDN) ;
mpfr mul 2ui (m−>dr , m−>dr , 1 , MPFRRNDN) ;
mpfr add ui (m−>dr , m−>dr , 1 , MPFRRNDN) ;
break ;

135 case 1 :
mpfr add (m−>di , m−>z idr , m−>zrd i , MPFRRNDN) ;
mpfr mul 2ui (m−>di , m−>di , 1 , MPFRRNDN) ;
break ;

case 2 :
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140 mpfr sub (m−>zr , m−>zrzr , m−>z i z i , MPFRRNDN) ;
mpfr add (m−>zr , m−>zr , m−>cr , MPFRRNDN) ;
break ;

case 3 :
mpfr mul 2ui (m−>z i , m−>z r z i , 1 , MPFRRNDN) ;

145 mpfr add (m−>z i , m−>z i , m−>c i , MPFRRNDN) ;
break ;

}
ba r r i e r wa i t (&m−>ba r r i e r ) ;
i f ( ( t == 0) && ( ( p & 0xFFFF) == 0) )

150 f p r i n t f ( s tde r r , ”%16d\ r ” , p ) ;
}
re turn 0 ;

}

155 s t a t i c m newton m r nuc l eu s na i v e s t ep raw th r ead s (mpc t c out , const mpc t ⤦
Ç c guess , s t r u c t m r nuc leus na ive step common t ∗m)

{
mpfr se t (m−>cr , mpc r ea l r e f ( c gue s s ) , MPFRRNDN) ;
mpfr se t (m−>c i , mpc imagref ( c gue s s ) , MPFRRNDN) ;
mp f r s e t u i (m−>zr , 0 , MPFRRNDN) ;

160 mpf r s e t u i (m−>z i , 0 , MPFRRNDN) ;
mp f r s e t u i (m−>dr , 0 , MPFRRNDN) ;
mp f r s e t u i (m−>di , 0 , MPFRRNDN) ;
s t r u c t m r nu c l e u s na i v e s t e p a r g t arg [ 7 ] ;
t h rd t threads [ 7 ] ;

165 i n t s t a tu s [ 7 ] ;
t h r d r e s u l t t r e s u l t [ 7 ] = { 0 , 0 , 0 , 0 , 0 , 0 , 0 } ;
bool ok = true ;
f o r ( i n t t = 0 ; t < 7 ; ++t )
{

170 arg [ t ] . data = m;
arg [ t ] . id = t ;
s t a tu s [ t ] = th rd c r e a t e (&threads [ t ] , m r nuc l eu s na iv e s t ep th r ead , &arg [ t ] )⤦

Ç ;
ok = ok && sta tu s [ t ] == th rd su c c e s s ;

}
175 f o r ( i n t t = 0 ; t < 7 ; ++t )

{
i f ( s t a tu s [ t ] == th rd su c c e s s )

t h r d j o i n ( threads [ t ] , &r e s u l t [ t ] ) ;
ok = ok && ! r e s u l t [ t ] ;

180 }
i f ( ! ok )
{

mpc set ( c out , c guess , MPCRNDNN) ;
re turn m fa i l ed ;

185 }
mpfr se t ( mpc r ea l r e f (m−>dc ) , m−>dr , MPFRRNDN) ;
mpfr se t ( mpc imagref (m−>dc ) , m−>di , MPFRRNDN) ;
mpc norm(m−>d2 , m−>dc , MPFRRNDN) ;
i f ( mp f r l e s s equa l p (m−>d2 , m−>ep s i l on2 ) ) {

190 mpc set ( c out , c guess , MPCRNDNN) ;
re turn m converged ;

}
// c new = c gue s s − z / dc ;
mpf r se t ( mpc r ea l r e f (m−>z ) , m−>zr , MPFRRNDN) ;
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195 mpfr se t ( mpc imagref (m−>z ) , m−>z i , MPFRRNDN) ;
mpc div (m−>z , m−>z , m−>dc , MPCRNDNN) ;
mpc sub (m−>c new , c guess , m−>z , MPCRNDNN) ;
// d = c new − c gue s s ;
mpc sub (m−>d , m−>c new , c guess , MPCRNDNN) ;

200 mpc norm(m−>d2 , m−>d , MPFRRNDN) ;
i f ( mp f r l e s s equa l p (m−>d2 , m−>ep s i l on2 ) ) {

mpc set ( c out , m−>c new , MPCRNDNN) ;
re turn m converged ;

}
205 i f ( mpfr number p ( mpc r ea l r e f (m−>d) ) && mpfr number p ( mpc imagref (m−>d) ) ) {

mpc set ( c out , m−>c new , MPCRNDNN) ;
re turn m stepped ;

} e l s e {
mpc set ( c out , c guess , MPCRNDNN) ;

210 re turn m fa i l ed ;
}

}
#end i f

215 extern m newton m r nuc l eu s na ive s t ep raw (mpc t c out , const mpc t c guess , i n t⤦
Ç per iod , mpc t z , mpc t dc , mpc t c new , mpc t d , mpfr t d2 , mpfr t ⤦
Ç ep s i l on2 ) {

// z = 0 ; dc = 0 ;
mpc s e t s i ( z , 0 , MPCRNDNN) ;
mpc s e t s i ( dc , 0 , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < per iod ; ++i ) {

220 // dc = 2 ∗ z ∗ dc + 1 ;
mpc mul ( dc , z , dc , MPCRNDNN) ;
mpc mul 2si ( dc , dc , 1 , MPCRNDNN) ;
mpc add ui ( dc , dc , 1 , MPCRNDNN) ;
// z = z ∗ z + c gue s s ;

225 mpc sqr ( z , z , MPCRNDNN) ;
mpc add ( z , z , c guess , MPCRNDNN) ;

}
mpc norm(d2 , dc , MPFRRNDN) ;
i f ( mp f r l e s s equa l p (d2 , ep s i l on2 ) ) {

230 mpc set ( c out , c guess , MPCRNDNN) ;
re turn m converged ;

}
// c new = c gue s s − z / dc ;
mpc div ( z , z , dc , MPCRNDNN) ;

235 mpc sub ( c new , c guess , z , MPCRNDNN) ;
// d = c new − c gue s s ;
mpc sub (d , c new , c guess , MPCRNDNN) ;
mpc norm(d2 , d , MPFRRNDN) ;
i f ( mp f r l e s s equa l p (d2 , ep s i l on2 ) ) {

240 mpc set ( c out , c new , MPCRNDNN) ;
re turn m converged ;

}
i f ( mpfr number p ( mpc r ea l r e f (d) ) && mpfr number p ( mpc imagref (d) ) ) {

mpc set ( c out , c new , MPCRNDNN) ;
245 re turn m stepped ;

} e l s e {
mpc set ( c out , c guess , MPCRNDNN) ;
re turn m fa i l ed ;

}
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250 }

extern m newton m r nuc l eus na ive (mpc t c out , const mpc t c guess , i n t per iod , ⤦
Ç i n t maxsteps , i n t ncpus ) {

m newton r e s u l t = m fa i l ed ;
// prec

255 mpfr prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , c gue s s ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;
// i n i t

#i f d e f THREADING
260 i f ( ncpus > 1)

{
// c = c gue s s
mpc t c ;
mpc in i t2 ( c , prec ) ;

265 mpc set ( c , c guess , MPCRNDNN) ;
{

s t r u c t m r nuc leus na ive step common t common ;
m r nuc l eus na ive s t ep common in i t (&common , prec , per iod , ncpus ) ;
f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {

270 f p r i n t f ( s tde r r , ” pass \ t%8d\n” , i ) ;
i f ( m stepped != ( r e s u l t = m r nuc l eu s na i v e s t ep raw th r ead s ( c , c , &⤦

Ç common) ) ) {
break ;

}
}

275 m r nuc l eus na ive s tep common c l ear (&common) ;
}
// c out = c ;
mpc set prec ( c out , prec ) ;
mpc set ( c out , c , MPCRNDNN) ;

280 mpc clear ( c ) ;
}
e l s e

#end i f
{

285 ( void ) ncpus ;
mpc t c , z , dc , c new , d ;
mpfr t d2 , ep s i l on2 ;
mpc in i t2 ( c , prec ) ;
mpc in i t2 ( z , prec ) ;

290 mpc in i t2 ( dc , prec ) ;
mpc in i t2 ( c new , prec ) ;
mpc in i t2 (d , prec ) ;
mp f r i n i t 2 (d2 , prec ) ;
mp f r i n i t 2 ( eps i l on2 , prec ) ;

295 // ep s i l o n
mp f r s e t s i ( eps i l on2 , 2 , MPFRRNDN) ;
mpfr nextabove ( ep s i l on2 ) ;
mp f r sub s i ( eps i l on2 , eps i l on2 , 2 , MPFRRNDN) ;
mpfr sqr ( eps i l on2 , eps i l on2 , MPFRRNDN) ;

300 // c = c gue s s
mpc set ( c , c guess , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < maxsteps ; ++i ) {

i f ( m stepped != ( r e s u l t = m r nuc l eu s na ive s t ep raw ( c , c , per iod , z , dc ,⤦
Ç c new , d , d2 , ep s i l on2 ) ) ) {
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break ;
305 }

}
// c out = c ;
mpc set prec ( c out , prec ) ;
mpc set ( c out , c , MPCRNDNN) ;

310 // cleanup
mpc clear ( c ) ;
mpc c lear ( z ) ;
mpc c lear ( dc ) ;
mpc c lear ( c new ) ;

315 mpc clear (d) ;
mp f r c l e a r ( d2 ) ;
mp f r c l e a r ( ep s i l on2 ) ;

}
re turn r e s u l t ;

320 }

extern m newton m r nuc l eus s t ep raw (mpc t c out , const mpc t c guess , i n t ⤦
Ç per iod , mpfr t eps i l on2 , mpc t c new , mpc t z , mpc t dc , mpc t h , mpc t dh⤦
Ç , mpc t f , mpc t df )

{
mpc set dc ( z , 0 , MPCRNDNN) ;

325 mpc set dc ( dc , 0 , MPCRNDNN) ;
mpc set dc (h , 1 , MPCRNDNN) ;
mpc set dc (dh , 0 , MPCRNDNN) ;
f o r ( i n t i = 1 ; i <= per iod ; ++i ) {

// dc = 2 ∗ z ∗ dc + 1 ;
330 mpc mul ( dc , z , dc , MPCRNDNN) ;

mpc mul 2si ( dc , dc , 1 , MPCRNDNN) ;
mpfr add d ( mpc r ea l r e f ( dc ) , mpc r ea l r e f ( dc ) , 1 , MPFRRNDN) ;
// z = z ∗ z + c gue s s ;
mpc sqr ( z , z , MPCRNDNN) ;

335 mpc add ( z , z , c guess , MPCRNDNN) ;
// r e j e c t lower pe r i od s
i f ( i < per iod && per iod % i == 0)
{

// h = h ∗ z ;
340 mpc mul (h , h , z , MPCRNDNN) ;

// dh = dh + dc / z ;
mpc div ( f , dc , z , MPCRNDNN) ;
mpc add (dh , dh , f , MPCRNDNN) ;

}
345 }

// bu i ld func t i on
// dh = dh ∗ h ;
mpc mul (dh , dh , h , MPCRNDNN) ;
// df = dc ∗ h − z ∗ dh

350 mpc mul ( dc , dc , h , MPCRNDNN) ;
mpc mul (dh , z , dh , MPCRNDNN) ;
mpc sub ( df , dc , dh , MPCRNDNN) ;
// f = z / h ;
mpc div ( f , z , h , MPCRNDNN) ;

355 // df /= h ∗ h
mpc sqr (h , h , MPCRNDNN) ;
mpc div ( df , df , h , MPCRNDNN) ;
// newton step
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// c new = c gue s s − f / df ;
360 mpc div ( f , f , df , MPCRNDNN) ;

mpc sub ( c new , c guess , f , MPCRNDNN) ;
// check convergence
// f = c new − c gue s s ;
mpc sub ( f , c new , c guess , MPCRNDNN) ;

365 mpc norm( mpc r ea l r e f ( df ) , f , MPCRNDNN) ;
i f ( mp f r l e s s equa l p ( mpc r ea l r e f ( df ) , e p s i l on2 ) ) {

mpc set ( c out , c new , MPCRNDNN) ;
re turn m converged ;

}
370 i f ( mpfr number p ( mpc r ea l r e f ( f ) ) && mpfr number p ( mpc imagref ( f ) ) ) {

mpc set ( c out , c new , MPCRNDNN) ;
re turn m stepped ;

} e l s e {
mpc set ( c out , c guess , MPCRNDNN) ;

375 re turn m fa i l ed ;
}

}

extern m newton m r nuc leus (mpc t c out , const mpc t c guess , i n t per iod , i n t ⤦
Ç maxsteps , i n t ncpus ) {

380 m newton r e s u l t = m fa i l ed ;
// prec
mpf r prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , c gue s s ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;

385 // i n i t
{

( void ) ncpus ;
mpc t c , z , dc , c new , h , dh , f , d f ;
mpfr t ep s i l on2 ;

390 mpc in i t2 ( c , prec ) ;
mpc in i t2 ( z , prec ) ;
mpc in i t2 ( dc , prec ) ;
mpc in i t2 ( c new , prec ) ;
mpc in i t2 (h , prec ) ;

395 mpc in i t2 (dh , prec ) ;
mpc in i t2 ( f , prec ) ;
mpc in i t2 ( df , prec ) ;
mp f r i n i t 2 ( eps i l on2 , prec ) ;
// ep s i l o n

400 mp f r s e t s i ( eps i l on2 , 2 , MPFRRNDN) ;
mpfr nextabove ( ep s i l on2 ) ;
mp f r sub s i ( eps i l on2 , eps i l on2 , 2 , MPFRRNDN) ;
mpfr sqr ( eps i l on2 , eps i l on2 , MPFRRNDN) ;
// c = c gue s s

405 mpc set ( c , c guess , MPCRNDNN) ;
f o r ( i n t i = 0 ; i < maxsteps ; ++i )

i f ( m stepped != ( r e s u l t = m r nuc l eus s t ep raw ( c , c , per iod , eps i l on2 , ⤦
Ç c new , z , dc , h , dh , f , d f ) ) )

break ;
// c out = c ;

410 mpc set prec ( c out , prec ) ;
mpc set ( c out , c , MPCRNDNN) ;
// cleanup
mpc clear ( c ) ;
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mpc clear ( z ) ;
415 mpc clear ( dc ) ;

mpc c lear ( c new ) ;
mpc c lear (h) ;
mpc c lear (dh) ;
mpc c lear ( f ) ;

420 mpc clear ( df ) ;
mp f r c l e a r ( ep s i l on2 ) ;

}
re turn r e s u l t ;

}

73 c/lib/m r parent.c

// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 #inc lude <mandelbrot−numerics . h>

extern i n t m r parent (mpq t ang le out , mpc t root out , mpc t parent out , const ⤦
Ç mpc t nucleus , i n t per iod , i n t maxsteps , i n t ncpus ) {

i n t r e t v a l = −1;
// prec

10 mpfr prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , nuc leus ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;
switch ( m r shape ( nucleus , per iod ) ) {

case m card io id : { // f i nd root d i r e c t l y
15 // i n i t

mpc t z , c , i ;
mpc in i t2 ( z , prec ) ;
mpc in i t2 ( c , prec ) ;
mpc in i t2 ( i , prec ) ;

20 // z = nuc leus ; c = nuc leus ; i = 1 ;
mpc set ( z , nucleus , MPCRNDNN) ;
mpc set ( c , nucleus , MPCRNDNN) ;
mpc s e t s i ( i , 1 , MPCRNDNN) ;
m r i n t e r i o r ( z , c , z , c , i , per iod , maxsteps ) ;

25 // roo t ou t = c ;
mpc set prec ( root out , prec ) ;
mpc set ( root out , c , MPCRNDNN) ;
// cleanup
mpc clear ( z ) ;

30 mpc clear ( c ) ;
mpc c lear ( i ) ;
r e t v a l = 0 ; // no parent
break ;

}
35 case m c i r c l e : { // t r a c e i n t e r n a l ray to near to root

// i n i t
mpc t z , c , i , root0 , root1 , parent guess , w0 , w, dw, i n t e r i o r ;
mpfr t mz2 , z2 , d , p i ;
mpc in i t2 ( z , prec ) ;

40 mpc in i t2 ( c , prec ) ;
mpc in i t2 ( i , prec ) ;
mpc in i t2 ( root0 , prec ) ;
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mpc in i t2 ( root1 , prec ) ;
mpc in i t2 ( parent guess , prec ) ;

45 mpc in i t2 (w0 , prec ) ;
mpc in i t2 (w, prec ) ;
mpc in i t2 (dw, prec ) ;
mpc in i t2 ( i n t e r i o r , prec ) ;
mp f r i n i t 2 (mz2 , prec ) ;

50 mpf r i n i t 2 ( z2 , prec ) ;
mp f r i n i t 2 (d , prec ) ;
mp f r i n i t 2 ( pi , prec ) ;
mp f r cons t p i ( pi , MPFRRNDN) ;
// z = nuc leus ; c = nuc leus ;

55 mpc set ( z , nucleus , MPCRNDNN) ;
mpc set ( c , nucleus , MPCRNDNN) ;
f o r ( i n t s tep = 0 ; s tep < maxsteps − 1 ; ++step ) {

// i = ( step + 0 . 5 ) / maxsteps ;
mpc set d ( i , ( s tep + 0 . 5 ) / maxsteps , MPCRNDNN) ;

60 m r i n t e r i o r ( z , c , z , c , i , per iod , maxsteps ) ;
}
// root0 = c ;
mpc set ( root0 , c , MPCRNDNN) ;
// i = (maxsteps − 0 . 5 ) / maxsteps ;

65 mpc set d ( i , ( maxsteps − 0 . 5 ) / maxsteps , MPCRNDNN) ;
m r i n t e r i o r ( z , c , z , c , i , per iod , maxsteps ) ;
// root1 = c ;
mpc set ( root1 , c , MPCRNDNN) ;
// f i nd i n t e r i o r coo rd ina te o f a po int j u s t past the root in to the parent

70 // parent gue s s = 2 ∗ root1 − root0 ;
mpc mul 2si ( root1 , root1 , 1 , MPCRNDNN) ;
mpc sub ( parent guess , root1 , root0 , MPCRNDNN) ;
// c = parent gue s s ; z = 0 ; mz2 = 1 .0 / 0 . 0 ;
mpc set ( c , parent guess , MPCRNDNN) ;

75 mpc s e t s i ( z , 0 , MPCRNDNN) ;
mpf r s e t d (mz2 , 1 . 0 / 0 . 0 , MPFRRNDN) ;
f o r ( i n t p = 1 ; p < per iod ; ++p) {

// z = z ∗ z + c ;
mpc sqr ( z , z , MPCRNDNN) ;

80 mpc add ( z , z , c , MPCRNDNN) ;
// z2 = norm( z ) ;
mpc norm( z2 , z , MPFRRNDN) ;
i f ( mp f r l e s s p ( z2 , mz2) ) {

// mz2 = z2 ;
85 mpfr se t (mz2 , z2 , MPFRRNDN) ;

i f ( per iod % p == 0) {
m r at t r a c t o r (w0 , z , c , p , maxsteps ) ;
// w = w0 ; dw = 1 ;
mpc set (w, w0 , MPCRNDNN) ;

90 mpc s e t s i (dw, 1 , MPCRNDNN) ;
f o r ( i n t q = 0 ; q < p ; ++q) {

// dw = 2 ∗ w ∗ dw;
mpc mul (dw, w, dw, MPCRNDNN) ;
mpc mul 2si (dw, dw, 1 , MPCRNDNN) ;

95 // w = w ∗ w + c ;
mpc sqr (w, w, MPCRNDNN) ;
mpc add (w, w, c , MPCRNDNN) ;

}
// d = norm(dw) − 1 ;
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100 mpc norm(d , dw, MPFRRNDN) ;
mpfr sub ui (d , d , 1 , MPFRRNDN) ;
i f ( mpfr sgn (d) <= 0) {

// i n t e r i o r to component o f per iod p
i n t den = per iod / p ;

105 // num = (( i n t ) round ( den ∗ carg (dw) / twopi ) + den ) % den ;
mpc arg (d , dw, MPFRRNDN) ;
mpfr div (d , d , pi , MPFRRNDN) ;
mpf r d iv 2u i (d , d , 1 , MPFRRNDN) ;
mpfr mul s i (d , d , den , MPFRRNDN) ;

110 mpfr round (d , d) ;
i n t num = ( mp f r g e t s i (d , MPFRRNDN) + den ) % den ;
mpq se t s i ( ang le out , num, den ) ;
mpq canon ica l i ze ( ang l e out ) ;
m r nuc leus ( c , c , p , maxsteps , ncpus ) ;

115 // parent out = c ;
mpc set ( parent out , c , MPCRNDNN) ;
// i n t e r i o r = cexp ( I ∗ twopi ∗ num / ( double ) den ) ;
mpfr mul d (d , pi , 2 ∗ mpq get d ( ang l e out ) , MPFRRNDN) ;
mp f r s i n co s ( mpc imagref ( i n t e r i o r ) , mpc r ea l r e f ( i n t e r i o r ) , d , ⤦

Ç MPFRRNDN) ;
120 m r i n t e r i o r (w, c , w0 , c , i n t e r i o r , p , maxsteps ) ;

// roo t ou t = c ;
mpc set ( root out , c , MPCRNDNN) ;
r e t v a l = p ; // per iod o f parent
break ;

125 }
}

}
}
// cleanup

130 mpc clear ( z ) ;
mpc c lear ( c ) ;
mpc c lear ( i ) ;
mpc c lear ( root0 ) ;
mpc c lear ( root1 ) ;

135 mpc clear ( pa rent gue s s ) ;
mpc c lear (w0) ;
mpc c lear (w) ;
mpc c lear (dw) ;
mpc c lear ( i n t e r i o r ) ;

140 mpf r c l ea r (mz2) ;
mp f r c l e a r ( z2 ) ;
mp f r c l e a r (d) ;
mp f r c l e a r ( p i ) ;
break ;

145 }
}
re turn r e t v a l ; // f a i l

}
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// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html
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5 #inc lude <mandelbrot−numerics . h>

extern void m r shape es t imate (mpc t shape , const mpc t nucleus , i n t per iod ) {
// prec
mpf r prec t precr , p rec i , prec ;

10 mpc get prec2(&precr , &prec i , nuc leus ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;
// i n i t
mpc t z , dc , dz , dcdc , dcdz , t ;
mpc in i t2 ( z , prec ) ;

15 mpc in i t2 ( dc , prec ) ;
mpc in i t2 ( dz , prec ) ;
mpc in i t2 ( dcdc , prec ) ;
mpc in i t2 ( dcdz , prec ) ;
mpc in i t2 ( t , prec ) ;

20 // z = nuc leus ; dc = 1 ; dz = 1 ; dcdc = 0 ; dcdz = 0 ;
mpc set ( z , nucleus , MPCRNDNN) ;
mpc s e t s i ( dc , 1 , MPCRNDNN) ;
mpc s e t s i ( dz , 1 , MPCRNDNN) ;
mpc s e t s i ( dcdc , 0 , MPCRNDNN) ;

25 mpc s e t s i ( dcdz , 0 , MPCRNDNN) ;
f o r ( i n t i = 1 ; i < per iod ; ++i ) {

// dcdc = 2 ∗ ( z ∗ dcdc + dc ∗ dc ) ;
mpc mul ( dcdc , z , dcdc , MPCRNDNN) ;
mpc sqr ( t , dc , MPCRNDNN) ;

30 mpc add ( dcdc , dcdc , t , MPCRNDNN) ;
mpc mul 2si ( dcdc , dcdc , 1 , MPCRNDNN) ;
// dcdz = 2 ∗ ( z ∗ dcdz + dc ∗ dz ) ;
mpc mul ( dcdz , z , dcdz , MPCRNDNN) ;
mpc mul ( t , dc , dz , MPCRNDNN) ;

35 mpc add ( dcdz , dcdz , t , MPCRNDNN) ;
mpc mul 2si ( dcdz , dcdz , 1 , MPCRNDNN) ;
// dc = 2 ∗ z ∗ dc + 1 ;
mpc mul ( dc , z , dc , MPCRNDNN) ;
mpc mul 2si ( dc , dc , 1 , MPCRNDNN) ;

40 mpc add ui ( dc , dc , 1 , MPCRNDNN) ;
// dz = 2 ∗ z ∗ dz ;
mpc mul ( dz , z , dz , MPCRNDNN) ;
mpc mul 2si ( dz , dz , 1 , MPCRNDNN) ;
// z = z ∗ z + nuc leus ;

45 mpc sqr ( z , z , MPCRNDNN) ;
mpc add ( z , z , nucleus , MPCRNDNN) ;

}
// shape = −(dcdc / (2 ∗ dc ) + dcdz / dz ) / ( dc ∗ dz ) ;
mpc div ( dcdc , dcdc , dc , MPCRNDNN) ;

50 mpc d iv 2s i ( dcdc , dcdc , 1 , MPCRNDNN) ;
mpc div ( dcdz , dcdz , dz , MPCRNDNN) ;
mpc add ( dcdc , dcdc , dcdz , MPCRNDNN) ;
mpc mul ( dc , dc , dz , MPCRNDNN) ;
mpc div ( shape , dcdc , dc , MPCRNDNN) ;

55 mpc neg ( shape , shape , MPCRNDNN) ;
// cleanup
mpc clear ( z ) ;
mpc c lear ( dc ) ;
mpc c lear ( dz ) ;

60 mpc clear ( dcdc ) ;
mpc c lear ( dcdz ) ;
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mpc clear ( t ) ;
}

65 extern m shape m r shape d i s c r im inant ( const mpc t shape ) {
// prec
mpf r prec t precr , p rec i , prec ;
mpc get prec2(&precr , &prec i , shape ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;

70 // shape1 = shape − 1
mpc t one , shape1 ;
mpc in i t2 ( one , prec ) ;
mpc in i t2 ( shape1 , prec ) ;
mpc s e t s i ( one , 1 , MPCRNDNN) ;

75 mpc sub ( shape1 , shape , one , MPCRNDNN) ;
// e , e1
mpfr t e , e1 ;
mp f r i n i t 2 ( e , prec ) ;
mp f r i n i t 2 ( e1 , prec ) ;

80 // e = norm( shape ) ; e1 = norm( shape1 ) ;
mpc norm( e , shape , MPFRRNDN) ;
mpc norm( e1 , shape1 , MPFRRNDN) ;
m shape r e t v a l ;
i f ( mp f r l e s s p ( e , e1 ) ) {

85 r e t v a l = m card io id ;
} e l s e {

r e t v a l = m c i r c l e ;
}
// cleanup

90 mpc clear ( one ) ;
mpc c lear ( shape1 ) ;
mp f r c l e a r ( e ) ;
mp f r c l e a r ( e1 ) ;
r e turn r e t v a l ;

95 }

extern m shape m r shape ( const mpc t nucleus , i n t per iod ) {
// prec
mpf r prec t precr , p rec i , prec ;

100 mpc get prec2(&precr , &prec i , nuc leus ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;
// shape
mpc t shape ;
mpc in i t2 ( shape , prec ) ;

105 // r e t v a l = d i s c r im inant ( e s t imate ( nucleus , per iod ) )
m r shape es t imate ( shape , nucleus , per iod ) ;
m shape r e t v a l = m r shape d i s c r im inant ( shape ) ;
// cleanup
mpc clear ( shape ) ;

110 re turn r e t v a l ;
}
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// mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
// Copyright (C) 2015−2018 Claude Heiland −Allen
// L icense GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html
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5 #inc lude <mandelbrot−numerics . h>

extern void m r s i z e (mpc t s i z e , const mpc t nucleus , i n t per iod ) {
// prec
mpf r prec t precr , p rec i , prec ;

10 mpc get prec2(&precr , &prec i , nuc leus ) ;
prec = prec r > p r e c i ? prec r : p r e c i ;
// i n i t
mpc t z , l , l1 , b ;
mpc in i t2 ( z , prec ) ;

15 mpc in i t2 ( l , 53) ;
mpc in i t2 ( l1 , 53) ;
mpc in i t2 (b , 53) ;
// l = 1 ; b = 1 ; z = 0 ;
mpc s e t s i ( l , 1 , MPCRNDNN) ;

20 mpc s e t s i (b , 1 , MPCRNDNN) ;
mpc s e t s i ( z , 0 , MPCRNDNN) ;
f o r ( i n t i = 1 ; i < per iod ; ++i ) {

// z = z ∗ z + nuc leus ;
mpc sqr ( z , z , MPCRNDNN) ;

25 mpc add ( z , z , nucleus , MPCRNDNN) ;
// l = 2 ∗ z ∗ l ;
mpc mul ( l , z , l , MPCRNDNN) ;
mpc mul 2si ( l , l , 1 , MPCRNDNN) ;
// b = b + 1 / l ;

30 mpc ui div ( l1 , 1 , l , MPCRNDNN) ;
mpc add (b , b , l1 , MPCRNDNN) ;

}
// s i z e = 1 / (b ∗ l ∗ l ) ;
mpc set prec ( s i z e , 53) ;

35 mpc sqr ( l , l , MPCRNDNN) ;
mpc mul ( l1 , b , l , MPCRNDNN) ;
mpc ui div ( s i z e , 1 , l1 , MPCRNDNN) ;
// cleanup
mpc clear ( z ) ;

40 mpc clear ( l ) ;
mpc c lear ( l 1 ) ;
mpc c lear (b) ;

}
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e x e c p r e f i x=${ p r e f i x }
l i b d i r=${ e x e c p r e f i x }/ l i b
i n c l ud ed i r=${ p r e f i x }/ inc lude

5 Name : mandelbrot−numerics
Desc r ip t i on : Numerical a lgor i thms r e l a t e d to the Mandelbrot s e t
Vers ion : 0 . 1 . 0 . 0
URL: https : // code . mathr . co . uk/mandelbrot−numerics
Libs : −L${ l i b d i r } − lmandelbrot −numerics

10 Libs . p r i va t e : −lmpc − lmpfr −lgmp −lm
Cf lags : − I$ { i n c l ud ed i r }

77 COPYING.md

### GNU GENERAL PUBLIC LICENSE
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Vers ion 3 , 29 June 2007

5 Copyright (C) 2007 Free Software Foundation , Inc .
<https : // f s f . org/>

Everyone i s permitted to copy and d i s t r i b u t e verbatim cop i e s o f t h i s
l i c e n s e document , but changing i t i s not a l lowed .

10

### Preamble

The GNU General Publ ic L i cense i s a f r e e , c opy l e f t l i c e n s e f o r
so f tware and other k inds o f works .

15

The l i c e n s e s f o r most so f tware and other p r a c t i c a l works are des igned
to take away your freedom to share and change the works . By contras t ,
the GNU General Publ ic L i cense i s intended to guarantee your freedom
to share and change a l l v e r s i on s o f a program−−to make sure i t remains

20 f r e e so f tware f o r a l l i t s u s e r s . We, the Free Software Foundation , use
the GNU General Publ ic L i cense f o r most o f our so f tware ; i t a pp l i e s
a l s o to any other work r e l e a s e d t h i s way by i t s authors . You can apply
i t to your programs , too .

25 When we speak o f f r e e so ftware , we are r e f e r r i n g to freedom , not
p r i c e . Our General Publ ic L i c en s e s are des igned to make sure that you
have the freedom to d i s t r i b u t e cop i e s o f f r e e so f tware ( and charge f o r
them i f you wish ) , that you r e c e i v e source code or can get i t i f you
want i t , that you can change the so f tware or use p i e c e s o f i t in new

30 f r e e programs , and that you know you can do these th ing s .

To pro t e c t your r i gh t s , we need to prevent o the r s from denying you
these r i g h t s or ask ing you to sur render the r i g h t s . Therefore , you
have c e r t a i n r e s p o n s i b i l i t i e s i f you d i s t r i b u t e cop i e s o f the

35 so f tware , or i f you modify i t : r e s p o n s i b i l i t i e s to r e sp e c t the freedom
of o the r s .

For example , i f you d i s t r i b u t e cop i e s o f such a program , whether
g r a t i s or f o r a fee , you must pass on to the r e c i p i e n t s the same

40 freedoms that you r e c e i v ed . You must make sure that they , too , r e c e i v e
or can get the source code . And you must show them these terms so they
know th e i r r i g h t s .

Deve lopers that use the GNU GPL pro t e c t your r i g h t s with two s t ep s :
45 (1 ) a s s e r t copyr ight on the software , and (2 ) o f f e r you t h i s L i cense

g i v i ng you l e g a l permis s ion to copy , d i s t r i b u t e and/ or modify i t .

For the deve lopers ’ and authors ’ p ro tec t i on , the GPL c l e a r l y exp l a i n s
that the re i s no warranty f o r t h i s f r e e so f tware . For both users ’ and

50 authors ’ sake , the GPL r e qu i r e s that modi f i ed v e r s i on s be marked as
changed , so that t h e i r problems w i l l not be a t t r i bu t ed e r roneous ly to
authors o f prev ious v e r s i on s .

Some dev i c e s are des igned to deny us e r s a c c e s s to i n s t a l l or run
55 modi f i ed v e r s i on s o f the so f tware i n s i d e them , although the

manufacturer can do so . This i s fundamental ly incompat ib l e with the
aim o f p ro t e c t i ng users ’ freedom to change the so f tware . The
sys temat i c pattern o f such abuse occurs in the area o f products f o r
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i n d i v i d u a l s to use , which i s p r e c i s e l y where i t i s most unacceptable .
60 Therefore , we have des igned t h i s v e r s i on o f the GPL to p roh i b i t the

p r a c t i c e f o r those products . I f such problems a r i s e s u b s t a n t i a l l y in
other domains , we stand ready to extend t h i s p r ov i s i on to those
domains in fu tu r e v e r s i on s o f the GPL, as needed to p ro t e c t the
freedom of u s e r s .

65

Fina l ly , every program i s threatened cons tant ly by so f tware patents .
S ta t e s should not a l low patents to r e s t r i c t development and use o f
so f tware on genera l −purpose computers , but in those that do , we wish
to avoid the s p e c i a l danger that patents app l i ed to a f r e e program

70 could make i t e f f e c t i v e l y p rop r i e t a ry . To prevent th i s , the GPL
as su r e s that patents cannot be used to render the program non− f r e e .

The p r e c i s e terms and cond i t i on s f o r copying , d i s t r i b u t i o n and
mod i f i c a t i on f o l l ow .

75

### TERMS AND CONDITIONS

#### 0. De f i n i t i o n s .

80 ”This L i cense ” r e f e r s to ve r s i on 3 o f the GNU General Publ ic L i cense .

”Copyright ” a l s o means copyr ight − l i k e laws that apply to other k inds
o f works , such as semiconductor masks .

85 ”The Program” r e f e r s to any copyr i gh tab l e work l i c e n s e d under t h i s
L i cense . Each l i c e n s e e i s addressed as ”you ” . ” L i c en s e e s ” and
” r e c i p i e n t s ” may be i nd i v i d u a l s or o r gan i z a t i on s .

To ”modify” a work means to copy from or adapt a l l or part o f the work
90 in a f a sh i on r e qu i r i n g copyr ight permiss ion , other than the making o f

an exact copy . The r e s u l t i n g work i s c a l l e d a ”modi f i ed ve r s i on ” o f
the e a r l i e r work or a work ”based on” the e a r l i e r work .

A ” covered work” means e i t h e r the unmodif ied Program or a work based
95 on the Program .

To ”propagate ” a work means to do anything with i t that , without
permiss ion , would make you d i r e c t l y or s e c onda r i l y l i a b l e f o r
in f r ingement under app l i c ab l e copyr ight law , except execut ing i t on a

100 computer or modifying a p r i va t e copy . Propagation i n c l ud e s copying ,
d i s t r i b u t i o n ( with or without mod i f i c a t i on ) , making a v a i l a b l e to the
publ ic , and in some coun t r i e s other a c t i v i t i e s as we l l .

To ”convey” a work means any kind o f propagat ion that enab l e s other
105 pa r t i e s to make or r e c e i v e cop i e s . Mere i n t e r a c t i o n with a user

through a computer network , with no t r a n s f e r o f a copy , i s not
conveying .

An i n t e r a c t i v e user i n t e r f a c e d i s p l a y s ”Appropriate Legal Not i ce s ” to
110 the extent that i t i n c l ud e s a convenient and prominently v i s i b l e

f e a tu r e that (1 ) d i s p l a y s an appropr ia t e copyr ight not i ce , and (2 )
t e l l s the user that the re i s no warranty f o r the work ( except to the
extent that war rant i e s are provided ) , that l i c e n s e e s may convey the
work under t h i s License , and how to view a copy o f t h i s L i cense . I f

115 the i n t e r f a c e p r e s en t s a l i s t o f user commands or opt ions , such as a
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menu , a prominent item in the l i s t meets t h i s c r i t e r i o n .

#### 1 . Source Code .

120 The ” source code” f o r a work means the p r e f e r r e d form o f the work f o r
making mod i f i c a t i on s to i t . ”Object code” means any non− source form o f
a work .

A ”Standard I n t e r f a c e ” means an i n t e r f a c e that e i t h e r i s an o f f i c i a l
125 standard de f ined by a recogn i z ed standards body , or , in the case o f

i n t e r f a c e s s p e c i f i e d f o r a p a r t i c u l a r programming language , one that
i s wide ly used among deve l ope r s working in that language .

The ”System L i b r a r i e s ” o f an executab l e work inc lude anything , other
130 than the work as a whole , that ( a ) i s inc luded in the normal form o f

packaging a Major Component , but which i s not part o f that Major
Component , and (b) s e r v e s only to enable use o f the work with that
Major Component , or to implement a Standard I n t e r f a c e f o r which an
implementation i s a v a i l a b l e to the pub l i c in source code form . A

135 ”Major Component” , in t h i s context , means a major e s s e n t i a l component
( kerne l , window system , and so on ) o f the s p e c i f i c opera t ing system
( i f any ) on which the executab l e work runs , or a compi le r used to
produce the work , or an ob j e c t code i n t e r p r e t e r used to run i t .

140 The ”Corresponding Source ” f o r a work in ob j e c t code form means a l l
the source code needed to generate , i n s t a l l , and ( f o r an executab l e
work ) run the ob j e c t code and to modify the work , i n c l ud ing s c r i p t s to
c on t r o l those a c t i v i t i e s . However , i t does not in c lude the work ’ s
System L ib ra r i e s , or genera l −purpose t o o l s or g en e r a l l y a v a i l a b l e f r e e

145 programs which are used unmodif ied in per forming those a c t i v i t i e s but
which are not part o f the work . For example , Corresponding Source
i n c l ud e s i n t e r f a c e d e f i n i t i o n f i l e s a s s o c i a t ed with source f i l e s f o r
the work , and the source code f o r shared l i b r a r i e s and dynamical ly
l i nked subprograms that the work i s s p e c i f i c a l l y des igned to requ i r e ,

150 such as by int imate data communication or c on t r o l f low between those
subprograms and other par t s o f the work .

The Corresponding Source need not in c lude anything that u s e r s can
r egene ra t e automat i ca l l y from other par t s o f the Corresponding Source .

155

The Corresponding Source f o r a work in source code form i s that same
work .

#### 2 . Basic Permiss ions .
160

Al l r i g h t s granted under t h i s L i cense are granted f o r the term o f
copyr ight on the Program , and are i r r e v o c ab l e provided the s ta t ed
cond i t i on s are met . This L i cense e x p l i c i t l y a f f i rm s your un l imi ted
permis s ion to run the unmodif ied Program . The output from running a

165 covered work i s covered by t h i s L i cense only i f the output , g iven i t s
content , c o n s t i t u t e s a covered work . This L i cense acknowledges your
r i g h t s o f f a i r use or other equ iva l ent , as provided by copyr ight law .

You may make , run and propagate covered works that you do not convey ,
170 without cond i t i on s so long as your l i c e n s e otherw i se remains in f o r c e .

You may convey covered works to o the r s f o r the s o l e purpose o f having
them make mod i f i c a t i on s e x c l u s i v e l y f o r you , or prov ide you with
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f a c i l i t i e s f o r running those works , provided that you comply with the
terms o f t h i s L i cense in conveying a l l mate r i a l f o r which you do not

175 c on t r o l copyr ight . Those thus making or running the covered works f o r
you must do so e x c l u s i v e l y on your beha l f , under your d i r e c t i o n and
cont ro l , on terms that p r oh i b i t them from making any cop i e s o f your
copyr ighted mate r i a l ou t s id e t h e i r r e l a t i o n s h i p with you .

180 Conveying under any other c i r cumstances i s permitted s o l e l y under the
cond i t i on s s ta t ed below . Sub l i c en s i ng i s not a l lowed ; s e c t i o n 10 makes
i t unnecessary .

#### 3 . Protec t ing Users ’ Legal Rights From Anti−Circumvention Law .
185

No covered work s h a l l be deemed part o f an e f f e c t i v e t e c hno l o g i c a l
measure under any app l i c ab l e law f u l f i l l i n g o b l i g a t i o n s under a r t i c l e
11 o f the WIPO copyr ight t r ea ty adopted on 20 December 1996 , or
s im i l a r laws p r oh i b i t i n g or r e s t r i c t i n g c ircumvent ion o f such

190 measures .

When you convey a covered work , you waive any l e g a l power to f o rb i d
c i rcumvent ion o f t e c hno l o g i c a l measures to the extent such
c ircumvent ion i s e f f e c t e d by e x e r c i s i n g r i g h t s under t h i s L i cense with

195 r e sp e c t to the covered work , and you d i s c l a im any i n t en t i on to l im i t
opera t i on or mod i f i c a t i on o f the work as a means o f en fo rc ing , aga in s t
the work ’ s users , your or th i rd pa r t i e s ’ l e g a l r i g h t s to f o rb i d
c i rcumvent ion o f t e c hno l o g i c a l measures .

200 #### 4. Conveying Verbatim Copies .

You may convey verbatim cop i e s o f the Program ’ s source code as you
r e c e i v e i t , in any medium , provided that you consp i cuous ly and
approp r i a t e l y pub l i sh on each copy an appropr ia t e copyr ight no t i c e ;

205 keep i n t a c t a l l n o t i c e s s t a t i n g that t h i s L i cense and any
non−permi s s i v e terms added in accord with s e c t i o n 7 apply to the code ;
keep i n t a c t a l l n o t i c e s o f the absence o f any warranty ; and g ive a l l
r e c i p i e n t s a copy o f t h i s L i cense along with the Program .

210 You may charge any p r i c e or no p r i c e f o r each copy that you convey ,
and you may o f f e r support or warranty p ro t e c t i on f o r a f e e .

#### 5 . Conveying Modif ied Source Vers ions .

215 You may convey a work based on the Program , or the mod i f i c a t i on s to
produce i t from the Program , in the form o f source code under the
terms o f s e c t i o n 4 , provided that you a l s o meet a l l o f the se
c ond i t i on s :

220 − a ) The work must car ry prominent no t i c e s s t a t i n g that you modi f i ed
i t , and g iv ing a r e l e van t date .

− b) The work must car ry prominent no t i c e s s t a t i n g that i t i s
r e l e a s e d under t h i s L i cense and any cond i t i on s added under
s e c t i o n 7 . This requirement mod i f i e s the requirement in s e c t i o n 4

225 to ”keep i n t a c t a l l n o t i c e s ” .
− c ) You must l i c e n s e the e n t i r e work , as a whole , under t h i s

L i cense to anyone who comes in to po s s e s s i on o f a copy . This
L i cense w i l l t h e r e f o r e apply , a long with any app l i c ab l e s e c t i o n 7
add i t i o na l terms , to the whole o f the work , and a l l i t s parts ,
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230 r e g a r d l e s s o f how they are packaged . This L i cense g i v e s no
permis s ion to l i c e n s e the work in any other way , but i t does not
i n v a l i d a t e such permis s ion i f you have s epa r a t e l y r e c e i v ed i t .

− d) I f the work has i n t e r a c t i v e user i n t e r f a c e s , each must d i sp l ay
Appropriate Legal Not i ce s ; however , i f the Program has i n t e r a c t i v e

235 i n t e r f a c e s that do not d i sp l ay Appropriate Legal Not ices , your
work need not make them do so .

A compi la t ion o f a covered work with other s epara t e and independent
works , which are not by t h e i r nature ex t en s i on s o f the covered work ,

240 and which are not combined with i t such as to form a l a r g e r program ,
in or on a volume o f a s to rage or d i s t r i b u t i o n medium , i s c a l l e d an
” aggregate ” i f the compi la t ion and i t s r e s u l t i n g copyr ight are not
used to l im i t the a c c e s s or l e g a l r i g h t s o f the compi lat ion ’ s u s e r s
beyond what the i nd i v i dua l works permit . I n c l u s i o n o f a covered work

245 in an aggregate does not cause t h i s L i cense to apply to the other
par t s o f the aggregate .

#### 6 . Conveying Non−Source Forms .

250 You may convey a covered work in ob j e c t code form under the terms o f
s e c t i o n s 4 and 5 , provided that you a l s o convey the machine− r eadab le
Corresponding Source under the terms o f t h i s License , in one o f the se
ways :

255 − a ) Convey the ob j e c t code in , or embodied in , a phy s i c a l product
( i n c l ud ing a phy s i c a l d i s t r i b u t i o n medium) , accompanied by the
Corresponding Source f i x ed on a durable phy s i c a l medium
customar i ly used f o r so f tware in te rchange .

− b) Convey the ob j e c t code in , or embodied in , a phy s i c a l product
260 ( i n c l ud ing a phy s i c a l d i s t r i b u t i o n medium) , accompanied by a

wr i t t en o f f e r , v a l i d f o r at l e a s t three years and va l i d f o r as
long as you o f f e r spare par t s or customer support f o r that product
model , to g ive anyone who po s s e s s e s the ob j e c t code e i t h e r (1 ) a
copy o f the Corresponding Source f o r a l l the so f tware in the

265 product that i s covered by t h i s License , on a durable phy s i c a l
medium customar i ly used f o r so f tware interchange , f o r a p r i c e no
more than your rea sonab l e co s t o f phy s i c a l l y per forming t h i s
conveying o f source , or (2 ) a c c e s s to copy the Corresponding
Source from a network s e r v e r at no charge .

270 − c ) Convey i nd i v i dua l c op i e s o f the ob j e c t code with a copy o f the
wr i t t en o f f e r to prov ide the Corresponding Source . This
a l t e r n a t i v e i s a l lowed only o c c a s i o n a l l y and noncommercial ly , and
only i f you r e c e i v ed the ob j e c t code with such an o f f e r , in accord
with subs e c t i on 6b .

275 − d) Convey the ob j e c t code by o f f e r i n g ac c e s s from a des ignated
p lace ( g r a t i s or f o r a charge ) , and o f f e r equ iva l en t a c c e s s to the
Corresponding Source in the same way through the same p lace at no
f u r t h e r charge . You need not r e qu i r e r e c i p i e n t s to copy the
Corresponding Source along with the ob j e c t code . I f the p lace to

280 copy the ob j e c t code i s a network se rver , the Corresponding Source
may be on a d i f f e r e n t s e r v e r ( operated by you or a th i rd party )
that supports equ iva l en t copying f a c i l i t i e s , provided you maintain
c l e a r d i r e c t i o n s next to the ob j e c t code say ing where to f i nd the
Corresponding Source . Regard le s s o f what s e r v e r hos t s the

285 Corresponding Source , you remain ob l i g a t ed to ensure that i t i s
a v a i l a b l e f o r as long as needed to s a t i s f y these requ i rements .
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− e ) Convey the ob j e c t code us ing peer −to−peer t ransmis s ion ,
provided you inform other pee r s where the ob j e c t code and
Corresponding Source o f the work are being o f f e r e d to the gene ra l

290 pub l i c at no charge under subse c t i on 6d .

A separab l e por t i on o f the ob j e c t code , whose source code i s excluded
from the Corresponding Source as a System Library , need not be
inc luded in conveying the ob j e c t code work .

295

A ”User Product” i s e i t h e r (1 ) a ”consumer product ” , which means any
t ang i b l e pe r sona l property which i s normally used f o r persona l ,
fami ly , or household purposes , or (2 ) anything des igned or so ld f o r
i n co rpo ra t i on in to a dwe l l i ng . In determining whether a product i s a

300 consumer product , doubt fu l c a s e s s h a l l be r e s o l v ed in favor o f
coverage . For a p a r t i c u l a r product r e c e i v ed by a p a r t i c u l a r user ,
” normally used” r e f e r s to a t yp i c a l or common use o f that c l a s s o f
product , r e g a r d l e s s o f the s t a tu s o f the p a r t i c u l a r user or o f the way
in which the p a r t i c u l a r user a c t ua l l y uses , or expect s or i s expected

305 to use , the product . A product i s a consumer product r e g a r d l e s s o f
whether the product has s ub s t an t i a l commercial , i n d u s t r i a l or
non−consumer uses , un l e s s such uses r ep r e s en t the only s i g n i f i c a n t
mode o f use o f the product .

310 ” I n s t a l l a t i o n In format ion ” f o r a User Product means any methods ,
procedures , au tho r i z a t i on keys , or other in fo rmat ion r equ i r ed to
i n s t a l l and execute modi f i ed v e r s i on s o f a covered work in that User
Product from a modi f i ed ve r s i on o f i t s Corresponding Source . The
in fo rmat ion must s u f f i c e to ensure that the cont inued func t i on ing o f

315 the modi f i ed ob j e c t code i s in no case prevented or i n t e r f e r e d with
s o l e l y because mod i f i c a t i on has been made .

I f you convey an ob j e c t code work under t h i s s e c t i o n in , or with , or
s p e c i f i c a l l y f o r use in , a User Product , and the conveying occurs as

320 part o f a t r an sa c t i on in which the r i g h t o f po s s e s s i on and use o f the
User Product i s t r a n s f e r r e d to the r e c i p i e n t in pe rpe tu i ty or f o r a
f i x ed term ( r e g a r d l e s s o f how the t r an sa c t i on i s cha r a c t e r i z ed ) , the
Corresponding Source conveyed under t h i s s e c t i o n must be accompanied
by the I n s t a l l a t i o n In format ion . But t h i s requirement does not apply

325 i f n e i t h e r you nor any th i rd party r e t a i n s the a b i l i t y to i n s t a l l
modi f i ed ob j e c t code on the User Product ( f o r example , the work has
been i n s t a l l e d in ROM) .

The requirement to prov ide I n s t a l l a t i o n In format ion does not in c lude a
330 requirement to cont inue to prov ide support s e r v i c e , warranty , or

updates f o r a work that has been modi f i ed or i n s t a l l e d by the
r e c i p i e n t , or f o r the User Product in which i t has been modi f i ed or
i n s t a l l e d . Access to a network may be denied when the mod i f i c a t i on
i t s e l f ma t e r i a l l y and adve r s e l y a f f e c t s the opera t i on o f the network

335 or v i o l a t e s the r u l e s and p ro t o c o l s f o r communication ac ro s s the
network .

Corresponding Source conveyed , and I n s t a l l a t i o n In format ion provided ,
in accord with t h i s s e c t i o n must be in a format that i s pub l i c l y

340 documented ( and with an implementation a v a i l a b l e to the pub l i c in
source code form ) , and must r e qu i r e no s p e c i a l password or key f o r
unpacking , read ing or copying .
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#### 7. Addi t iona l Terms .
345

”Addi t iona l pe rmi s s i ons ” are terms that supplement the terms o f t h i s
L i cense by making except i ons from one or more o f i t s c ond i t i on s .
Addi t iona l pe rmi s s i ons that are app l i c ab l e to the e n t i r e Program s h a l l
be t r ea t ed as though they were inc luded in t h i s License , to the extent

350 that they are va l i d under app l i c ab l e law . I f add i t i ona l pe rmi s s i ons
apply only to part o f the Program , that part may be used s epa r a t e l y
under those permiss ions , but the e n t i r e Program remains governed by
t h i s L i cense without regard to the add i t i o na l pe rmi s s i ons .

355 When you convey a copy o f a covered work , you may at your opt ion
remove any add i t i o na l pe rmi s s i ons from that copy , or from any part o f
i t . ( Addi t iona l pe rmi s s i ons may be wr i t t en to r e qu i r e t h e i r own
removal in c e r t a i n ca s e s when you modify the work . ) You may p lace
add i t i o na l pe rmi s s i ons on mater ia l , added by you to a covered work ,

360 f o r which you have or can g ive appropr ia t e copyr ight permis s ion .

Notwithstanding any other p r ov i s i on o f t h i s License , f o r mate r i a l you
add to a covered work , you may ( i f author i zed by the copyr ight ho lde r s
o f that mate r i a l ) supplement the terms o f t h i s L i cense with terms :

365

− a ) Disc la iming warranty or l im i t i n g l i a b i l i t y d i f f e r e n t l y from the
terms o f s e c t i o n s 15 and 16 o f t h i s L i cense ; or

− b) Requir ing p r e s e r va t i on o f s p e c i f i e d rea sonab l e l e g a l n o t i c e s or
author a t t r i b u t i o n s in that mate r i a l or in the Appropriate Legal

370 Not ice s d i sp l ayed by works conta in ing i t ; or
− c ) Proh ib i t i ng mi s r ep r e s en ta t i on o f the o r i g i n o f that mater ia l ,

or r e qu i r i n g that modi f i ed v e r s i on s o f such mate r i a l be marked in
rea sonab l e ways as d i f f e r e n t from the o r i g i n a l v e r s i on ; or

− d) Limit ing the use f o r pub l i c i t y purposes o f names o f l i c e n s o r s
375 or authors o f the mate r i a l ; or

− e ) Dec l in ing to grant r i g h t s under trademark law f o r use o f some
trade names , trademarks , or s e r v i c e marks ; or

− f ) Requir ing i ndemn i f i c a t i on o f l i c e n s o r s and authors o f that
mate r i a l by anyone who conveys the mate r i a l ( or modi f i ed v e r s i on s

380 o f i t ) with con t ra c tua l assumptions o f l i a b i l i t y to the r e c i p i e n t ,
f o r any l i a b i l i t y that these con t ra c tua l assumptions d i r e c t l y
impose on those l i c e n s o r s and authors .

Al l other non−permi s s i v e add i t i ona l terms are cons ide r ed ” f u r t h e r
385 r e s t r i c t i o n s ” with in the meaning o f s e c t i o n 10 . I f the Program as you

r e c e i v ed i t , or any part o f i t , conta in s a no t i c e s t a t i n g that i t i s
governed by t h i s L i cense along with a term that i s a f u r t h e r
r e s t r i c t i o n , you may remove that term . I f a l i c e n s e document conta in s
a f u r t h e r r e s t r i c t i o n but permits r e l i c e n s i n g or conveying under t h i s

390 License , you may add to a covered work mate r i a l governed by the terms
o f that l i c e n s e document , provided that the f u r t h e r r e s t r i c t i o n does
not su rv iv e such r e l i c e n s i n g or conveying .

I f you add terms to a covered work in accord with t h i s s e c t i on , you
395 must place , in the r e l e van t source f i l e s , a statement o f the

add i t i o na l terms that apply to those f i l e s , or a no t i c e i nd i c a t i n g
where to f i nd the app l i c ab l e terms .

Addi t iona l terms , pe rmi s s i v e or non−permiss ive , may be s ta t ed in the
400 form o f a s epa r a t e l y wr i t t en l i c e n s e , or s ta t ed as except i on s ; the
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above requi rements apply e i t h e r way .

#### 8 . Termination .

405 You may not propagate or modify a covered work except as exp r e s s l y
provided under t h i s L i cense . Any attempt otherw i s e to propagate or
modify i t i s void , and w i l l automat i ca l l y terminate your r i g h t s under
t h i s L i cense ( i n c l ud ing any patent l i c e n s e s granted under the th i rd
paragraph o f s e c t i o n 11) .

410

However , i f you cease a l l v i o l a t i o n o f t h i s License , then your l i c e n s e
from a pa r t i c u l a r copyr ight ho lder i s r e i n s t a t e d ( a ) p r ov i s i o n a l l y ,
un l e s s and un t i l the copyr ight ho lder e x p l i c i t l y and f i n a l l y
te rminates your l i c e n s e , and (b) permanently , i f the copyr ight ho lder

415 f a i l s to n o t i f y you o f the v i o l a t i o n by some reasonab l e means p r i o r to
60 days a f t e r the c e s s a t i o n .

Moreover , your l i c e n s e from a pa r t i c u l a r copyr ight ho lder i s
r e i n s t a t e d permanently i f the copyr ight ho lder n o t i f i e s you o f the

420 v i o l a t i o n by some reasonab l e means , t h i s i s the f i r s t time you have
r e c e i v ed no t i c e o f v i o l a t i o n o f t h i s L i cense ( f o r any work ) from that
copyr ight holder , and you cure the v i o l a t i o n p r i o r to 30 days a f t e r
your r e c e i p t o f the no t i c e .

425 Termination o f your r i g h t s under t h i s s e c t i o n does not terminate the
l i c e n s e s o f p a r t i e s who have r e c e i v ed cop i e s or r i g h t s from you under
t h i s L i cense . I f your r i g h t s have been terminated and not permanently
r e i n s t a t ed , you do not qu a l i f y to r e c e i v e new l i c e n s e s f o r the same
mate r i a l under s e c t i o n 10 .

430

#### 9. Acceptance Not Required f o r Having Copies .

You are not r equ i r ed to accept t h i s L i cense in order to r e c e i v e or run
a copy o f the Program . Anc i l l a r y propagat ion o f a covered work

435 occur r ing s o l e l y as a consequence o f us ing peer −to−peer t ransmi s s i on
to r e c e i v e a copy l i k ew i s e does not r e qu i r e acceptance . However ,
nothing other than t h i s L i cense grants you permis s ion to propagate or
modify any covered work . These a c t i on s i n f r i n g e copyr ight i f you do
not accept t h i s L i cense . Therefore , by modifying or propagat ing a

440 covered work , you i nd i c a t e your acceptance o f t h i s L i cense to do so .

#### 10 . Automatic L i c ens ing o f Downstream Rec ip i en t s .

Each time you convey a covered work , the r e c i p i e n t automat i ca l l y
445 r e c e i v e s a l i c e n s e from the o r i g i n a l l i c e n s o r s , to run , modify and

propagate that work , sub j e c t to t h i s L i cense . You are not r e s p on s i b l e
f o r en f o r c i ng compliance by th i rd p a r t i e s with t h i s L i cense .

An ” en t i t y t r an sa c t i on ” i s a t r an sa c t i on t r a n s f e r r i n g con t r o l o f an
450 organ i za t i on , or s u b s t a n t i a l l y a l l a s s e t s o f one , or subd iv id ing an

organ i za t i on , or merging o r gan i z a t i on s . I f propagat ion o f a covered
work r e s u l t s from an en t i t y t ransac t i on , each party to that
t r an sa c t i on who r e c e i v e s a copy o f the work a l s o r e c e i v e s whatever
l i c e n s e s to the work the party ’ s p r edec e s s o r in i n t e r e s t had or could

455 g ive under the prev ious paragraph , p lus a r i g h t to po s s e s s i on o f the
Corresponding Source o f the work from the pr edec e s so r in i n t e r e s t , i f
the p r edec e s s o r has i t or can get i t with rea sonab l e e f f o r t s .
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You may not impose any f u r t h e r r e s t r i c t i o n s on the e x e r c i s e o f the
460 r i g h t s granted or a f f i rmed under t h i s L i cense . For example , you may

not impose a l i c e n s e fee , roya l ty , or other charge f o r e x e r c i s e o f
r i g h t s granted under t h i s License , and you may not i n i t i a t e l i t i g a t i o n
( i n c l ud ing a cros s −c la im or counterc la im in a l awsu i t ) a l l e g i n g that
any patent c la im i s i n f r i n g e d by making , using , s e l l i n g , o f f e r i n g f o r

465 sa l e , or import ing the Program or any por t i on o f i t .

#### 11 . Patents .

A ” con t r i bu to r ” i s a copyr ight ho lder who au tho r i z e s use under t h i s
470 License o f the Program or a work on which the Program i s based . The

work thus l i c e n s e d i s c a l l e d the contr ibutor ’ s ” con t r i bu to r v e r s i on ” .

A contr ibutor ’ s ” e s s e n t i a l patent c la ims ” are a l l patent c la ims owned
or c on t r o l l e d by the contr ibutor , whether a l r eady acqu i red or

475 h e r e a f t e r acquired , that would be i n f r i n g e d by some manner , permitted
by t h i s License , o f making , using , or s e l l i n g i t s con t r i bu to r ver s ion ,
but do not in c lude c la ims that would be i n f r i n g e d only as a
consequence o f f u r t h e r mod i f i c a t i on o f the con t r i bu to r ve r s i on . For
purposes o f t h i s d e f i n i t i o n , ” c on t r o l ” i n c l ud e s the r i g h t to grant

480 patent s ub l i c e n s e s in a manner c on s i s t e n t with the requi rements o f
t h i s L i cense .

Each con t r i bu to r grants you a non− exc lu s i v e , worldwide , roya l ty − f r e e
patent l i c e n s e under the cont r ibutor ’ s e s s e n t i a l patent c la ims , to

485 make , use , s e l l , o f f e r f o r sa l e , import and otherw i s e run , modify and
propagate the contents o f i t s c on t r i bu to r ve r s i on .

In the f o l l ow i n g three paragraphs , a ” patent l i c e n s e ” i s any expre s s
agreement or commitment , however denominated , not to en f o r c e a patent

490 ( such as an expre s s permis s ion to p r a c t i c e a patent or covenant not to
sue f o r patent in f r ingement ) . To ” grant ” such a patent l i c e n s e to a
party means to make such an agreement or commitment not to en f o r c e a
patent aga in s t the party .

495 I f you convey a covered work , knowingly r e l y i n g on a patent l i c e n s e ,
and the Corresponding Source o f the work i s not a v a i l a b l e f o r anyone
to copy , f r e e o f charge and under the terms o f t h i s License , through a
pub l i c l y a v a i l a b l e network s e r v e r or other r e a d i l y a c c e s s i b l e means ,
then you must e i t h e r (1 ) cause the Corresponding Source to be so

500 ava i l ab l e , or (2 ) arrange to depr ive y ou r s e l f o f the b en e f i t o f the
patent l i c e n s e f o r t h i s p a r t i c u l a r work , or (3 ) arrange , in a manner
c on s i s t e n t with the requi rements o f t h i s License , to extend the patent
l i c e n s e to downstream r e c i p i e n t s . ”Knowingly r e l y i n g ” means you have
ac tua l knowledge that , but f o r the patent l i c e n s e , your conveying the

505 covered work in a country , or your r e c i p i e n t ’ s use o f the covered work
in a country , would i n f r i n g e one or more i d e n t i f i a b l e patents in that
country that you have reason to b e l i e v e are va l i d .

I f , pursuant to or in connect ion with a s i n g l e t r an sa c t i on or
510 arrangement , you convey , or propagate by procur ing conveyance of , a

covered work , and grant a patent l i c e n s e to some o f the p a r t i e s
r e c e i v i n g the covered work autho r i z i ng them to use , propagate , modify
or convey a s p e c i f i c copy o f the covered work , then the patent l i c e n s e
you grant i s automat i ca l l y extended to a l l r e c i p i e n t s o f the covered
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515 work and works based on i t .

A patent l i c e n s e i s ” d i s c r im ina to ry ” i f i t does not in c lude with in the
scope o f i t s coverage , p r oh i b i t s the e x e r c i s e of , or i s cond i t i oned on
the non− e x e r c i s e o f one or more o f the r i g h t s that are s p e c i f i c a l l y

520 granted under t h i s L i cense . You may not convey a covered work i f you
are a party to an arrangement with a th i rd party that i s in the
bus in e s s o f d i s t r i b u t i n g software , under which you make payment to the
th i rd party based on the extent o f your a c t i v i t y o f conveying the
work , and under which the th i rd party grants , to any o f the p a r t i e s

525 who would r e c e i v e the covered work from you , a d i s c r im ina to ry patent
l i c e n s e ( a ) in connect ion with cop i e s o f the covered work conveyed by
you ( or cop i e s made from those cop i e s ) , or (b) p r imar i l y f o r and in
connect ion with s p e c i f i c products or compi l a t i ons that conta in the
covered work , un l e s s you entered in to that arrangement , or that patent

530 l i c e n s e was granted , p r i o r to 28 March 2007 .

Nothing in t h i s L i cense s h a l l be construed as exc lud ing or l im i t i n g
any impl i ed l i c e n s e or other de f en s e s to in f r ingement that may
otherwi s e be a v a i l a b l e to you under app l i c ab l e patent law .

535

#### 12 . No Surrender o f Others ’ Freedom .

I f c ond i t i on s are imposed on you ( whether by court order , agreement or
otherwi s e ) that con t r ad i c t the cond i t i on s o f t h i s License , they do not

540 excuse you from the cond i t i on s o f t h i s L i cense . I f you cannot convey a
covered work so as to s a t i s f y s imul taneous ly your o b l i g a t i o n s under
t h i s L i cense and any other pe r t i n en t ob l i g a t i on s , then as a
consequence you may not convey i t at a l l . For example , i f you agree to
terms that ob l i g a t e you to c o l l e c t a roya l ty f o r f u r t h e r conveying

545 from those to whom you convey the Program , the only way you could
s a t i s f y both those terms and t h i s L i cense would be to r e f r a i n e n t i r e l y
from conveying the Program .

#### 13 . Use with the GNU Af f e ro General Publ ic L i cense .
550

Notwithstanding any other p r ov i s i on o f t h i s License , you have
permis s ion to l i n k or combine any covered work with a work l i c e n s e d
under ve r s i on 3 o f the GNU Af f e ro General Publ ic L i cense in to a s i n g l e
combined work , and to convey the r e s u l t i n g work . The terms o f t h i s

555 License w i l l cont inue to apply to the part which i s the covered work ,
but the s p e c i a l requ i rements o f the GNU Af fe ro General Publ ic License ,
s e c t i o n 13 , concern ing i n t e r a c t i o n through a network w i l l apply to the
combination as such .

560 #### 14 . Revised Vers ions o f t h i s L i cense .

The Free Software Foundation may pub l i sh r e v i s ed and/or new ve r s i on s
o f the GNU General Publ ic L i cense from time to time . Such new ve r s i on s
w i l l be s im i l a r in s p i r i t to the pre sent vers ion , but may d i f f e r in

565 d e t a i l to address new problems or concerns .

Each ve r s i on i s g iven a d i s t i n g u i s h i n g ve r s i on number . I f the Program
s p e c i f i e s that a c e r t a i n numbered ve r s i on o f the GNU General Publ ic
L i cense ” or any l a t e r v e r s i on ” app l i e s to i t , you have the opt ion o f

570 f o l l ow i n g the terms and cond i t i on s e i t h e r o f that numbered ve r s i on or
o f any l a t e r v e r s i on publ i shed by the Free Software Foundation . I f the
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Program does not s p e c i f y a ve r s i on number o f the GNU General Publ ic
License , you may choose any ve r s i on ever publ i shed by the Free
Software Foundation .

575

I f the Program s p e c i f i e s that a proxy can dec ide which fu tu r e v e r s i on s
o f the GNU General Publ ic L i cense can be used , that proxy ’ s pub l i c
statement o f acceptance o f a ve r s i on permanently au tho r i z e s you to
choose that ve r s i on f o r the Program .

580

Later l i c e n s e v e r s i on s may g ive you add i t i ona l or d i f f e r e n t
pe rmi s s i ons . However , no add i t i ona l o b l i g a t i o n s are imposed on any
author or copyr ight ho lder as a r e s u l t o f your choos ing to f o l l ow a
l a t e r v e r s i on .

585

#### 15 . Di sc la imer o f Warranty .

THERE IS NO WARRANTY FOR THE PROGRAM, TO THE EXTENT PERMITTED BY
APPLICABLE LAW. EXCEPT WHEN OTHERWISE STATED IN WRITING THE COPYRIGHT

590 HOLDERS AND/OR OTHER PARTIES PROVIDE THE PROGRAM ”AS IS” WITHOUT
WARRANTY OF ANY KIND, EITHER EXPRESSED OR IMPLIED, INCLUDING, BUT NOT
LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS FOR
A PARTICULAR PURPOSE. THE ENTIRE RISK AS TO THE QUALITY AND
PERFORMANCE OF THE PROGRAM IS WITH YOU. SHOULD THE PROGRAM PROVE

595 DEFECTIVE, YOU ASSUME THE COST OF ALL NECESSARY SERVICING, REPAIR OR
CORRECTION.

#### 16 . L imi tat ion o f L i a b i l i t y .

600 IN NO EVENT UNLESS REQUIRED BY APPLICABLE LAW OR AGREED TO IN WRITING
WILL ANY COPYRIGHT HOLDER, OR ANY OTHER PARTY WHO MODIFIES AND/OR
CONVEYS THE PROGRAM AS PERMITTED ABOVE, BE LIABLE TO YOU FOR DAMAGES,
INCLUDING ANY GENERAL, SPECIAL, INCIDENTAL OR CONSEQUENTIAL DAMAGES
ARISING OUT OF THE USE OR INABILITY TO USE THE PROGRAM (INCLUDING BUT

605 NOT LIMITED TO LOSS OF DATA OR DATA BEING RENDERED INACCURATE OR
LOSSES SUSTAINED BY YOU OR THIRD PARTIES OR A FAILURE OF THE PROGRAM
TO OPERATE WITH ANY OTHER PROGRAMS) , EVEN IF SUCH HOLDER OR OTHER
PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.

610 #### 17 . I n t e r p r e t a t i o n o f Se c t i on s 15 and 16 .

I f the d i s c l a ime r o f warranty and l im i t a t i o n o f l i a b i l i t y provided
above cannot be g iven l o c a l l e g a l e f f e c t accord ing to t h e i r terms ,
r ev i ewing cour t s s h a l l apply l o c a l law that most c l o s e l y approximates

615 an abso lu t e waiver o f a l l c i v i l l i a b i l i t y in connect ion with the
Program , un l e s s a warranty or assumption o f l i a b i l i t y accompanies a
copy o f the Program in return f o r a f e e .

END OF TERMS AND CONDITIONS
620

### How to Apply These Terms to Your New Programs

I f you develop a new program , and you want i t to be o f the g r e a t e s t
p o s s i b l e use to the publ ic , the bes t way to ach ieve t h i s i s to make i t

625 f r e e so f tware which everyone can r e d i s t r i b u t e and change under these
terms .

To do so , attach the f o l l ow i n g no t i c e s to the program . I t i s s a f e s t to
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attach them to the s t a r t o f each source f i l e to most e f f e c t i v e l y s t a t e
630 the ex c l u s i on o f warranty ; and each f i l e should have at l e a s t the

” copyr ight ” l i n e and a po in t e r to where the f u l l no t i c e i s found .

<one l i n e to g ive the program ’ s name and a b r i e f idea o f what i t does .>
Copyright (C) <year> <name o f author>

635

This program i s f r e e so f tware : you can r e d i s t r i b u t e i t and/ or modify
i t under the terms o f the GNU General Publ ic L i cense as publ i shed by
the Free Software Foundation , e i t h e r v e r s i on 3 o f the License , or
( at your opt ion ) any l a t e r v e r s i on .

640

This program i s d i s t r i b u t e d in the hope that i t w i l l be use fu l ,
but WITHOUT ANY WARRANTY; without even the impl i ed warranty o f
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Publ ic L i cense f o r more d e t a i l s .

645

You should have r e c e i v ed a copy o f the GNU General Publ ic L i cense
along with t h i s program . I f not , s e e <https : //www. gnu . org / l i c e n s e s />.

Also add in fo rmat ion on how to contact you by e l e c t r o n i c and paper
650 mail .

I f the program does te rmina l i n t e r a c t i on , make i t output a shor t
no t i c e l i k e t h i s when i t s t a r t s in an i n t e r a c t i v e mode :

655 <program> Copyright (C) <year> <name o f author>
This program comes with ABSOLUTELY NO WARRANTY; f o r d e t a i l s type ‘ show w⤦

Ç ’ .
This i s f r e e so f tware , and you are welcome to r e d i s t r i b u t e i t
under c e r t a i n cond i t i on s ; type ‘ show c ’ f o r d e t a i l s .

660 The hypo the t i c a l commands \ ‘ show w’ and \ ‘ show c ’ should show the
appropr ia t e par t s o f the General Publ ic L i cense . Of course , your
program ’ s commands might be d i f f e r e n t ; f o r a GUI i n t e r f a c e , you would
use an ”about box ” .

665 You should a l s o get your employer ( i f you work as a programmer ) or
school , i f any , to s i gn a ” copyr ight d i s c l a ime r ” f o r the program , i f
nece s sa ry . For more in fo rmat ion on th i s , and how to apply and f o l l ow
the GNU GPL, see <https : //www. gnu . org / l i c e n s e s />.

670 The GNU General Publ ic L i cense does not permit i n co rpo ra t i ng your
program in to p rop r i e t a ry programs . I f your program i s a subrout ine
l i b r a ry , you may cons id e r i t more u s e f u l to permit l i n k i n g p rop r i e t a ry
app l i c a t i o n s with the l i b r a r y . I f t h i s i s what you want to do , use the
GNU Lesse r General Publ ic L i cense in s t ead o f t h i s L i cense . But f i r s t ,

675 p l e a s e read <https : //www. gnu . org / l i c e n s e s /why−not− l g p l . html>.

78 .gitignore

## mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
## Copyright (C) 2015−2017 Claude Heiland −Allen
## License GPL3+ http ://www. gnu . org / l i c e n s e s / gpl . html

5 ∗ . a
∗ . d
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∗ . dat
∗ . l og
∗ . o

10 ∗ . h i
∗ . pc
∗ . png
∗ . g i f
∗ . so

15 ∗ . j s
∗ . j s .mem
∗ . wav
c/bin /m−box−per iod
c/bin /m−domain− s i z e

20 c/bin /m−exray− in
c/bin /m−exray−out
c/bin /m− i n t e r i o r
c/ bin /m−mis iurewicz
c/bin /m−nuc leus

25 c/bin /m−parent
c/bin /m−shape
c/bin /m− s i z e
c/bin /m− a t t r a c t o r
c/bin /m− c i r c l e s

30 c/bin /m− f i b onac c i −phi
c/bin /m− s i z e −p r e c i s i o n
c/bin /m−ba l l −per iod
c/bin /m−de s c r i b e
c/bin /m−pi − rays

35 c/bin /m− feigenbaum
c/bin /m−two− s p i r a l s −out
c/bin /m−domain−coord
c/bin /m−e j s − t ree −morph
c/bin /m−box−mis iurewicz

40 c/bin /m−e j s −evotree −morph
c/bin /m−nearest − r oo t s
c/bin /m−ba l l −vs−box−per iod
c/bin /m− f u r c a t i o n
c/bin /m−disc −per iod

45 c/bin /m− s on i f y
c/bin /m− feigenbaum3
c/bin /m− e qu i p o t e n t i a l
c/ bin /m−exray−out−perturbed
c/bin /m− f ea ture −database

50 c/bin /m−golden − s p i r a l
c/ bin /m−rodney
c/bin /m− s t a b i l i t y
hs/bin /m− s t a b i l i t y
. cabal −sandbox

55 caba l . sandbox . c on f i g
d i s t

79 glsl/complex.glsl

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
// complex number f unc t i on s
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vec2 cAdd( vec2 a , f l o a t s ) {
5 re turn vec2 ( a . x+s , a . y ) ;

}

vec2 cAdd( f l o a t s , vec2 a ) {
re turn vec2 ( s+a . x , a . y ) ;

10 }

vec2 cAdd( vec2 a , vec2 s ) {
re turn a + s ;

}
15

vec2 cSub ( vec2 a , f l o a t s ) {
re turn vec2 ( a . x−s , a . y ) ;

}

20 vec2 cSub ( f l o a t s , vec2 a ) {
re turn vec2 ( s−a . x , −a . y ) ;

}

vec2 cSub ( vec2 a , vec2 s ) {
25 re turn a − s ;

}

vec2 cConj ( vec2 z ) {
re turn vec2 ( z . x ,− z . y ) ;

30 }

f l o a t cNorm( vec2 z ) {
re turn dot ( z , z ) ;

}
35

f l o a t cAbs ( vec2 z ) {
re turn l ength ( z ) ;

}

40 f l o a t cArg ( vec2 a ) {
re turn atan ( a . y , a . x ) ;

}

vec2 cSqr ( vec2 z ) {
45 re turn vec2 ( z . x∗z . x−z . y∗z . y , 2 . ∗ z . x∗z . y ) ;

}

vec2 cMul ( vec2 a , vec2 b) {
re turn vec2 ( a . x∗b . x − a . y∗b . y , a . x∗b . y + a . y ∗ b . x ) ;

50 }

vec2 c Inve r s e ( vec2 a ) {
re turn vec2 ( a . x ,−a . y ) /dot ( a , a ) ;

}
55

vec2 cDiv ( vec2 a , vec2 b ) {
f l o a t d = dot (b , b) ;
r e turn vec2 ( dot ( a , b) , a . y∗b . x − a . x∗b . y ) / d ;

}
60
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vec2 cSqrt ( vec2 z ) {
f l o a t m = length ( z ) ;
r e turn sq r t ( max( vec2 ( 0 . 0 ) , 0 .5∗ vec2 (m+z . x , m−z . x ) ) ) ∗

vec2 ( 1 . 0 , s i gn ( z . y ) ) ;
65 }

vec2 cExp ( vec2 z ) {
re turn exp ( z . x ) ∗ vec2 ( cos ( z . y ) , s i n ( z . y ) ) ;

}
70

vec2 cLog ( vec2 a ) {
re turn vec2 ( l og ( cAbs ( a ) ) , cArg ( a ) ) ;

}

75 vec2 cPow( vec2 z , vec2 a ) {
re turn cExp ( cMul ( cLog ( z ) , a ) ) ;

}

vec2 cPow( vec2 z , f l o a t a ) {
80 re turn cExp ( cLog ( z ) ∗ a ) ;

}

vec2 cSin ( vec2 z ) {
re turn vec2 ( s i n ( z . x ) ∗ cosh ( z . y ) , cos ( z . x ) ∗ s inh ( z . y ) ) ;

85 }

vec2 cCos ( vec2 z ) {
re turn vec2 ( cos ( z . x ) ∗ cosh ( z . y ) , − s i n ( z . x ) ∗ s inh ( z . y ) ) ;

}
90

vec2 cTan ( vec2 z ) {
re turn cDiv ( cSin ( z ) , cCos ( z ) ) ;

}

95 vec2 cSinh ( vec2 z ) {
re turn 0 .5 ∗ ( cExp ( z ) − cExp(−z ) ) ;

}

vec2 cCosh ( vec2 z ) {
100 re turn 0 .5 ∗ ( cExp ( z ) + cExp(−z ) ) ;

}

vec2 cTanh ( vec2 z ) {
re turn cDiv ( cSinh ( z ) , cCosh ( z ) ) ;

105 }

vec2 cAsin ( vec2 z ) {
const vec2 I = vec2 ( 0 . 0 , 1 . 0 ) ;
r e turn cMul(− I , cLog ( cMul ( I , z ) + cSqrt ( cSub ( 1 . 0 , cSqr ( z ) ) ) ) ) ;

110 }

vec2 cAcos ( vec2 z ) {
const vec2 I = vec2 ( 0 . 0 , 1 . 0 ) ;
r e turn cMul(− I , cLog ( z + cMul ( I , cSqrt ( cSub ( 1 . 0 , cSqr ( z ) ) ) ) ) ) ;

115 }

vec2 cAtan ( vec2 z ) {
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const vec2 I = vec2 ( 0 . 0 , 1 . 0 ) ;
r e turn cDiv

120 ( cLog (cAdd ( 1 . 0 , cMul ( I , z ) ) ) − cLog ( cSub ( 1 . 0 , cMul ( I , z ) ) )
, 2 . 0 ∗ I
) ;

}

125 vec2 cAsinh ( vec2 z ) {
re turn cLog ( z + cSqrt (cAdd( cSqr ( z ) , 1 . 0 ) ) ) ;

}

vec2 cAcosh ( vec2 z ) {
130 re turn 2 .0 ∗

cLog ( cSqrt ( 0 . 5 ∗ cAdd( z , 1 . 0 ) ) + cSqrt ( 0 . 5 ∗ cSub ( z , 1 . 0 ) ) ) ;
}

vec2 cAtanh ( vec2 z ) {
135 re turn 0 .5 ∗ ( cLog (cAdd ( 1 . 0 , z ) ) − cLog ( cSub ( 1 . 0 , z ) ) ) ;

}

//−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
// dual complex number f unc t i on s f o r automatic d i f f e r e n t i a t i o n

140

vec4 cConst ( f l o a t z ) {
re turn vec4 ( z , 0 . 0 , 0 . 0 , 0 . 0 ) ;

}

145 vec4 cConst ( vec2 z ) {
re turn vec4 ( z , 0 . 0 , 0 . 0 ) ;

}

vec4 cVar ( f l o a t z ) {
150 re turn vec4 ( z , 0 . 0 , 1 . 0 , 0 . 0 ) ;

}

vec4 cVar ( vec2 z ) {
re turn vec4 ( z , 1 . 0 , 0 . 0 ) ;

155 }

vec2 cVar ( vec4 z ) {
re turn z . xy ;

}
160

vec2 cDeriv ( vec4 z ) {
re turn z . zw ;

}

165 f l o a t cNorm( vec4 z ) {
re turn cNorm( z . xy ) ;

}

f l o a t cAbs ( vec4 z ) {
170 re turn cAbs ( z . xy ) ;

}

f l o a t cArg ( vec4 z ) {
re turn cArg ( z . xy ) ;
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175 }

vec4 cAdd( vec4 z , f l o a t a ) {
re turn vec4 ( z . x + a , z . yzw ) ;

}
180

vec4 cAdd( f l o a t a , vec4 z ) {
re turn vec4 ( a + z . x , z . yzw ) ;

}

185 vec4 cAdd( vec4 z , vec2 a ) {
re turn vec4 ( z . xy + a , z . zw ) ;

}

vec4 cAdd( vec2 a , vec4 z ) {
190 re turn vec4 ( a + z . xy , z . zw ) ;

}

vec4 cAdd( vec4 a , vec4 z ) {
re turn a + z ;

195 }

vec4 cSub ( vec4 z , f l o a t a ) {
re turn vec4 ( z . x − a , z . yzw ) ;

}
200

vec4 cSub ( f l o a t a , vec4 z ) {
re turn vec4 ( a − z . x , −z . yzw ) ;

}

205 vec4 cSub ( vec4 z , vec2 a ) {
re turn vec4 ( z . xy − a , z . zw ) ;

}

vec4 cSub ( vec2 a , vec4 z ) {
210 re turn vec4 ( a − z . xy , −z . zw ) ;

}

vec4 cSub ( vec4 a , vec4 z ) {
re turn a − z ;

215 }

vec4 cSqr ( vec4 z ) {
re turn vec4 ( cSqr ( z . xy ) , 2 . 0 ∗ cMul ( z . xy , z . zw) ) ;

}
220

vec4 cMul ( vec4 a , vec4 b ) {
re turn vec4

( cMul ( a . xy , b . xy )
, cMul ( a . xy , b . zw) + cMul ( a . zw , b . xy )

225 ) ;
}

vec4 cMul ( vec2 a , vec4 b ) {
re turn cMul ( cConst ( a ) , b ) ;

230 }
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vec4 cMul ( vec4 a , vec2 b ) {
re turn cMul ( a , cConst (b) ) ;

}
235

vec4 cDiv ( vec4 a , vec4 b ) {
re turn vec4

( cDiv ( a . xy , b . xy )
, cDiv ( cMul ( a . zw , b . xy ) − cMul ( a . xy , b . zw) , cSqr (b . xy ) )

240 ) ;
}

vec4 cDiv ( f l o a t a , vec4 b ) {
re turn cDiv ( cConst ( a ) , b ) ;

245 }

vec4 cDiv ( vec2 a , vec4 b ) {
re turn cDiv ( cConst ( a ) , b ) ;

}
250

vec4 cDiv ( vec4 a , vec2 b ) {
re turn cDiv ( a , cConst (b) ) ;

}

255 vec4 c Inve r s e ( vec4 a ) {
re turn cDiv ( 1 . 0 , a ) ;

}

vec4 cSqrt ( vec4 a ) {
260 vec2 s = cSqrt ( a . xy ) ;

r e turn vec4 ( s , cDiv ( a . zw , 2 .0 ∗ s ) ) ;
}

vec4 cExp ( vec4 a ) {
265 vec2 s = cExp ( a . xy ) ;

r e turn vec4 ( s , cMul ( s , a . zw) ) ;
}

vec4 cLog ( vec4 a ) {
270 re turn vec4 ( cLog ( a . xy ) , cDiv ( a . zw , a . xy ) ) ;

}

vec4 cSin ( vec4 z ) {
const vec2 I = vec2 ( 0 . 0 , 1 . 0 ) ;

275 re turn cDiv ( cExp ( cMul ( I , z ) ) − cExp ( cMul(− I , z ) ) , 2 . 0 ∗ I ) ;
}

vec4 cCos ( vec4 z ) {
const vec2 I = vec2 ( 0 . 0 , 1 . 0 ) ;

280 re turn cExp ( cMul ( I , z ) ) + cExp ( cMul(− I , z ) ) / 2 . 0 ;
}

vec4 cTan ( vec4 a ) {
re turn cDiv ( cSin ( a ) , cCos ( a ) ) ;

285 }

vec4 cSinh ( vec4 z ) {
re turn 0 .5 ∗ ( cExp ( z ) − cExp(−z ) ) ;
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}
290

vec4 cCosh ( vec4 z ) {
re turn 0 .5 ∗ ( cExp ( z ) + cExp(−z ) ) ;

}

295 vec4 cTanh ( vec4 z ) {
re turn cDiv ( cSinh ( z ) , cCosh ( z ) ) ;

}

vec4 cAsin ( vec4 z ) {
300 const vec2 I = vec2 ( 0 . 0 , 1 . 0 ) ;

r e turn cMul(− I , cLog ( cMul ( I , z ) + cSqrt ( cSub ( 1 . 0 , cSqr ( z ) ) ) ) ) ;
}

vec4 cAcos ( vec4 z ) {
305 const vec2 I = vec2 ( 0 . 0 , 1 . 0 ) ;

r e turn cMul(− I , cLog ( z + cMul ( I , cSqrt ( cSub ( 1 . 0 , cSqr ( z ) ) ) ) ) ) ;
}

vec4 cAtan ( vec4 z ) {
310 const vec2 I = vec2 ( 0 . 0 , 1 . 0 ) ;

r e turn cDiv
( cLog (cAdd ( 1 . 0 , cMul ( I , z ) ) ) − cLog ( cSub ( 1 . 0 , cMul ( I , z ) ) )
, 2 . 0 ∗ I
) ;

315 }

vec4 cAsinh ( vec4 z ) {
re turn cLog ( z + cSqrt (cAdd( cSqr ( z ) , 1 . 0 ) ) ) ;

}
320

vec4 cAcosh ( vec4 z ) {
re turn 2 .0 ∗

cLog ( cSqrt ( 0 . 5 ∗ cAdd( z , 1 . 0 ) ) + cSqrt ( 0 . 5 ∗ cSub ( z , 1 . 0 ) ) ) ;
}

325

vec4 cAtanh ( vec4 z ) {
re turn 0 .5 ∗ ( cLog (cAdd ( 1 . 0 , z ) ) − cLog ( cSub ( 1 . 0 , z ) ) ) ;

}

80 hs/bin/m-stability.hs

{−# LANGUAGE Flex ib l eContext s #−}

import Data . Complex . Generic
import System . Environment ( getArgs )

5 import System .Random

dot (x:+y) (u:+v) = x ∗ u − y ∗ v
mag2 z = dot z ( conjugate z )

10 chunk : : Int −> [ a ] −> [ [ a ] ]
chunk n [ ] = [ ]
chunk n zs = l e t ( xs , ys ) = sp l i tA t n zs in xs : chunk n ys

exact = fmap toRat iona l
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15 i n exac t = fmap fromRational

co r r : : [ Complex Double ] −> [ Complex Double ] −> Double
co r r x y = ((/ f r omInteg ra l ( l ength x ) ) . sum $ zipWith dot x y ) / ( sq r t . (/ ⤦

Ç f r omInteg ra l ( l ength x ) ) . sum . map mag2 $ zipWith (∗ ) x y )

20 t e s t : : Int −> Int −> Complex Double −> (Complex Double , Complex Double )
t e s t m n c =

l e t c ’ = exact c
z0 ’ : z1s ’ = drop m $ i t e r a t e (\ z −> z ˆ2 + c ’ ) 0
z1 ’ : = drop n z1s ’

25 z0 : z1s = drop m $ i t e r a t e (\ z −> z ˆ2 + c ) 0
z1 : = drop n z1s
e0 = inexac t ( z0 ’ − exact z0 )
e1 = inexac t ( z1 ’ − exact z1 )

in ( e0 , e1 )
30

main : : IO ( )
main = do

[m, n ] <− map read <$> getArgs
g <− newStdGen

35 l e t r = uncurry co r r . unzip . take 100 . map ( t e s t m n) . f i l t e r (\ c −> dot c⤦
Ç c <= 4) . map ( \ [ x , y ] −> x :+ y) . chunk 2 . randomRs ( −2 , 2) $ g

p r in t r

81 hs/lib/Mandelbrot/Numerics/BoxPeriod.hs

{−# LANGUAGE BangPatterns #−}
{−# LANGUAGE Flex ib l eContext s #−}
module Mandelbrot . Numerics . BoxPeriod

( boxPeriod
5 ) where

import Mandelbrot . Numerics . Complex
import Mandelbrot . Numerics . Progres s

10 c r o s s
: : Num r
=> Complex r −> Complex r −> r

c r o s s ( ax :+ ay ) (bx :+ by ) = ay ∗ bx − ax ∗ by

15 c r o s s e sPo s i t i v eRea lAx i s
: : RealFloat r
=> Complex r −> Complex r −> Bool

c r o s s e sPo s i t i v eRea lAx i s a@( :+ay ) b@( :+by )
| signum ay /= signum by = s == t

20 | otherwi s e = False
where

d@( :+dy ) = b − a
s = signum dy
t = signum (d ‘ c ros s ‘ a )

25

surroundsOr ig in
: : RealFloat r
=> Complex r −> Complex r −> Complex r −> Complex r −> Bool

surroundsOr ig in a b c d
30 = odd . l ength . f i l t e r id
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$ zipWith c r o s s e sPo s i t i v eRea lAx i s [ a , b , c , d ] [ b , c , d , a ]

boxPeriod
: : ( RealFloat r , Square r , Square (Complex r ) )

35 => Complex r −> r −> Progres s Int
boxPeriod c r = go 1 c0 c1 c2 c3

where
r ’ = negate r
c0 = c + ( r ’ :+ r ’ )

40 c1 = c + ( r :+ r ’ )
c2 = c + ( r :+ r )
c3 = c + ( r ’ :+ r )
go ! p z0 z1 z2 z3

| notFin i te ’ z0 = Fa i l ed p
45 | notFin i te ’ z1 = Fa i l ed p

| notFin i te ’ z2 = Fa i l ed p
| notFin i te ’ z3 = Fa i l ed p
| surroundsOr ig in z0 z1 z2 z3 = Done p
| otherw i s e = Continue p $

50 go (p + 1) ( sqr z0 + c0 ) ( sqr z1 + c1 ) ( sqr z2 + c2 ) ( sqr z3 + c3 )
notFin i te ’ ( x :+ y ) = not ( isNaN x) && not ( isNaN y) && not ( i s I n f i n i t e x ) ⤦

Ç && not ( i s I n f i n i t e y )

82 hs/lib/Mandelbrot/Numerics/Child.hs

{−# LANGUAGE BangPatterns #−}
{−# LANGUAGE Flex ib l eContext s #−}
module Mandelbrot . Numerics . Child

( Child ( . . )
5 , c h i l d

, c h i l d r en
, c h i l d S i z e
) where

10 import Data . Ratio
( (%)
, denominator
)

import Data . S t r i c t . Tuple
15 ( Pair ( . . )

)

import Mandelbrot . Numerics . Complex
import Mandelbrot . Numerics . I n t e r i o r

20 import Mandelbrot . Numerics . Nucleus
import Mandelbrot . Numerics . Shape
import Mandelbrot . Numerics . S i z e

data Child r = Child ! Int ! ( Complex r )
25 de r i v i ng (Eq , Read , Show)

c h i l d S i z e
: : ( RealFloat r , Square r , Square (Complex r ) , Approx r , Approx (Complex r ) )
=> Int −> Complex r −> Rat iona l −> Maybe r

30 {−# SPECIALIZE ch i l d S i z e : : Int −> Complex Double −> Rat iona l −> Maybe Double ⤦
Ç #−}

c h i l d S i z e ! p ! c0 ! t = case shape p c0 o f
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Just Cardio id | f i n i t e s −> Just $ ! s ∗ s i n ( p i ∗ f romRational t ) ∗ 2
Just C i r c l e | f i n i t e s −> Just $ ! s
−> Nothing

35 where
! s = magnitude ( s i z e p c0 ) / (q ∗ q )
! q = fromInteger ( denominator t )

c h i l d
40 : : ( RealFloat r , Square r , Square (Complex r ) , Approx r , Approx (Complex r ) )

=> Int −> Complex r −> Rat iona l −> Maybe ( Child r )
{−# SPECIALIZE ch i l d : : Int −> Complex Double −> Rat iona l −> Maybe ( Child Double⤦

Ç ) #−}
ch i l d p c0 t = case c h i l d S i z e p c0 t o f

Just s −> case converge 2 64 $ i n t e r i o r p ( l ∗ b) c0 c0 o f
45 Just ( : ! : root1 ) −> case converge 2 64 $ i n t e r i o r p b c0 c0 o f

Just ( : ! : root0 ) −>
l e t n = root0 + (0 . 5 ∗ s :+ 0) ∗ signum ( root0 − root1 )
in case converge 2 64 $ nuc leus p1 n o f

Just c1 −> Just ( Child p1 c1 )
50 −> Nothing

−> Nothing
−> Nothing

−> Nothing
where

55 l = fromRational $ ( denominator t − 1) % ( denominator t )
b = c i s (2 ∗ pi ∗ f romRational t )
p1 = p ∗ f romInteger ( denominator t )

ch i l d r en
60 : : ( RealFloat r , Square r , Square (Complex r ) , Approx r , Approx (Complex r ) )

=> Int −> Complex r −> [ Rat iona l ] −> [ Child r ]
{−# SPECIALIZE ch i l d r en : : Int −> Complex Double −> [ Rat iona l ] −> [ Child Double ]⤦

Ç #−}
ch i l d r en [ ] = [ ]
c h i l d r en p0 c0 ( t : t s ) = case ch i l d p0 c0 t o f

65 Just c@( Child p1 c1 ) −> c : c h i l d r en p1 c1 t s
−> [ ]

83 hs/lib/Mandelbrot/Numerics/Complex.hs

{− |
Complex number ope ra t i on s u s e f u l in Mandelbrot s e t numeric a lgor i thms .
−}
module Mandelbrot . Numerics . Complex

5 ( module Data . Complex
, Approx ( . . )
, converge
, Square ( . . )
, magnitudeSquared

10 , l o s s
) where

import Data . Complex
import Data . S t r i c t . Tuple

15 ( Pair ( . . )
)

import Safe
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( lastMay
)

20

c l a s s Approx t where
f i n i t e : : t −> Bool
f i n i t e = not . no tF in i t e
no tF in i t e : : t −> Bool

25 notF in i t e = not . f i n i t e
bashZero : : t −> t
approxEq : : Int −> t −> t −> Bool

i n s t ance Approx Double where
30 notF in i t e x = isNaN x | | i s I n f i n i t e x

bashZero x
| 1 + abs x == 1 = 0
| otherwi s e = x

approxEq b u v
35 | x == 0 && y == 0 = True

| x > 0 && y > 0 = l o s s x y > k
| x < 0 && y < 0 = l o s s (−x ) (−y ) > k
| otherwi s e = False
where

40 x = bashZero u
y = bashZero v
k = f romInteg ra l ( f l o a tD i g i t s x − b)

l o s s : : Double −> Double −> Double
45 l o s s p q = negate . logBase 2 $ 1 − min p q / max p q

in s t ance Approx t => Approx (Complex t ) where
{−# SPECIALIZE in s tance Approx (Complex Double ) #−}
f i n i t e ( x :+ y ) = f i n i t e x && f i n i t e y

50 bashZero (x :+ y ) = bashZero x :+ bashZero y
approxEq b (ux :+ uy ) ( vx :+ vy ) = approxEq b ux vx && approxEq b uy vy

in s t ance (Approx s , Approx t ) => Approx ( Pair s t ) where
{−# SPECIALIZE in s tance Approx ( Pair (Complex Double ) (Complex Double ) ) #−}

55 f i n i t e ( a : ! : b ) = f i n i t e a && f i n i t e b
bashZero ( a : ! : b ) = bashZero a : ! : bashZero b
approxEq b (u : ! : v ) ( x : ! : y ) = approxEq b u x && approxEq b v y

converge
60 : : Approx t

=> Int −> Int −> [ t ] −> Maybe t
{−# SPECIALIZE converge : : Int −> Int −> [ Complex Double ] −> Maybe (Complex ⤦

Ç Double ) #−}
{−# SPECIALIZE converge : : Int −> Int −> [ Pair (Complex Double ) (Complex Double )⤦

Ç ] −> Maybe ( Pair (Complex Double ) (Complex Double ) ) #−}
converge b n = lastMay . trim . f i l t e r f i n i t e . take n

65 where
trim [ ] = [ ]
tr im [ x ] = [ x ]
tr im (x : ys@(y : ) )

| approxEq b x y = [ x , y ]
70 | otherw i s e = trim ys

c l a s s Num t => Square t where
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sqr : : t −> t
sqr x = x ∗ x

75 double : : t −> t
double x = x + x

in s t ance Square Double

80 i n s t ance ( RealFloat t , Square t ) => Square (Complex t ) where
sqr ( x :+ y ) = ( sqr x − sqr y ) :+ double ( x ∗ y )
{−# SPECIALIZE in s tance Square (Complex Double ) #−}
double ( x :+ y ) = double x :+ double y

85 magnitudeSquared : : Square r => Complex r −> r
{−# SPECIALIZE magnitudeSquared : : Complex Double −> Double #−}
magnitudeSquared (x :+ y ) = sqr x + sqr y

84 hs/lib/Mandelbrot/Numerics/DomainCoord.hs

{−# LANGUAGE BangPatterns #−}
{−# LANGUAGE Flex ib l eContext s #−}
module Mandelbrot . Numerics . DomainCoord

( domainCoord
5 , atDomainCoord

) where

import Mandelbrot . Numerics . Complex

10 domainCoord
: : ( RealFloat r , Square r )
=> Int −> Int −> Complex r −> Complex r

{−# SPECIALIZE domainCoord : : Int −> Int −> Complex Double −> Complex Double #−}
domainCoord q p c = go1 0 0

15 where
go1 n ! z

| n == q = go2 n z
| otherwi s e = go1 (n + 1) ( sqr z + c )
where

20 go2 n !w
| n == p = w / z
| otherw i s e = go2 (n + 1) ( sqr w + c )

25 atDomainCoord
: : ( RealFloat r , Square r )
=> Int −> Int −> Complex r −> Complex r −> [ Complex r ]

{−# SPECIALIZE atDomainCoord : : Int −> Int −> Complex Double −> Complex Double ⤦
Ç −> [ Complex Double ] #−}

atDomainCoord q p g c = c : go1 0 0 0
30 where

go1 n ! z ! dz
| n == q = go2 n z dz
| otherwi s e = go1 (n + 1) ( sqr z + c ) ( double ( z ∗ dz ) + 1)
where

35 go2 n !w !dw
| n == p = atDomainCoord q p g c ’
| otherw i s e = go2 (n + 1) ( sqr w + c ) ( double (w ∗ dw) + 1)
where
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c ’ = c − f / df
40 f = w / z − g

df = (dw ∗ z − w ∗ dz ) / sqr z

85 hs/lib/Mandelbrot/Numerics/DomainSize.hs

{−# LANGUAGE BangPatterns #−}
{−# LANGUAGE Flex ib l eContext s #−}
module Mandelbrot . Numerics . DomainSize

( domainSize
5 ) where

import Mandelbrot . Numerics . Complex

domainSize
10 : : ( RealFloat r , Square r , Square (Complex r ) )

=> Int −> Complex r −> r
{−# SPECIALIZE domainSize : : Int −> Complex Double −> Double #−}
domainSize p c = go 1 (magnitudeSquared c ) c 1

where
15 go q ! zq2 ! z ! dc

| q >= p = sqr t zq2 / magnitude dc
| otherwi s e = go (q + 1) zq2 ’ ( sqr z + c ) ( double ( z ∗ dc ) + 1)
where

zq2 ’ = zq2 ‘min ‘ magnitudeSquared z

86 hs/lib/Mandelbrot/Numerics.hs

module Mandelbrot . Numerics
( module Mandelbrot . Numerics . BoxPeriod
, module Mandelbrot . Numerics . Child
, module Mandelbrot . Numerics . Complex

5 , module Mandelbrot . Numerics . DomainCoord
, module Mandelbrot . Numerics . DomainSize

−− , module Mandelbrot . Numerics . ExRayIn
−− , module Mandelbrot . Numerics . ExRayOut

, module Mandelbrot . Numerics . I n t e r i o r
10 , module Mandelbrot . Numerics . Mis iurewicz

, module Mandelbrot . Numerics . Nucleus
, module Mandelbrot . Numerics . Parent
, module Mandelbrot . Numerics . Progres s
, module Mandelbrot . Numerics . Shape

15 , module Mandelbrot . Numerics . S i z e
, module Mandelbrot . Numerics . Wucleus
) where

import Mandelbrot . Numerics . BoxPeriod
20 import Mandelbrot . Numerics . Child

import Mandelbrot . Numerics . Complex
import Mandelbrot . Numerics . DomainCoord
import Mandelbrot . Numerics . DomainSize
−− import Mandelbrot . Numerics . ExRayIn

25 −− import Mandelbrot . Numerics . ExRayOut
import Mandelbrot . Numerics . I n t e r i o r
import Mandelbrot . Numerics . Mis iurewicz
import Mandelbrot . Numerics . Nucleus
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import Mandelbrot . Numerics . Parent
30 import Mandelbrot . Numerics . Progres s

import Mandelbrot . Numerics . Shape
import Mandelbrot . Numerics . S i z e
import Mandelbrot . Numerics . Wucleus

87 hs/lib/Mandelbrot/Numerics/Interior.hs

{−# LANGUAGE BangPatterns #−}
{−# LANGUAGE Flex ib l eContext s #−}
module Mandelbrot . Numerics . I n t e r i o r

( i n t e r i o r
5 ) where

import Data . S t r i c t . Tuple
( Pair ( . . )
)

10

import Mandelbrot . Numerics . Complex

i n t e r i o r
: : ( RealFloat r , Square r , Square (Complex r ) , Approx r , Approx (Complex r ) )

15 => Int −> Complex r −> Complex r −> Complex r −> [ Pair (Complex r ) (Complex r )⤦
Ç ]

{−# SPECIALIZE i n t e r i o r : : Int −> Complex Double −> Complex Double −> Complex ⤦
Ç Double −> [ Pair (Complex Double ) (Complex Double ) ] #−}

i n t e r i o r ! p ! i ! z0 ! c0
| p > 0 && f i n i t e i && f i n i t e z0 && f i n i t e c0 = go 0 z0 1 0 0 0
| otherwi s e = [ ]

20 where
go ! q ! z ! dz ! dc ! dzdz ! dcdz

| q >= p = ( z ’ : ! : c ’ ) : i n t e r i o r p i z ’ c ’
| otherw i s e =

go (q + 1) ( sqr z + c0 ) ( double ( z ∗ dz ) ) ( double ( z ∗ dc ) + 1)
25 ( double ( z ∗ dzdz + sqr dz ) ) ( double ( z ∗ dcdz + dc ∗ dz ) )

where
det = ( dz − 1) ∗ dcdz − dc ∗ dzdz ;
z ’ = z0 − ( dcdz ∗ ( z − z0 ) − dc ∗ ( dz − i ) ) / det ;
c ’ = c0 − ( ( dz − 1) ∗ ( dz − i ) − dzdz ∗ ( z − z0 ) ) / det ;

88 hs/lib/Mandelbrot/Numerics/Misiurewicz.hs

{−# LANGUAGE BangPatterns #−}
{−# LANGUAGE Flex ib l eContext s #−}
module Mandelbrot . Numerics . Mis iurewicz

( mi s iu rewicz
5 , mis iurewiczNaive

) where

import Data . L i s t
( f o l d l ’

10 )

import Data . S t r i c t . Tuple
( Pair ( ( : ! : ) )
)
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15

import Mandelbrot . Numerics . Complex

mis iurewiczNaive
: : ( RealFloat r , Square r , Square (Complex r ) , Approx r , Approx (Complex r ) )

20 => Int −> Int −> Complex r −> [ Complex r ]
{−# SPECIALIZE mis iurewiczNaive : : Int −> Int −> Complex Double −> [ Complex ⤦

Ç Double ] #−}
mis iurewiczNaive pp p c0

| pp > 0 && p > 0 && f i n i t e c0 = go 0 0 0 0 0
| otherw i s e = [ ]

25 where
go i ! zp ! dcp ! z ! dc

| i == pp + p = c ’ : mis iurewiczNaive pp p c ’
| i == pp = go ( i + 1) z dc ( sqr z + c0 ) ( double ( z ∗ dc ) + 1)
| otherw i s e = go ( i + 1) zp dcp ( sqr z + c0 ) ( double ( z ∗ dc ) + 1)

30 where
c ’ = c0 − ( z − zp ) / ( dc − dcp )

mis iu rew icz
: : ( RealFloat r , Square r , Square (Complex r ) , Approx r , Approx (Complex r ) )

35 => Int −> Int −> Complex r −> [ Complex r ]
{−# SPECIALIZE mis iurewicz : : Int −> Int −> Complex Double −> [ Complex Double ] ⤦

Ç #−}
mis iurewicz pp p c0

| pp > 0 && p > 0 && f i n i t e c0 = go 0 [ ] 0 0
| otherwi s e = [ ]

40 where
go i ! ps ! z ! dc

| i == pp + p = c ’ : mi s iu rewicz pp p c ’
| otherw i s e = go ( i + 1) ( ( z : ! : dc ) : ps ) ( sqr z + c0 ) ( double ( z ∗ dc + 1) )
where

45 c ’ = c0 − f / df
f = g / h
df = (dg ∗ h − g ∗ dh) / (h ∗ h)
g = z − zp
dg = dc − dcp

50 zp : ! : dcp = ps ! ! (p − 1)
h : ! : dh0 = f o l d l ’ prodsum (1 : ! : 0) $ zipWith sub ps ( drop p ps )
dh = h ∗ dh0
sub (xp : ! : xs ) ( yp : ! : ys ) = dp : ! : ( ( xs − ys ) / dp)

where dp = xp − yp
55 prodsum (xp : ! : xs ) ( yp : ! : ys ) = (xp ∗ yp ) : ! : ( xs + ys )

89 hs/lib/Mandelbrot/Numerics/Nucleus.hs

{−# LANGUAGE BangPatterns #−}
{−# LANGUAGE Flex ib l eContext s #−}
module Mandelbrot . Numerics . Nucleus

( nuc leus
5 ) where

import Mandelbrot . Numerics . Complex

nuc leus
10 : : ( RealFloat r , Square r , Square (Complex r ) )

=> Int −> Complex r −> [ Complex r ]
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{−# SPECIALIZE nuc leus : : Int −> Complex Double −> [ Complex Double ] #−}
nuc leus ! p ! c0@( cx :+ cy )

| p > 0 && f i n cx && f i n cy = go 0 0 0
15 | otherwi s e = [ ]

where
f i n x = not ( isNaN x) && not ( i s I n f i n i t e x )
go ! i ! z ! dc

| i == p = c ’ : nuc leus p c ’
20 | otherwi s e = go ( i + 1) ( sqr z + c0 ) ( double ( z ∗ dc ) + 1)

where
c ’ = c0 − z / dc

90 hs/lib/Mandelbrot/Numerics/Parent.hs

{−# LANGUAGE BangPatterns #−}
{−# LANGUAGE Flex ib l eContext s #−}
module Mandelbrot . Numerics . Parent

( Parent ( . . )
5 , parent

, parents
) where

import Data . Ratio
10 ( (%)

)
import Data . S t r i c t . Tuple

( Pair ( . . )
)

15

import Mandelbrot . Numerics . Complex
import Mandelbrot . Numerics . I n t e r i o r
import Mandelbrot . Numerics . Nucleus
import Mandelbrot . Numerics . Shape

20 import Mandelbrot . Numerics . Wucleus

data Parent r
= NoParent ! ( Complex r )
| Parent ! ( Complex r ) ! Rat iona l ! Int ! ( Complex r )

25 de r i v i ng (Eq , Read , Show)

parent
: : ( RealFloat r , Square r , Square (Complex r ) , Approx r , Approx (Complex r ) )
=> Int −> Complex r −> Maybe ( Parent r )

30 {−# SPECIALIZE parent : : Int −> Complex Double −> Maybe ( Parent Double ) #−}
parent p c0 = case shape p c0 o f

Nothing −> Nothing
Just Cardio id −> case converge 2 64 $ i n t e r i o r p 1 c0 c0 o f

Nothing −> Nothing
35 Just ( : ! : r ) −> Just (NoParent r )

Just C i r c l e −> case converge 2 64 $ i n t e r i o r p ( ( k−3)/k ) c0 c0 o f
Just ( z1 : ! : c1 ) −> case converge 2 64 $ i n t e r i o r p ( ( k−1)/k ) z1 c1 o f

Just ( : ! : c2 ) −> go ( double c2 − c1 ) 1 (1/0) 0
−> Nothing

40 −> Nothing
where

k = 32
go c1 q zq z
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| q >= p = Nothing
45 | zq ’ < zq && p ‘mod‘ q == 0 = case converge 2 64 $ wucleus q c1 z ’ o f

Just z1 −> case zdz q c1 z1 1 o f
( : ! : dz1 ) | magnitudeSquared dz1 <= 1 −>

l e t den = p ‘ div ‘ q
num = round ( f r omInteg ra l den ∗ phase dz1 / (2 ∗ pi ) ) ‘mod ‘ ⤦

Ç den
50 t = to In t e g e r num % to In t e g e r den

i = c i s (2 ∗ pi ∗ f romRational t )
in case converge 2 64 $ nuc leus q c1 o f

Just c2 −> case converge 2 64 $ i n t e r i o r q i c2 c2 o f
Just ( : ! : c3 ) −> Just $ Parent c3 t q c2

55 −> Nothing
−> Nothing

−> go c1 (q + 1) zq ’ z ’
−> go c1 (q + 1) zq ’ z ’

| zq ’ < zq = go c1 (q + 1) zq ’ z ’
60 | otherwi s e = go c1 (q + 1) zq z ’

where
z ’ = sqr z + c1
zq ’ = magnitudeSquared z ’

where
65 zdz q c ! z ! dz

| q == 0 = z : ! : dz
| otherw i s e = zdz (q − 1) c ( sqr z + c ) ( double ( z ∗ dz ) )

parents
70 : : ( RealFloat r , Square r , Square (Complex r ) , Approx r , Approx (Complex r ) )

=> Int −> Complex r −> [ Parent r ]
{−# SPECIALIZE parents : : Int −> Complex Double −> [ Parent Double ] #−}
parents p c = case parent p c o f

Nothing −> [ ]
75 Just q@(NoParent ) −> [ q ]

Just q@( Parent p ’ c ’ ) −> q : parents p ’ c ’

91 hs/lib/Mandelbrot/Numerics/Progress.hs

module Mandelbrot . Numerics . Progres s
( Progres s ( . . )
, sk ip
) where

5

data Progres s a = Fa i l ed ! a | Continue ! a ( Progres s a ) | Done ! a
de r i v i ng (Eq , Ord , Read , Show)

sk ip : : Int −> Progres s a −> Progres s a
10 sk ip n p

| n <= 0 = p
| otherwi s e = case p o f

Continue p ’ −> sk ip (n − 1) p ’
−> p

92 hs/lib/Mandelbrot/Numerics/Shape.hs

{−# LANGUAGE BangPatterns #−}
{−# LANGUAGE Flex ib l eContext s #−}
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module Mandelbrot . Numerics . Shape
( Shape ( . . )

5 , shape
) where

import Mandelbrot . Numerics . Complex

10 data Shape = Cardio id | Ci r c l e
d e r i v i ng (Eq , Ord , Enum, Bounded , Read , Show)

shape
: : ( RealFloat r , Square r , Square (Complex r ) , Approx r , Approx (Complex r ) )

15 => Int −> Complex r −> Maybe Shape
{−# SPECIALIZE shape : : Int −> Complex Double −> Maybe Shape #−}
shape p c

| p < 1 | | notF in i t e e = Nothing
| magnitudeSquared e < magnitudeSquared ( e − 1) = Just Cardio id

20 | otherwi s e = Just C i r c l e
where

e = go 1 c 1 1 0 0
go i ! z ! dc ! dz ! dcdc ! dcdz

| i == p = − ( dcdc / ( double dc ) + dcdz / dz ) / ( dc ∗ dz )
25 | otherw i s e = go

( i + 1) ( sqr z + c ) ( double ( z ∗ dc ) + 1) ( double ( z ∗ dz ) )
( double ( z ∗ dcdc + sqr dc ) ) ( double ( z ∗ dcdz + dc ∗ dz ) )

93 hs/lib/Mandelbrot/Numerics/Size.hs

{−# LANGUAGE BangPatterns #−}
{−# LANGUAGE Flex ib l eContext s #−}
module Mandelbrot . Numerics . S i z e

( s i z e
5 ) where

import Mandelbrot . Numerics . Complex

s i z e
10 : : ( RealFloat r , Square r , Square (Complex r ) )

=> Int −> Complex r −> Complex r
{−# SPECIALIZE s i z e : : Int −> Complex Double −> Complex Double #−}
s i z e ! p ! c

| p == 1 = 1
15 | otherwi s e = go 2 c 0 ( double c )

where
go ! q ! z ! b ! l

| q == p = re c i p ( ( b + r e c i p l ) ∗ sqr l )
| otherwi s e = go (q + 1) ( sqr z + c ) (b + r e c i p l ) ( double ( z ∗ l ) )

94 hs/lib/Mandelbrot/Numerics/Wucleus.hs

{−# LANGUAGE BangPatterns #−}
{−# LANGUAGE Flex ib l eContext s #−}
module Mandelbrot . Numerics . Wucleus

( wucleus
5 ) where
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import Mandelbrot . Numerics . Complex

wucleus
10 : : ( RealFloat r , Square r , Square (Complex r ) , Approx r , Approx (Complex r ) )

=> Int −> Complex r −> Complex r −> [ Complex r ]
{−# SPECIALIZE wucleus : : Int −> Complex Double −> Complex Double −> [ Complex ⤦

Ç Double ] #−}
wucleus p c0 z0

| p < 1 | | notF in i t e c0 | | notF in i t e z0 = [ ]
15 | otherwi s e = go 0 z0 1

where
go i ! z ! dz

| i == p = z ’ : wucleus p c0 z ’
| otherw i s e = go ( i + 1) ( sqr z + c0 ) ( double ( z ∗ dz ) )

20 where
z ’ = z0 − ( z − z0 ) / ( dz − 1)

95 hs/test/mandelbrot-numerics-tests.hs

{−# LANGUAGE TemplateHaskel l #−}
module Main ( main ) where

import Data . Ratio
5 ( (%)

, denominator
)

import Data .Word
( Word8

10 , Word16
)

import System . Exit
( e x i tF a i l u r e
, e x i t Suc c e s s

15 )
import Test . QuickCheck

( Arb i t rary ( . . )
, a rb i t ra ryS i z edBoundedInteg ra l
, choose

20 , v ec to r
, e lements
, Property
, property
, (==>)

25 , quickCheckAll
)

import Mandelbrot . Numerics

30 data I s l and = I s l and ! Int ! ( Complex Double )
d e r i v i ng Show

i s l a nd s : : [ I s l and ]
i s l a nd s =

35 [ I s l and 1 0
, I s l and 3 ( −1.754877666246693)
, I s l and 4 (( −0.15652016683375508) :+ 1.0322471089228318)
, I s l and 4 ( −1.9407998065294847)
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, I s l and 4 (( −0.15652016683375508) :+ ( −1.0322471089228318) )
40 ]

newtype IA8 = IA8{ unIA8 : : Rat iona l } de r i v i ng Show
newtype IA16 = IA16 Rat iona l d e r i v i ng Show
newtype IA8s = IA8s [ IA8 ] d e r i v i ng Show

45

i n s t ance Arb i t rary I s l and where
a rb i t r a r y = elements i s l a nd s

in s t ance Arb i t rary IA8 where
50 a rb i t r a r y = do

a <− arb i t ra ryS i z edBoundedIntegra l
b <− arb i t ra ryS i z edBoundedIntegra l
l e t n = min a b

d = max a b
55 f i : : Word8 −> I n t eg e r

f i = f romInteg ra l
r e turn . IA8 $ ( f i n + 1) % ( f i d + 1)

in s t ance Arb i t rary IA16 where
60 a rb i t r a r y = do

a <− arb i t ra ryS i z edBoundedIntegra l
b <− arb i t ra ryS i z edBoundedIntegra l
l e t n = min a b

d = max a b
65 f i : : Word16 −> I n t eg e r

f i = f romInteg ra l
r e turn . IA16 $ ( f i n + 1) % ( f i d + 1)

in s t ance Arb i t rary IA8s where
70 a rb i t r a r y = do

l en <− choose (1 , 10)
IA8s ‘ fmap ‘ vec to r l en

p rop pa r en t ch i l d : : Property
75 prop pa r en t ch i l d = property $ \( IA16 s ) ( I s l and np n) −>

0 < s && s < 1 ==>
case ch i l d np n s o f

Just ( Child p c ) −> case parent p c o f
Just ( Parent t ) −> s == t

80 −> False
−> False

p r op pa r en t s ch i l d r en : : Property
p r op pa r en t s ch i l d r en = property $ \( IA8s xs ) ( I s l and np n) −>

85 l e t s s = map unIA8 xs
cs = ch i l d r en np n s s
Child p c = l a s t cs
ps = parents p c
t s = r ev e r s e [ t | Parent t <− ps ]

90 in a l l (\ s −> 0 < s && s < 1) s s &&
product (map denominator s s ) ∗ f r omInteg ra l np <= 2ˆ(20 : : Int ) ==>
s s == ts

re turn [ ]
95 main : : IO ( )
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main = do
r <− $quickCheckAll
i f r then ex i t Suc c e s s e l s e e x i t F a i l u r e

96 INSTALL-emscripten.md

# I n s t a l l i n g with Emscripten

See <https : // s tackove r f l ow . com/a/43583154/7459445> f o r i n s t r u c t i o n s on s e t t i n g
up a 32 b i t chroot f o r compi l ing emscripten , gmp, mpfr , mpc . Then do t h i s f o r

5 mandelbrot−numerics :

g i t c l one https : // code . mathr . co . uk/mandelbrot−numerics . g i t
cd mandelbrot−numerics
make −C c/ l i b CC=”emcc − I$ {HOME}/ opt/ inc lude ” p r e f i x=${HOME}/ opt − j 6

10 make −C c/ l i b CC=”emcc − I$ {HOME}/ opt/ inc lude ” p r e f i x=${HOME}/ opt i n s t a l l
make −C c/bin CC=”emcc − I$ {HOME}/ opt/ inc lude ” p r e f i x=${HOME}/ opt − j 6 j s
# t e s t example :
cd c/bin && nodej s m−nuc leus . j s 1000 −2 0 250 64

97 mandelbrot-numerics.cabal

name : mandelbrot−numerics
v e r s i on : 0 . 1 . 0 . 0
synops i s : numeric a lgor i thms r e l a t e d to the Mandelbrot s e t
d e s c r i p t i o n : Numeric a lgor i thms r e l a t e d to the Mandelbrot s e t :

5 ray t rac ing , nuc leus l o ca t i on , bond points , e t c .
homepage : https : // code . mathr . co . uk/mandelbrot−numerics
l i c e n s e : GPL−3
l i c e n s e − f i l e : COPYING.md
author : Claude Heiland −Allen

10 mainta iner : claude@mathr . co . uk
copyr ight : ( c ) 2018 Claude Heiland −Allen
category : Math
bui ld −type : Simple
cabal −ve r s i on : >=1.10

15 extra −source − f i l e s :
README.md

l i b r a r y
exposed−modules :

20 Mandelbrot . Numerics ,
Mandelbrot . Numerics . BoxPeriod ,
Mandelbrot . Numerics . Child ,
Mandelbrot . Numerics . Complex ,
Mandelbrot . Numerics . DomainCoord ,

25 Mandelbrot . Numerics . DomainSize ,
−− Mandelbrot . Numerics . ExRayIn ,
−− Mandelbrot . Numerics . ExRayOut ,

Mandelbrot . Numerics . I n t e r i o r ,
Mandelbrot . Numerics . Mis iurewicz ,

30 Mandelbrot . Numerics . Nucleus ,
Mandelbrot . Numerics . Parent ,
Mandelbrot . Numerics . Progress ,
Mandelbrot . Numerics . Shape ,
Mandelbrot . Numerics . S ize ,

35 Mandelbrot . Numerics . Wucleus
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other − ex t en s i on s :
BangPatterns ,
F l ex ib l eContext s

bui ld −depends :
40 base >=4.7 && <4.14 ,

s a f e >=0.3 && <0.4 ,
s t r i c t >=0.3 && <0.4

hs−source −d i r s : hs/ l i b
de fau l t − language : Haske l l2010

45 ghc−opt ions : −Wall
ghc−prof −opt ions : −pro f −auto− a l l −caf − a l l

t e s t − s u i t e mandelbrot−numerics − t e s t s
type : ex i tcode − s td io −1.0

50 main− i s : hs/ t e s t /mandelbrot−numerics − t e s t s . hs
bui ld −depends :

base >=4.7 && <4.12 ,
QuickCheck >=2.7 && <2.11 ,
mandelbrot−numerics

55 de fau l t − language : Haske l l2010
ghc−opt ions : −Wall

source − r e po s i t o r y head
type : g i t

60 l o c a t i o n : https : // code . mathr . co . uk/mandelbrot−numerics . g i t

source − r e po s i t o r y t h i s
type : g i t
l o c a t i o n : https : // code . mathr . co . uk/mandelbrot−numerics . g i t

65 tag : v0 . 1 . 0 . 0

98 README.md

mandelbrot−numerics
===================

Numerical a lgor i thms r e l a t e d to the Mandelbrot s e t : ray t rac ing , nuc leus
5 l o ca t i on , bond points , e t c .

Dependencies
−−−−−−−−−−−−

10

For the C code , t h i s may s u f f i c e on Debian−based systems :

sudo apt i tude i n s t a l l libmpc−dev

15

Build
−−−−−

To i n s t a l l the C l i b r a r y and programs in to ˜/ opt f o r example :
20

make −C c/ l i b p r e f i x=${HOME}/ opt i n s t a l l
make −C c/bin p r e f i x=${HOME}/ opt i n s t a l l
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25 Run
−−−

To run the programs :

30 LD LIBRARY PATH=${HOME}/ opt/ l i b m−render # or other example program

Haske l l
−−−−−−−

35

To i n s t a l l the Haske l l l i b r a r y :

caba l i n s t a l l mandelbrot−numerics . caba l

40

Legal
−−−−−

45 mandelbrot−numerics −− numerica l a lgor i thms r e l a t e d to the Mandelbrot s e t
Copyright (C) 2015−2018 Claude Heiland −Allen <claude@mathr . co . uk>

This program i s f r e e so f tware : you can r e d i s t r i b u t e i t and/ or modify
i t under the terms o f the GNU General Publ ic L i cense as publ i shed by

50 the Free Software Foundation , e i t h e r v e r s i on 3 o f the License , or
( at your opt ion ) any l a t e r v e r s i on .

This program i s d i s t r i b u t e d in the hope that i t w i l l be use fu l ,
but WITHOUT ANY WARRANTY; without even the impl i ed warranty o f

55 MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Publ ic L i cense f o r more d e t a i l s .

You should have r e c e i v ed a copy o f the GNU General Publ ic L i cense
along with t h i s program . I f not , s e e <http ://www. gnu . org / l i c e n s e s />.

99 Setup.hs

import D i s t r i bu t i on . Simple
main = defaultMain
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