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1 buddhabrot/bb.c

// gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −lm −o bb bb . c
// . / bb | pnmspl it − %d .pgm

#inc lude <complex . h>
5 #inc lude <math . h>

#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>

10 typede f unsigned char B;
typede f unsigned i n t N;
typede f i n t Z ;
typede f double R;
typede f double Complex C;

15

#de f i n e S 1024
R accum [ S ] [ S ] ;
B img [ S ] [ S ] ;

20

s t a t i c i n l i n e C t o s c r e en (C x )
{

re turn S ∗ ( 0 . 2 ∗ x + (0 . 5 + I ∗ 0 . 5 ) ) ;
25 }
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s t a t i c i n l i n e C f rom screen (C x)
{

30 re turn (x / S − ( 0 . 5 + I ∗ 0 . 5 ) ) ∗ 5 . 0 ;
}

s t a t i c i n l i n e R cabs2 (C z ) { re turn c r e a l ( z ) ∗ c r e a l ( z ) + cimag ( z ) ∗ cimag ( z ) ; }
35

s t a t i c void c l e a r ( )
{

#pragma omp p a r a l l e l f o r
40 f o r (Z y = 0 ; y < S ; ++y)

f o r (Z x = 0 ; x < S ; ++x)
accum [ y ] [ x ] = 0 ;

}

45

s t a t i c i n l i n e void p l o t (Z x , Z y , R f )
{

i f ( ! ( i snan ( f ) | | i s i n f ( f ) ) )
{

50 #pragma omp atomic update
accum [ y ] [ x ] += f ;

}
}

55

s t a t i c void post ( )
{

R m = 0 ;
f o r (Z y = 0 ; y < S/2 ; ++y)

60 f o r (Z x = 0 ; x < S ; ++x)
m = fmax (m, accum [ y ] [ x ] + accum [ S−1−y ] [ x ] ) ;

f p r i n t f ( s tde r r , ”%.18 f \n” , m) ;
m = 255 / m;
#pragma omp p a r a l l e l f o r

65 f o r (Z y = 0 ; y < S/2 ; ++y)
f o r (Z x = 0 ; x < S ; ++x)

img [ y ] [ x ] = m ∗ ( accum [ y ] [ x ] + accum [ S−1−y ] [ x ] ) ;
#pragma omp p a r a l l e l f o r
f o r (Z y = 0 ; y < S/2 ; ++y)

70 f o r (Z x = 0 ; x < S ; ++x)
img [ S−1−y ] [ x ] = img [ y ] [ x ] ;

}

75 s t a t i c void save ( )
{

f p r i n t f ( stdout , ”P5\n%d %d\n255\n” , S , S) ;
fw r i t e (&img [ 0 ] [ 0 ] , S ∗ S , 1 , s tdout ) ;
f f l u s h ( stdout ) ;

80 }

s t a t i c i n l i n e R c r o s s (C a , C b)
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{
85 re turn c r e a l ( a ) ∗ cimag (b) − cimag ( a ) ∗ c r e a l (b) ;

}

s t a t i c i n l i n e N i n s i d e (C a , C b , C c )
90 {

re turn c r o s s ( a − b , c − b) < 0 ;
}

95 // https : // en . w ik iped ia . org /wik i /Line%E2%80%93 l i n e i n t e r s e c t i o n#⤦
Ç Given two po in t s on each l i n e

s t a t i c i n l i n e C i n t e r s e c t (C a , C b , C c , C d)
{

R x1 = c r e a l ( a ) ;
R y1 = cimag ( a ) ;

100 R x2 = c r e a l (b) ;
R y2 = cimag (b) ;
R x3 = c r e a l ( c ) ;
R y3 = cimag ( c ) ;
R x4 = c r e a l (d) ;

105 R y4 = cimag (d) ;
R x = ( x1 ∗ y2 − y1 ∗ x2 ) ∗ ( x3 − x4 ) − ( x1 − x2 ) ∗ ( x3 ∗ y4 − y3 ∗ x4 ) ;
R y = ( x1 ∗ y2 − y1 ∗ x2 ) ∗ ( y3 − y4 ) − ( y1 − y2 ) ∗ ( x3 ∗ y4 − y3 ∗ x4 ) ;
R z = ( x1 − x2 ) ∗ ( y3 − y4 ) − ( y1 − y2 ) ∗ ( x3 − x4 ) ;
i f ( z == 0)

110 re turn a ;
re turn (x + I ∗ y ) / z ;

}

115 // https : // en . w ik iped ia . org /wik i / Suther land%E2%80%93Hodgman algorithm#⤦
Ç Pseudo code

s t a t i c R coverage (C a , C b , C c )
{

C c l i p po l y gon [ 3 ] [ 2 ] = { { a , b } , { b , c } , { c , a } } ;
R nan = 0 .0 / 0 . 0 ;

120 C sub j e c t [ 2 ] [ 1 6 ] =
{ { 0 , 1 , 1 + I , I , nan , nan , nan , nan , nan , nan , nan , nan , nan , nan , ⤦

Ç nan , nan }
, { nan , nan , nan , nan , nan , nan , nan , nan , nan , nan , nan , nan , nan , nan , ⤦

Ç nan , nan }
} ;

N count = 4 ;
125 N source count = 4 ;

N source = 1 ;
f o r (N edge = 0 ; edge < 3 ; ++edge )
{

source = 1 − source ;
130 source count = count ;

count = 0 ;
C e0 = c l i p po l y gon [ edge ] [ 0 ] ;
C e1 = c l i p po l y gon [ edge ] [ 1 ] ;
C s = 0 ;

135 i f ( source count > 0)
s = sub j e c t [ source ] [ source count − 1 ] ;
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f o r (N i = 0 ; i < source count ; ++i )
{

C e = sub j e c t [ source ] [ i ] ;
140 i f ( i n s i d e ( e , e0 , e1 ) )

{
i f ( ! i n s i d e ( s , e0 , e1 ) )

sub j e c t [1− source ] [ count++] = i n t e r s e c t ( s , e , e0 , e1 ) ;
s ub j e c t [1− source ] [ count++] = e ;

145 }
e l s e i f ( i n s i d e ( s , e0 , e1 ) )

sub j e c t [1− source ] [ count++] = i n t e r s e c t ( s , e , e0 , e1 ) ;
s = e ;

}
150 }

source = 1 − source ;
// c l i pped polgon in sub j e c t [ source ] [ [ 0 . . count ) ]
R cover = 0 ;
C p = 0 .5 + 0 .5 ∗ I ;

155 C s = 0 ;
i f ( count > 0)

s = sub j e c t [ source ] [ count − 1 ] ;
f o r (N i = 0 ; i < count ; ++i )
{

160 C e = sub j e c t [ source ] [ i ] ;
cover += c ro s s ( e − p , s − p) ;
s = e ;

}
re turn fabs ( 0 . 5 ∗ cover ) ;

165 }

// http ://www. sunshine2k . de/ coding / java / Tr i ang l eRa s t e r i z a t i on /⤦
Ç Tr i ang l eRa s t e r i z a t i on . html

s t a t i c void r a s t e r i z e (C a , C b , C c , R a0 )
170 {

R r = 16 ;
i f ( cabs2 ( a ) < r | | cabs2 (b) < r | | cabs2 ( c ) < r )
{

R a1 = c ro s s (b − a , c − a ) ∗ 0 . 5 ;
175 R f = a0 / a1 ;

a = to s c r e en ( a ) ;
b = to s c r e en (b) ;
c = to s c r e en ( c ) ;
C AB = b − a ;

180 C AC = c − a ;
R ABC = 1 / c r o s s (AB, AC) ;
Z x0 = f l o o r ( fmin ( fmin ( c r e a l ( a ) , c r e a l (b) ) , c r e a l ( c ) ) ) ;
Z x1 = c e i l ( fmax ( fmax ( c r e a l ( a ) , c r e a l (b) ) , c r e a l ( c ) ) ) ;
Z y0 = f l o o r ( fmin ( fmin ( cimag ( a ) , cimag (b) ) , cimag ( c ) ) ) ;

185 Z y1 = c e i l ( fmax ( fmax ( cimag ( a ) , cimag (b) ) , cimag ( c ) ) ) ;
i f ( x0 == x1 && y0 == y1 )
{

// smal l t r i a n g l e e n t i r e l y i n s i d e p i x e l
i f (0 <= x0 && x0 < S && 0 <= y0 && y0 < S)

190 p lo t ( x0 , y0 , f ∗ 2 .0 / ABC) ;
}
e l s e
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{
x0 = fmax (x0 , 0) ;

195 x1 = fmin ( x1 , S − 1) ;
y0 = fmax (y0 , 0) ;
y1 = fmin ( y1 , S − 1) ;
f o r (Z y = y0 ; y <= y1 ; ++y)

f o r (Z x = x0 ; x <= x1 ; ++x)
200 {

Z i n s i d e = 1 ;
f o r (Z dy = 0 ; dy <= 1 ; ++dy )

f o r (Z dx = 0 ; dx <= 1 ; ++dx )
{

205 C P = (x + dx ) + I ∗ ( y + dy ) − a ;
R s = c r o s s (P, AC) ∗ ABC;
R t = c r o s s (AB, P) ∗ ABC;
Z v = ( s >= 0 && t >= 0 && s + t <= 1) ;
i n s i d e &= v ;

210 }
i f ( i n s i d e )

// p i x e l e n t i r e l y i n s i d e t r i a n g l e
p l o t (x , y , f ) ;

e l s e
215 {

C p = x + I ∗ y ;
R g = coverage ( a − p , b − p , c − p) ;
p l o t (x , y , f ∗ g ) ;

}
220 }

}
}

}

225

s t a t i c void p l o t i t e r a t e s (C c0 , R dc , N n) {
C z [ 4 ] = { 0 , 0 , 0 , 0 } ;
C c [ 4 ] = { c0 − dc − I ∗ dc , c0 + dc − I ∗ dc , c0 + dc + I ∗ dc , c0 − dc + I ∗⤦

Ç dc } ;
R a0 = dc ∗ dc ∗ 0 . 5 ;

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

f o r (N k = 0 ; k < 4 ; ++k)
z [ k ] = z [ k ] ∗ z [ k ] + c [ k ] ;

r a s t e r i z e ( z [ 0 ] , z [ 1 ] , z [ 2 ] , a0 ) ;
235 r a s t e r i z e ( z [ 0 ] , z [ 2 ] , z [ 3 ] , a0 ) ;

}
}

240 s t a t i c i n t a t t r a c t o r (C ∗z0 , C c , N per iod ) {
R eps = 1e −12;
R er2 = 16 ;
C z = ∗ z0 ;
f o r (N j = 0 ; j < 256 ; ++j ) {

245 C dz = 1 . 0 ;
f o r (N k = 0 ; k < per iod ; ++k) {

dz = 2 .0 ∗ dz ∗ z ;
z = z ∗ z + c ;
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}
250 R z2 = cabs ( z ) ;

i f ( ! ( z2 < er2 ) ) {
break ;

}
z = ∗ z0 − ( z − ∗ z0 ) / ( dz − 1 . 0 ) ;

255 R e = cabs ( z − ∗ z0 ) ;
∗ z0 = z ;
i f ( e < eps ) {

re turn 1 ;
}

260 }
re turn 0 ;

}

265 s t a t i c R i n t e r i o r d i s t a n c e (C ∗w, C c , N per iod , R p i x e l s i z e ) {
i f ( a t t r a c t o r (w, c , per iod ) ) {
C z = ∗w;
C dz = 1 . 0 ;
C dzdz = 0 . 0 ;

270 C dc = 0 . 0 ;
C dcdz = 0 . 0 ;
f o r (N j = 0 ; j < per iod ; ++j ) {

dcdz = 2 .0 ∗ ( z ∗ dcdz + dz ∗ dc ) ;
dc = 2 .0 ∗ z ∗ dc + 1 . 0 ;

275 dzdz = 2 .0 ∗ ( dz ∗ dz + z ∗ dzdz ) ;
dz = 2 .0 ∗ z ∗ dz ;
z = z ∗ z + c ;

}
re turn ( 1 . 0 − cabs2 ( dz ) ) / ( cabs ( dcdz + dzdz ∗ dc / ( 1 . 0 − dz ) ) ∗ p i x e l s i z e⤦

Ç ) ;
280 }

re turn −1 .0 ;
}

285 s t a t i c void r e nd e r r e c u r s i v e (C c , R gr id spac ing , N maxiters , N depth ) {
R sqr t2 = sq r t (2 ) ;
C z = 0 ;
C dz = 0 ;
R mz2 = 1 . 0 / 0 . 0 ;

290 f o r (N i = 1 ; i < maxiters ; ++i )
{

dz = 2 ∗ z ∗ dz + 1 ;
z = z ∗ z + c ;
R z2 = cabs2 ( z ) ;

295 i f ( ! ( z2 < 65536) )
{

R de = sq r t ( z2 ) ∗ l og ( z2 ) / ( cabs ( dz ) ∗ g r i d spa c i n g ) ;
i f ( de < sq r t2 )
{

300 i f ( depth > 0)
{

r e nd e r r e c u r s i v e ( c + 1 ∗ 0 .5 ∗ g r i d spa c i n g + I ∗ 0 .5 ∗ g r id spac ing , ⤦
Ç 0 .5 ∗ g r id spac ing , maxiters , depth − 1) ;

r e nd e r r e c u r s i v e ( c − 1 ∗ 0 .5 ∗ g r i d spa c i n g + I ∗ 0 .5 ∗ g r id spac ing , ⤦

8
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Ç 0 .5 ∗ g r id spac ing , maxiters , depth − 1) ;
r e nd e r r e c u r s i v e ( c − 1 ∗ 0 .5 ∗ g r i d spa c i n g − I ∗ 0 .5 ∗ g r id spac ing , ⤦

Ç 0 .5 ∗ g r id spac ing , maxiters , depth − 1) ;
305 r e nd e r r e c u r s i v e ( c + 1 ∗ 0 .5 ∗ g r i d spa c i n g − I ∗ 0 .5 ∗ g r id spac ing , ⤦

Ç 0 .5 ∗ g r id spac ing , maxiters , depth − 1) ;
}

}
e l s e
{

310 p l o t i t e r a t e s ( c , g r i d spac ing , i ) ;
}
break ;

}
i f ( z2 < mz2) {

315 mz2 = z2 ;
C z1 = z ;
R de = i n t e r i o r d i s t a n c e (&z1 , c , i , g r i d spa c i n g ) ;
i f ( de > 0)
{

320 i f ( de < sq r t2 )
{

i f ( depth > 0)
{

r e nd e r r e c u r s i v e ( c + 1 ∗ 0 .5 ∗ g r i d spa c i n g + I ∗ 0 .5 ∗ g r id spac ing ⤦
Ç , 0 . 5 ∗ g r id spac ing , maxiters , depth − 1) ;

325 r e nd e r r e c u r s i v e ( c − 1 ∗ 0 .5 ∗ g r i d spa c i n g + I ∗ 0 .5 ∗ g r id spac ing ⤦
Ç , 0 . 5 ∗ g r id spac ing , maxiters , depth − 1) ;

r e nd e r r e c u r s i v e ( c − 1 ∗ 0 .5 ∗ g r i d spa c i n g − I ∗ 0 .5 ∗ g r id spac ing ⤦
Ç , 0 . 5 ∗ g r id spac ing , maxiters , depth − 1) ;

r e nd e r r e c u r s i v e ( c + 1 ∗ 0 .5 ∗ g r i d spa c i n g − I ∗ 0 .5 ∗ g r id spac ing ⤦
Ç , 0 . 5 ∗ g r id spac ing , maxiters , depth − 1) ;

}
}

330 break ;
}

}
}

}
335

s t a t i c void render (N depth ) {
c l e a r ( ) ;
N maxiters = 1 << (8 + depth ) ;

340 N prog r e s s = 0 ;
N gr id = 256 ;
R g r i d spa c i n g = 5 .0 / g r id ;
#pragma omp p a r a l l e l f o r schedu le ( dynamic , 1)
f o r (N y = 0 ; y < g r id / 2 ; ++y) {

345 f o r (N x = 0 ; x < g r id ; ++x) {
C c = gr i d spa c i n g ∗ ( ( x + 0 .5 − g r id /2 . 0 ) + I ∗ ( y + 0 .5 − g r id /2 . 0 ) ) ;
r e nd e r r e c u r s i v e ( c , g r i d spac ing , maxiters , depth ) ;

}
#pragma omp c r i t i c a l

350 f p r i n t f ( s tde r r , ”%8d\ r ” , ++prog r e s s ) ;
}
post ( ) ;
save ( ) ;

9
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}
355

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

360 f o r (N depth = 0 ; 1 ; ++depth )
render ( depth ) ;

r e turn 0 ;
}

365

// END

2 buddhabrot/bbcolourizelayers.c

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

5 #inc lude <s t r i n g . h>

typede f i n t 6 4 t Z ;
typede f u i n t 64 t N;

10

i n t cmp N( const void ∗a , const void ∗b)
{

const Z ∗p = a ;
const Z ∗q = b ;

15 Z x = ∗p ;
Z y = ∗q ;
re turn (x > y ) − ( x < y ) ;

}

20 i n t cmp f loat ( const void ∗a , const void ∗b)
{

const f l o a t ∗p = a ;
const f l o a t ∗q = b ;
f l o a t x = ∗p ;

25 f l o a t y = ∗q ;
re turn (x > y ) − ( x < y ) ;

}

30

#de f i n e LOG2SIZE 12
#de f i n e SIZE (1 << LOG2SIZE)
#de f i n e LAYERS 30

35

s t r u c t image
{

N n [LAYERS ] [ SIZE ∗ SIZE ] ;
} ;

40

10
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FILE ∗ im a g e f i l e = 0 ;

45 s t a t i c s t r u c t image ∗ image map ( )
{

im a g e f i l e = fopen (”bb .map” , ” rb ”) ;
i f ( ! im a g e f i l e )
{

50 e x i t (1 ) ;
}
s t r u c t image ∗ img = malloc ( s i z e o f ( s t r u c t image ) ) ;
i f ( ! img )
{

55 e x i t (1 ) ;
}
f r ead ( img , s i z e o f ( s t r u c t image ) , 1 , im a g e f i l e ) ;
r e turn img ;

}
60

s t a t i c void image unmap ( s t r u c t image ∗ img )
{

f c l o s e ( ima g e f i l e ) ;
65 im a g e f i l e = 0 ;

f r e e ( img ) ;
}

70 s t a t i c double xyz2 l ab f ( double t )
{

s t a t i c const double e = 0 .008856 ;
s t a t i c const double k = 903 . 3 ;
i f ( t > e )

75 re turn cbrt ( t ) ;
e l s e

re turn (k ∗ t + 16) / 116 ;
}
s t a t i c void xyz2lab ( double x , double y , double z , double ∗ l , double ∗a , double ∗⤦

Ç b)
80 {

s t a t i c const double xn = 0 .95047 ;
s t a t i c const double yn = 1 .00000 ;
s t a t i c const double zn = 1 .08883 ;
x /= xn ;

85 y /= yn ;
z /= zn ;
x = xyz2 l ab f ( x ) ;
y = xyz2 l ab f ( y ) ;
z = xyz2 l ab f ( z ) ;

90 ∗ l = 116 ∗ y − 16 ;
∗a = 500 ∗ ( x − y ) ;
∗b = 200 ∗ ( y − z ) ;

}

95 s t a t i c double l ab2xyz f 1 ( double t )
{

s t a t i c const double e = 0 .008856 ;

11
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s t a t i c const double k = 903 . 3 ;
i f ( t ∗ t ∗ t > e )

100 re turn t ∗ t ∗ t ;
e l s e

re turn (116 ∗ t − 16) / k ;
}
s t a t i c double l ab2xyz f 2 ( double l )

105 {
s t a t i c const double e = 0 .008856 ;
s t a t i c const double k = 903 . 3 ;
i f ( l > k ∗ e )
{

110 double t = ( l + 16) / 116 ;
re turn t ∗ t ∗ t ;

}
e l s e

re turn l / k ;
115 }

s t a t i c void lab2xyz ( double l , double a , double b , double ∗x , double ∗y , double ∗⤦
Ç z )

{
s t a t i c const double xn = 0 .95047 ;
s t a t i c const double yn = 1 .00000 ;

120 s t a t i c const double zn = 1 .08883 ;
double fy = ( l + 16) / 116 ;
double f z = fy − b / 200 ;
double fx = fy + a / 500 ;
∗x = xn ∗ l ab2xyz f 1 ( fx ) ;

125 ∗y = yn ∗ l ab2xyz f 2 ( l ) ;
∗z = zn ∗ l ab2xyz f 1 ( f z ) ;

}

130 s t a t i c double xyz2 s rgb f ( double c )
{

i f ( c < 0 .0031308)
re turn 12 .92 ∗ c ;

e l s e
135 re turn 1 .055 ∗ pow( c , 1/2 . 4 ) − 0 . 0 5 5 ;

}
s t a t i c void xyz2srgb ( double x , double y , double z , double ∗ r , double ∗g , double ⤦

Ç ∗b)
{

s t a t i c const double m[ 3 ] [ 3 ] =
140 { { 3 .2406 , −1.5372 , −0.4986 }

, { −0.9689 , 1 .8758 , 0 .0415 }
, { 0 .0557 , −0.2040 , 1 .0570 }
} ;

∗ r = xyz2 s rgb f (m[ 0 ] [ 0 ] ∗ x + m[ 0 ] [ 1 ] ∗ y + m[ 0 ] [ 2 ] ∗ z ) ;
145 ∗g = xyz2 s rgb f (m[ 1 ] [ 0 ] ∗ x + m[ 1 ] [ 1 ] ∗ y + m[ 1 ] [ 2 ] ∗ z ) ;

∗b = xyz2 s rgb f (m[ 2 ] [ 0 ] ∗ x + m[ 2 ] [ 1 ] ∗ y + m[ 2 ] [ 2 ] ∗ z ) ;
}

150 s t a t i c double s r gb2xyz f ( double c )
{

i f ( c < 0 .04045)

12



fractal-bits buddhabrot/bbcolourizelayers.c

re turn c / 12 . 9 2 ;
e l s e

155 re turn pow( ( c + 0 .055 ) / 1 .055 , 2 . 4 ) ;
}
s t a t i c void srgb2xyz ( double r , double g , double b , double ∗x , double ∗y , double ⤦

Ç ∗z )
{

s t a t i c const double m[ 3 ] [ 3 ] =
160 { { 0 .4124 , 0 .3576 , 0 .1805 }

, { 0 .2126 , 0 .7152 , 0 .0722 }
, { 0 .0193 , 0 .1192 , 0 .9505 }
} ;

r = s rgb2xyz f ( r ) ;
165 g = s rgb2xyz f ( g ) ;

b = s rgb2xyz f (b) ;
∗x = m[ 0 ] [ 0 ] ∗ r + m[ 0 ] [ 1 ] ∗ g + m[ 0 ] [ 2 ] ∗ b ;
∗y = m[ 1 ] [ 0 ] ∗ r + m[ 1 ] [ 1 ] ∗ g + m[ 1 ] [ 2 ] ∗ b ;
∗z = m[ 2 ] [ 0 ] ∗ r + m[ 2 ] [ 1 ] ∗ g + m[ 2 ] [ 2 ] ∗ b ;

170 }

unsigned char spectrum [LAYERS ] [ 3 ] ;

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

( void ) argc ;
( void ) argv ;
{

180 FILE ∗ s f = fopen (” spectrum .ppm” , ” rb ”) ;
f s e e k ( s f , −LAYERS ∗ 3 , SEEK END) ;
f r ead ( spectrum , LAYERS ∗ 3 , 1 , s f ) ;
f c l o s e ( s f ) ;

}
185 s t r u c t image ∗ img = image map ( ) ;

f l o a t ∗raw = c a l l o c (1 , s i z e o f ( f l o a t ) ∗ 3 ∗ SIZE ∗ SIZE) ;
#i f 1

f l o a t ∗histogram = malloc ( s i z e o f ( f l o a t ) ∗ SIZE ∗ SIZE) ;
#end i f

190 unsigned char ∗ppm = malloc (3 ∗ SIZE ∗ SIZE) ;
N t o t a l = 0 ;
f o r ( i n t l a y e r = 0 ; l a y e r < LAYERS; ++laye r )
#pragma omp p a r a l l e l f o r r educt i on (+: t o t a l )
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)

195 t o t a l += img−>n [ l a y e r ] [ k ] ;
double s c a l e = SIZE ∗ SIZE ∗ 1 .0 / t o t a l ;
p r i n t f (”% lu %e\n” , t o ta l , s c a l e ) ;
f o r ( i n t l a y e r = 0 ; l a y e r < LAYERS; ++laye r )
{

200 char f i l ename [ 1 0 0 ] ;
s n p r i n t f ( f i l ename , 100 , ” layer −%02d .pgm” , l ay e r ) ;
double l , a , b ;
{ // convert from srgb to lab

double r , g , bb ;
205 double x , y , z ;

p r i n t f (” %02d\ r ” , l a y e r ) ;
f f l u s h ( stdout ) ;
r = spectrum [ l ay e r ] [ 0 ] / 2 5 5 . 0 ;

13
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g = spectrum [ l ay e r ] [ 1 ] / 2 5 5 . 0 ;
210 bb = spectrum [ l ay e r ] [ 2 ] / 2 5 5 . 0 ;

// p r i n t f (” r g b : %f %f %f \n” , r , g , bb ) ;
srgb2xyz ( r , g , bb , &x , &y , &z ) ;

// p r i n t f (”x y z : %f %f %f \n” , x , y , z ) ;
xyz2lab (x , y , z , &l , &a , &b) ;

215 // p r i n t f (” l a b : %f %f %f \n” , l , a , b ) ;
// lab2xyz ( l , a , b , &x , &y , &z ) ;
// p r i n t f (”x y z : %f %f %f \n” , x , y , z ) ;
// xyz2srgb (x , y , z , &r , &g , &bb) ;
// p r i n t f (” r g b : %f %f %f \n” , r , g , bb ) ;

220 l /= LAYERS;
a /= LAYERS;
b /= LAYERS;

}
#pragma omp p a r a l l e l f o r

225 f o r (Z j = 0 ; j < SIZE ; ++j )
f o r (Z i = 0 ; i < SIZE ; ++i )
{

Z k = j ∗ SIZE + i ;
N x = img−>n [ l a y e r ] [ k ] ;

230 #i f 0
double d i th e r = ( ( ( ( l a y e r ∗ 67 + j ) ∗ 236 + i ) ∗ 119) & 255) / 2 56 . 0 ;
double y = 255 ∗ s c a l e ∗ x + d i th e r ;
y = y > 255 ? 255 : y ;
ppm[ k ] = y ;

235 #end i f
raw [ 3 ∗ k + 0 ] += s c a l e ∗ x ∗ l ;
raw [ 3 ∗ k + 1 ] += s c a l e ∗ x ∗ a ;
raw [ 3 ∗ k + 2 ] += s c a l e ∗ x ∗ b ;

}
240 #i f 0

FILE ∗ f = fopen ( f i l ename , ”wb”) ;
f p r i n t f ( f , ”P5\n%d %d\n255\n” , SIZE , SIZE) ;
fw r i t e (ppm, SIZE ∗ SIZE , 1 , f ) ;
f c l o s e ( f ) ;

245 #end i f
}
{ // clamp

#pragma omp p a r a l l e l f o r
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)

250 {
double l = raw [3 ∗ k + 0 ] ;
i f ( l > 100)
{

double s = 100 / l ;
255 double a = raw [3 ∗ k + 1 ] ;

double b = raw [3 ∗ k + 2 ] ;
l ∗= s ;
a ∗= s ;
b ∗= s ;

260 raw [ 3 ∗ k + 0 ] = l ;
raw [ 3 ∗ k + 1 ] = a ;
raw [ 3 ∗ k + 2 ] = b ;

}
}

265 }

14
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#i f 1
{

// auto white balance (make average co l ou r white )
270 double l = 0 , a = 0 , b = 0 ;

#pragma omp p a r a l l e l f o r r educt i on (+: l ) r educt ion (+:a ) r educt ion (+:b)
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)
{

l += raw [3 ∗ k + 0 ] ;
275 a += raw [3 ∗ k + 1 ] ;

b += raw [3 ∗ k + 2 ] ;
}
l /= SIZE ∗ SIZE ;
a /= SIZE ∗ SIZE ;

280 b /= SIZE ∗ SIZE ;
const double s c a l e = 1 .0 / 12 ∗ 100 / l ;
const double s h i f t = 1 .0 / 100 ;
#pragma omp p a r a l l e l f o r
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)

285 {
double t = s h i f t ∗ raw [ 3 ∗ k + 0 ] ;
raw [ 3 ∗ k + 1 ] −= a ∗ t ;
raw [ 3 ∗ k + 2 ] −= b ∗ t ;
raw [ 3 ∗ k + 0 ] ∗= s c a l e ;

290 raw [ 3 ∗ k + 1 ] ∗= s c a l e ;
raw [ 3 ∗ k + 2 ] ∗= s c a l e ;

}
}

#end i f
295

#i f 1
{ // auto− l e v e l s

double q u a n t i l e l o = 0 . 0 0 1 ;
double q u an t i l e h i = 0 . 9 9 9 ;

300 #pragma omp p a r a l l e l f o r
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)
{

double l = raw [3 ∗ k + 0 ] ;
double a = raw [3 ∗ k + 1 ] ;

305 double b = raw [3 ∗ k + 2 ] ;
double x , y , z ;
double r , g , bb ;
lab2xyz ( l , a , b , &x , &y , &z ) ;
xyz2srgb (x , y , z , &r , &g , &bb) ;

310 raw [ 3 ∗ k + 0 ] = r ;
raw [ 3 ∗ k + 1 ] = g ;
raw [ 3 ∗ k + 2 ] = bb ;

}
f o r ( i n t c = 0 ; c < 3 ; ++c )

315 {
#pragma omp p a r a l l e l f o r
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)

histogram [ k ] = raw [3 ∗ k + c ] ;
q so r t ( histogram , SIZE ∗ SIZE , s i z e o f ( f l o a t ) , cmp f loat ) ;

320 double l o = histogram [ ( Z) (SIZE ∗ SIZE ∗ qu a n t i l e l o ) ] ;
double h i = histogram [ ( Z) (SIZE ∗ SIZE ∗ qu an t i l e h i ) ] ;
double range = 1 .0 / ( h i − l o ) ;

15
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i f ( range > 0) // nan check
{

325 #pragma omp p a r a l l e l f o r
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)
{

double v = raw [3 ∗ k + c ] ;
v −= lo ;

330 v ∗= range ;
v = v < 0 ? 0 : v ;
v = v > 1 ? 1 : v ;
raw [ 3 ∗ k + c ] = v ;

}
335 }

}
#pragma omp p a r a l l e l f o r
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)
{

340 double r = raw [3 ∗ k + 0 ] ;
double g = raw [3 ∗ k + 1 ] ;
double bb = raw [3 ∗ k + 2 ] ;
double x , y , z ;
double l , a , b ;

345 srgb2xyz ( r , g , bb , &x , &y , &z ) ;
xyz2lab (x , y , z , &l , &a , &b) ;
raw [ 3 ∗ k + 0 ] = l ;
raw [ 3 ∗ k + 1 ] = a ;
raw [ 3 ∗ k + 2 ] = b ;

350 }
}

#end i f

355 #i f 1
{ // i n c r e a s e s a tu ra t i on

// https : //math . stackexchange . com/ que s t i on s /586424/ adjust − sa turat i on − in −c i e −⤦
Ç lab −space

const double s a tu ra t i on = 1 . 2 5 ;
const double l im i t = 0 . 9 5 ;

360 #pragma omp p a r a l l e l f o r
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)
{

double l = raw [3 ∗ k + 0 ] ;
double a = raw [3 ∗ k + 1 ] ;

365 double b = raw [3 ∗ k + 2 ] ;
double c = hypot ( a , b) ;
double s = c / hypot ( l , c ) ;
s ∗= sa tu ra t i on ;
i f ( s > l im i t ) s = l im i t ;

370 double t = s ∗ l / s q r t ( ( a ∗ a + b ∗ b) ∗ (1 − s ∗ s ) ) ;
i f ( t > 0) // nan check
{

a ∗= t ;
b ∗= t ;

375 }
raw [ 3 ∗ k + 1 ] = a ;
raw [ 3 ∗ k + 2 ] = b ;

}

16
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}
380 #end i f

#i f 1
{

// auto white balance again (make average co l ou r white )
385 double l = 0 , a = 0 , b = 0 ;

#pragma omp p a r a l l e l f o r r educt i on (+: l ) r educt ion (+:a ) r educt ion (+:b)
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)
{

l += raw [3 ∗ k + 0 ] ;
390 a += raw [3 ∗ k + 1 ] ;

b += raw [3 ∗ k + 2 ] ;
}
l /= SIZE ∗ SIZE ;
a /= SIZE ∗ SIZE ;

395 b /= SIZE ∗ SIZE ;
const double s c a l e = 1 .0 / 12 ∗ 100 / l ;
const double s h i f t = 1 .0 / 100 ;
#pragma omp p a r a l l e l f o r
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)

400 {
double t = s h i f t ∗ raw [ 3 ∗ k + 0 ] ;
raw [ 3 ∗ k + 1 ] −= a ∗ t ;
raw [ 3 ∗ k + 2 ] −= b ∗ t ;
raw [ 3 ∗ k + 0 ] ∗= s c a l e ;

405 raw [ 3 ∗ k + 1 ] ∗= s c a l e ;
raw [ 3 ∗ k + 2 ] ∗= s c a l e ;

}
}

#end i f
410

{ // lab to 8 b i t srgb
#pragma omp p a r a l l e l f o r
f o r (Z j = 0 ; j < SIZE ; ++j )
f o r (Z i = 0 ; i < SIZE ; ++i )

415 {
Z k = j ∗ SIZE + i ;

#i f 1
double l = raw [3 ∗ k + 0 ] ;
double a = raw [3 ∗ k + 1 ] ;

420 double b = raw [3 ∗ k + 2 ] ;
double x , y , z , r , g ;
lab2xyz ( l , a , b , &x , &y , &z ) ;
xyz2srgb (x , y , z , &r , &g , &b) ;

#e l s e
425 double r = raw [3 ∗ k + 0 ] ;

double g = raw [3 ∗ k + 1 ] ;
double b = raw [3 ∗ k + 2 ] ;

#end i f
double d i th e r ;

430 d i th e r = ( ( ( ( 0 ∗ 67 + j ) ∗ 236 + i ) ∗ 119) & 255) / 2 56 . 0 ;
ppm[3 ∗ k + 0 ] = fmin ( fmax ( r ∗ 255 + dither , 0) , 255) ;
d i t h e r = ( ( ( ( 1 ∗ 67 + j ) ∗ 236 + i ) ∗ 119) & 255) / 2 56 . 0 ;
ppm[3 ∗ k + 1 ] = fmin ( fmax ( g ∗ 255 + dither , 0) , 255) ;
d i t h e r = ( ( ( ( 2 ∗ 67 + j ) ∗ 236 + i ) ∗ 119) & 255) / 2 56 . 0 ;

435 ppm[3 ∗ k + 2 ] = fmin ( fmax (b ∗ 255 + dither , 0) , 255) ;

17
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}
}
FILE ∗ f = fopen (” c o l ou r i z e d .ppm” , ”wb”) ;
f p r i n t f ( f , ”P6\n%d %d\n255\n” , SIZE , SIZE) ;

440 fw r i t e (ppm, 3 ∗ SIZE ∗ SIZE , 1 , f ) ;
f c l o s e ( f ) ;
f r e e (ppm) ;
image unmap ( img ) ;

}

3 buddhabrot/bbrender.c

// gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −o bbrender bbrender . c ‘⤦
Ç PKG CONFIG PATH=${HOME}/ opt/ l i b / pkgconf ig pkg− c on f i g −− c f l a g s −− l i b s ⤦
Ç mandelbrot−numerics ‘ −lm

// . / bbrender | pnmspl it − bbrender−%d .pgm

#inc lude <complex . h>
5 #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>

10 #inc lude <mandelbrot−numerics . h>

typede f unsigned char B;
typede f f l o a t F ;
typede f u i n t 64 t N;

15 typede f i n t 6 4 t Z ;
typede f double R;
typede f double Complex C;

#de f i n e un l i k e l y ( x ) b u i l t i n e x p e c t (x , 0)
20 #undef BB BOUNDS CHECKS

s t r u c t p a r t i a l {
C z ;
Z p ;

25 } ;

s t r u c t compute {
Z tag , b i a s ;

30 s t r u c t p a r t i a l ∗ p a r t i a l s ;
Z npa r t i a l s , np , n ;
R er2 , mz2 ;
C c , z ;

} ;
35

s t a t i c s t r u c t compute ∗compute new (Z npa r t i a l s ) {
s t r u c t compute ∗px = mal loc ( s i z e o f (∗px ) ) ;
i f ( ! px ) {

40 re turn 0 ;
}
i f ( n p a r t i a l s > 0) {

px−>p a r t i a l s = mal loc ( np a r t i a l s ∗ s i z e o f (∗ ( px−>p a r t i a l s ) ) ) ;

18
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px−>npa r t i a l s = npa r t i a l s ;
45 i f ( ! px−>p a r t i a l s ) {

f r e e ( px ) ;
r e turn 0 ;

}
} e l s e {

50 px−>p a r t i a l s = 0 ;
px−>npa r t i a l s = 0 ;

}
px−>tag = 0 ;
re turn px ;

55 }

s t a t i c void compute de lete ( s t r u c t compute ∗px ) {
i f ( px ) {

60 i f (px−>p a r t i a l s ) {
f r e e (px−>p a r t i a l s ) ;

}
f r e e (px ) ;

}
65 }

s t a t i c void compute in i t ( s t r u c t compute ∗px , Z bias , C c ) {
i f ( ! px ) { re turn ; }

70 px−>tag = 0 ;
px−>b ia s = b ia s ;
px−>mz2 = 1 .0 / 0 . 0 ;
px−>c = c ;
px−>z = 0 ;

75 px−>n = 0 ;
px−>np = 0 ;

}

s t a t i c bool i s i n t e r i o r (C c , C z , Z p , Z s t ep s )
80 {

C z00 = 0 ;
i f ( m fa i l ed != m d att rac to r (&z00 , z , c , p , s t ep s ) ) {
C z0 = z00 ;
C dz0 = 1 ;

85 f o r (Z j = 0 ; j < p ; ++j )
{

dz0 = 2 .0 ∗ z0 ∗ dz0 ;
z0 = z0 ∗ z0 + c ;

}
90 re turn c r e a l ( dz0 ) ∗ c r e a l ( dz0 ) + cimag ( dz0 ) ∗cimag ( dz0 ) <= 1 ;

}
re turn f a l s e ;

}

95 extern bool compute step ( s t r u c t compute ∗px , Z s t ep s )
{

s t a t i c const double er2 = 4 ;
i f ( ! px ) {

re turn f a l s e ;
100 }
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i f (px−>tag != 0) {
re turn true ;

}
C c = px−>c ;

105 C z = px−>z ;
R mz2 = px−>mz2 ;
Z n = px−>n ;
R cx = c r e a l ( c ) ;
R cy = cimag ( c ) ;

110 R zx = c r e a l ( z ) ;
R zy = cimag ( z ) ;
R zx2 = zx ∗ zx ;
R zy2 = zy ∗ zy ;
R zxy = zx ∗ zy ;

115 i f (px−>b ia s < 0)
{

f o r (Z i = 1 ; i <= step s ; ++i )
{

zx = zx2 − zy2 + cx ;
120 zy = zxy + zxy + cy ;

zx2 = zx ∗ zx ;
zy2 = zy ∗ zy ;
zxy = zx ∗ zy ;
R z2 = zx2 + zy2 ;

125 i f ( u n l i k e l y ( z2 < mz2) )
{

mz2 = z2 ;
i f ( i s i n t e r i o r ( c , zx + I ∗ zy , n + i , 16) )
{

130 px−>tag = −1;
re turn true ;

}
}
i f ( u n l i k e l y ( z2 >= er2 ) )

135 {
px−>tag = 1 ;
px−>n = n + i ;
re turn true ;

}
140 }

px−>tag = 0 ;
px−>z = zx + I ∗ zy ;
px−>mz2 = mz2 ;
px−>n = n + st ep s ;

145 re turn f a l s e ;
}
e l s e
{

f o r (Z i = 1 ; i <= step s ; ++i )
150 {

zx = zx2 − zy2 + cx ;
zy = zxy + zxy + cy ;
zx2 = zx ∗ zx ;
zy2 = zy ∗ zy ;

155 zxy = zx ∗ zy ;
R z2 = zx2 + zy2 ;
i f ( un l i k e l y ( z2 < mz2) )
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{
mz2 = z2 ;

160 i f (px−>p a r t i a l s && px−>np < px−>npa r t i a l s )
{

px−>p a r t i a l s [ px−>np ] . z = z ;
px−>p a r t i a l s [ px−>np ] . p = n + i ;
px−>np = px−>np + 1 ;

165 }
}
i f ( u n l i k e l y ( z2 >= er2 ) )
{

px−>tag = 1 ;
170 px−>n = n + i ;

re turn true ;
}

}
f o r (Z i = 0 ; i < px−>np ; ++i )

175 {
z = px−>p a r t i a l s [ i ] . z ;
Z p = px−>p a r t i a l s [ i ] . p ;
i f ( i s i n t e r i o r ( c , z , p , 16) )
{

180 px−>tag = −1;
px−>z = z ;
px−>n = p ;
re turn true ;

}
185 }

px−>tag = 0 ;
px−>z = zx + I ∗ zy ;
px−>mz2 = mz2 ;
px−>n = n + st ep s ;

190 re turn f a l s e ;
}
re turn f a l s e ;

}

195

#de f i n e LEVELS 14

s t r u c t image
200 {

N ∗n [LEVELS ] ;
B ∗b [LEVELS ] ;
F ∗ f [ 2 ] [ LEVELS ] ;

} ;
205

s t a t i c s t r u c t image ∗ image new ( )
{

s t r u c t image ∗ img = c a l l o c (1 , s i z e o f (∗ img ) ) ;
210 f o r (Z l e v e l = 0 ; l e v e l < LEVELS; ++l e v e l )

{
Z gr id = 1 << l e v e l ;
Z bytes = gr id ∗ g r id ;
img−>n [ l e v e l ] = c a l l o c (1 , s i z e o f (N) ∗ bytes ) ;
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215 img−>b [ l e v e l ] = c a l l o c (1 , bytes ) ;
img−> f [ 0 ] [ l e v e l ] = c a l l o c (1 , s i z e o f (F) ∗ bytes ) ;
img−> f [ 1 ] [ l e v e l ] = c a l l o c (1 , s i z e o f (F) ∗ bytes ) ;

}
re turn img ;

220 }

s t a t i c void image de l e t e ( s t r u c t image ∗ img )
{

225 f o r (Z l e v e l = 0 ; l e v e l < LEVELS; ++l e v e l )
{

f r e e ( img−>n [ l e v e l ] ) ;
f r e e ( img−>b [ l e v e l ] ) ;
f r e e ( img−> f [ 0 ] [ l e v e l ] ) ;

230 f r e e ( img−> f [ 1 ] [ l e v e l ] ) ;
}
f r e e ( img ) ;

}

235

s t a t i c i n l i n e void image p lot ( s t r u c t image ∗ img , R zx , R zy )
{

// f l i p p ed along main d iagona l
#i f d e f BB BOUNDS CHECKS

240 Z y = f l o o r ( (1 << (LEVELS−1) ) ∗ ( zx + 2 . 0 ) / 4 . 0 ) ;
Z x = f l o o r ( (1 << (LEVELS−1) ) ∗ ( zy + 2 . 0 ) / 4 . 0 ) ;
i f (0 <= x && x < (1 << (LEVELS−1) ) && 0 <= y && y < (1 << (LEVELS−1) ) )
{

#e l s e
245 Z y = (1 << (LEVELS−1) ) ∗ ( zx + 2 . 0 ) / 4 . 0 ;

Z x = (1 << (LEVELS−1) ) ∗ ( zy + 2 . 0 ) / 4 . 0 ;
#end i f

Z k = (y << (LEVELS − 1) ) + x ;
N ∗p = img−>n [LEVELS − 1 ] + k ;

250 #pragma omp atomic
∗p += 1 ;

#i f d e f BB BOUNDS CHECKS
}

#end i f
255 }

s t a t i c void image post ( s t r u c t image ∗ img )
{

260 f o r (Z s r c = LEVELS − 1 ; s r c > 0 ; −− s r c )
{

Z dst = s r c − 1 ;
N ∗ s rcp = img−>n [ s r c ] ;
N ∗dstp = img−>n [ dst ] ;

265 #pragma omp p a r a l l e l f o r
f o r (Z y = 0 ; y < (1 << dst ) ; ++y)

f o r (Z x = 0 ; x < (1 << dst ) ; ++x)
{

N s = 0 ;
270 f o r (Z dy = 0 ; dy < 2 ; ++dy )

f o r (Z dx = 0 ; dx < 2 ; ++dx )
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{
Z k = ( ( ( y << 1) + dy ) << s r c ) + ( ( x << 1) + dx ) ;
s += srcp [ k ] ;

275 }
Z k = (y << dst ) + x ;
dstp [ k ] = s ;

}
}

280 N to t a l = img−>n [ 0 ] [ 0 ] ;
f o r (Z l e v e l = 0 ; l e v e l < LEVELS; ++l e v e l )
{

Z p i x e l s = 1 << l e v e l ;
p i x e l s ∗= p i x e l s ;

285 R average = t o t a l / (R) p i x e l s ;
R norm = 1.0 / average ;
R s c a l e = 255 .0 / (16 . 0 ∗ average ) ;
N ∗n = img−>n [ l e v e l ] ;
F ∗ f = img−> f [ 0 ] [ l e v e l ] ;

290 F ∗g = img−> f [ 1 ] [ l e v e l ] ;
B ∗b = img−>b [ l e v e l ] ;
#pragma omp p a r a l l e l f o r
f o r (Z k = 0 ; k < p i x e l s ; ++k)
{

295 Z x = k & ((1 << l e v e l ) − 1) ;
Z y = k >> l e v e l ;
R d i th e r = ( ( ( y ∗ 237 + x) ∗ 119) & 255) / 2 56 . 0 ;
g [ k ] = f [ k ] ;
f [ k ] = norm ∗ n [ k ] ;

300 b [ k ] = f l o o r ( fmin ( fmax ( s c a l e ∗ n [ k ] + di ther , 0 . 0 ) , 255 . 0 ) ) ;
}

}
}

305

s t a t i c R image rms d i f f ( s t r u c t image ∗ img , Z l e v e l )
{

Z p i x e l s = 1 << l e v e l ;
p i x e l s ∗= p i x e l s ;

310 F ∗ f = img−> f [ 0 ] [ l e v e l ] ;
F ∗g = img−> f [ 1 ] [ l e v e l ] ;
R sum = 0 ;
#pragma omp p a r a l l e l f o r r educt i on (+:sum)
f o r (Z k = 0 ; k < p i x e l s ; ++k)

315 {
R d = f [ k ] − g [ k ] ;
d ∗= d ;
sum = sum + d ;

}
320 R rms = sq r t (sum / p i x e l s ) ;

r e turn rms ;
}

325 s t a t i c void image save ( s t r u c t image ∗ img , Z l e v e l , Z depth )
{

Z p i x e l s = 1 << l e v e l ;
p i x e l s ∗= p i x e l s ;
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char f i l ename [ 1 0 0 ] ;
330 s np r i n t f ( f i l ename , 100 , ”bb−%02d−%02d .pgm” , ( i n t ) depth , ( i n t ) l e v e l ) ;

FILE ∗out = fopen ( f i l ename , ”wb”) ;
f p r i n t f ( out , ”P5\n%d %d\n255\n” , 1 << l e v e l , 1 << l e v e l ) ;
fw r i t e ( img−>b [ l e v e l ] , p i x e l s , 1 , out ) ;
f f l u s h ( out ) ;

335 f c l o s e ( out ) ;
s np r i n t f ( f i l ename , 100 , ”bb−%02d−%02d . u64 ” , ( i n t ) depth , ( i n t ) l e v e l ) ;
out = fopen ( f i l ename , ”wb”) ;
fw r i t e ( img−>n [ l e v e l ] , s i z e o f (N) ∗ p ix e l s , 1 , out ) ;
f f l u s h ( out ) ;

340 f c l o s e ( out ) ;
}

s t a t i c void render ( s t r u c t image ∗ img , Z maxiters , Z gr id , C mul , C add )
345 {

#pragma omp p a r a l l e l f o r schedu le ( dynamic , 1)
f o r (Z j = 0 ; j < g r id ; ++j )
{

s t r u c t compute ∗px = compute new ( maxiters ) ;
350 f o r (Z i = 0 ; i < g r id ; ++i )

{
C c = mul ∗ ( i + I ∗ j ) + add ;
compute in i t (px , px−>tag , c ) ;
compute step (px , maxiters ) ;

355 i f (px−>tag > 0)
{

R zx = 0 ;
R zy = 0 ;
R cx = c r e a l ( c ) ;

360 R cy = cimag ( c ) ;
Z count = px−>n − 1 ;
R zx2 = zx ∗ zx ;
R zy2 = zy ∗ zy ;
R zxy = zx ∗ zy ;

365 f o r (Z n = 0 ; n < count ; ++n)
{

zx = zx2 − zy2 + cx ;
zy = zxy + zxy + cy ;
zx2 = zx ∗ zx ;

370 zy2 = zy ∗ zy ;
zxy = zx ∗ zy ;
image p lot ( img , zx , zy ) ;

}
}

375 }
compute de lete ( px ) ;

}
}

380

extern i n t main ( i n t argc , char ∗∗ argv ) {
( void ) argc ;
( void ) argv ;
srand (0 xbe e f c a f e ) ;

385 s t a t i c const R thre sho ld = 0 . 0 5 ;
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f o r (Z l e v e l = LEVELS − 1 ; l e v e l < LEVELS; ++l e v e l )
{

f o r (Z depth = 20 ; depth <= 20 ; ++depth )
{

390 Z maxiters = 1 << depth ;
Z p i x e l s = 0 ;
s t r u c t image ∗ img = image new ( ) ;
f o r (Z pass = 0 ; 1 ; ++pass )
{

395 f o r (Z count = 0 ; count < 1 << pass ; ++count )
{

f p r i n t f ( s tde r r , ”\ r %ld , %ld : %ld : %ld : %ld ” , l e v e l , depth , pass , ⤦
Ç ( (Z) 1) << pass , count ) ;

f f l u s h ( s t d e r r ) ;
// randomize g r id

400 Z n = exp2 (10 + ( rand ( ) / (R) RANDMAX) ) ;
n += (n & 1) ; // ensure even
R l = 2 .0 / (n/2 − 1) + (2 . 0 / ( n/2−3) − 2 . 0/ ( n/2−1) ) ∗ ( rand ( ) / (R) ⤦

Ç RANDMAX) ;
l ∗= 3 . 6 ;
R x = ( rand ( ) / (R) RANDMAX) ;

405 R y = ( rand ( ) / (R) RANDMAX) ;
R t = 2 ∗ 3.141592653589793 ∗ ( rand ( ) / (R) RANDMAX) ;
C mul = l ∗ cexp ( I ∗ t ) ;
C add = − mul ∗ ( ( n/2 + x) + I ∗ ( ( n/2) + y) ) ;
// c a l c u l a t e

410 render ( img , maxiters , n , mul , add ) ;
// output
p i x e l s += n ∗ n ;

}
image post ( img ) ;

415 f p r i n t f ( s tde r r , ”\ r sav ing . . . ”) ;
f f l u s h ( s t d e r r ) ;
image save ( img , l e v e l , depth ) ;
f p r i n t f ( s tde r r , ” saved ! ”) ;
f f l u s h ( s t d e r r ) ;

420 i f ( pass )
{

R rms = image rms d i f f ( img , l e v e l ) ;
i f ( rms < th r e sho ld )
{

425 f p r i n t f ( s tde r r , ”\n”) ;
f f l u s h ( s t d e r r ) ;
p r i n t f (”% ld %ld %ld %.18e %ld %lu \n” , l e v e l , depth , pass , rms , ⤦

Ç p ix e l s , img−>n [ 0 ] [ 0 ] ) ;
f f l u s h ( stdout ) ;
break ;

430 }
}

}
image de l e t e ( img ) ;

}
435 }

re turn 0 ;
}
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440 // END

4 buddhabrot/bbrenderlayers.c

// gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −o bbrender l aye r s ⤦
Ç bbrender l aye r s . c ‘PKG CONFIG PATH=${HOME}/ opt/ l i b / pkgconf ig pkg− c on f i g −−⤦
Ç c f l a g s −− l i b s mandelbrot−numerics ‘ −lm

// dd i f =/dev/ zero o f=bb .map bs=$ ( (1024 ∗ 1024) ) count=1024
// . / bbrender l aye r s

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>

10 #inc lude <s i g n a l . h>
#inc lude <time . h>
#inc lude <mandelbrot−numerics . h>

15 typede f unsigned char B;
typede f f l o a t F ;
typede f u i n t 64 t N;
typede f i n t 6 4 t Z ;
typede f double R;

20 typede f double Complex C;

#de f i n e un l i k e l y ( x ) b u i l t i n e x p e c t (x , 0)

25

Z i l o g 2 (Z n)
{

Z l = 0 ;
whi l e (n > 0)

30 {
n >>= 1 ;
l += 1 ;

}
re turn l ;

35 }

s t r u c t p a r t i a l {
C z ;

40 Z p ;
} ;

s t r u c t compute {
45 Z tag , b i a s ;

s t r u c t p a r t i a l ∗ p a r t i a l s ;
Z npa r t i a l s , np , n ;
R er2 , mz2 ;
C c , z ;

50 } ;
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s t a t i c s t r u c t compute ∗compute new (Z npa r t i a l s ) {
s t r u c t compute ∗px = mal loc ( s i z e o f (∗px ) ) ;

55 i f ( ! px ) {
re turn 0 ;

}
i f ( n p a r t i a l s > 0) {

px−>p a r t i a l s = mal loc ( np a r t i a l s ∗ s i z e o f (∗ ( px−>p a r t i a l s ) ) ) ;
60 px−>npa r t i a l s = npa r t i a l s ;

i f ( ! px−>p a r t i a l s ) {
f r e e (px ) ;
r e turn 0 ;

}
65 } e l s e {

px−>p a r t i a l s = 0 ;
px−>npa r t i a l s = 0 ;

}
px−>tag = 0 ;

70 re turn px ;
}

s t a t i c void compute de lete ( s t r u c t compute ∗px ) {
75 i f ( px ) {

i f (px−>p a r t i a l s ) {
f r e e (px−>p a r t i a l s ) ;

}
f r e e (px ) ;

80 }
}

s t a t i c void compute in i t ( s t r u c t compute ∗px , Z bias , C c ) {
85 i f ( ! px ) { re turn ; }

px−>tag = 0 ;
px−>b ia s = b ia s ;
px−>mz2 = 1 .0 / 0 . 0 ;
px−>c = c ;

90 px−>z = 0 ;
px−>n = 0 ;
px−>np = 0 ;

}

95

s t a t i c bool i s i n t e r i o r (C c , C z , Z p , Z s t ep s )
{

C z00 = 0 ;
i f ( m fa i l ed != m d att rac to r (&z00 , z , c , p , s t ep s ) ) {

100 C z0 = z00 ;
C dz0 = 1 ;
f o r (Z j = 0 ; j < p ; ++j )
{

dz0 = 2 .0 ∗ z0 ∗ dz0 ;
105 z0 = z0 ∗ z0 + c ;

}
re turn c r e a l ( dz0 ) ∗ c r e a l ( dz0 ) + cimag ( dz0 ) ∗cimag ( dz0 ) <= 1 ;

}
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re turn f a l s e ;
110 }

s t a t i c bool compute step ( s t r u c t compute ∗px , Z s t ep s )
{

115 s t a t i c const double er2 = 4 ;
i f ( ! px ) {

re turn f a l s e ;
}
i f (px−>tag != 0) {

120 re turn true ;
}
C c = px−>c ;
C z = px−>z ;
R mz2 = px−>mz2 ;

125 Z n = px−>n ;
R cx = c r e a l ( c ) ;
R cy = cimag ( c ) ;
R zx = c r e a l ( z ) ;
R zy = cimag ( z ) ;

130 R zx2 = zx ∗ zx ;
R zy2 = zy ∗ zy ;
R zxy = zx ∗ zy ;
i f (px−>b ia s < 0)
{

135 f o r (Z i = 1 ; i <= step s ; ++i )
{

zx = zx2 − zy2 + cx ;
zy = zxy + zxy + cy ;
zx2 = zx ∗ zx ;

140 zy2 = zy ∗ zy ;
zxy = zx ∗ zy ;
R z2 = zx2 + zy2 ;
i f ( un l i k e l y ( z2 < mz2) )
{

145 mz2 = z2 ;
i f ( i s i n t e r i o r ( c , zx + I ∗ zy , n + i , 16) )
{

px−>tag = −1;
re turn true ;

150 }
}
i f ( u n l i k e l y ( z2 >= er2 ) )
{

px−>tag = 1 ;
155 px−>n = n + i ;

re turn true ;
}

}
px−>tag = 0 ;

160 px−>z = zx + I ∗ zy ;
px−>mz2 = mz2 ;
px−>n = n + st ep s ;
r e turn f a l s e ;

}
165 e l s e
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{
f o r (Z i = 1 ; i <= step s ; ++i )
{

zx = zx2 − zy2 + cx ;
170 zy = zxy + zxy + cy ;

zx2 = zx ∗ zx ;
zy2 = zy ∗ zy ;
zxy = zx ∗ zy ;
R z2 = zx2 + zy2 ;

175 i f ( u n l i k e l y ( z2 < mz2) )
{

mz2 = z2 ;
i f (px−>p a r t i a l s && px−>np < px−>npa r t i a l s )
{

180 px−>p a r t i a l s [ px−>np ] . z = z ;
px−>p a r t i a l s [ px−>np ] . p = n + i ;
px−>np = px−>np + 1 ;

}
}

185 i f ( u n l i k e l y ( z2 >= er2 ) )
{

px−>tag = 1 ;
px−>n = n + i ;
re turn true ;

190 }
}
f o r (Z i = 0 ; i < px−>np ; ++i )
{

z = px−>p a r t i a l s [ i ] . z ;
195 Z p = px−>p a r t i a l s [ i ] . p ;

i f ( i s i n t e r i o r ( c , z , p , 16) )
{

px−>tag = −1;
px−>z = z ;

200 px−>n = p ;
re turn true ;

}
}
px−>tag = 0 ;

205 px−>z = zx + I ∗ zy ;
px−>mz2 = mz2 ;
px−>n = n + st ep s ;
r e turn f a l s e ;

}
210 re turn f a l s e ;

}

#de f i n e LOG2SIZE 12
215 #de f i n e SIZE (1 << LOG2SIZE)

#de f i n e LAYERS 30

s t r u c t image
220 {

N n [LAYERS ] [ SIZE ∗ SIZE ] ;
} ;
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225 FILE ∗ im a g e f i l e = 0 ;

s t a t i c s t r u c t image ∗ image map ( )
{

230 im a g e f i l e = fopen (”bb .map” , ” r+b”) ;
i f ( ! im a g e f i l e )
{

e x i t (1 ) ;
}

235 s t r u c t image ∗ img = malloc ( s i z e o f ( s t r u c t image ) ) ;
i f ( ! img )
{

e x i t (1 ) ;
}

240 f r ead ( img , s i z e o f ( s t r u c t image ) , 1 , im a g e f i l e ) ;
r e turn img ;

}

245 s t a t i c void image sync ( s t r u c t image ∗ img )
{

rewind ( ima g e f i l e ) ;
fw r i t e ( img , s i z e o f ( s t r u c t image ) , 1 , im a g e f i l e ) ;

}
250

s t a t i c void image unmap ( s t r u c t image ∗ img )
{

image sync ( img ) ;
255 f c l o s e ( ima g e f i l e ) ;

im a g e f i l e = 0 ;
f r e e ( img ) ;

}

260

s t a t i c i n l i n e void image p lo t wi th bounds checks ( s t r u c t image ∗ img , Z layer , R ⤦
Ç zx , R zy )

{
// f l i p p ed along main d iagona l
Z y = f l o o r (SIZE ∗ ( zx + 2 . 0 ) / 4 . 0 ) ;

265 Z x = f l o o r (SIZE ∗ ( zy + 2 . 0 ) / 4 . 0 ) ;
i f (0 <= x && x < SIZE && 0 <= y && y < SIZE)
{

Z k = (y << LOG2SIZE) + x ;
N ∗p = img−>n [ l a y e r ] + k ;

270 #pragma omp atomic
∗p += 1 ;

}
}

275

s t a t i c i n l i n e void image p lo t wi thout bounds checks ( s t r u c t image ∗ img , Z layer , ⤦
Ç R zx , R zy )

{

30



fractal-bits buddhabrot/bbrenderlayers.c

// f l i p p ed along main d iagona l
Z y = SIZE ∗ ( zx + 2 . 0 ) / 4 . 0 ;

280 Z x = SIZE ∗ ( zy + 2 . 0 ) / 4 . 0 ;
Z k = (y << LOG2SIZE) + x ;
N ∗p = img−>n [ l a y e r ] + k ;
#pragma omp atomic
∗p += 1 ;

285 }

s t a t i c Z render ( s t r u c t image ∗ img , Z maxiters , Z gr id , C mul , C add )
{

290 Z maxpart ia l s = 65536;
Z t o t a l = 0 ;
#pragma omp p a r a l l e l f o r schedu le ( dynamic , 1) r educt i on (+: t o t a l )
f o r (Z j = 0 ; j < g r id ; ++j )
{

295 s t r u c t compute ∗px = compute new ( maxpart ia l s ) ;
Z s t o t a l = 0 ;
f o r (Z i = 0 ; i < g r id ; ++i )
{

C c = mul ∗ ( i + I ∗ j ) + add ;
300 compute in i t (px , px−>tag , c ) ;

f o r (Z i t e r s = 256 ; i t e r s < maxiters ; i t e r s <<= 1)
{

compute step (px , i t e r s ) ;
i f (px−>tag > 0)

305 {
R zx = 0 ;
R zy = 0 ;
R cx = c r e a l ( c ) ;
R cy = cimag ( c ) ;

310 Z count = px−>n − 1 ;
Z l ay e r = i l o g 2 ( count ) ;
i f ( ! (0 <= laye r && laye r < LAYERS) )

cont inue ;
R zx2 = zx ∗ zx ;

315 R zy2 = zy ∗ zy ;
R zxy = zx ∗ zy ;
f o r (Z n = 0 ; n < count ; ++n)
{

zx = zx2 − zy2 + cx ;
320 zy = zxy + zxy + cy ;

zx2 = zx ∗ zx ;
zy2 = zy ∗ zy ;
zxy = zx ∗ zy ;
image p lo t wi thout bounds checks ( img , layer , zx , zy ) ;

325 }
whi le ( zx2 + zy2 < 16 . 0 )
{

zx = zx2 − zy2 + cx ;
zy = zxy + zxy + cy ;

330 zx2 = zx ∗ zx ;
zy2 = zy ∗ zy ;
zxy = zx ∗ zy ;
image p lo t wi th bounds checks ( img , layer , zx , zy ) ;

}
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335 s t o t a l += count ;
}
i f (px−>tag < 0)

break ;
}

340 }
compute de lete ( px ) ;
t o t a l = t o t a l + s t o t a l ;

}
re turn t o t a l ;

345 }

s t a t i c v o l a t i l e bool running = true ;

350

s t a t i c void handler ( i n t s i g )
{

( void ) s i g ;
running = f a l s e ;

355 }

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

360 ( void ) argv ;
Z seed = time (0 ) ;
f p r i n t f ( stdout , ” s t a r t i n g with seed %016 lx \n” , seed ) ;
f f l u s h ( stdout ) ;
srand ( seed ) ;

365 Z depth = 30 ;
Z maxiters = 1LL << depth ;
Z p i x e l s = 0 ;
Z t o t a l = 0 ;
s t r u c t image ∗ img = image map ( ) ;

370 t ime t l a s t = time (0 ) ;
s i g n a l (SIGINT , handler ) ;
s i g n a l (SIGTERM, handler ) ;
whi l e ( running )
{

375 // randomize g r id
Z n = exp2 (14 + ( rand ( ) / (R) RANDMAX) ) ;
n += (n & 1) ; // ensure even
R l = 2 .0 / (n/2 − 1) + (2 . 0 / ( n/2−3) − 2 . 0/ ( n/2−1) ) ∗ ( rand ( ) / (R) RANDMAX⤦

Ç ) ;
l ∗= sqr t (2 ) ;

380 R x = ( rand ( ) / (R) RANDMAX) ;
R y = ( rand ( ) / (R) RANDMAX) ;
R t = 2 ∗ 3.141592653589793 ∗ ( rand ( ) / (R) RANDMAX) ;
C mul = l ∗ cexp ( I ∗ t ) ;
C add = − mul ∗ ( ( n/2 + x) + I ∗ ( ( n/2) + y) ) ;

385 // c a l c u l a t e
t o t a l += render ( img , maxiters , n , mul , add ) ;
p i x e l s += n ∗ n ;
// output
f p r i n t f ( stdout , ”%18 ld / %18ld = %.18 f \n” , t o ta l , p i x e l s , t o t a l / ( double ) ⤦

Ç p i x e l s ) ;
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390 f f l u s h ( stdout ) ;
t ime t now = time (0) ;
i f (now − l a s t >= 60 ∗ 60) // 1hr
{

f p r i n t f ( stdout , ” sync ing . . . \ n”) ;
395 f f l u s h ( stdout ) ;

image sync ( img ) ;
l a s t = time (0 ) ;
f p r i n t f ( stdout , ” . . . synced\n”) ;
f f l u s h ( stdout ) ;

400 }
}
f p r i n t f ( stdout , ” e x i t i n g \n”) ;
f f l u s h ( stdout ) ;
image unmap ( img ) ;

405 re turn 0 ;
}

// END

5 buddhabrot/bound-2.c

// gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −o bound−2 bound −2. c ‘⤦
Ç PKG CONFIG PATH=${HOME}/ opt/ l i b / pkgconf ig pkg− c on f i g −− c f l a g s −− l i b s ⤦
Ç mandelbrot−graphics ‘ −lm

// . / bound−2 | t e e bound −2. dat

#inc lude <complex . h>
5 #inc lude <math . h>

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

#inc lude <mandelbrot−graph i c s . h>
10

typede f u i n t 64 t N;
typede f i n t 6 4 t Z ;
typede f double R;
typede f double Complex C;

15

s t a t i c R render (N maxiters , N gr id , C mul , C add ) {
R s = 0 ;
R s i d e = cabs (mul ) ∗ g r id ;
R area = s i d e ∗ s i d e ;

20 R count = gr id ∗ g r id ;
R s c a l e = area / count ;
#pragma omp p a r a l l e l f o r schedu le ( dynamic , 1) r educt i on (+: s )
f o r (N j = 0 ; j < g r id ; ++j ) {

R l s = 0 ;
25 m d compute ∗px = m d compute al loc ( maxiters ) ;

f o r (N i = 0 ; i < g r id ; ++i ) {
C c = mul ∗ ( i + I ∗ j ) + add ;
m d compute in it (px , m d compute get tag (px ) , 2 , c , 0) ;
m d compute step (px , maxiters ) ;

30 i f ( m d compute get tag (px ) == m exte r i o r )
{

Z n = m d compute get n (px ) − 1 ;
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R a = n ∗ s c a l e ;
l s += a ;

35 }
}
m d compute free ( px ) ;
s = s + l s ;

}
40 p r i n t f (”%.18 f %d %d %.18 f %.18 f %.18 f %.18 f \n” , s , ( i n t ) maxiters , ( i n t ) gr id ,⤦

Ç c r e a l (mul ) , cimag (mul ) , c r e a l ( add ) , cimag ( add ) ) ;
f f l u s h ( stdout ) ;
r e turn s ;

}

45

extern i n t main ( i n t argc , char ∗∗ argv ) {
( void ) argc ;
( void ) argv ;
srand (0 xbe e f c a f e ) ;

50 p r i n t f (”# t o t a l maxiters g r id mulre mulim addre addim\n”) ;
f o r (N depth = 8 ; depth < 17 ; ++depth )
{

N count = 1024 >> ( depth − 8) ;
f o r (N i = 0 ; i < count ; ++i )

55 {
N n = exp2 ( depth + ( rand ( ) / (R) RANDMAX) ) ;
n += (n & 1) ; // ensure even
R l = 2 .0 / (n/2 − 1) + (2 . 0 / ( n/2−3) − 2 . 0/ ( n/2−1) ) ∗ ( rand ( ) / (R) ⤦

Ç RANDMAX) ;
R x = ( rand ( ) / (R) RANDMAX) ;

60 R y = ( rand ( ) / (R) RANDMAX) ;
R t = 2 ∗ 3.141592653589793 ∗ ( rand ( ) / (R) RANDMAX) ;

/∗
mul ∗ ( ( n/2 + x) + I ∗ (n/2 + y) ) + add = 0 ;
abs mul = l

65 arg mul = t
add = − mul ( . . . )

∗/
C mul = l ∗ cexp ( I ∗ t ) ;
C add = − mul ∗ ( ( n/2 + x) + I ∗ ( ( n/2) + y) ) ;

70 render (256 ∗ n , n , mul , add ) ;
}

}
re turn 0 ;

}
75

// END

6 buddhabrot/bound-2.gnuplot

s e t te rmina l pngca i ro enhanced font ”LMSans10 ,18” s i z e 1920 ,1080
s e t output ’ bound−2d . png ’
s e t t i t l e ’ I s the Buddhabrot wel l −de f ined ? More data needed . . . ’
s e t x l ab e l ’ Grid s i z e ( p i x e l s per edge ) ’

5 s e t y l ab e l ’Sum (n A n) ( i t e r a t i o n count t imes area ) ’
s e t key bottom r i gh t
s e t g r id
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s e t l og x 2
s e t x t i c s 2

10 s e t f i t e r r o r v a r i a b l e s
f i t A+B∗ l og ( x ) ’ bound −2. dat ’ u 3 : 1 : ( 1 . / $3 ) v ia A,B
f i t C+D/ log (x ) ’ bound −2. dat ’ u 3 : 1 : ( 1 . / $3 ) v ia C,D
p lo t [ 2 5 6 : 1 3 1 0 7 2 ] [ 4 0 : 1 0 0 ] \

’ x . dat ’ u 1 : ( (A−A err )+(B−B err ) ∗ l og ( $1 ) ) : ( (A+A err )+(B+B err ) ∗ l og ( $1 ) ) w ⤦
Ç f i l l e d c u r v e s l c rgb ’#80 f f0000 ’ t ’ f i t e r r o r bounds ’ , \

15 ’ x . dat ’ u 1 : ( (C−C err )+(D−D err ) / l og ( $1 ) ) : ( (C+C err )+(D+D err ) / l og ( $1 ) ) w ⤦
Ç f i l l e d c u r v e s l c rgb ’#8000 f f 00 ’ t ’ f i t e r r o r bounds ’ , \

’ bound −2. dat ’ u 3 :1 w p l t 6 l c −1 t ’ computed gr ids ’ , \
A+B∗ l og ( x ) w l l c rgb ’# f f0000 ’ t ’ f i t (A + B ∗ l og x ) ’ , \
C+D/ log (x ) w l l c rgb ’#00 f f 00 ’ t ’ f i t (C + D / log x ) ’ , \
C w l l c rgb ’#408040 ’ t ’ f i t asymptote (C) ’

7 buddhabrot/bound.c

// gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −o bound bound . c ‘⤦
Ç PKG CONFIG PATH=${HOME}/ opt/ l i b / pkgconf ig pkg− c on f i g −− c f l a g s −− l i b s ⤦
Ç mandelbrot−graphics ‘

// . / bound | t e e bound . dat

#inc lude <complex . h>
5 #inc lude <math . h>

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

#inc lude <mandelbrot−graph i c s . h>

10 typede f u i n t 64 t N;
typede f i n t 6 4 t Z ;
typede f double R;
typede f double Complex C;

15 s t a t i c void render (N depth ) {
N maxiters = ( (N) 1) << depth ;
N gr id = ( (N) 1) << depth ;
R s = 0 ;
#pragma omp p a r a l l e l f o r schedu le ( dynamic , 1) r educt i on (+: s )

20 f o r (N j = 0 ; j < g r id /2 ; ++j ) {
R l s = 0 ;
m d compute ∗px = m d compute al loc ( maxiters ) ;
f o r (N i = 0 ; i < g r id ; ++i ) {

C c = ( −2.5 − 2 .5 ∗ I ) + 5 .0 ∗ ( ( i + 0 . 5 ) / g r id + I ∗ ( j + 0 . 5 ) / g r id ) ;
25 m d compute in it (px , m d compute get tag (px ) , 600 , c , 0) ;

m d compute step (px , maxiters ) ;
i f ( m d compute get tag (px ) == m exte r i o r )
{

R d = m d compute get de (px ) ;
30 Z n = m d compute get n (px ) ;

R a = n ∗ d ∗ d / ( g r id /2 .0 ∗ g r id ) ;
l s += a ;

}
}

35 m d compute free ( px ) ;
s = s + l s ;

}
p r i n t f (”%d %.18 f \n” , ( i n t ) depth , s ) ;

35
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f f l u s h ( stdout ) ;
40 }

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

45 ( void ) argv ;
f o r (N depth = 8 ; 1 ; ++depth )

render ( depth ) ;
r e turn 0 ;

}
50

// END

8 buddhabrot/bs.c

#inc lude <math . h>
#inc lude <s tdboo l . h>
#inc lude <s t d i n t . h>
#inc lude <s t d i o . h>

5 #inc lude <s t r i n g . h>

#de f i n e MAXITERS (1LL << 30)

#de f i n e l 12
10 unsigned char s t a t e [1<< l ][1<< l ] ;

unsigned char p r i o r i t y [1<< l ][1<< l ] ;
#de f i n e escaped 255
#de f i n e unescaped 0
#de f i n e unknown 128

15

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

memset ( s ta te , unknown , (1 << l ) ∗ (1 << l ) ) ;
memset ( p r i o r i t y , 0 , (1 << l ) ∗ (1 << l ) ) ;

20 f o r ( i n t i = 0 ; i < 1 << l ; ++i )
{

p r i o r i t y [ 0 ] [ i ] = 1 ;
p r i o r i t y [ i ] [ 0 ] = 1 ;
p r i o r i t y [(1<< l ) −1 ] [ i ] = 1 ;

25 p r i o r i t y [ i ][(1<< l ) −1] = 1 ;
}
i n t pas s e s = 0 ;
bool have some queued ;
do

30 {
have some queued = f a l s e ;
f p r i n t f ( s tde r r , ”%d\n” , pas s e s++) ;
#pragma omp p a r a l l e l f o r schedu le ( dynamic , 1)
f o r ( i n t i = 0 ; i < 1 << l ; ++i )

35 f o r ( i n t j = 0 ; j < 1 << l ; ++j )
{

i f ( p r i o r i t y [ i ] [ j ] && s t a t e [ i ] [ j ] != escaped && s t a t e [ i ] [ j ] != unescaped⤦
Ç )

{
have some queued = true ;
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40 // f l i p p ed along main d iagona l
double cy = 4 .0 ∗ ( i + 0 . 5 ) / (1 << l ) − 2 . 0 ;
double cx = 4 .0 ∗ ( j + 0 . 5 ) / (1 << l ) − 2 . 0 ;
double zx = 0 ;
double zy = 0 ;

45 double zx2 = zx ∗ zx ;
double zy2 = zy ∗ zy ;
double zxy = fabs ( zx ∗ zy ) ;
i n t 6 4 t count ;
i n t e = 0 ;

50 f o r ( count = 1 ; count < MAXITERS; ++count )
{

zx = zx2 − zy2 + cx ;
zy = zxy + zxy + cy ;
zx2 = zx ∗ zx ;

55 zy2 = zy ∗ zy ;
zxy = fabs ( zx ∗ zy ) ;
i f ( ( zx2 + zy2 > 4) )
{

e = 1 ;
60 break ;

}
}
s t a t e [ i ] [ j ] = e ? escaped : unescaped ;
i f ( e )

65 {
f o r ( i n t i i = i − 1 ; i i <= i + 1 ; ++i i )
{

f o r ( i n t j j = j − 1 ; j j <= j + 1 ; ++j j )
{

70 i f (0 <= i i && i i < 1 << l && 0 <= j j && j j < 1 << l )
{

// #pragma omp atomic
p r i o r i t y [ i i ] [ j j ] += 1 ;

}
75 }

}
}

}
}

80 } whi le ( have some queued ) ;
f p r i n t f ( stdout , ”P5\n%d %d\n255\n” , 1 << l , 1 << l ) ;
fw r i t e (& s t a t e [ 0 ] [ 0 ] , (1 << l ) ∗ (1 << l ) , 1 , s tdout ) ;
r e turn 0 ;

}

9 buddhabrot/bscolourizelayers.c

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

5 #inc lude <s t r i n g . h>

typede f i n t 6 4 t Z ;
typede f u i n t 64 t N;
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10

i n t cmp N( const void ∗a , const void ∗b)
{

const Z ∗p = a ;
const Z ∗q = b ;

15 Z x = ∗p ;
Z y = ∗q ;
re turn (x > y ) − ( x < y ) ;

}

20 i n t cmp f loat ( const void ∗a , const void ∗b)
{

const f l o a t ∗p = a ;
const f l o a t ∗q = b ;
f l o a t x = ∗p ;

25 f l o a t y = ∗q ;
re turn (x > y ) − ( x < y ) ;

}

30

#de f i n e LOG2SIZE 12
#de f i n e SIZE (1 << LOG2SIZE)
#de f i n e LAYERS 30

35

s t r u c t image
{

N n [LAYERS ] [ SIZE ∗ SIZE ] ;
} ;

40

FILE ∗ im a g e f i l e = 0 ;

45 s t a t i c s t r u c t image ∗ image map ( )
{

im a g e f i l e = fopen (”bb .map” , ” rb ”) ;
i f ( ! im a g e f i l e )
{

50 e x i t (1 ) ;
}
s t r u c t image ∗ img = malloc ( s i z e o f ( s t r u c t image ) ) ;
i f ( ! img )
{

55 e x i t (1 ) ;
}
f r ead ( img , s i z e o f ( s t r u c t image ) , 1 , im a g e f i l e ) ;
r e turn img ;

}
60

s t a t i c void image unmap ( s t r u c t image ∗ img )
{

f c l o s e ( ima g e f i l e ) ;
65 im a g e f i l e = 0 ;

f r e e ( img ) ;
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}

70 s t a t i c double xyz2 l ab f ( double t )
{

s t a t i c const double e = 0 .008856 ;
s t a t i c const double k = 903 . 3 ;
i f ( t > e )

75 re turn cbrt ( t ) ;
e l s e

re turn (k ∗ t + 16) / 116 ;
}
s t a t i c void xyz2lab ( double x , double y , double z , double ∗ l , double ∗a , double ∗⤦

Ç b)
80 {

s t a t i c const double xn = 0 .95047 ;
s t a t i c const double yn = 1 .00000 ;
s t a t i c const double zn = 1 .08883 ;
x /= xn ;

85 y /= yn ;
z /= zn ;
x = xyz2 l ab f ( x ) ;
y = xyz2 l ab f ( y ) ;
z = xyz2 l ab f ( z ) ;

90 ∗ l = 116 ∗ y − 16 ;
∗a = 500 ∗ ( x − y ) ;
∗b = 200 ∗ ( y − z ) ;

}

95 s t a t i c double l ab2xyz f 1 ( double t )
{

s t a t i c const double e = 0 .008856 ;
s t a t i c const double k = 903 . 3 ;
i f ( t ∗ t ∗ t > e )

100 re turn t ∗ t ∗ t ;
e l s e

re turn (116 ∗ t − 16) / k ;
}
s t a t i c double l ab2xyz f 2 ( double l )

105 {
s t a t i c const double e = 0 .008856 ;
s t a t i c const double k = 903 . 3 ;
i f ( l > k ∗ e )
{

110 double t = ( l + 16) / 116 ;
re turn t ∗ t ∗ t ;

}
e l s e

re turn l / k ;
115 }

s t a t i c void lab2xyz ( double l , double a , double b , double ∗x , double ∗y , double ∗⤦
Ç z )

{
s t a t i c const double xn = 0 .95047 ;
s t a t i c const double yn = 1 .00000 ;

120 s t a t i c const double zn = 1 .08883 ;
double fy = ( l + 16) / 116 ;
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double f z = fy − b / 200 ;
double fx = fy + a / 500 ;
∗x = xn ∗ l ab2xyz f 1 ( fx ) ;

125 ∗y = yn ∗ l ab2xyz f 2 ( l ) ;
∗z = zn ∗ l ab2xyz f 1 ( f z ) ;

}

130 s t a t i c double xyz2 s rgb f ( double c )
{

i f ( c < 0 .0031308)
re turn 12 .92 ∗ c ;

e l s e
135 re turn 1 .055 ∗ pow( c , 1/2 . 4 ) − 0 . 0 5 5 ;

}
s t a t i c void xyz2srgb ( double x , double y , double z , double ∗ r , double ∗g , double ⤦

Ç ∗b)
{

s t a t i c const double m[ 3 ] [ 3 ] =
140 { { 3 .2406 , −1.5372 , −0.4986 }

, { −0.9689 , 1 .8758 , 0 .0415 }
, { 0 .0557 , −0.2040 , 1 .0570 }
} ;

∗ r = xyz2 s rgb f (m[ 0 ] [ 0 ] ∗ x + m[ 0 ] [ 1 ] ∗ y + m[ 0 ] [ 2 ] ∗ z ) ;
145 ∗g = xyz2 s rgb f (m[ 1 ] [ 0 ] ∗ x + m[ 1 ] [ 1 ] ∗ y + m[ 1 ] [ 2 ] ∗ z ) ;

∗b = xyz2 s rgb f (m[ 2 ] [ 0 ] ∗ x + m[ 2 ] [ 1 ] ∗ y + m[ 2 ] [ 2 ] ∗ z ) ;
}

150 s t a t i c double s r gb2xyz f ( double c )
{

i f ( c < 0 .04045)
re turn c / 12 . 9 2 ;

e l s e
155 re turn pow( ( c + 0 .055 ) / 1 .055 , 2 . 4 ) ;

}
s t a t i c void srgb2xyz ( double r , double g , double b , double ∗x , double ∗y , double ⤦

Ç ∗z )
{

s t a t i c const double m[ 3 ] [ 3 ] =
160 { { 0 .4124 , 0 .3576 , 0 .1805 }

, { 0 .2126 , 0 .7152 , 0 .0722 }
, { 0 .0193 , 0 .1192 , 0 .9505 }
} ;

r = s rgb2xyz f ( r ) ;
165 g = s rgb2xyz f ( g ) ;

b = s rgb2xyz f (b) ;
∗x = m[ 0 ] [ 0 ] ∗ r + m[ 0 ] [ 1 ] ∗ g + m[ 0 ] [ 2 ] ∗ b ;
∗y = m[ 1 ] [ 0 ] ∗ r + m[ 1 ] [ 1 ] ∗ g + m[ 1 ] [ 2 ] ∗ b ;
∗z = m[ 2 ] [ 0 ] ∗ r + m[ 2 ] [ 1 ] ∗ g + m[ 2 ] [ 2 ] ∗ b ;

170 }

unsigned char spectrum [ 3 0 ] [ 3 ] ;

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

40
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( void ) argc ;
( void ) argv ;
{

180 FILE ∗ s f = fopen (” spectrum .ppm” , ” rb ”) ;
f s e e k ( s f , −LAYERS ∗ 3 , SEEK END) ;
f r ead ( spectrum , LAYERS ∗ 3 , 1 , s f ) ;
f c l o s e ( s f ) ;

}
185 s t r u c t image ∗ img = image map ( ) ;

f l o a t ∗raw = c a l l o c (1 , s i z e o f ( f l o a t ) ∗ 3 ∗ SIZE ∗ SIZE) ;
#i f 1

f l o a t ∗histogram = malloc ( s i z e o f ( f l o a t ) ∗ SIZE ∗ SIZE) ;
#end i f

190 unsigned char ∗ppm = malloc (3 ∗ SIZE ∗ SIZE) ;
N t o t a l = 0 ;
f o r ( i n t l a y e r = 0 ; l a y e r < LAYERS; ++laye r )
#pragma omp p a r a l l e l f o r r educt i on (+: t o t a l )
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)

195 t o t a l += img−>n [ l a y e r ] [ k ] ;
double s c a l e = SIZE ∗ SIZE ∗ 1 .0 / t o t a l ;
double s c a l e 2 = 255 ∗ s c a l e ;
s c a l e = 1/ log (1 + 1/ s c a l e ) ;
p r i n t f (”% lu %e\n” , t o ta l , s c a l e ) ;

200 f o r ( i n t l a y e r = 0 ; l a y e r < LAYERS; ++laye r )
{

char f i l ename [ 1 0 0 ] ;
s n p r i n t f ( f i l ename , 100 , ” layer −%02d .pgm” , l ay e r ) ;
double l , a , b ;

205 { // convert from srgb to lab
double r , g , bb ;
double x , y , z ;
p r i n t f (” %02d\ r ” , l a y e r ) ;
f f l u s h ( stdout ) ;

210 r = spectrum [ l ay e r ] [ 0 ] / 2 5 5 . 0 ;
g = spectrum [ l ay e r ] [ 1 ] / 2 5 5 . 0 ;
bb = spectrum [ l ay e r ] [ 2 ] / 2 5 5 . 0 ;

// p r i n t f (” r g b : %f %f %f \n” , r , g , bb ) ;
srgb2xyz ( r , g , bb , &x , &y , &z ) ;

215 // p r i n t f (”x y z : %f %f %f \n” , x , y , z ) ;
xyz2lab (x , y , z , &l , &a , &b) ;

// p r i n t f (” l a b : %f %f %f \n” , l , a , b ) ;
// lab2xyz ( l , a , b , &x , &y , &z ) ;
// p r i n t f (”x y z : %f %f %f \n” , x , y , z ) ;

220 // xyz2srgb (x , y , z , &r , &g , &bb) ;
// p r i n t f (” r g b : %f %f %f \n” , r , g , bb ) ;

l /= LAYERS;
a /= LAYERS;
b /= LAYERS;

225 }
#pragma omp p a r a l l e l f o r
f o r (Z j = 0 ; j < SIZE ; ++j )
f o r (Z i = 0 ; i < SIZE ; ++i )
{

230 Z k = j ∗ SIZE + i ;
double x = s c a l e ∗ l og (1 + img−>n [ l a y e r ] [ k ] ) ;

#i f 1
double d i th e r = ( ( ( ( l a y e r ∗ 67 + j ) ∗ 236 + i ) ∗ 119) & 255) / 2 56 . 0 ;
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double y = 255 ∗ x + d i th e r ;
235 y = y > 255 ? 255 : y ;

ppm[ k ] = y ;
#end i f

raw [ 3 ∗ k + 0 ] += x ∗ l ;
raw [ 3 ∗ k + 1 ] += x ∗ a ;

240 raw [ 3 ∗ k + 2 ] += x ∗ b ;
}

#i f 1
FILE ∗ f = fopen ( f i l ename , ”wb”) ;
f p r i n t f ( f , ”P5\n%d %d\n255\n” , SIZE , SIZE) ;

245 fw r i t e (ppm, SIZE ∗ SIZE , 1 , f ) ;
f c l o s e ( f ) ;

#end i f
}
{ // clamp

250 #pragma omp p a r a l l e l f o r
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)
{

double l = raw [3 ∗ k + 0 ] ;
i f ( l > 100)

255 {
double s = 100 / l ;
double a = raw [3 ∗ k + 1 ] ;
double b = raw [3 ∗ k + 2 ] ;
l ∗= s ;

260 a ∗= s ;
b ∗= s ;
raw [ 3 ∗ k + 0 ] = l ;
raw [ 3 ∗ k + 1 ] = a ;
raw [ 3 ∗ k + 2 ] = b ;

265 }
}

}

#i f 1
270 {

// auto white balance (make average co l ou r white )
double l = 0 , a = 0 , b = 0 ;
#pragma omp p a r a l l e l f o r r educt i on (+: l ) r educt ion (+:a ) r educt ion (+:b)
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)

275 {
l += raw [3 ∗ k + 0 ] ;
a += raw [3 ∗ k + 1 ] ;
b += raw [3 ∗ k + 2 ] ;

}
280 l /= SIZE ∗ SIZE ;

a /= SIZE ∗ SIZE ;
b /= SIZE ∗ SIZE ;
const double s c a l e = 1 .0 / 12 ∗ 100 / l ;
const double s h i f t = 1 .0 / 100 ;

285 #pragma omp p a r a l l e l f o r
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)
{

double t = s h i f t ∗ raw [ 3 ∗ k + 0 ] ;
raw [ 3 ∗ k + 1 ] −= a ∗ t ;

290 raw [ 3 ∗ k + 2 ] −= b ∗ t ;
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raw [ 3 ∗ k + 0 ] ∗= s c a l e ;
raw [ 3 ∗ k + 1 ] ∗= s c a l e ;
raw [ 3 ∗ k + 2 ] ∗= s c a l e ;

}
295 }

#end i f

#i f 1
{ // auto− l e v e l s

300 double q u a n t i l e l o = 0 . 0 0 1 ;
double q u an t i l e h i = 0 . 9 9 9 ;
#pragma omp p a r a l l e l f o r
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)
{

305 double l = raw [3 ∗ k + 0 ] ;
double a = raw [3 ∗ k + 1 ] ;
double b = raw [3 ∗ k + 2 ] ;
double x , y , z ;
double r , g , bb ;

310 lab2xyz ( l , a , b , &x , &y , &z ) ;
xyz2srgb (x , y , z , &r , &g , &bb) ;
raw [ 3 ∗ k + 0 ] = r ;
raw [ 3 ∗ k + 1 ] = g ;
raw [ 3 ∗ k + 2 ] = bb ;

315 }
f o r ( i n t c = 0 ; c < 3 ; ++c )
{

#pragma omp p a r a l l e l f o r
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)

320 histogram [ k ] = raw [3 ∗ k + c ] ;
q so r t ( histogram , SIZE ∗ SIZE , s i z e o f ( f l o a t ) , cmp f loat ) ;
double l o = histogram [ ( Z) (SIZE ∗ SIZE ∗ qu a n t i l e l o ) ] ;
double h i = histogram [ ( Z) (SIZE ∗ SIZE ∗ qu an t i l e h i ) ] ;
double range = 1 .0 / ( h i − l o ) ;

325 i f ( range > 0) // nan check
{

#pragma omp p a r a l l e l f o r
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)
{

330 double v = raw [3 ∗ k + c ] ;
v −= lo ;
v ∗= range ;
v = v < 0 ? 0 : v ;
v = v > 1 ? 1 : v ;

335 raw [ 3 ∗ k + c ] = v ;
}

}
}
#pragma omp p a r a l l e l f o r

340 f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)
{

double r = raw [3 ∗ k + 0 ] ;
double g = raw [3 ∗ k + 1 ] ;
double bb = raw [3 ∗ k + 2 ] ;

345 double x , y , z ;
double l , a , b ;
srgb2xyz ( r , g , bb , &x , &y , &z ) ;
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xyz2lab (x , y , z , &l , &a , &b) ;
raw [ 3 ∗ k + 0 ] = l ;

350 raw [ 3 ∗ k + 1 ] = a ;
raw [ 3 ∗ k + 2 ] = b ;

}
}

#end i f
355

#i f 1
{ // i n c r e a s e s a tu ra t i on

// https : //math . stackexchange . com/ que s t i on s /586424/ adjust − sa turat i on − in −c i e −⤦
Ç lab −space

360 const double s a tu ra t i on = 2 ;
const double l im i t = 0 . 9 5 ;
#pragma omp p a r a l l e l f o r
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)
{

365 double l = raw [3 ∗ k + 0 ] ;
double a = raw [3 ∗ k + 1 ] ;
double b = raw [3 ∗ k + 2 ] ;
double c = hypot ( a , b) ;
double s = c / hypot ( l , c ) ;

370 s ∗= sa tu ra t i on ;
i f ( s > l im i t ) s = l im i t ;
double t = s ∗ l / s q r t ( ( a ∗ a + b ∗ b) ∗ (1 − s ∗ s ) ) ;
i f ( t > 0) // nan check
{

375 a ∗= t ;
b ∗= t ;

}
raw [ 3 ∗ k + 1 ] = a ;
raw [ 3 ∗ k + 2 ] = b ;

380 }
}

#end i f

#i f 1
385 {

// auto white balance again (make average co l ou r white )
double l = 0 , a = 0 , b = 0 ;
#pragma omp p a r a l l e l f o r r educt i on (+: l ) r educt ion (+:a ) r educt i on (+:b)
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)

390 {
l += raw [3 ∗ k + 0 ] ;
a += raw [3 ∗ k + 1 ] ;
b += raw [3 ∗ k + 2 ] ;

}
395 l /= SIZE ∗ SIZE ;

a /= SIZE ∗ SIZE ;
b /= SIZE ∗ SIZE ;
const double s c a l e = 1 .0 / 12 ∗ 100 / l ∗ 5 / 2 ;
const double s h i f t = 1 .0 / 100 ;

400 #pragma omp p a r a l l e l f o r
f o r (Z k = 0 ; k < SIZE ∗ SIZE ; ++k)
{

double t = s h i f t ∗ raw [ 3 ∗ k + 0 ] ;
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raw [ 3 ∗ k + 1 ] −= a ∗ t ;
405 raw [ 3 ∗ k + 2 ] −= b ∗ t ;

raw [ 3 ∗ k + 0 ] ∗= s c a l e ;
raw [ 3 ∗ k + 1 ] ∗= s c a l e ;
raw [ 3 ∗ k + 2 ] ∗= s c a l e ;

}
410 }

#end i f

{ // lab to 8 b i t srgb
#pragma omp p a r a l l e l f o r

415 f o r (Z j = 0 ; j < SIZE ; ++j )
f o r (Z i = 0 ; i < SIZE ; ++i )
{

Z k = j ∗ SIZE + i ;
#i f 1

420 double l = raw [3 ∗ k + 0 ] ;
double a = raw [3 ∗ k + 1 ] ;
double b = raw [3 ∗ k + 2 ] ;
double x , y , z , r , g ;
lab2xyz ( l , a , b , &x , &y , &z ) ;

425 xyz2srgb (x , y , z , &r , &g , &b) ;
#e l s e

double r = raw [3 ∗ k + 0 ] ;
double g = raw [3 ∗ k + 1 ] ;
double b = raw [3 ∗ k + 2 ] ;

430 #end i f
double d i th e r ;
d i t h e r = ( ( ( ( 0 ∗ 67 + j ) ∗ 236 + i ) ∗ 119) & 255) / 2 56 . 0 ;
ppm[3 ∗ k + 0 ] = fmin ( fmax ( r ∗ 255 + dither , 0) , 255) ;
d i t h e r = ( ( ( ( 1 ∗ 67 + j ) ∗ 236 + i ) ∗ 119) & 255) / 2 56 . 0 ;

435 ppm[3 ∗ k + 1 ] = fmin ( fmax ( g ∗ 255 + dither , 0) , 255) ;
d i t h e r = ( ( ( ( 2 ∗ 67 + j ) ∗ 236 + i ) ∗ 119) & 255) / 2 56 . 0 ;
ppm[3 ∗ k + 2 ] = fmin ( fmax (b ∗ 255 + dither , 0) , 255) ;

}
}

440 FILE ∗ f = fopen (” c o l ou r i z ed .ppm” , ”wb”) ;
f p r i n t f ( f , ”P6\n%d %d\n255\n” , SIZE , SIZE) ;
fw r i t e (ppm, 3 ∗ SIZE ∗ SIZE , 1 , f ) ;
f c l o s e ( f ) ;
f r e e (ppm) ;

445 image unmap ( img ) ;
}

10 buddhabrot/bsrenderlayers.c

// gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −o b s r ende r l ay e r s ⤦
Ç bs r ende r l ay e r s . c ‘PKG CONFIG PATH=${HOME}/ opt/ l i b / pkgconf ig pkg− c on f i g −−⤦
Ç c f l a g s −− l i b s mandelbrot−numerics ‘ −lm

// dd i f =/dev/ zero o f=bs .map bs=$ ( (1024 ∗ 1024) ) count=512
// . / b s r ende r l ay e r s

5 #inc lude <complex . h>
#inc lude <math . h>
#inc lude <s tdboo l . h>
#inc lude <s t d i n t . h>
#inc lude <s t d i o . h>
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10 #inc lude <s t d l i b . h>
#inc lude <s t r i n g . h>
#inc lude <s i g n a l . h>
#inc lude <time . h>

15 typede f unsigned char B;
typede f f l o a t F ;
typede f u i n t 64 t N;
typede f i n t 6 4 t Z ;
typede f double R;

20 typede f double Complex C;

#de f i n e un l i k e l y ( x ) b u i l t i n e x p e c t (x , 0)

25

Z i l o g 2 (Z n)
{

Z l = 0 ;
whi l e (n > 0)

30 {
n >>= 1 ;
l += 1 ;

}
re turn l ;

35 }

#de f i n e LOG2SIZE 12
#de f i n e SIZE (1 << LOG2SIZE)
#de f i n e LAYERS 30

40

B mask [ SIZE ] [ SIZE ] ;

s t r u c t image
{

45 N n [LAYERS ] [ SIZE ∗ SIZE ] ;
} ;

FILE ∗ im a g e f i l e = 0 ;
50

s t a t i c s t r u c t image ∗ image map ( )
{

bool mask ok = f a l s e ;
55 FILE ∗mask f i l e = fopen (” bs . pgm” , ” rb ”) ;

i n t mask width = 0 ;
i n t mask height = 0 ;
i f (2 == f s c a n f ( mask f i l e , ”P5\n%d %d\n255 ” , &mask width , &mask height ) )
{

60 i f ( ’\n ’ == f g e t c ( ma sk f i l e ) )
{

i f ( mask width == SIZE && mask height == SIZE)
{

i f (1 == f read (&mask [ 0 ] [ 0 ] , SIZE ∗ SIZE , 1 , ma sk f i l e ) )
65 {

mask ok = true ;
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}
}

}
70 }

f c l o s e ( ma sk f i l e ) ;
i f ( ! mask ok )
{

memset(&mask [ 0 ] [ 0 ] , 255 , SIZE ∗ SIZE) ;
75 }

im a g e f i l e = fopen (” bs .map” , ” r+b”) ;
i f ( ! im a g e f i l e )
{

e x i t (1 ) ;
80 }

s t r u c t image ∗ img = malloc ( s i z e o f ( s t r u c t image ) ) ;
i f ( ! img )
{

e x i t (1 ) ;
85 }

f r ead ( img , s i z e o f ( s t r u c t image ) , 1 , im a g e f i l e ) ;
r e turn img ;

}

90

s t a t i c void image sync ( s t r u c t image ∗ img )
{

rewind ( ima g e f i l e ) ;
fw r i t e ( img , s i z e o f ( s t r u c t image ) , 1 , im a g e f i l e ) ;

95 }

s t a t i c void image unmap ( s t r u c t image ∗ img )
{

100 image sync ( img ) ;
f c l o s e ( ima g e f i l e ) ;
im a g e f i l e = 0 ;
f r e e ( img ) ;

}
105

s t a t i c i n l i n e void image p lo t wi th bounds checks ( s t r u c t image ∗ img , Z layer , R ⤦
Ç zx , R zy )

{
// f l i p p ed along main d iagona l

110 Z y = f l o o r (SIZE ∗ ( zx + 2 . 0 ) / 4 . 0 ) ;
Z x = f l o o r (SIZE ∗ ( zy + 2 . 0 ) / 4 . 0 ) ;
i f (0 <= x && x < SIZE && 0 <= y && y < SIZE)
{

Z k = (y << LOG2SIZE) + x ;
115 N ∗p = img−>n [ l a y e r ] + k ;

#pragma omp atomic
∗p += 1 ;

}
}

120

s t a t i c i n l i n e void image p lo t wi thout bounds checks ( s t r u c t image ∗ img , Z layer , ⤦

47



fractal-bits buddhabrot/bsrenderlayers.c

Ç R zx , R zy )
{

// f l i p p ed along main d iagona l
125 Z y = SIZE ∗ ( zx + 2 . 0 ) / 4 . 0 ;

Z x = SIZE ∗ ( zy + 2 . 0 ) / 4 . 0 ;
Z k = (y << LOG2SIZE) + x ;
N ∗p = img−>n [ l a y e r ] + k ;
#pragma omp atomic

130 ∗p += 1 ;
}

s t a t i c Z render ( s t r u c t image ∗ img , Z maxiters , Z gr id , C mul , C add )
135 {

Z t o t a l = 0 ;
#pragma omp p a r a l l e l f o r schedu le ( dynamic , 1) r educt i on (+: t o t a l )
f o r (Z j = 0 ; j < g r id ; ++j )
{

140 Z s t o t a l = 0 ;
f o r (Z i = 0 ; i < g r id ; ++i )
{

C c = mul ∗ ( i + I ∗ j ) + add ;
R cx = c r e a l ( c ) ;

145 R cy = cimag ( c ) ;
Z mi = f l o o r (SIZE ∗ ( cy + 2 . 0 ) / 4 . 0 ) ;
Z mj = f l o o r (SIZE ∗ ( cx + 2 . 0 ) / 4 . 0 ) ;
i f (0 <= mi && mi < SIZE && 0 <= mj && mj < SIZE)

i f (mask [ mi ] [ mj ] != 255)
150 cont inue ;

R zx = 0 ;
R zy = 0 ;
R zx2 = zx ∗ zx ;
R zy2 = zy ∗ zy ;

155 R zxy = fabs ( zx ∗ zy ) ;
Z count ;
f o r ( count = 1 ; count < maxiters ; ++count )
{

zx = zx2 − zy2 + cx ;
160 zy = zxy + zxy + cy ;

zx2 = zx ∗ zx ;
zy2 = zy ∗ zy ;
zxy = fabs ( zx ∗ zy ) ;
i f ( un l i k e l y ( zx2 + zy2 > 4) )

165 break ;
}
i f ( count < maxiters )
{

zx = 0 ;
170 zy = 0 ;

cx = c r e a l ( c ) ;
cy = cimag ( c ) ;
Z l ay e r = i l o g 2 ( count − 1) ;
i f ( ! (0 <= laye r && laye r < LAYERS) )

175 cont inue ;
zx2 = zx ∗ zx ;
zy2 = zy ∗ zy ;
zxy = fabs ( zx ∗ zy ) ;
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Z n ;
180 f o r (n = 1 ; n < count ; ++n)

{
zx = zx2 − zy2 + cx ;
zy = zxy + zxy + cy ;
zx2 = zx ∗ zx ;

185 zy2 = zy ∗ zy ;
zxy = fabs ( zx ∗ zy ) ;
image p lo t wi thout bounds checks ( img , layer , zx , zy ) ;

}
whi le ( zx2 + zy2 < 16 .0 && n++ < count + 16)

190 {
zx = zx2 − zy2 + cx ;
zy = zxy + zxy + cy ;
zx2 = zx ∗ zx ;
zy2 = zy ∗ zy ;

195 zxy = fabs ( zx ∗ zy ) ;
image p lo t wi th bounds checks ( img , layer , zx , zy ) ;

}
s t o t a l += count ;

}
200 }

t o t a l = t o t a l + s t o t a l ;
}
re turn t o t a l ;

}
205

s t a t i c v o l a t i l e bool running = true ;

210 s t a t i c void handler ( i n t s i g )
{

( void ) s i g ;
running = f a l s e ;

}
215

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

220 Z seed = time (0 ) ;
f p r i n t f ( stdout , ” s t a r t i n g with seed %016 lx \n” , seed ) ;
f f l u s h ( stdout ) ;
srand ( seed ) ;
Z depth = LAYERS;

225 Z maxiters = 1LL << depth ;
Z p i x e l s = 0 ;
Z t o t a l = 0 ;
s t r u c t image ∗ img = image map ( ) ;
t ime t l a s t = time (0 ) ;

230 s i g n a l (SIGINT , handler ) ;
s i g n a l (SIGTERM, handler ) ;
whi l e ( running )
{

// randomize g r id
235 Z n = exp2 (10 + ( rand ( ) / (R) RANDMAX) ) ;
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n += (n & 1) ; // ensure even
R l = 2 .0 / (n/2 − 1) + (2 . 0 / ( n/2−3) − 2 . 0/ ( n/2−1) ) ∗ ( rand ( ) / (R) RANDMAX⤦

Ç ) ;
l ∗= sqr t (2 ) ;
R x = ( rand ( ) / (R) RANDMAX) ;

240 R y = ( rand ( ) / (R) RANDMAX) ;
R t = 2 ∗ 3.141592653589793 ∗ ( rand ( ) / (R) RANDMAX) ;
C mul = l ∗ cexp ( I ∗ t ) ;
C add = − mul ∗ ( ( n/2 + x) + I ∗ ( ( n/2) + y) ) ;
// c a l c u l a t e

245 t o t a l += render ( img , maxiters , n , mul , add ) ;
p i x e l s += n ∗ n ;
// output
f p r i n t f ( stdout , ”%18 ld / %18ld = %.18 f \n” , t o ta l , p i x e l s , t o t a l / ( double ) ⤦

Ç p i x e l s ) ;
f f l u s h ( stdout ) ;

250 t ime t now = time (0) ;
i f (now − l a s t >= 60) // 1hr
{

f p r i n t f ( stdout , ” sync ing . . . \ n”) ;
f f l u s h ( stdout ) ;

255 image sync ( img ) ;
l a s t = time (0 ) ;
f p r i n t f ( stdout , ” . . . synced\n”) ;
f f l u s h ( stdout ) ;

}
260 }

f p r i n t f ( stdout , ” e x i t i n g \n”) ;
f f l u s h ( stdout ) ;
image unmap ( img ) ;
r e turn 0 ;

265 }

// s c a l a r 1476008714
// 1477998632

270 // END

11 buddhabrot/cusp.c

// gcc −std=c99 −Wall −pedant ic −Wextra −O3 −lm −o cusp cusp . c
// . / cusp | t e e cusp . dat

#inc lude <complex . h>
5 #inc lude <math . h>

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

typede f unsigned i n t N;
typede f double R;

10 typede f double Complex C;

s t a t i c i n l i n e R cabs2 (C 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 void render (N depth ) {
15 const R pi = 3.141592653589793 ;

C c = −0.75 + I ∗ pow (0 . 5 , depth ) ;
R a = 0 ;
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C z = 0 ;
C dc = 0 ;

20 p r i n t f (”%d %.18e %.18e ” , depth , c r e a l ( c ) , cimag ( c ) ) ;
f f l u s h ( stdout ) ;
whi l e ( cabs2 ( z ) < 65536)
{

a = a + 1 ;
25 dc = 2 ∗ z ∗ dc + 1 ;

z = z ∗ z + c ;
}
R de = 2 ∗ cabs ( z ) ∗ l og ( cabs ( z ) ) / cabs ( dc ) ;
p r i n t f (”%.18 e %.18e ” , a , de ) ;

30 a = pi ∗ de ∗ de ∗ a ;
p r i n t f (”%.18 e\n” , a ) ;
f f l u s h ( stdout ) ;

}

35

extern i n t main ( i n t argc , char ∗∗ argv ) {
( void ) argc ;
( void ) argv ;
f o r (N depth = 0 ; 1 ; ++depth )

40 render ( depth ) ;
r e turn 0 ;

}

// END

12 buddhabrot/expectmu.c

// gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −o expectmu expectmu . c −lm

#inc lude <a s s e r t . h>
#inc lude <complex . h>

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

10

typede f i n t 6 4 t Z ;
typede f double R;
typede f double Complex C;

15 #de f i n e un l i k e l y ( x ) b u i l t i n e x p e c t (x , 0)

s t r u c t p a r t i a l {
C z ;
Z p ;

20 } ;

s t r u c t compute {
Z tag , b i a s ;
s t r u c t p a r t i a l ∗ p a r t i a l s ;

25 Z npa r t i a l s , np , n ;
R er2 , mz2 ;
C c , z ;
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} ;

30 s t a t i c s t r u c t compute ∗compute new (Z npa r t i a l s ) {
s t r u c t compute ∗px = mal loc ( s i z e o f (∗px ) ) ;
i f ( ! px ) {

re turn 0 ;
}

35 i f ( n p a r t i a l s > 0) {
px−>p a r t i a l s = mal loc ( np a r t i a l s ∗ s i z e o f (∗ ( px−>p a r t i a l s ) ) ) ;
px−>npa r t i a l s = npa r t i a l s ;
i f ( ! px−>p a r t i a l s ) {

f r e e (px ) ;
40 re turn 0 ;

}
} e l s e {

px−>p a r t i a l s = 0 ;
px−>npa r t i a l s = 0 ;

45 }
px−>tag = 0 ;
re turn px ;

}

50 s t a t i c void compute de lete ( s t r u c t compute ∗px ) {
i f ( px ) {

i f (px−>p a r t i a l s ) {
f r e e (px−>p a r t i a l s ) ;

}
55 f r e e (px ) ;

}
}

s t a t i c void compute in i t ( s t r u c t compute ∗px , Z bias , C c ) {
60 i f ( ! px ) { re turn ; }

px−>tag = 0 ;
px−>b ia s = b ia s ;
px−>mz2 = 1 .0 / 0 . 0 ;
px−>c = c ;

65 px−>z = 0 ;
px−>n = 0 ;
px−>np = 0 ;

}

70 s t a t i c bool c i s f i n i t e (C z )
{

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 ) ) ;
}

75 s t a t i c Z a t t r a c t o r s t e p (C ∗z , C z guess , C c , Z per iod ) {
// one newton step f o r s o l v i n g z = f ˆp( z , c )
R ep s i l o n = nex t a f t e r (1 , 2) − 1 ;
C zz = z gue s s ;
C dzz = 1 ;

80 f o r (Z i = 0 ; i < per iod ; ++i ) {
dzz = 2 ∗ zz ∗ dzz ;
zz = zz ∗ zz + c ;

}
i f ( cabs ( zz − z gue s s ) <= ep s i l o n ) {
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85 ∗z = z gue s s ;
r e turn 0 ; // converged

}
C z new = z gue s s − ( zz − z gue s s ) / ( dzz − 1) ;
C d = z new − zz ;

90 i f ( cabs (d) <= ep s i l o n ) {
∗z = z new ;
re turn 0 ; // converged

}
i f ( c i s f i n i t e (d) ) {

95 ∗z = z new ;
re turn 1 ; // stepped

} e l s e {
∗z = z gue s s ;
r e turn −1; // f a i l e d

100 }
}

s t a t i c Z a t t r a c t o r (C ∗ z out , C z guess , C c , Z per iod , Z maxsteps ) {
// newton ’ s method

105 Z r e s u l t = −1;
C z = z gue s s ;
f o r (Z i = 0 ; i < maxsteps ; ++i ) {

i f (1 != ( r e s u l t = a t t r a c t o r s t e p (&z , z , c , per iod ) ) ) {
break ;

110 }
}
∗ z out = z ;
re turn r e s u l t ;

}
115

s t a t i c bool i s i n t e r i o r (C c , C z , Z p , Z s t ep s )
{

// f i nd a t t r a c t o r
C z00 = 0 ;

120 i f (−1 != a t t r a c t o r (&z00 , z , c , p , s t ep s ) ) {
// compute d e r i v a t i v e
C z0 = z00 ;
C dz0 = 1 ;
f o r (Z j = 0 ; j < p ; ++j )

125 {
dz0 = 2 .0 ∗ z0 ∗ dz0 ;
z0 = z0 ∗ z0 + c ;

}
// numerator o f i n t e r i o r d i s t anc e forumula i s p o s i t i v e ?

130 re turn cabs ( dz0 ) <= 1 ;
}
re turn f a l s e ;

}

135 s t a t i c bool compute step ( s t r u c t compute ∗px , Z s t ep s )
{

s t a t i c const double er2 = 4 ;
i f ( ! px ) {

re turn f a l s e ;
140 }

i f (px−>tag != 0) {
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re turn true ;
}
px−>np = 0 ;

145 // load s t a t e
C c = px−>c ;
C z = px−>z ;
R mz2 = px−>mz2 ;
Z n = px−>n ;

150 R cx = c r e a l ( c ) ;
R cy = cimag ( c ) ;
R zx = c r e a l ( z ) ;
R zy = cimag ( z ) ;
R zx2 = zx ∗ zx ;

155 R zy2 = zy ∗ zy ;
R zxy = zx ∗ zy ;
// i f l a s t p i x e l was i n t e r i o r , perform i n t e r i o r checks as we go
i f (px−>b ia s < 0)
{

160 f o r (Z i = 1 ; i <= step s ; ++i )
{

// step
zx = zx2 − zy2 + cx ;
zy = zxy + zxy + cy ;

165 zx2 = zx ∗ zx ;
zy2 = zy ∗ zy ;
zxy = zx ∗ zy ;
R z2 = zx2 + zy2 ;
i f ( un l i k e l y ( z2 < mz2) )

170 {
// check i n t e r i o r
mz2 = z2 ;
i f ( i s i n t e r i o r ( c , zx + I ∗ zy , n + i , 64) )
{

175 px−>tag = −1;
re turn true ;

}
}
i f ( u n l i k e l y ( z2 >= er2 ) )

180 {
// escaped
px−>tag = 1 ;
px−>n = n + i ;
px−>z = zx + I ∗ zy ;

185 re turn true ;
}

}
// save s tate , no conc l u s i on s yet
px−>tag = 0 ;

190 px−>z = zx + I ∗ zy ;
px−>mz2 = mz2 ;
px−>n = n + st ep s ;
r e turn f a l s e ;

}
195 // i f l a s t p i x e l was not i n t e r i o r , postpone i n t e r i o r checks to the end

e l s e
{

f o r (Z i = 1 ; i <= step s ; ++i )
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{
200 // step

zx = zx2 − zy2 + cx ;
zy = zxy + zxy + cy ;
zx2 = zx ∗ zx ;
zy2 = zy ∗ zy ;

205 zxy = zx ∗ zy ;
R z2 = zx2 + zy2 ;
i f ( un l i k e l y ( z2 < mz2) )
{

// save f o r l a t e r
210 mz2 = z2 ;

i f (px−>p a r t i a l s && px−>np < px−>npa r t i a l s )
{

px−>p a r t i a l s [ px−>np ] . z = zx + I ∗ zy ;
px−>p a r t i a l s [ px−>np ] . p = n + i ;

215 px−>np = px−>np + 1 ;
}

}
i f ( u n l i k e l y ( z2 >= er2 ) )
{

220 // escaped
px−>tag = 1 ;
px−>n = n + i ;
px−>z = zx + I ∗ zy ;
re turn true ;

225 }
}
// perform postponed i n t e r i o r checks
f o r (Z i = 0 ; i < px−>np ; ++i )
{

230 // check i n t e r i o r
z = px−>p a r t i a l s [ i ] . z ;
Z p = px−>p a r t i a l s [ i ] . p ;
i f ( i s i n t e r i o r ( c , z , p , 64) )
{

235 px−>tag = −1;
px−>z = z ;
px−>n = p ;
re turn true ;

}
240 }

// save s tate , no conc l u s i on s yet
px−>tag = 0 ;
px−>z = zx + I ∗ zy ;
px−>mz2 = mz2 ;

245 px−>n = n + st ep s ;
r e turn f a l s e ;

}
re turn f a l s e ;

}
250

s t a t i c void render (Z gr id , C mul , C add , Z ∗ o s0 , R ∗ o s1 )
{

R smu = 0 ;
Z scount = 0 ;

255 #pragma omp p a r a l l e l f o r schedu le ( dynamic , 1) r educt i on (+:smu) reduct i on (+:⤦
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Ç scount )
f o r (Z j = 0 ; j < g r id ; ++j )
{

R mu = 0 ;
Z count = 0 ;

260 // a l l o c a t e space f o r at most 1<<24 p a r t i a l s ( f o r i n t e r i o r i t y checks )
s t r u c t compute ∗px = compute new (1 << 24) ;
f o r (Z i = 0 ; i < g r id ; ++i )
{

C c = mul ∗ ( i + I ∗ j ) + add ;
265 // only con s id e r po in t s i n s i d e D(0 , 2 ) , r e j e c t r e a l ax i s part and pre−⤦

Ç pe r i o d i c 0+1 i
i f ( cabs ( c ) <= 2 && ! ( cimag ( c ) == 0 && −2 <= c r e a l ( c ) && c r e a l ( c ) <= 0 .25 )⤦

Ç && ! ( c == I ) )
{

compute in i t (px , px−>tag , c ) ;
// performs i n t e r i o r i t y checks a f t e r every doubl ing o f i t e r a t i o n s

270 f o r (Z l o g 2 i t e r s = 10 ; 1 ; l o g 2 i t e r s += 1)
{

a s s e r t ( l o g 2 i t e r s < 63) ; // FIXME
compute step (px , ( (Z) 1) << l o g 2 i t e r s ) ;
i f (px−>tag != 0)

275 break ;
}
i f (px−>tag > 0)
{

R u = px−>n ;
280 i f (u > 0)

{
// accumulate output
mu += u ;
count += 1 ;

285 }
}

}
}
compute de lete ( px ) ;

290 smu = smu + mu;
scount = scount + count ;

}
∗ o s0 += scount ;
∗ o s1 += smu ;

295 }

extern i n t main ( )
{

// s e t random seed
300 // TOOD use a r ep roduc ib l e generato r from l i b g s l or s im i l a r

srand (0 x1cedca fe ) ;
Z s0 = 0 ;
R s1 = 0 ;
R s2 = 0 ;

305 whi le (1 )
{

Z l s 0 = 0 ;
R l s 1 = 0 ;
// accumulate at l e a s t 1<<30 po in t s from complement (M) ‘ i n t e r s e c t ‘ D(0 , 2 )
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310 whi le ( l s 0 < 1 << 30)
{

// randomize g r id
Z n = exp2 (13 + ( rand ( ) / (R) RANDMAX) ) ;
n += (n & 1) ; // ensure even

315 R l = 2 .0 / (n/2 − 1) + (2 . 0 / ( n/2−3) − 2 . 0/ ( n/2−1) ) ∗ ( rand ( ) / (R) ⤦
Ç RANDMAX) ;

l ∗= 3 . 6 ;
R x = ( rand ( ) / (R) RANDMAX) ;
R y = ( rand ( ) / (R) RANDMAX) ;
R t = 2 ∗ 3.141592653589793 ∗ ( rand ( ) / (R) RANDMAX) ;

320 C mul = l ∗ cexp ( I ∗ t ) ;
C add = − mul ∗ ( ( n/2 + x) + I ∗ ( ( n/2) + y) ) ;
// c a l c u l a t e
render (n , mul , add , &l s0 , &l s 1 ) ;
f p r i n t f ( s tde r r , ”%4d\ r ” , ( i n t ) ( l s 0 ∗ 100 .0 / (1 << 30) ) ) ;

325 }
// output s t a t i s t i c s
R s = l s 1 / l s 0 ;
s0 += 1 ;
s1 += s ;

330 s2 += s ∗ s ;
R mean = s1 / s0 ;
R stddev = sq r t ( ( s0 ∗ s2 − s1 ∗ s1 ) / ( s0 ∗ ( s0 − 1) ) ) ;
f p r i n t f ( stdout , ”%.20 f %.20 f %.20 f \n” , s , mean , stddev ) ;
f f l u s h ( stdout ) ;

335 }
re turn 0 ;

}

// END

13 buddhabrot/histogram.c

#inc lude <math . h>
#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>

5

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

( void ) argc ;
( void ) argv ;

10 i n t w = 0 ;
i n t h = 0 ;
i n t n = scan f (”P5\n%d %d\n255 ” , &w, &h) ;
i n t c = f g e t c ( s td in ) ;
i f (n == 2 && c == ’\n ’ && w > 0 && h > 0)

15 {
unsigned char ∗pgm = malloc (w ∗ h) ;
f r ead (pgm, w ∗ h , 1 , s td in ) ;
i n t ∗ h i s t = c a l l o c (1 , 256 ∗ s i z e o f (∗ h i s t ) ) ;
f o r ( i n t k = 0 ; k < w ∗ h ; ++k)

20 h i s t [ pgm[ k ] ]++;
unsigned char ∗out = mal loc (128 ∗ 256) ;
memset ( out , 255 , 128 ∗ 256) ;
double s c a l e = 128 / log (1 + w ∗ h) ;
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f o r ( i n t i = 0 ; i < 256 ; ++i )
25 {

i n t y = log (1 + h i s t [ i ] ) ∗ s c a l e ;
f o r ( i n t j = 0 ; j < y && j < 128 ; ++j )

out [ ( 127 − j ) ∗ 256 + i ] = 0 ;
}

30 p r i n t f (”P5\n%d %d\n255\n” , 256 , 128) ;
fw r i t e ( out , 256 ∗ 128 , 1 , s tdout ) ;

}
re turn 0 ;

}

14 buddhabrot/Makefile

a l l : bb bbrender bbrender l aye r s b s r ende r l ay e r s bb c o l o u r i z e l a y e r s ⤦
Ç b s c o l o u r i z e l a y e r s bound bound−2 cusp t i p histogram

bb : bb . c
gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −lm −o bb bb . c

5

bbrender : bbrender . c
gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −o bbrender bbrender . c⤦

Ç ‘PKG CONFIG PATH=${HOME}/ opt/ l i b / pkgconf ig pkg− c on f i g −− c f l a g s −−⤦
Ç l i b s mandelbrot−graphics ‘ −lm

bbrender l aye r s : bbrender l aye r s . c
10 gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −o bbrender l aye r s ⤦

Ç bbrender l aye r s . c ‘PKG CONFIG PATH=${HOME}/ opt/ l i b / pkgconf ig pkg−⤦
Ç c on f i g −− c f l a g s −− l i b s mandelbrot−numerics ‘ −lm −g

b s r ende r l ay e r s : b s r ende r l ay e r s . c
gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −march=nat ive −o ⤦

Ç bs r ende r l ay e r s b s r ende r l ay e r s . c −lm −g

15 bb c o l o u r i z e l a y e r s : b b c o l o u r i z e l a y e r s . c
gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −o bb c o l o u r i z e l a y e r s ⤦

Ç bb c o l o u r i z e l a y e r s . c −lm

b s c o l o u r i z e l a y e r s : b s c o l o u r i z e l a y e r s . c
gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −o b s c o l o u r i z e l a y e r s ⤦

Ç b s c o l o u r i z e l a y e r s . c −lm
20

bound : bound . c
gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −o bound bound . c ‘⤦

Ç PKG CONFIG PATH=${HOME}/ opt/ l i b / pkgconf ig pkg− c on f i g −− c f l a g s −−⤦
Ç l i b s mandelbrot−graphics ‘

bound −2: bound −2. c
25 gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −o bound−2 bound −2. c ‘⤦

Ç PKG CONFIG PATH=${HOME}/ opt/ l i b / pkgconf ig pkg− c on f i g −− c f l a g s −−⤦
Ç l i b s mandelbrot−graphics ‘ −lm

cusp : cusp . c
gcc −std=c99 −Wall −pedant ic −Wextra −O3 −lm −o cusp cusp . c

30 t i p : t i p . c
gcc −std=c99 −Wall −pedant ic −Wextra −O3 −lm −o t i p t i p . c
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histogram : histogram . c
gcc −std=c99 −Wall −pedant ic −Wextra −O3 −lm −o histogram histogram . c

35

expectmu : expectmu . c
gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −o expectmu expectmu . c⤦

Ç −lm −g

15 buddhabrot/spectrum.ppm

16 buddhabrot/tip.c

// gcc −std=c99 −Wall −pedant ic −Wextra −O3 −lm −o t i p t i p . c
// . / t i p | t e e t i p . dat

#inc lude <complex . h>
5 #inc lude <math . h>

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

typede f unsigned i n t N;
typede f double R;

10 typede f double Complex C;

s t a t i c i n l i n e R cabs2 (C 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 void render (N depth ) {
15 const R pi = 3.141592653589793 ;

C c = −2 − pow (0 . 5 , depth ) ;
R a = 0 ;
C z = 0 ;
C dc = 0 ;

20 p r i n t f (”%d %.18e %.18e ” , depth , c r e a l ( c ) , cimag ( c ) ) ;
f f l u s h ( stdout ) ;
whi l e ( cabs2 ( z ) < 65536)
{

a = a + 1 ;
25 dc = 2 ∗ z ∗ dc + 1 ;

z = z ∗ z + c ;
}
R de = 2 ∗ cabs ( z ) ∗ l og ( cabs ( z ) ) / cabs ( dc ) ;
p r i n t f (”%.18 e %.18e ” , a , de ) ;

30 a = pi ∗ de ∗ de ∗ a ;
p r i n t f (”%.18 e\n” , a ) ;
f f l u s h ( stdout ) ;

}

35

extern i n t main ( i n t argc , char ∗∗ argv ) {
( void ) argc ;
( void ) argv ;
f o r (N depth = 0 ; 1 ; ++depth )

40 render ( depth ) ;
r e turn 0 ;

}
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// END

17 burning-ship-series-approximation/BossaNova2.cxx

/∗
{−# LANGUAGE DataKinds #−}
{−# LANGUAGE Flex ib l eContext s #−}

5 import Control . Concurrent . Spawn (parMapIO )
import Control .Monad ( j o i n )
import Control .Monad .ST ( runST)
import Control . P a r a l l e l . S t r a t e g i e s (parMap , r s eq )
import Data . L i s t (minimumBy , nub , t ranspose )

10 import Data .Map. S t r i c t (Map)
import q u a l i f i e d Data .Map. S t r i c t as M
import Data . Monoid (Sum ( . . ) )
import Data . Ord ( comparing )
import Data . Vector . S to rab l e ( unsafeFreeze , unsafeWith )

15 import q u a l i f i e d Data . Vector . S to rab l e . Mutable as S
import q u a l i f i e d Data . Vector . Unboxed . Mutable as U
import Data .Word (Word8)
import Numeric . Rounded (Rounded , RoundingMode ( TowardNearest ) , Prec i s i on , ⤦

Ç r e i f yP r e c i s i o n )
import System . Environment ( getArgs )

20 import System . IO (hPutBuf , hPutStr , stdout , s t d e r r )
import Debug . Trace ( trace , traceShow )

d i f f a b s : : (Ord a , Num a ) => a −> a −> a
d i f f a b s c d =

25 i f ( c >= 0)
then

i f ( c + d >= 0)
then d
e l s e −(2 ∗ c + d)

30 e l s e
i f ( c + d > 0)

then 2 ∗ c + d
e l s e −d

∗/
35

#inc lude <ca s s e r t>
#inc lude <c s td in t>
#inc lude <c s td io>
#inc lude <iostream>

40 #inc lude <map>
#inc lude <opt iona l>
#inc lude <set>
#inc lude <vector>

45 #inc lude <mpreal . h>

template <typename T>
T d i f f a b s ( const T &c , const T &d)
{

50 i f ( c >= 0) i f ( c + d >= 0) return d ; e l s e re turn −(2 ∗ c + d) ;
e l s e i f ( c + d > 0) re turn 2 ∗ c + d ; e l s e re turn −d ;
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}

/∗
55 er : : Double

er = 65536

er2 : : Double
er2 = er ˆ2

60

type REAL p = Rounded TowardNearest p
∗/

typede f u i n t 8 t N 8 ;
65 typede f u i n t 16 t N 16 ;

typede f i n t 6 4 t Z 64 ;
typede f double R lo ;
typede f mpfr : : mpreal R hi ;

70 /∗
const R lo er = 65536 ;
const R lo er2 = er ∗ er ;
∗/

75 typede f std : : pa ir<N 16 , N 16> Coord ;

/∗
neighbours ( i , j ) = [ ( i − 1 , j ) , ( i + 1 , j ) , ( i , j − 1) , ( i , j + 1) ]
∗/

80

std : : vector<Coord> neighbours ( const Coord &i j )
{

std : : vector<Coord> r ;
auto i = i j . f i r s t ;

85 auto j = i j . second ;
r . push back (Coord ( i −1 , j ) ) ;
r . push back (Coord ( i +1, j ) ) ;
r . push back (Coord ( i , j +1) ) ;
r . push back (Coord ( i , j −1) ) ;

90 re turn r ;
}

/∗
data Reference p = Reference { aa , bb , xx , yy : : ! (REAL p) , n : : ! Int }

95 ∗/

/∗∗
s t r u c t Reference
{

100 R hi a , b , x , y ;
Z 64 n ;
Reference ( R hi a , R hi b , R hi x , R hi y , Z 64 n) : a ( a ) , b (b) , x ( x ) , y (y ) , n (⤦

Ç n) { } ;
} ;

105 Reference burningShipRef ( const Reference &r )
{

re turn Reference ( r . a , r . b , sqr ( r . x ) − sqr ( r . y ) + r . a , abs (2 ∗ r . x ∗ r . y ) + r . b⤦
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Ç , r . n + 1) ;
}
∗/

110

s t r u c t Orbit
{

std : : vector<R lo> x , y , g ;
Orbit ( R hi a , R hi b , Z 64 maxiters , R lo g l i t c h t h r e s h o l d , R lo er2 )

115 {
R hi zx = 0 ;
R hi zy = 0 ;
x . r e s e r v e ( maxiters ) ;
y . r e s e r v e ( maxiters ) ;

120 g . r e s e r v e ( maxiters ) ;
f o r ( auto n = 0 ; n < maxiters ; ++n)
{

R lo rx ( zx ) ;
R lo ry ( zy ) ;

125 R lo r2 = ( rx ∗ rx + ry ∗ ry ) ∗ g l i t c h t h r e s h o l d ;
x . push back ( rx ) ;
y . push back ( ry ) ;
g . push back ( r2 ) ;
i f ( r2 > er2 )

130 break ;
R hi xn = sqr ( zx ) − sqr ( zy ) + a ;
R hi yn = abs (2 ∗ zx ∗ zy ) + b ;
zx = xn ;
zy = yn ;

135 }
x . s h r i n k t o f i t ( ) ;
y . s h r i n k t o f i t ( ) ;
g . s h r i n k t o f i t ( ) ;

}
140 } ;

/∗
data Delta = Delta { a , b , x , y : : ! Double }

145 toDelta : : P r e c i s i on p => Reference p −> Delta
toDelta r = Delta

{ a = realToFrac ( aa r )
, b = realToFrac (bb r )
, x = realToFrac ( xx r )

150 , y = realToFrac ( yy r )
}

∗/

s t r u c t Delta
155 {

R lo a , b , x , y ;
Delta ( R lo a , R lo b , R lo x , R lo y ) : a ( a ) , b (b) , x (x ) , y ( y ) {} ;

// Delta ( const Reference &r ) : a ( r . a ) , b ( r . b ) , x ( r . x ) , y ( r . y ) {} ;
Delta ( ) : a (0 ) , b (0 ) , x (0 ) , y (0 ) {} ;

160 } ;

/∗
burningShipDel : : Delta −> Delta −> Delta
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burningShipDel r d = d
165 { x = 2 ∗ x r ∗ x d − 2 ∗ y r ∗ y d + x d ˆ 2 − y d ˆ 2 + a d

, y = 2 ∗ d i f f a b s ( x r ∗ y r ) ( x r ∗ y d + x d ∗ y r + x d ∗ y d) + b d
}

∗/

170 Delta burningShipDel ( const Delta &r , const Delta &d)
{

re turn Delta
( d . a
, d . b

175 , (2 ∗ r . x + d . x ) ∗ d . x − (2 ∗ r . y + d . y ) ∗ d . y + d . a
, 2 ∗ d i f f a b s ( r . x ∗ r . y , r . x ∗ d . y + d . x ∗ r . y + d . x ∗ d . y ) + d . b
) ;

}

180 enum Quadrant
{ Q0
, Q1
, Q2
, Q3

185 } ;

/∗
burningShipFolding : : Delta −> Delta −> Int
burningShipFolding r d = d i f f a b s I x (x r ∗ y r ) ( x r ∗ y d + x d ∗ y r + x d ∗ y ⤦

Ç d)
190 {−

| x r + x d >= 0 && y r + y d >= 0 = 0
| x r + x d < 0 && y r + y d >= 0 = 1
| x r + x d < 0 && y r + y d < 0 = 2
| x r + x d >= 0 && y r + y d < 0 = 3

195 | otherw i s e = traceShow (x r , x d , x r + x d , y r , y d , y r + y d) 0
−}

d i f f a b s I x : : (Ord a , Num a ) => a −> a −> Int
d i f f a b s I x c d =

200 i f ( c >= 0)
then

i f ( c + d >= 0)
then 0
e l s e 1

205 e l s e
i f ( c + d > 0)

then 2
e l s e 3

∗/
210

Quadrant burningShipFolding ( const Delta &r , const Delta &d)
{

R lo c = r . x ∗ r . y ;
R lo cd = c + r . x ∗ d . y + d . x ∗ r . y + d . x ∗ d . y ;

215 i f ( c >= 0)
i f ( cd >= 0)

return Q0 ;
e l s e

re turn Q1 ;
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220 e l s e
i f ( cd > 0)

re turn Q2 ;
e l s e

re turn Q3 ;
225 }

Quadrant burningShipFolding ( const Delta &r ) // s p e c i a l i z e d f o r d = 0 0
{

i f ( r . x ∗ r . y >= 0) return Q0 ; e l s e re turn Q3 ;
230 }

typede f double Result ;
const Result Unescaped = 0 ;
const Result ReferenceEscaped = −1;

235 const Result Per turbat ionGl i t ch = −2;

/∗
r e s u l t m d = Result $ f r omInteg ra l m + 1 − l og ( l og ( sq r t ( x d ˆ 2 + y d ˆ 2) ) ) ⤦

Ç / log 2
∗/

240

Result r e s u l t ( Z 64 m, R lo x , R lo y )
{

re turn m + 1 − l og2 ( l og ( sq r t ( x ∗ x + y ∗ y ) ) ) ;
}

245

/∗
type B iS e r i e s = Map ( Int , Int ) Double
∗/

250

typede f std : : map<Coord , R lo> BiSe r i e s ;

/∗
zero order = M. fromList [ ( ( i , j ) , 0) | i <− [ 0 . . o rder ] , j <− [ 0 . . o rder ] , i + j <=⤦

Ç order ]
255 ∗/

B iS e r i e s Ze r oSe r i e s (N 16 order )
{

BiSe r i e s s ;
260 f o r ( auto i = 0 ; i <= order ; ++i )

f o r ( auto j = 0 ; j <= order − i ; ++j )
s [ Coord ( i , j ) ] = 0 ;

re turn s ;
}

265

/∗
b i S e r i e s 1 s a b = sum [ e ∗ aˆ i ∗ bˆ j | ( ( i , j ) , e ) <− M. as so c s s ]
∗/

270 R lo b i S e r i e s 1 (N 16 order , const B iS e r i e s &s , R lo a , R lo b)
{

R lo an [ order + 1 ] ;
R lo bn [ order + 1 ] ;
an [ 0 ] = 1 ;
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275 bn [ 0 ] = 1 ;
f o r ( auto i = 1 ; i <= order ; ++i )
{

an [ i ] = an [ i −1] ∗ a ;
bn [ i ] = bn [ i −1] ∗ b ;

280 }
R lo t o t a l = 0 ;
f o r ( auto i = 0 ; i <= order ; ++i )
{

R lo sub to ta l = 0 ;
285 f o r ( auto j = 0 ; j <= order − i ; ++j )

sub to ta l += s . at (Coord ( i , j ) ) ∗ bn [ j ] ;
t o t a l += subto ta l ∗ an [ i ] ;

}
re turn t o t a l ;

290 }

/∗
b i S e r i e s ( s , t ) d = d{ x = b i S e r i e s 1 s ( ad ) (bd) , y = b i S e r i e s 1 t ( ad ) (bd) }

where ad = a d
295 bd = b d

∗/

Delta b i S e r i e s (N 16 order , const B iS e r i e s &s , const B iS e r i e s &t , const Delta &d)
{

300 re turn Delta
( d . a
, d . b
, b i S e r i e s 1 ( order , s , d . a , d . b)
, b i S e r i e s 1 ( order , t , d . a , d . b )

305 ) ;
}

/∗
burn ingSh ipSe r i e s order q r ( s , t ) = ( s ’ , t ’ )

310 where
s ’ = M. f romList [ ( ( i , j ) ,

( i f ( i , j ) == (1 , 0 ) then 1 e l s e 0) +
2 ∗ xr ∗ s M. ! ( i , j ) − 2 ∗ yr ∗ t M. ! ( i , j ) +
sum [ s M. ! (k , l ) ∗ s M. ! ( i − k , j − l )

315 − t M. ! (k , l ) ∗ t M. ! ( i − k , j − l )
| k <− [ 0 . . i ] , l <− [ 0 . . j ] ] )

| i <− [ 0 . . o rder ] , j <− [ 0 . . o rder ] , i + j <= order ]
t ’ = M. f romList [ ( ( i , j ) ,

( i f ( i , j ) == (0 , 1 ) then 1 e l s e 0) +
320 case q o f

0 −> 2 ∗ ( xr ∗ t M. ! ( i , j ) + s M. ! ( i , j ) ∗ yr + sum [ s M. ! (k , l ) ∗ ⤦
Ç t M. ! ( i − k , j − l ) | k <− [ 0 . . i ] , l <− [ 0 . . j ] ] )

1 −> −2 ∗ ( xr ∗ t M. ! ( i , j ) + s M. ! ( i , j ) ∗ yr + sum [ s M. ! (k , l ) ∗ ⤦
Ç t M. ! ( i − k , j − l ) | k <− [ 0 . . i ] , l <− [ 0 . . j ] ] + i f ( i , j ) == ⤦
Ç ( 0 , 0 ) then 2 ∗ xr ∗ yr e l s e 0)

2 −> 2 ∗ ( xr ∗ t M. ! ( i , j ) + s M. ! ( i , j ) ∗ yr + sum [ s M. ! (k , l ) ∗ ⤦
Ç t M. ! ( i − k , j − l ) | k <− [ 0 . . i ] , l <− [ 0 . . j ] ] + i f ( i , j ) == ⤦
Ç ( 0 , 0 ) then 2 ∗ xr ∗ yr e l s e 0)

3 −> −2 ∗ ( xr ∗ t M. ! ( i , j ) + s M. ! ( i , j ) ∗ yr + sum [ s M. ! (k , l ) ∗ ⤦
Ç t M. ! ( i − k , j − l ) | k <− [ 0 . . i ] , l <− [ 0 . . j ] ] )

325 )
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| i <− [ 0 . . o rder ] , j <− [ 0 . . o rder ] , i + j <= order ]
xr = x r
yr = y r

∗/
330

std : : pa ir<BiSer i e s , B iSe r i e s> burn ingSh ipSe r i e s (N 16 order , Quadrant q , const ⤦
Ç Delta &r , const B iS e r i e s &s , const B iS e r i e s &t )

{
BiSe r i e s sn , tn ;
f o r ( auto i = 0 ; i <= order ; ++i )

335 {
f o r ( auto j = 0 ; j <= order − i ; ++j )
{

const Coord i j ( i , j ) ;
// s

340 R lo t o t a l = 0 ;
i f ( i == 1 && j == 0) t o t a l += 1 ;
t o t a l += 2 ∗ ( r . x ∗ s . at ( i j ) − r . y ∗ t . at ( i j ) ) ;
f o r ( auto k = 0 ; k < i ; ++k)
{

345 const auto ik = i − k ;
f o r ( auto l = 0 ; l < j ; ++l )
{

const auto j l = j − l ;
const Coord k l (k , l ) ;

350 const Coord i k j l ( ik , j l ) ;
t o t a l += s . at ( k l ) ∗ s . at ( i k j l ) − t . at ( k l ) ∗ t . at ( i k j l ) ;

}
}
sn [ i j ] = t o t a l ;

355 // t ;
t o t a l = 0 ;
t o t a l += r . x ∗ t . at ( i j ) + r . y ∗ s . at ( i j ) ;
f o r ( auto k = 0 ; k < i ; ++k)
{

360 const auto ik = i − k ;
f o r ( auto l = 0 ; l < j ; ++l )
{

const auto j l = j − l ;
const Coord k l (k , l ) ;

365 const Coord i k j l ( ik , j l ) ;
t o t a l += s . at ( k l ) ∗ t . at ( i k j l ) ;

}
}
i f ( i == 0 && j == 0 && (q == Q1 | | q == Q2) ) t o t a l += 2 ∗ r . x ∗ r . y ;

370 t o t a l ∗= 2 ;
i f ( q == Q1 | | q == Q3) t o t a l = − t o t a l ;
i f ( i == 0 && j == 1) t o t a l += 1 ;
tn [ i j ] = t o t a l ;

}
375 }

re turn std : : pa ir<BiSer i e s , B iSe r i e s >(sn , tn ) ;
}

/∗
380 data Region p = RegionSing le ton { r e f : : ! ( Reference p) , i x : : ! ( Int , Int ) }

| Reg ionSer i e s { r e f : : ! ( Reference p) , s , t : : ! ( B i S e r i e s ) , i n t e r i o r ⤦
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Ç , boundary : : ! (Map ( Int , Int ) Delta ) }
| RegionPerturb{ r e f : : ! ( Reference p) , a c t i v e : : ! (Map ( Int , Int ) ⤦

Ç Delta ) }
| RegionFinished { done : : ! (Map ( Int , Int ) Result ) }

∗/
385

enum RegionType
{

RegionTypeFinished ,
/∗∗

390 RegionTypeSingleton ,
∗/

RegionTypePerturb ,
RegionTypeSer ies

} ;
395

typede f std : : map<Coord , Delta> Deltas ;

typede f std : : map<Coord , Result> RegionFinished ;

400 /∗∗
s t r u c t Reg ionSing le ton
{

const Orbit &o rb i t ;
Z 64 n ;

405 Coord i j ;
Reg ionSing le ton ( const Orbit &orb i t , Z 64 n , Coord i j ) : o r b i t ( o r b i t ) , n (n) , i j⤦

Ç ( i j ) { } ;
} ;
∗/

410 s t r u c t RegionPerturb
{

const Orbit o r b i t ;
Z 64 n ;
Del tas a c t i v e ;

415 RegionPerturb ( const Orbit &orb i t , Z 64 n , const Del tas &ac t i v e ) : o r b i t ( o r b i t )⤦
Ç , n (n) , a c t i v e ( a c t i v e ) { } ;

} ;

s t r u c t Reg ionSer i e s
{

420 const Orbit o r b i t ;
Z 64 n ;
B iS e r i e s s , t ;
De l tas i n t e r i o r , boundary ;
Reg ionSer i e s

425 ( const Orbit &o rb i t
, const Z 64 &n
, const B iS e r i e s &s
, const B iS e r i e s &t
, const Del tas &i n t e r i o r

430 , const Del tas &boundary
)
: o r b i t ( o r b i t ) , n (n) , s ( s ) , t ( t ) , i n t e r i o r ( i n t e r i o r ) , boundary ( boundary )
{ } ;

} ;
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435

s t r u c t Region
{

RegionType tag ;
std : : opt iona l<RegionFinished> Fin i shed ;

440 /∗∗
std : : opt iona l<RegionSingleton> S ing l e ton ;

∗/
std : : opt iona l<RegionPerturb> Perturb ;
std : : opt iona l<RegionSer ie s> S e r i e s ;

445 Region ( const RegionFinished &r ) : tag ( RegionTypeFinished ) , F in i shed ( r ) { } ;
/∗∗

Region ( const Reg ionSing le ton &r ) : tag ( RegionTypeSingleton ) , S ing l e ton ( r ) { } ;
∗/

Region ( const RegionPerturb &r ) : tag ( RegionTypePerturb ) , Perturb ( r ) { } ;
450 Region ( const Reg ionSer i e s &r ) : tag ( RegionTypeSer ies ) , S e r i e s ( r ) { } ;

} ;

/∗
s i z e : : Region p −> (Char , Int )

455 s i z e r@( Reg ionSing le ton {}) = ( ’ 1 ’ , 1)
s i z e r@( Reg ionSer i e s {}) = ( ’ S ’ , M. s i z e ( i n t e r i o r r ) + M. s i z e ( boundary r ) )
s i z e r@( RegionPerturb {}) = ( ’P’ , M. s i z e ( a c t i v e r ) )
s i z e r@( RegionFinished {}) = ( ’F ’ , M. s i z e ( done r ) )
∗/

460

Z 64 s i z e ( const RegionFinished &r ) { re turn r . s i z e ( ) ; }
/∗∗
Z 64 s i z e ( const Reg ionSing le ton &r ) { ( void ) r ; r e turn 1 ; }

465 ∗/
Z 64 s i z e ( const RegionPerturb &r ) { re turn r . a c t i v e . s i z e ( ) ; }
Z 64 s i z e ( const Reg ionSer i e s &r ) { re turn r . i n t e r i o r . s i z e ( ) + r . boundary . s i z e ( ) ;⤦

Ç }

Z 64 s i z e ( const Region &r )
470 {

switch ( r . tag )
{

case RegionTypeFinished : re turn s i z e ( r . F in i shed . va lue ( ) ) ;
/∗∗

475 case RegionTypeSingleton : r e turn s i z e ( r . S ing l e ton . va lue ( ) ) ;
∗/

case RegionTypePerturb : re turn s i z e ( r . Perturb . va lue ( ) ) ;
case RegionTypeSer ies : r e turn s i z e ( r . S e r i e s . va lue ( ) ) ;

}
480 a s s e r t ( ! ” s i z e ( Region ) tag ”) ;

}

/∗
i n t e r p o l a t e r = ( b i S e r i e s ( s r , t r ) <$> i n t e r i o r r ) ‘M. union ‘ boundary r

485 ∗/

Deltas i n t e r p o l a t e (N 16 order , const Reg ionSer i e s &r )
{

Deltas r s ;
490 f o r ( auto d : r . boundary )
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r s [ d . f i r s t ] = d . second ;
f o r ( auto d : r . i n t e r i o r )

r s [ d . f i r s t ] = b i S e r i e s ( order , r . s , r . t , d . second ) ;
r e turn r s ;

495 }

500

/∗
i n i t i a l : : P r e c i s i on p => Int −> Int −> Int −> REAL p −> REAL p −> Double −> ⤦

Ç Region p
i n i t i a l w h order a0 b0 r0 = Reg ionSer i e s

{ r e f = Reference a0 b0 0 0 0
505 , s = zero order

, t = zero order
, i n t e r i o r = in t
, boundary = bry
}

510 where
( bry , i n t ) = M. partit ionWithKey (\ ( i , j ) −> i == 0 | | j == 0 | | i == w − 1⤦

Ç | | j == h − 1) d e l t a s
d e l t a s = M. f romList

[ ( ( i , j ) , Delta u v 0 0)
| i <− [ 0 . . w − 1 ]

515 , j <− [ 0 . . h − 1 ]
, l e t v = 2 ∗ r0 ∗ ( ( f r omInteg ra l j + 0 . 5 ) / f r omInteg ra l h − 0 . 5 )
]

∗/

520 Reg ionSer i e s i n i t i a l (N 16 w, N 16 h , Z 64 maxiters , N 16 order , R lo ⤦
Ç g l i t c h t h r e s h o l d , R lo er2 , R hi a0 , R hi b0 , R lo r0 )

{
Deltas i n t e r i o r , boundary ;
R lo y = 2 ∗ r0 ;
R lo x = y ∗ w / h ;

525 f o r (N 16 i = 0 ; i < w; ++i )
{

R lo u = x ∗ ( ( i + 0 . 5 ) / w − 0 . 5 ) ;
f o r (N 16 j = 0 ; j < h ; ++j )
{

530 R lo v = y ∗ ( ( j + 0 . 5 ) / h − 0 . 5 ) ;
( ( i == 0 | | j == 0 | | i == w − 1 | | j == h − 1) ? boundary : i n t e r i o r )
[ Coord ( i , j ) ] = Delta (u , v , 0 , 0) ;

}
}

535 re turn Reg ionSer i e s ( Orbit ( a0 , b0 , maxiters , g l i t c h t h r e s h o l d , er2 ) ,0 , Z e r oSe r i e s (⤦
Ç order ) , Z e r oSe r i e s ( order ) , i n t e r i o r , boundary ) ;

}

/∗
burningShip : : P r e c i s i on p => Int −> Double −> Int −> Region p −> [ [ Region p ] ]

540 burningShip order e s i = i t e r a t e ( concat . parMap rseq ( burningShipReg order e ⤦
Ç s i ) ) . pure

escaped r x y = not $ x ∗ x + y ∗ y < r
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smapPair f ( a , b ) = ( ( , ) $ ! a ) $ ! f b
545

∗/

bool escaped ( R lo er2 , R lo x , R lo y )
{

550 re turn ! ( x ∗ x + y ∗ y < er2 ) ;
}

bool escaped ( R lo er2 , const Delta &d)
{

555 re turn escaped ( er2 , d . x , d . y ) ;
}

bool i nac cu ra t e (N 16 order , R lo thresho ld , const Reg ionSer i e s &r )
{

560 R lo e r r o r = 0 ;
f o r ( auto m : r . boundary )
{

const Delta &d = m. second ;
const Delta &s = b i S e r i e s ( order , r . s , r . t , d ) ;

565 R lo dx = d . x − s . x ;
R lo dy = d . y − s . y ;
R lo sx = (d . x + s . x ) /2 ;
R lo sy = (d . y + s . y ) /2 ;
R lo q = (dx ∗ dx + dy ∗ dy ) / ( sx ∗ sx + sy ∗ sy ) ;

570 i f ( s td : : i snan (q ) | | std : : i s i n f ( q ) ) q = 0 ;
e r r o r = std : : max( er ror , q ) ;

}
e r r o r = sq r t ( e r r o r ) ;
r e turn ! ( e r r o r < th r e sho ld ) ;

575 }

/∗
i na c cu ra t e e r = not . ( e >) . s q r t . maximum . fmap e r r . boundary $ r

where
580 count = f romInteg ra l . M. s i z e . boundary $ r

e r r d =
l e t d ’ = b i S e r i e s ( s r , t r ) d

dx = x d − x d ’
dy = y d − y d ’

585 sx = (x d + x d ’ ) / 2
sy = (y d + y d ’ ) / 2

in case (dx ˆ 2 + dy ˆ 2) / ( sx ˆ 2 + sy ˆ 2) o f
q | isNaN q | | i s I n f i n i t e q −> 0

| otherwi s e −> q
590 ∗/

/∗
f <|$ |> m = M. fromAscList . parMap rseq ( smapPair f ) . M. toAscLi s t $ m
i n f i x l 4 <|$ |>

595

i sF i n i s h ed RegionFinished {} = True
i sF i n i s h ed = False

burningShipReg : : P r e c i s i on p => Int −> Double −> Int −> Region p −> [ Region p ]
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600

burningShipReg RegionFinished {} = [ ]

burningShipReg r@( Reg ionSing le ton {})
| escaped er2 (x $ toDelta ( r e f r ) ) ( y $ toDelta ( r e f r ) ) = [ RegionFinished { ⤦

Ç done = M. s i n g l e t on ( ix r ) ( r e s u l t (n ( r e f r ) ) ( toDelta ( r e f r ) ) ) } ]
605 | otherwi s e = [ r { r e f = burningShipRef ( r e f r ) } ]

∗/

/∗∗
610 std : : vector<Region> burningShipReg ( const Reg ionSing le ton &r , R lo er2 )

{
std : : vector<Region> r s ;
Delta dr ( r . r e f ) ;
i f ( escaped ( er2 , dr ) )

615 {
RegionFinished r2 ;
r2 [ r . i j ] = r e s u l t ( r . r e f . n , dr ) ;
r s . push back ( Region ( r2 ) ) ;

}
620 e l s e

{
RegionSing leton r2 ( r ) ;
r2 . r e f = burningShipRef ( r . r e f ) ;
r s . push back ( Region ( r2 ) ) ;

625 }
re turn r s ;

}
∗/

630 /∗
burningShipReg r@( RegionPerturb {})

| escaped er2 xr0 yr0 = [ RegionFinished { done = const ReferenceEscaped <$> ⤦
Ç a c t i v e r } ]

| M. nu l l ac t ive ’ ’ = [ RegionFinished { done = done ’ } ]
| otherwi s e = [ RegionFinished { done = done ’ } , r { r e f = re f ’ , a c t i v e = act ive⤦

Ç ’ ’ } ]
635 where

r e f ’ = burningShipRef ( r e f r )
r e f = toDelta ( r e f r )
r e f 1 = toDelta r e f ’
xr0 = x r e f

640 yr0 = y r e f
xr = x r e f 1
yr = y r e f 1
(newDone , ac t ive ’ ) = M. p a r t i t i o n (\d −> escaped er2 (x d + xr ) ( y d + yr )⤦

Ç ) ( burningShipDel r e f <$> a c t i v e r )
( newGlitch , ac t ive ’ ’ ) = M. p a r t i t i o n (\d −> xr ˆ2 + yr ˆ2 > 1000 ∗ ( ( xr + x d)⤦

Ç ˆ2 + ( yr + y d) ˆ2) ) ac t ive ’
645 done ’ = ( r e s u l t (n re f ’ ) <$> newDone) ‘M. union ‘ ( const Per turbat ionGl i t ch <$⤦

Ç > newGlitch )
∗/

const double g l i t c h t h r e s h o l d = 0 . 0 0 1 ;

650 std : : vector<Region> burningShipReg ( const RegionPerturb &r , Z 64 maxiters , R lo ⤦
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Ç er2 )
{

std : : vector<Region> r s ;
i f ( escaped ( er2 , r . o r b i t . x [ r . n ] , r . o r b i t . y [ r . n ] ) )
{

655 std : : c e r r << ” r . n ” << r . n << std : : endl ;
RegionFinished done ;
f o r ( auto d : r . a c t i v e )
{

done [ d . f i r s t ] = ReferenceEscaped ;
660 }

r s . push back ( Region ( done ) ) ;
}
e l s e
{

665 RegionFinished done ;
// Deltas a c t i v e ;
// Reference r e f 2 = burningShipRef ( r . r e f ) ;
// Delta dr2 ( r e f 2 ) ;
// R lo gr2 = g l i t c h t h r e s h o l d ∗ ( dr2 . x ∗ dr2 . x + dr2 . y ∗ dr2 . y ) ;

670 // #pragma omp p a r a l l e l f o r
const Z 64 count = r . a c t i v e . s i z e ( ) ;

s td : : c e r r << ” count ” << count << std : : endl ;
s td : : vector<Coord> i j s ;
s td : : vector<Delta> ds ;

675 i j s . r e s e r v e ( count ) ;
ds . r e s e r v e ( count ) ;
f o r ( auto d : r . a c t i v e )
{

i j s . push back (d . f i r s t ) ;
680 ds . push back (d . second ) ;

}
const Z 64 o s i z e = r . o r b i t . x . s i z e ( ) ;
const Z 64 m = o s i z e − 1 ;

std : : c e r r << ” o s i z e ” << o s i z e << std : : endl ;
685 std : : c e r r << ”maxiters ” << maxiters << std : : endl ;

#pragma omp p a r a l l e l f o r
f o r ( Z 64 ix = 0 ; ix < count ; ++ix )
{

Coord i j = i j s [ i x ] ;
690 Delta d = ds [ i x ] ;

R lo a = d . a ;
R lo b = d . b ;
R lo x = d . x ;
R lo y = d . y ;

695 bool f i n i s h e d = f a l s e ;
f o r ( Z 64 n = r . n ; n < m; ++n)
{

R lo X = r . o r b i t . x [ n ] ;
R lo Y = r . o r b i t . y [ n ] ;

700 R lo Xn = r . o r b i t . x [ n+1] ;
R lo Yn = r . o r b i t . y [ n+1] ;
R lo Gn = r . o r b i t . g [ n+1] ;
R lo xn = (2 ∗ X + x) ∗ x − (2 ∗ Y + y) ∗ y + a ;
R lo yn = 2 ∗ d i f f a b s (X ∗ Y, X ∗ y + x ∗ Y + x ∗ y ) + b ;

705 R lo xx = Xn + xn ;
R lo yy = Yn + yn ;
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R lo z2 = xx ∗ xx + yy ∗ yy ;
x = xn ;
y = yn ;

710 i f ( ! ( z2 < er2 ) )
{

#pragma omp c r i t i c a l
done [ i j ] = r e s u l t (n , xx , yy ) ;
f i n i s h e d = true ;

715 break ;
}
e l s e i f ( ! ( z2 > Gn) )
{

#pragma omp c r i t i c a l
720 done [ i j ] = Per turbat ionGl i t ch ;

f i n i s h e d = true ;
break ;

}
}

725 i f ( ! f i n i s h e d )
{

#pragma omp c r i t i c a l
done [ i j ] = o s i z e == maxiters ? Unescaped : ReferenceEscaped ;

}
730 }

i f ( s i z e ( done ) > 0)
r s . push back ( Region ( done ) ) ;

/∗∗
i f ( a c t i v e . s i z e ( ) > 0)

735 r s . push back ( Region ( RegionPerturb ( re f2 , a c t i v e ) ) ) ;
∗/

}
re turn r s ;

}
740

/∗
burningShipReg order e s i r@( Reg ionSer i e s {})

| snd ( s i z e r ) == 1 = [ Reg ionSing leton { r e f = r e f r , i x = case M. keys (⤦
Ç i n t e r i o r r ) ++ M. keys ( boundary r ) o f [ i j ] −> i j } ]

745 | escaped ( er2 ) ( x $ toDelta ( r e f r ) ) ( y $ toDelta ( r e f r ) ) = [ RegionFinished {⤦
Ç done = M. fromList [ ( i j , ReferenceEscaped ) | i j <− M. keys ( i n t e r i o r r ) ⤦
Ç ++ M. keys ( boundary r ) ] } ]

| n ( r e f r ) >= s i = traceShow (” f o r c e s t op ” , M. s i z e ( i n t e r p o l a t e r ) , n ( r e f r ) )⤦
Ç $ [ RegionPerturb{ r e f = r e f r , a c t i v e = i n t e r p o l a t e r } ]

| otherw i s e = case nub . map ( burningShipFolding ( toDelta $ r e f r ) ) . M. elems ⤦
Ç $ boundary r o f
[ q ] −> −− opt imized s i n g l e t on case

l e t ( s ’ , t ’ ) = burn ingSh ipSer i e s order q ( toDelta $ r e f r ) ( s r , t r )
750 r ’ = r { r e f = re f ’ , s = s ’ , t = t ’ , boundary = bry ’ }

in i f i nac cu ra t e e r ’ then traceShow (” inaccura t e1 ” , M. s i z e (⤦
Ç i n t e r p o l a t e r ) , n ( r e f r ) ) $ [ RegionPerturb{ r e f = r e f r , a c t i v e =⤦
Ç i n t e r p o l a t e r } ] e l s e [ r ’ ]

qs −> map newRegion qs
where

r e f ’ = burningShipRef ( r e f r )
755 bry ’ = burningShipDel ( toDelta $ r e f r ) <$> boundary r

q0 = burningShipFolding ( toDelta $ r e f r ) ( Delta 0 0 0 0)
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newRegion q
| q == q0 = l e t ( s ’ , t ’ ) = burn ingSh ipSer i e s order q ( toDelta $ r e f r ) ( s ⤦

Ç r , t r )
( bry , i n t ) = M. partit ionWithKey (\ i x −> any ( ‘M.⤦

Ç notMember ‘ r eg i on ) ( ne ighbours ix ) ) ( burningShipDel ⤦
Ç ( toDelta $ r e f r ) <$> r eg i on )

760 r ’ = r { r e f = re f ’ , s = s ’ , t = t ’ , i n t e r i o r = int , ⤦
Ç boundary = bry }

in i f i nac cu ra t e e r ’ then traceShow (” inaccurateQ ” , M. s i z e ⤦
Ç reg ion , n ( r e f r ) ) $ RegionPerturb{ r e f = r e f r , a c t i v e ⤦
Ç = reg ion } e l s e traceShow (”okQ” , M. s i z e reg ion , n ( r e f ⤦
Ç r ) ) $ r ’

| otherw i s e = traceShow (” noncent ra l ” , M. s i z e ⤦
Ç reg ion , n ( r e f r ) ) $ RegionPerturb{ r e f = r e f r , a c t i v e = reg i on }

where
r eg i on = M. f i l t e r ( ( q ==) . burningShipFolding ( toDelta $ r e f r ) ) (⤦

Ç i n t e r p o l a t e r )
765 ∗/

std : : vector<Region> burningShipReg ( const Reg ionSer i e s &r , N 16 order , R lo ⤦
Ç s e r i e s t h r e s h o l d , Z 64 s e r i e s i t e r s , R lo er2 )

{
std : : vector<Region> r s ;

770 /∗∗
i f ( s i z e ( r ) == 1)
{

f o r ( auto d : r . i n t e r i o r )
r s . push back ( Region ( Reg ionSing leton ( r . o rb i t , r . n , d . f i r s t ) ) ) ;

775 f o r ( auto d : r . boundary )
r s . push back ( Region ( Reg ionSing leton ( r . o rb i t , r . n , d . f i r s t ) ) ) ;

}
e l s e

∗/
780 {

Delta dr (0 , 0 , r . o r b i t . x [ r . n ] , r . o r b i t . y [ r . n ] ) ;
i f ( escaped ( er2 , dr ) )
{

RegionFinished done ;
785 f o r ( auto d : r . boundary )

done [ d . f i r s t ] = ReferenceEscaped ;
f o r ( auto d : r . i n t e r i o r )

done [ d . f i r s t ] = ReferenceEscaped ;
r s . push back ( Region ( done ) ) ;

790 }
e l s e i f ( r . n >= s e r i e s i t e r s )
{

r s . push back ( Region ( RegionPerturb ( r . o rb i t , r . n , i n t e r p o l a t e ( order , r ) ) ) ) ;
}

795 e l s e
{

Deltas newBoundary ;
std : : set<Quadrant> qs ;
Quadrant q ;

800 f o r ( auto d : r . boundary )
{

newBoundary [ d . f i r s t ] = burningShipDel ( dr , d . second ) ;
qs . i n s e r t ( q = burningShipFolding ( dr , d . second ) ) ;
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}
805

i f ( qs . s i z e ( ) == 1)
{

auto s t = burn ingSh ipSer i e s ( order , q , dr , r . s , r . t ) ;
Reg ionSer i e s r2 ( r . o rb i t , r . n + 1 , s t . f i r s t , s t . second , r . i n t e r i o r , ⤦

Ç newBoundary ) ;
810 i f ( i nac cu ra t e ( order , s e r i e s t h r e s h o l d , r2 ) )

{
r s . push back ( Region ( RegionPerturb ( r . o rb i t , r . n , i n t e r p o l a t e ( order , r ) )⤦

Ç ) ) ;
}
e l s e

815 {
r s . push back ( Region ( r2 ) ) ;

}
} e l s e {

Quadrant q0 = burningShipFolding ( dr ) ;
820 f o r ( auto q : qs )

{
Deltas r eg i on ;
f o r ( auto ds : i n t e r p o l a t e ( order , r ) )

i f ( q == burningShipFolding ( dr , ds . second ) )
825 r eg i on [ ds . f i r s t ] = ds . second ;

i f ( q == q0 )
{

auto s t = burn ingSh ipSer i e s ( order , q , dr , r . s , r . t ) ;
De l tas boundary , i n t e r i o r ;

830 f o r ( auto ds : r eg i on )
{

Delta d = burningShipDel ( dr , ds . second ) ;
bool isEdge = f a l s e ;
f o r ( auto ix : ne ighbours ( ds . f i r s t ) )

835 i f ( ! r eg i on . count ( ix ) )
isEdge = true ;

( isEdge ? boundary : i n t e r i o r ) [ ds . f i r s t ] = d ;
}
Reg ionSer i e s r2 ( r . o rb i t , r . n + 1 , s t . f i r s t , s t . second , i n t e r i o r , ⤦

Ç boundary ) ;
840 i f ( i nac cu ra t e ( order , s e r i e s t h r e s h o l d , r2 ) )

r s . push back ( Region ( RegionPerturb ( r . o rb i t , r . n , r eg i on ) ) ) ;
e l s e

r s . push back ( Region ( r2 ) ) ;
}

845 e l s e
{

r s . push back ( Region ( RegionPerturb ( r . o rb i t , r . n , r eg i on ) ) ) ;
}

}
850 }

}
}
re turn r s ;

}
855

std : : vector<Region> burningShipReg ( const Region &r , Z 64 maxiters , N 16 order , ⤦
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Ç R lo s e r i e s t h r e s h o l d , Z 64 s e r i e s i t e r s , R lo er2 , R lo g l i t c h t h r e s h o l d )
{

switch ( r . tag )
860 {

case RegionTypeFinished : re turn std : : vector<Region>() ;
/∗∗

case RegionTypeSingleton : r e turn burningShipReg ( r . S ing l e ton . va lue ( ) , er2 ) ;
∗/

865 case RegionTypePerturb : re turn burningShipReg ( r . Perturb . va lue ( ) , maxiters , ⤦
Ç er2 ) ;

case RegionTypeSer ies : r e turn burningShipReg ( r . S e r i e s . va lue ( ) , order , ⤦
Ç s e r i e s t h r e s h o l d , s e r i e s i t e r s , er2 ) ;

}
a s s e r t ( ! ” burningShipReg Region . tag ”) ;

}
870

/∗

−− r eg i on = M. f i l t e r ( ( q ==) . burningShipFolding r e f ) d e l t a s
875 {−

−− compute cente r o f r eg i on
(Sum i s , Sum j s ) = M. foldMapWithKey (\ ( i , j ) −> (Sum ( f romInteg ra l i⤦

Ç ) , Sum ( f romInteg ra l j ) ) ) r eg i on
m = fromInteg ra l (M. s i z e r eg i on )
i 0 = i s / m

880 j 0 = j s / m
−− move r e f e r e n c e to cente r o f r eg i on
i j = findKeyNear ( i0 , j 0 ) (M. keys r eg i on )
d = burningShipDel r e f $ r eg i on M. ! i j
aa ’ = aa re f ’ + realToFrac ( a d)

885 bb ’ = bb re f ’ + realToFrac (b d)
xx ’ = xx re f ’ + realToFrac (x d)
yy ’ = yy re f ’ + realToFrac (y d)

−}
{−

890 −− move s e r i e s to new r e f e r e n c e
( s ’ , t ’ ) = burn ingSh ipSe r i e s q r e f ( s r , t r )

−− s ’ = b i S h i f t (−a d) (−b d) $ s r
−− t ’ = b i S h i f t (−a d) (−b d) $ t r

( bry , i n t ) = M. partit ionWithKey (\ i x −> any ( ‘M. notMember ‘ r eg i on ) (⤦
Ç neighbours ix ) ) (({− (\d ’ −> Delta ( a d ’ − a d) (b d ’ − b d) (x ⤦
Ç d ’ − x d) (y d ’ − y d) ) . −} burningShipDel r e f ) <$> r eg i on )

895 in −−traceShow (n re f ’ , ix , M. s i z e reg ion , M. s i z e int , M. s i z e bry ) $
Reg ionSer i e s

{ r e f = re f ’−−{ aa = aa ’ , bb = bb ’ , xx = xx ’ , yy = yy ’ }
, s = s ’
, t = t ’

900 , i n t e r i o r = in t
, boundary = bry
}

−}
905

{−
un i Sh i f t c m = go ( order − 1) m

where
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go i m | i >= 0 = go ( i − 1) ( go2 i m)
910 | otherwi s e = m

where
go2 j m | j < order = go2 ( j + 1) $ M. i n s e r t j (m ! j + m ! ( j + 1) ∗ c )⤦

Ç m
| otherwi s e = m

m ! j = case M. lookup j m o f Nothing −> 0 ; Just x −> x
915

b i S h i f t x y
= twidd le . pu l l . fmap ( un i Sh i f t x ) . push
. twidd le . pu l l . fmap ( un i Sh i f t y ) . push

920 push : : (Ord a , Ord b) => Map (a , b) v −> Map a (Map b v )
push m = M. fromListWith M. union [ ( i , M. s i n g l e t on j e ) | ( ( i , j ) , e ) <− M. as so c s ⤦

Ç m ]

pu l l : : (Ord a , Ord b) => Map a (Map b v ) −> Map (a , b) v
pu l l m = M. fromList [ ( ( i , j ) , e ) | ( i , mj ) <− M. as so c s m, ( j , e ) <− M. as so c s mj ]

925

twidd le : : (Ord a , Ord b) => Map (a , b) v −> Map (b , a ) v
twidd le = M.mapKeys (\ ( i , j ) −> ( j , i ) )
−}

930 {−
horner s h i f t
f o r ( i = n − 2 ; i >= 0 ; i −−)
f o r ( j = i ; j < n − 1 ; j++)
fmpz addmul ( poly + j , poly + j + 1 , c ) ; // poly [ j ] += poly [ j +1]∗ c

935

a 0 xˆ0 + a 1 xˆ1 + a 2 xˆ2 + a 3 xˆ3
−>
a 2 += a 3 ∗ c

940 a 1 += a 2 ∗ c
a 2 += a 3 ∗ c

a 0 += a 1 ∗ c
a 1 += a 2 ∗ c

945 a 2 += a 3 ∗ c
−}

f indKeyNear ( i0 , j 0 ) = minimumBy ( comparing d2 )
950 where d2 ( i , j ) = l e t x = f romInteg ra l i − i 0 ; y = f romInteg ra l j − j 0 in x ∗⤦

Ç x + y ∗ y
∗/

/∗
{−

955 s ub s t i t u t e

x = sum { i>=0,j>=0, i+j>0} S { i , j } aˆ i bˆ j
y = sum { i>=0,j>=0, i+j>0} T { i , j } aˆ i bˆ j

960 i n to

x := 2 X x − 2 Y y + xˆ2 − yˆ2 + a
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y := 2 ∗ d i f f a b s (X Y) (X y + x Y + x y) + b

965 d i f f a b s : : (Ord a , Num a ) => a −> a −> a
d i f f a b s c d =

i f ( c >= 0)
then

i f ( c + d >= 0)
970 then d −− y := 2 ∗ ( X y + x Y + x y) + b

e l s e −(2 ∗ c + d) −− y := −2 ∗ (2 X Y + X y + x Y + x y) + b
e l s e

i f ( c + d > 0)
then 2 ∗ c + d −− y := 2 ∗ (2 X Y + X y + x Y + x y) + b

975 e l s e −d −− y := −2 ∗ ( X y + x Y + x y) + b

and equate c o e f f i c i e n t s g i v e s i t e r a t i o n formulas f o r the s e r i e s approximation
−}

980 ∗/

/∗
main ’ : : P r e c i s i on p => Int −> Int −> Int −> Int −> Double −> Int −> Rounded ⤦

Ç TowardNearest p −> Rounded TowardNearest p −> Double −> proxy p −> [ ( ( Int ,⤦
Ç Int ) , Result ) ]

main ’ w h maxiters order th r e sho ld s e r i e s i t e r s a0 b0 r0 prec
985 = concatMap (M. t oL i s t . done )

. f i l t e r i sF i n i s h ed

. concat

. takeWhile ( not . nu l l )

. take maxiters
990 . burningShip order th r e sho ld s e r i e s i t e r s

$ i n i t i a l w h order a0 b0 r0

p lo t1 w h maxiters u ( ( i , j ) , r ) = l e t k = j ∗ w + i in case r o f
ReferenceEscaped −> U. wr i t e u k ( −1/0)

995 Perturbat ionGl i t ch −> U. wr i t e u k ( −1/0)
Result mu −> U. wr i t e u k (mu)

clamp x l o h i = l o ‘max ‘ x ‘min ‘ h i

1000 ∗/

void c a l c u l a t e ( double ∗ bu f f e r , N 16 w, N 16 h , Z 64 maxiters , N 16 order , R lo ⤦
Ç s e r i e s t h r e s h o l d , Z 64 s e r i e s i t e r s , R lo g l i t c h t h r e s h o l d , R lo er2 , ⤦
Ç const R hi &a0 , const R hi &b0 , R lo r0 )

{
std : : vector<Region> a c t i v e ;

1005 a c t i v e . push back ( i n i t i a l (w, h , maxiters , order , g l i t c h t h r e s h o l d , er2 , a0 , b0 ,⤦
Ç r0 ) ) ;

f o r ( auto i = 0 ; i < maxiters ; ++i )
{

i f ( a c t i v e . empty ( ) ) break ;
std : : vector<Region> next ;

1010 f o r ( auto source : a c t i v e )
{

std : : c e r r << source . tag << std : : endl ;
s td : : vector<Region> news = burningShipReg ( source , maxiters , order , ⤦

Ç s e r i e s t h r e s h o l d , s e r i e s i t e r s , er2 , g l i t c h t h r e s h o l d ) ;
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f o r ( auto s ink : news )
1015 {

i f ( s ink . tag == RegionTypeFinished )
{

f o r ( auto p : s ink . F in i shed . va lue ( ) )
{

1020 Z 64 i = p . f i r s t . f i r s t ;
Z 64 j = p . f i r s t . second ;
Z 64 k = j ∗ w + i ;
bu f f e r [ k ] = p . second ;

}
1025 }

e l s e
{

next . push back ( s ink ) ;
}

1030 }
}
std : : swap ( act ive , next ) ;

}
}

1035

/∗

p lo t w h maxiters xs = runST (do
u <− U. new (w ∗ h)

1040 mapM ( p lo t1 w h maxiters u) xs
v <− S . new (w ∗ h ∗ 3)
mapM ( co lour1 w h u v ) [ ( i , j ) | i <− [ 0 . . w − 1 ] , j <− [ 0 . . h − 1 ] ]
unsa feFreeze v )

1045 co lour1 w h u v ( i , j ) = do
l e t i 1 = i f i == 0 then i + 1 e l s e i − 1

j1 = i f j == 0 then j + 1 e l s e j − 1
( n00 ) <− U. read u ( j ∗ w + i )
( n01 ) <− U. read u ( j ∗ w + i1 )

1050 ( n10 ) <− U. read u ( j1 ∗ w + i )
( n11 ) <− U. read u ( j1 ∗ w + i1 )
l e t du = ( n00 − n11 )

dv = ( n01 − n10 )
de = duˆ2 + dvˆ2

1055 wo : : Word8
l = 20 ∗ l og de
wo = f l o o r l
( r , g , b )

| n00 == 0 = (0 , 0 , 0) −− unescaped
1060 | n00 == −1/0 = (255 , 0 , 0) −− g l i t c h

| isNaN de = (0 , 0 , 255) −− e r r o r ?
| otherwi s e = (wo , 128 , f l o o r n00 )

k = 3 ∗ ( j ∗ w + i )
S . wr i t e v (k + 0) r

1065 S . wr i t e v (k + 1) g
S . wr i t e v (k + 2) b

∗/

void co l ou r (N 8 ∗ image , const double ∗ bu f f e r , N 16 w, N 16 h)
1070 {
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#pragma omp p a r a l l e l f o r
f o r ( Z 64 j = 0 ; j < h ; ++j )
{

Z 64 j1 = j == 0 ? j + 1 : j − 1 ;
1075 f o r ( Z 64 i = 0 ; i < w; ++i )

{
Z 64 i 1 = i == 0 ? i + 1 : i − 1 ;
{

auto n00 = bu f f e r [ j ∗ w + i ] ;
1080 auto n01 = bu f f e r [ j ∗ w + i1 ] ;

auto n10 = bu f f e r [ j 1 ∗ w + i ] ;
auto n11 = bu f f e r [ j 1 ∗ w + i1 ] ;
auto du = n00 − n11 ;
auto dv = n01 − n10 ;

1085 auto de = du ∗ du + dv ∗ dv ;
auto l = 128 + 20 ∗ l og ( de ) ;
N 8 r = l ;
N 8 g = 128 ;
N 8 b = n00 ;

1090 i f ( n00 == 0) { r = g = b = 0 ; }
i f ( n00 == Perturbat ionGl i t ch ) { r = 255 ; g = b = 0 ; }
i f ( n00 == ReferenceEscaped ) { r = b = 255 ; g = 0 ; }
i f ( s td : : i snan ( de ) ) { r = g = 0 ; b = 255 ; }
Z 64 k = ( j ∗ w + i ) ∗ 3 ;

1095 image [ k + 0 ] = r ;
image [ k + 1 ] = g ;
image [ k + 2 ] = b ;

}
}

1100 }
}

/∗
1105 main : : IO ( )

main = do
[ sw , sh , smaxiters , sorder , s thre sho ld , s s e r i e s i t e r s , sa0 , sb0 , s r0 ] <− ⤦

Ç getArgs
l e t w = read sw

h = read sh
1110 {−

a0s = ” −1.765724070777579936114404613125203747548323196202122799408000137”
b0s = ” −0.041893714510242382733641617814193925623948756785781053295999999”
r0 = 2 / 9.9035203142830852 e27
maxiters = 200100

1115 −}
{−

l e t a0 = −1.775015718882760856139042287908955655837994562692664464768
b0 = −0.046245056219157170454983287250662144618728655141566663527
r0 = 2 / 1.2980742146337048E33

1120 maxiters = 5100
−}

maxiters = read smax i te r s
order = read so rde r
th r e sho ld = read s th r e sho ld

1125 s e r i e s i t e r s = read s s e r i e s i t e r s
r0 = read s r0
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prec = c e i l i n g $ 24 − logBase 2 r0
img = p lo t w h maxiters $ r e i f y P r e c i s i o n prec $ main ’ w h maxiters order ⤦

Ç th r e sho ld s e r i e s i t e r s ( read sa0 ) ( read sb0 ) r0
hPutStr s t d e r r $ ” p r e c i s i o n b i t s : ” ++ show prec ++ ”\n”

1130 hPutStr stdout $ ”P6\n” ++ show w ++ ” ” ++ show h ++ ”\n255\n”
unsafeWith img (\p −> hPutBuf stdout p (w ∗ h ∗ 3) )

∗/

i n t main ( i n t argc , char ∗∗ argv )
1135 {

i f ( argc != 12)
{

f p r i n t f ( s tde r r , ” usage : %s width he ight i t e r a t i o n s s e r i e s o r d e r ⤦
Ç s e r i e s t h r e s h o l d s e r i e s i t e r a t i o n s g l i t c h t h r e s h o l d e s c ape r ad iu s a0 ⤦
Ç b0 r0 \n” , argv [ 0 ] ) ;

r e turn 1 ;
1140 }

N 16 w = std : : a t o i ( argv [ 1 ] ) ;
N 16 h = std : : a t o i ( argv [ 2 ] ) ;
Z 64 maxiters = std : : a t o l ( argv [ 3 ] ) ;
N 16 order = std : : a t o i ( argv [ 4 ] ) ;

1145 R lo s e r i e s t h r e s h o l d = std : : s t r t o l d ( argv [ 5 ] , n u l l p t r ) ;
Z 64 s e r i e s i t e r s = std : : a t o l ( argv [ 6 ] ) ;
R lo g l i t c h t h r e s h o l d = std : : s t r t o l d ( argv [ 7 ] , n u l l p t r ) ;
R lo e s c ape r ad iu s = std : : s t r t o l d ( argv [ 8 ] , n u l l p t r ) ;
R lo er2 = e s cape r ad iu s ∗ e s c ape r ad iu s ;

1150 R lo r0 = std : : s t r t o l d ( argv [ 1 1 ] , n u l l p t r ) ;
Z 64 prec = std : : c e i l (24 − std : : l og2 ( r0 ) ) ;
R hi : : s e t d e f a u l t p r e c ( prec ) ;
R hi a0 ( argv [ 9 ] ) ;
R hi b0 ( argv [ 1 0 ] ) ;

1155 Z 64 bytes = s i z e t (w) ∗ s i z e t (h) ;
double ∗ bu f f e r = ( double ∗) std : : mal loc ( bytes ∗ s i z e o f ( double ) ) ;
c a l c u l a t e ( bu f f e r , w, h , maxiters , order , s e r i e s t h r e s h o l d , s e r i e s i t e r s , ⤦

Ç g l i t c h t h r e s h o l d , er2 , a0 , b0 , r0 ) ;
N 8 ∗ image = (N 8 ∗) std : : mal loc ( bytes ∗ 3) ;
co l our ( image , bu f f e r , w, h) ;

1160 std : : f r e e ( bu f f e r ) ;
s td : : p r i n t f (”P6\n%d %d\n255\n” , i n t (w) , i n t (h) ) ;
s td : : fw r i t e ( image , bytes ∗ 3 , 1 , s tdout ) ;
s td : : f r e e ( image ) ;

s td : : c e r r << ”\ t ” << w << std : : endl ;
1165 std : : c e r r << ”\ t ” << h << std : : endl ;

s td : : c e r r << ”\ t ” << maxiters << std : : endl ;
s td : : c e r r << ”\ t ” << order << std : : endl ;
s td : : c e r r << ”\ t ” << s e r i e s t h r e s h o l d << std : : endl ;
s td : : c e r r << ”\ t ” << s e r i e s i t e r s << std : : endl ;

1170 std : : c e r r << ”\ t ” << g l i t c h t h r e s h o l d << std : : endl ;
s td : : c e r r << ”\ t ” << e s c ape r ad iu s << std : : endl ;
s td : : c e r r << ”\ t ” << a0 << std : : endl ;
s td : : c e r r << ”\ t ” << b0 << std : : endl ;
s td : : c e r r << ”\ t ” << r0 << std : : endl ;

1175 re turn 0 ;
}

18 burning-ship-series-approximation/BossaNova.hs
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{−# LANGUAGE DataKinds #−}
{−# LANGUAGE Flex ib l eContext s #−}

−− import Control . Concurrent . Spawn (parMapIO )
5 import Control .Monad ( j o i n )

import Control .Monad .ST ( runST)
import Control . P a r a l l e l . S t r a t e g i e s (parMap , r s eq )
import Data . L i s t (minimumBy , nub , t ranspose )
import Data .Map. S t r i c t (Map)

10 import q u a l i f i e d Data .Map. S t r i c t as M
import Data . Monoid (Sum ( . . ) )
import Data . Ord ( comparing )
import Data . Vector . S to rab l e ( unsafeFreeze , unsafeWith )
import q u a l i f i e d Data . Vector . S to rab l e . Mutable as S

15 import q u a l i f i e d Data . Vector . Unboxed . Mutable as U
import Data .Word (Word8)
import Numeric . Rounded (Rounded , RoundingMode ( TowardNearest ) , Prec i s i on , ⤦

Ç r e i f yP r e c i s i o n )
import System . Environment ( getArgs )
import System . IO (hPutBuf , hPutStr , stdout , s t d e r r )

20 import Debug . Trace ( trace , traceShow )

d i f f a b s : : (Ord a , Num a ) => a −> a −> a
d i f f a b s c d =

i f ( c >= 0)
25 then

i f ( c + d >= 0)
then d
e l s e −(2 ∗ c + d)

e l s e
30 i f ( c + d > 0)

then 2 ∗ c + d
e l s e −d

er : : Double
35 er = 65536

er2 : : Double
er2 = er ˆ2

40 type REAL p = Rounded TowardNearest p

data Delta = Delta { a , b , x , y : : ! Double }

data Region p = RegionSing le ton { r e f : : ! ( Reference p) , i x : : ! ( Int , Int ) }
45 | Reg ionSer i e s { r e f : : ! ( Reference p) , s , t : : ! ( B i S e r i e s ) , i n t e r i o r ⤦

Ç , boundary : : ! (Map ( Int , Int ) Delta ) }
| RegionPerturb{ r e f : : ! ( Reference p) , a c t i v e : : ! (Map ( Int , Int ) ⤦

Ç Delta ) }
| RegionFinished { done : : ! (Map ( Int , Int ) Result ) }

s i z e : : Region p −> (Char , Int )
50 s i z e r@( Reg ionSing le ton {}) = ( ’ 1 ’ , 1)

s i z e r@( Reg ionSer i e s {}) = ( ’ S ’ , M. s i z e ( i n t e r i o r r ) + M. s i z e ( boundary r ) )
s i z e r@( RegionPerturb {}) = ( ’P’ , M. s i z e ( a c t i v e r ) )
s i z e r@( RegionFinished {}) = ( ’F ’ , M. s i z e ( done r ) )
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55 data Result = ReferenceEscaped | Perturbat ionGl i t ch | Result Double d e r i v i ng ⤦
Ç Show

i n i t i a l : : P r e c i s i on p => Int −> Int −> Int −> REAL p −> REAL p −> Double −> ⤦

Ç Region p
i n i t i a l w h order a0 b0 r0 = Reg ionSer i e s

{ r e f = Reference a0 b0 0 0 0
60 , s = zero order

, t = zero order
, i n t e r i o r = in t
, boundary = bry
}

65 where
( bry , i n t ) = M. partit ionWithKey (\ ( i , j ) −> i == 0 | | j == 0 | | i == w − 1⤦

Ç | | j == h − 1) d e l t a s
d e l t a s = M. f romList

[ ( ( i , j ) , Delta u v 0 0)
| i <− [ 0 . . w − 1 ]

70 , j <− [ 0 . . h − 1 ]
, l e t u = 2 ∗ r0 ∗ ( ( f r omInteg ra l i + 0 . 5 ) / f r omInteg ra l w − 0 . 5 ) ∗ ⤦

Ç f r omInteg ra l w / f romInteg ra l h
, l e t v = 2 ∗ r0 ∗ ( ( f r omInteg ra l j + 0 . 5 ) / f r omInteg ra l h − 0 . 5 )
]

75 burningShip : : P r e c i s i on p => Int −> Double −> Int −> Region p −> [ [ Region p ] ]
burningShip order e s i = i t e r a t e ( concat . parMap rseq ( burningShipReg order e ⤦

Ç s i ) ) . pure

escaped r x y = not $ x ∗ x + y ∗ y < r

80 smapPair f ( a , b ) = ( ( , ) $ ! a ) $ ! f b

i n t e r p o l a t e r = ( b i S e r i e s ( s r , t r ) <$> i n t e r i o r r ) ‘M. union ‘ boundary r

inac cu ra t e e r = not . ( e >) . s q r t . maximum . fmap e r r . boundary $ r
85 where

count = f romInteg ra l . M. s i z e . boundary $ r
e r r d =

l e t d ’ = b i S e r i e s ( s r , t r ) d
dx = x d − x d ’

90 dy = y d − y d ’
sx = (x d + x d ’ ) / 2
sy = (y d + y d ’ ) / 2

in case (dx ˆ 2 + dy ˆ 2) / ( sx ˆ 2 + sy ˆ 2) o f
q | isNaN q −> 0

95 | otherwi s e −> q

r e s u l t m d = Result $ f r omInteg ra l m + 1 − l og ( l og ( sq r t ( x d ˆ 2 + y d ˆ 2) ) ) ⤦
Ç / log 2

f <|$ |> m = M. fromAscList . parMap rseq ( smapPair f ) . M. toAscLi s t $ m
100 i n f i x l 4 <|$ |>

i sF i n i s h ed RegionFinished {} = True
i sF i n i s h ed = False

105 burningShipReg : : P r e c i s i on p => Int −> Double −> Int −> Region p −> [ Region p ]
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burningShipReg RegionFinished {} = [ ]

burningShipReg r@( Reg ionSing le ton {})
110 | escaped er2 (x $ toDelta ( r e f r ) ) ( y $ toDelta ( r e f r ) ) = [ RegionFinished { ⤦

Ç done = M. s i n g l e t on ( ix r ) ( r e s u l t (n ( r e f r ) ) ( toDelta ( r e f r ) ) ) } ]
| otherwi s e = [ r { r e f = burningShipRef ( r e f r ) } ]

burningShipReg r@( RegionPerturb {})
| escaped er2 xr0 yr0 = [ RegionFinished { done = const ReferenceEscaped <$> ⤦

Ç a c t i v e r } ]
115 | M. nu l l ac t ive ’ ’ = [ RegionFinished { done = done ’ } ]

| otherwi s e = [ RegionFinished { done = done ’ } , r { r e f = re f ’ , a c t i v e = act ive⤦
Ç ’ ’ } ]

where
r e f ’ = burningShipRef ( r e f r )
r e f = toDelta ( r e f r )

120 r e f 1 = toDelta r e f ’
xr0 = x r e f
yr0 = y r e f
xr = x r e f 1
yr = y r e f 1

125 (newDone , ac t ive ’ ) = M. p a r t i t i o n (\d −> escaped er2 (x d + xr ) ( y d + yr )⤦
Ç ) ( burningShipDel r e f <$> a c t i v e r )

( newGlitch , ac t ive ’ ’ ) = M. p a r t i t i o n (\d −> xr ˆ2 + yr ˆ2 > 1000 ∗ ( ( xr + x d)⤦
Ç ˆ2 + ( yr + y d) ˆ2) ) ac t ive ’

done ’ = ( r e s u l t (n re f ’ ) <$> newDone) ‘M. union ‘ ( const Per turbat ionGl i t ch <$⤦
Ç > newGlitch )

burningShipReg order e s i r@( Reg ionSer i e s {})
130 | snd ( s i z e r ) == 1 = [ Reg ionSing leton { r e f = r e f r , i x = case M. keys (⤦

Ç i n t e r i o r r ) ++ M. keys ( boundary r ) o f [ i j ] −> i j } ]
| escaped ( er2 ) ( x $ toDelta ( r e f r ) ) ( y $ toDelta ( r e f r ) ) = [ RegionFinished {⤦

Ç done = M. fromList [ ( i j , ReferenceEscaped ) | i j <− M. keys ( i n t e r i o r r ) ⤦
Ç ++ M. keys ( boundary r ) ] } ]

| n ( r e f r ) >= s i = traceShow (” f o r c e s t op ” , M. s i z e ( i n t e r p o l a t e r ) , n ( r e f r ) )⤦
Ç $ [ RegionPerturb{ r e f = r e f r , a c t i v e = i n t e r p o l a t e r } ]

| otherwi s e = case nub . map ( burningShipFolding ( toDelta $ r e f r ) ) . M. elems ⤦
Ç $ boundary r o f
[ q ] −> −− opt imized s i n g l e t on case

135 l e t ( s ’ , t ’ ) = burn ingSh ipSer i e s order q ( toDelta $ r e f r ) ( s r , t r )
r ’ = r { r e f = re f ’ , s = s ’ , t = t ’ , boundary = bry ’ }

in i f i nac cu ra t e e r ’ then traceShow (” inaccura t e1 ” , M. s i z e (⤦
Ç i n t e r p o l a t e r ) , n ( r e f r ) ) $ [ RegionPerturb{ r e f = r e f r , a c t i v e =⤦
Ç i n t e r p o l a t e r } ] e l s e [ r ’ ]

qs −> map newRegion qs
where

140 r e f ’ = burningShipRef ( r e f r )
bry ’ = burningShipDel ( toDelta $ r e f r ) <$> boundary r
q0 = burningShipFolding ( toDelta $ r e f r ) ( Delta 0 0 0 0)
newRegion q

{− | q == q0 −}= l e t ( s ’ , t ’ ) = burn ingSh ipSe r i e s order q ( toDelta $ r e f r ) ( s ⤦
Ç r , t r )

145 ( bry , i n t ) = M. partit ionWithKey (\ i x −> any ( ‘M.⤦
Ç notMember ‘ r eg i on ) ( ne ighbours ix ) ) ( burningShipDel ⤦
Ç ( toDelta $ r e f r ) <$> r eg i on )

r ’ = r { r e f = re f ’ , s = s ’ , t = t ’ , i n t e r i o r = int , ⤦
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Ç boundary = bry }
in i f i nac cu ra t e e r ’ | | M. nu l l i n t then traceShow (”⤦

Ç inaccurateQ ” , M. s i z e reg ion , n ( r e f r ) ) $ RegionPerturb{⤦
Ç r e f = r e f r , a c t i v e = reg i on } e l s e traceShow (”okQ” , M⤦
Ç . s i z e reg ion , n ( r e f r ) ) $ r ’

−− | otherwi s e = traceShow (” noncent ra l ” , M. s i z e ⤦
Ç reg ion , n ( r e f r ) ) $ RegionPerturb{ r e f = r e f r , a c t i v e = reg i on }

where
150 r eg i on = M. f i l t e r ( ( q ==) . burningShipFolding ( toDelta $ r e f r ) ) (⤦

Ç i n t e r p o l a t e r )
−− r eg i on = M. f i l t e r ( ( q ==) . burningShipFolding r e f ) d e l t a s
{−

−− compute cente r o f r eg i on
(Sum i s , Sum j s ) = M. foldMapWithKey (\ ( i , j ) −> (Sum ( f romInteg ra l i⤦

Ç ) , Sum ( f romInteg ra l j ) ) ) r eg i on
155 m = fromInteg ra l (M. s i z e r eg i on )

i 0 = i s / m
j0 = j s / m
−− move r e f e r e n c e to cente r o f r eg i on
i j = findKeyNear ( i0 , j 0 ) (M. keys r eg i on )

160 d = burningShipDel r e f $ r eg i on M. ! i j
aa ’ = aa re f ’ + realToFrac ( a d)
bb ’ = bb re f ’ + realToFrac (b d)
xx ’ = xx re f ’ + realToFrac (x d)
yy ’ = yy re f ’ + realToFrac (y d)

165 −}
{−

−− move s e r i e s to new r e f e r e n c e
( s ’ , t ’ ) = burn ingSh ipSe r i e s q r e f ( s r , t r )

−− s ’ = b i S h i f t (−a d) (−b d) $ s r
170 −− t ’ = b i S h i f t (−a d) (−b d) $ t r

( bry , i n t ) = M. partit ionWithKey (\ i x −> any ( ‘M. notMember ‘ r eg i on ) (⤦
Ç neighbours ix ) ) (({− (\d ’ −> Delta ( a d ’ − a d) (b d ’ − b d) (x ⤦
Ç d ’ − x d) (y d ’ − y d) ) . −} burningShipDel r e f ) <$> r eg i on )

in −−traceShow (n re f ’ , ix , M. s i z e reg ion , M. s i z e int , M. s i z e bry ) $
Reg ionSer i e s

{ r e f = re f ’−−{ aa = aa ’ , bb = bb ’ , xx = xx ’ , yy = yy ’ }
175 , s = s ’

, t = t ’
, i n t e r i o r = in t
, boundary = bry
}

180

−}

{−
un i Sh i f t c m = go ( order − 1) m

185 where
go i m | i >= 0 = go ( i − 1) ( go2 i m)

| otherwi s e = m
where

go2 j m | j < order = go2 ( j + 1) $ M. i n s e r t j (m ! j + m ! ( j + 1) ∗ c )⤦
Ç m

190 | otherwi s e = m
m ! j = case M. lookup j m o f Nothing −> 0 ; Just x −> x

b i S h i f t x y
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= twidd le . pu l l . fmap ( un i Sh i f t x ) . push
195 . tw idd le . pu l l . fmap ( un i Sh i f t y ) . push

push : : (Ord a , Ord b) => Map (a , b) v −> Map a (Map b v )
push m = M. fromListWith M. union [ ( i , M. s i n g l e t on j e ) | ( ( i , j ) , e ) <− M. as so c s ⤦

Ç m ]

200 pu l l : : (Ord a , Ord b) => Map a (Map b v ) −> Map (a , b) v
pu l l m = M. fromList [ ( ( i , j ) , e ) | ( i , mj ) <− M. as so c s m, ( j , e ) <− M. as so c s mj ]

twidd le : : (Ord a , Ord b) => Map (a , b) v −> Map (b , a ) v
twidd le = M.mapKeys (\ ( i , j ) −> ( j , i ) )

205 −}

{−
horner s h i f t
f o r ( i = n − 2 ; i >= 0 ; i −−)

210 f o r ( j = i ; j < n − 1 ; j++)
fmpz addmul ( poly + j , poly + j + 1 , c ) ; // poly [ j ] += poly [ j +1]∗ c

a 0 xˆ0 + a 1 xˆ1 + a 2 xˆ2 + a 3 xˆ3
−>

215 a 2 += a 3 ∗ c

a 1 += a 2 ∗ c
a 2 += a 3 ∗ c

220 a 0 += a 1 ∗ c
a 1 += a 2 ∗ c
a 2 += a 3 ∗ c
−}

225

neighbours ( i , j ) = [ ( i − 1 , j ) , ( i + 1 , j ) , ( i , j − 1) , ( i , j + 1) ]
findKeyNear ( i0 , j 0 ) = minimumBy ( comparing d2 )

where d2 ( i , j ) = l e t x = f romInteg ra l i − i 0 ; y = f romInteg ra l j − j 0 in x ∗⤦
Ç x + y ∗ y

230 data Reference p = Reference { aa , bb , xx , yy : : ! (REAL p) , n : : ! Int }

toDelta : : P r e c i s i on p => Reference p −> Delta
toDelta r = Delta

{ a = realToFrac ( aa r )
235 , b = realToFrac (bb r )

, x = realToFrac ( xx r )
, y = realToFrac ( yy r )
}

240 burningShipRef : : P r e c i s i on p => Reference p −> Reference p
burningShipRef r = r

{ xx = xx r ˆ 2 − yy r ˆ 2 + aa r
, yy = abs (2 ∗ xx r ∗ yy r ) + bb r
, n = n r + 1

245 }

burningShipDel : : Delta −> Delta −> Delta
burningShipDel r d = d
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{ x = 2 ∗ x r ∗ x d − 2 ∗ y r ∗ y d + x d ˆ 2 − y d ˆ 2 + a d
250 , y = 2 ∗ d i f f a b s ( x r ∗ y r ) ( x r ∗ y d + x d ∗ y r + x d ∗ y d) + b d

}

burningShipFolding : : Delta −> Delta −> Int
burningShipFolding r d = d i f f a b s I x (x r ∗ y r ) ( x r ∗ y d + x d ∗ y r + x d ∗ y ⤦

Ç d)
255 {−

| x r + x d >= 0 && y r + y d >= 0 = 0
| x r + x d < 0 && y r + y d >= 0 = 1
| x r + x d < 0 && y r + y d < 0 = 2
| x r + x d >= 0 && y r + y d < 0 = 3

260 | otherwi s e = traceShow (x r , x d , x r + x d , y r , y d , y r + y d) 0
−}

type B iS e r i e s = Map ( Int , Int ) Double

265 burn ingSh ipSe r i e s order q r ( s , t ) = ( s ’ , t ’ )
where

s ’ = M. f romList [ ( ( i , j ) ,
( i f ( i , j ) == (1 , 0 ) then 1 e l s e 0) +
2 ∗ xr ∗ s M. ! ( i , j ) − 2 ∗ yr ∗ t M. ! ( i , j ) +

270 sum [ s M. ! (k , l ) ∗ s M. ! ( i − k , j − l )
− t M. ! (k , l ) ∗ t M. ! ( i − k , j − l )
| k <− [ 0 . . i ] , l <− [ 0 . . j ] ] )

| i <− [ 0 . . o rder ] , j <− [ 0 . . o rder ] , i + j <= order ]
t ’ = M. f romList [ ( ( i , j ) ,

275 ( i f ( i , j ) == (0 , 1 ) then 1 e l s e 0) +
case q o f

0 −> 2 ∗ ( xr ∗ t M. ! ( i , j ) + s M. ! ( i , j ) ∗ yr + sum [ s M. ! (k , l ) ∗ ⤦
Ç t M. ! ( i − k , j − l ) | k <− [ 0 . . i ] , l <− [ 0 . . j ] ] )

1 −> −2 ∗ ( xr ∗ t M. ! ( i , j ) + s M. ! ( i , j ) ∗ yr + sum [ s M. ! (k , l ) ∗ ⤦
Ç t M. ! ( i − k , j − l ) | k <− [ 0 . . i ] , l <− [ 0 . . j ] ] + i f ( i , j ) == ⤦
Ç ( 0 , 0 ) then 2 ∗ xr ∗ yr e l s e 0)

2 −> 2 ∗ ( xr ∗ t M. ! ( i , j ) + s M. ! ( i , j ) ∗ yr + sum [ s M. ! (k , l ) ∗ ⤦
Ç t M. ! ( i − k , j − l ) | k <− [ 0 . . i ] , l <− [ 0 . . j ] ] + i f ( i , j ) == ⤦
Ç ( 0 , 0 ) then 2 ∗ xr ∗ yr e l s e 0)

280 3 −> −2 ∗ ( xr ∗ t M. ! ( i , j ) + s M. ! ( i , j ) ∗ yr + sum [ s M. ! (k , l ) ∗ ⤦
Ç t M. ! ( i − k , j − l ) | k <− [ 0 . . i ] , l <− [ 0 . . j ] ] )

)
| i <− [ 0 . . o rder ] , j <− [ 0 . . o rder ] , i + j <= order ]

xr = x r
yr = y r

285

zero order = M. f romList [ ( ( i , j ) , 0) | i <− [ 0 . . o rder ] , j <− [ 0 . . o rder ] , i + j <=⤦
Ç order ]

b i S e r i e s ( s , t ) d = d{ x = b i S e r i e s 1 s ( ad ) (bd) , y = b i S e r i e s 1 t ( ad ) (bd) }
where ad = a d

290 bd = b d
b i S e r i e s 1 s a b = sum [ e ∗ aˆ i ∗ bˆ j | ( ( i , j ) , e ) <− M. as so c s s ]

{−
s ub s t i t u t e

295

x = sum { i>=0,j>=0, i+j>0} S { i , j } aˆ i bˆ j
y = sum { i>=0,j>=0, i+j>0} T { i , j } aˆ i bˆ j
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i n to
300

x := 2 X x − 2 Y y + xˆ2 − yˆ2 + a
y := 2 ∗ d i f f a b s (X Y) (X y + x Y + x y) + b

d i f f a b s : : (Ord a , Num a ) => a −> a −> a
305 d i f f a b s c d =

i f ( c >= 0)
then

i f ( c + d >= 0)
then d −− y := 2 ∗ ( X y + x Y + x y) + b

310 e l s e −(2 ∗ c + d) −− y := −2 ∗ (2 X Y + X y + x Y + x y) + b
e l s e

i f ( c + d > 0)
then 2 ∗ c + d −− y := 2 ∗ (2 X Y + X y + x Y + x y) + b
e l s e −d −− y := −2 ∗ ( X y + x Y + x y) + b

315

and equate c o e f f i c i e n t s g i v e s i t e r a t i o n formulas f o r the s e r i e s approximation
−}

320 d i f f a b s I x : : (Ord a , Num a ) => a −> a −> Int
d i f f a b s I x c d =

i f ( c >= 0)
then

i f ( c + d >= 0)
325 then 0

e l s e 1
e l s e

i f ( c + d > 0)
then 2

330 e l s e 3

main ’ : : P r e c i s i on p => Int −> Int −> Int −> Int −> Double −> Int −> Rounded ⤦
Ç TowardNearest p −> Rounded TowardNearest p −> Double −> proxy p −> [ ( ( Int ,⤦
Ç Int ) , Result ) ]

main ’ w h maxiters order th r e sho ld s e r i e s i t e r s a0 b0 r0 prec
= concatMap (M. t oL i s t . done )

335 . f i l t e r i sF i n i s h ed
. concat
. takeWhile ( not . nu l l )
. take maxiters
. burningShip order th r e sho ld s e r i e s i t e r s

340 $ i n i t i a l w h order a0 b0 r0

p lo t1 w h maxiters u ( ( i , j ) , r ) = l e t k = j ∗ w + i in case r o f
ReferenceEscaped −> U. wr i t e u k ( −1/0)
Per turbat ionGl i t ch −> U. wr i t e u k ( −1/0)

345 Result mu −> U. wr i t e u k (mu)

co lour1 w h u v ( i , j ) = do
l e t i 1 = i f i == 0 then i + 1 e l s e i − 1

j1 = i f j == 0 then j + 1 e l s e j − 1
350 ( n00 ) <− U. read u ( j ∗ w + i )

( n01 ) <− U. read u ( j ∗ w + i1 )
( n10 ) <− U. read u ( j1 ∗ w + i )
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( n11 ) <− U. read u ( j1 ∗ w + i1 )
l e t du = ( n00 − n11 )

355 dv = ( n01 − n10 )
de = duˆ2 + dvˆ2
wo : : Word8
l = 20 ∗ l og de
wo = f l o o r l

360 ( r , g , b )
| n00 == 0 = (0 , 0 , 0) −− unescaped
| n00 == −1/0 = (255 , 0 , 0) −− g l i t c h
| isNaN de = (0 , 0 , 255) −− e r r o r ?
| otherwi s e = (wo , 128 , f l o o r n00 )

365 k = 3 ∗ ( j ∗ w + i )
S . wr i t e v (k + 0) r
S . wr i t e v (k + 1) g
S . wr i t e v (k + 2) b

370 clamp x l o h i = l o ‘max ‘ x ‘min ‘ h i

p l o t w h maxiters xs = runST (do
u <− U. new (w ∗ h)
mapM ( p lo t1 w h maxiters u) xs

375 v <− S . new (w ∗ h ∗ 3)
mapM ( co lour1 w h u v ) [ ( i , j ) | i <− [ 0 . . w − 1 ] , j <− [ 0 . . h − 1 ] ]
unsa feFreeze v )

main : : IO ( )
380 main = do

[ sw , sh , smaxiters , sorder , s thre sho ld , s s e r i e s i t e r s , sa0 , sb0 , s r0 ] <− ⤦
Ç getArgs

l e t w = read sw
h = read sh

{−
385 a0s = ” −1.765724070777579936114404613125203747548323196202122799408000137”

b0s = ” −0.041893714510242382733641617814193925623948756785781053295999999”
r0 = 2 / 9.9035203142830852 e27
maxiters = 200100

−}
390 {−

l e t a0 = −1.775015718882760856139042287908955655837994562692664464768
b0 = −0.046245056219157170454983287250662144618728655141566663527
r0 = 2 / 1.2980742146337048E33
maxiters = 5100

395 −}
maxiters = read smax i te r s
order = read so rde r
th r e sho ld = read s th r e sho ld
s e r i e s i t e r s = read s s e r i e s i t e r s

400 r0 = read s r0
prec = c e i l i n g $ 24 − logBase 2 r0
img = p lo t w h maxiters $ r e i f y P r e c i s i o n prec $ main ’ w h maxiters order ⤦

Ç th r e sho ld s e r i e s i t e r s ( read sa0 ) ( read sb0 ) r0
hPutStr s t d e r r $ ” p r e c i s i o n b i t s : ” ++ show prec ++ ”\n”
hPutStr stdout $ ”P6\n” ++ show w ++ ” ” ++ show h ++ ”\n255\n”

405 unsafeWith img (\p −> hPutBuf stdout p (w ∗ h ∗ 3) )
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19 burning-ship-series-approximation/.gitignore

BossaNova
BossaNova2
∗ . h i
∗ . o

5 ∗ . hp
∗ . svg
∗ . k f r

20 burning-ship-series-approximation/Makefile

BossaNova2 : BossaNova2 . cxx
g++ −std=c++17 −Wall −Wextra −pedant ic −Ofast −march=nat ive −mtune=⤦

Ç nat ive −mcpu=nat ive −fopenmp −o BossaNova2 BossaNova2 . cxx − lmpfr −⤦
Ç lgmp −lm

21 .gitignore

mandelbrot−de l ta − c l /mandelbrot−de l ta − c l
p j u l i a −c
p ju l i a −hs
p j u l i a . o

5 p j u l i a . h i
∗ . g i f
∗ .pgm
∗ .ppm
∗ . png

10 ∗ . dat
∗ . l og
mandelbrot− s e r i e s −approximation /m
mandelbrot− s e r i e s −approximation /m. html
mandelbrot− s e r i e s −approximation /m. html .mem

15 mandelbrot− s e r i e s −approximation /m. j s
mandelbrot− s e r i e s −approximation /worker . j s
mandelbrot− s e r i e s −approximation /worker . j s .mem
buddhabrot/bb
buddhabrot/bbrender

20 buddhabrot/bound
buddhabrot/bound−2
buddhabrot/ cusp
buddhabrot/ t i p
buddhabrot/ histogram

25 buddhabrot/bb .map
buddhabrot/ bb c o l o u r i z e l a y e r s
buddhabrot/ bbrender l aye r s
buddhabrot/bs .map
buddhabrot/ b s c o l o u r i z e l a y e r s

30 buddhabrot/ b s r ende r l ay e r s
j u l i a − i im/ j u l i a −de
j u l i a − i im/ j u l i a − i im
j u l i a − i im/ j u l i a −lsm
j u l i a − i im/ j u l i a −iim−rainbow

35 z−to−exp−z−plus −c/z−to−exp−z−plus −c
z−to−exp−z−plus −c/z−to−exp−z−plus −c−henr iksen
z−to−exp−z−plus −c/z−to−exp−z−plus −c− lyapunov
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22 julia/.gitignore

j −render

23 julia-iim/julia-de.c

// gcc −std=c99 −Wall −Wextra −pedant ic −O3 −o j u l i a −de j u l i a −de . c −lm

#inc lude <complex . h>
#inc lude <math . h>

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

void hsv2rgb ( double h , double s , double v , i n t ∗rp , i n t ∗gp , i n t ∗bp) {
10 double i , f , p , q , t , r , g , b ;

i n t i i ;
i f ( s == 0 . 0 ) { r = g = b = v ; } e l s e {

h = 6 ∗ (h − f l o o r (h) ) ;
i i = i = f l o o r (h) ;

15 f = h − i ;
p = v ∗ (1 − s ) ;
q = v ∗ (1 − ( s ∗ f ) ) ;
t = v ∗ (1 − ( s ∗ (1 − f ) ) ) ;
switch ( i i ) {

20 case 0 : r = v ; g = t ; b = p ; break ;
case 1 : r = q ; g = v ; b = p ; break ;
case 2 : r = p ; g = v ; b = t ; break ;
case 3 : r = p ; g = q ; b = v ; break ;
case 4 : r = t ; g = p ; b = v ; break ;

25 de f au l t : r = v ; g = p ; b = q ; break ;
}

}
∗ rp = fmin ( fmax ( round ( r ∗ 255) , 0) , 255) ;
∗gp = fmin ( fmax ( round ( g ∗ 255) , 0) , 255) ;

30 ∗bp = fmin ( fmax ( round (b ∗ 255) , 0) , 255) ;
}

complex double j u l i a a t t r a c t o r ( complex double c , i n t maxiters , i n t ∗ per iod ) {
double e p s i l o n = nex t a f t e r (2 , 4) − 2 ;

35 complex double z = c ;
double mzp = 1 . 0 / 0 . 0 ;
i n t p = 0 ;
f o r ( i n t n = 1 ; n < maxiters ; ++n) {

double mzn = cabs ( z ) ;
40 i f (mzn < mzp) {

mzp = mzn ;
p = n ;
complex double z0 = z ;
f o r ( i n t i = 0 ; i < 64 ; ++i ) {

45 complex double f = z0 ;
complex double df = 1 ;
f o r ( i n t j = 0 ; j < p ; ++j ) {

df = 2 ∗ f ∗ df ;
f = f ∗ f + c ;

50 }
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complex double z1 = z0 − ( f − z0 ) / ( df − 1) ;
i f ( cabs ( z1 − z0 ) <= ep s i l o n ) {

z0 = z1 ;
break ;

55 }
i f ( i s i n f ( c r e a l ( z1 ) ) | | i s i n f ( cimag ( z1 ) ) | | i snan ( c r e a l ( z1 ) ) | | i snan (⤦

Ç cimag ( z1 ) ) ) {
break ;

}
z0 = z1 ;

60 }
complex double w = z0 ;
complex double dw = 1 ;
f o r ( i n t i = 0 ; i < p ; ++i ) {

dw = 2 ∗ w ∗ dw;
65 w = w ∗ w + c ;

}
i f ( cabs (dw) <= 1) {

∗ per iod = p ;
re turn z0 ;

70 }
}
z = z ∗ z + c ;

}
∗ per iod = 0 ;

75 re turn 0 ;
}

double j u l i a e x t e r i o r d e ( complex double c , complex double z , i n t maxiters , ⤦
Ç double e s c ape r ad iu s ) {

complex double dz = 1 ;
80 f o r ( i n t n = 0 ; n < maxiters ; ++n) {

i f ( cabs ( z ) >= escape r ad iu s ) {
re turn cabs ( z ) ∗ l og ( cabs ( z ) ) / cabs ( dz ) ;

}
dz = 2 ∗ z ∗ dz ;

85 z = z ∗ z + c ;
}
re turn 0 ;

}

90 double j u l i a i n t e r i o r d e ( complex double c , complex double z , i n t maxiters , ⤦
Ç double e s cape rad iu s , double p i x e l s i z e , complex double z0 , i n t per iod , ⤦
Ç bool supe ra t t r a c t i ng , i n t ∗ f a tou ) {

complex double dz = 1 ;
f o r ( i n t n = 0 ; n < maxiters ; ++n) {

i f ( cabs ( z ) >= escape r ad iu s ) {
∗ f a tou = −1;

95 re turn cabs ( z ) ∗ l og ( cabs ( z ) ) / cabs ( dz ) ;
}
i f ( cabs ( z − z0 ) <= p i x e l s i z e ∗ p i x e l s i z e ) {

// f p r i n t f ( s tde r r , ”z−z0 = %.18 f + %.18 f i \ tdz = %.18 f + %.18 f i \n” , c r e a l ( z⤦
Ç −z0 ) , cimag ( z−z0 ) , c r e a l ( dz ) , cimag ( dz ) ) ;

∗ f a tou = n % per iod ;
100 i f ( s up e r a t t r a c t i n g ) {

re turn cabs ( z − z0 ) ∗ f abs ( l og ( cabs ( z − z0 ) ) ) / cabs ( dz ) ;
} e l s e {
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re turn cabs ( z − z0 ) / cabs ( dz ) ;
}

105 }
dz = 2 ∗ z ∗ dz ;
z = z ∗ z + c ;

}
∗ f a tou = −2;

110 re turn 0 ;
}

i n t main ( i n t argc , char ∗∗ argv ) {
i n t s i z e = 512 ;

115 double rad iu s = 2 ;
double e s c ape r ad iu s = 1 << 10 ;
i n t maxiters = 1 << 24 ;
i f ( ! ( argc > 2) ) { re turn 1 ; }
complex double c = ato f ( argv [ 1 ] ) + I ∗ a to f ( argv [ 2 ] ) ;

120

i n t per iod = 0 ;
bool s up e r a t t r a c t i n g = f a l s e ;
complex double z0 = j u l i a a t t r a c t o r ( c , maxiters , &per iod ) ;
i f ( per iod > 0) {

125 double e p s i l o n = nex t a f t e r (1 , 2) − 1 ;
complex double z = z0 ;
complex double dz = 1 ;
f o r ( i n t i = 0 ; i < per iod ; ++i ) {

dz = 2 ∗ z ∗ dz ;
130 z = z ∗ z + c ;

}
s up e r a t t r a c t i n g = cabs ( dz ) <= ep s i l o n ;
f p r i n t f ( s tde r r , ” z0 = %.18 f + %.18 f i \ndz = %.18 f + %.18 f i \nper iod = %d\⤦

Ç nsupe ra t t r a c t i ng = %d\n” , c r e a l ( z0 ) , cimag ( z0 ) , c r e a l ( dz ) , cimag ( dz ) , ⤦
Ç per iod , s up e r a t t r a c t i n g ) ;

}
135

double p i x e l s i z e = 2 ∗ rad iu s / s i z e ;
p r i n t f (”P6\n%d %d\n255\n” , s i z e , s i z e ) ;
f o r ( i n t j = 0 ; j < s i z e ; ++j ) {

f o r ( i n t i = 0 ; i < s i z e ; ++i ) {
140 double x = 2 ∗ rad iu s ∗ ( ( i + 0 . 5 ) / s i z e − 0 . 5 ) ;

double y = 2 ∗ rad iu s ∗ ( 0 . 5 − ( j + 0 . 5 ) / s i z e ) ;
complex double z = x + I ∗ y ;
double de = 0 ;
i n t fa tou = −1;

145 i f ( per iod > 0) {
de = j u l i a i n t e r i o r d e ( c , z , maxiters , e s cape rad iu s , p i x e l s i z e , z0 , ⤦

Ç per iod , supe ra t t r a c t i ng , &fatou ) ;
} e l s e {

de = j u l i a e x t e r i o r d e ( c , z , maxiters , e s c ape r ad iu s ) ;
}

150 i n t r , g , b ;
hsv2rgb ( fa tou / ( double ) per iod , 0 .25 ∗ (0 <= fatou ) , tanh ( de / p i x e l s i z e⤦

Ç ) , &r , &g , &b) ;
putchar ( r ) ;
putchar ( g ) ;
putchar (b) ;

155 }
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}
re turn 0 ;

}

24 julia-iim/julia-iim.c

// gcc −std=c99 −Wall −Wextra −pedant ic −O3 − f f a s t −math −o j u l i a − i im j u l i a − i im . c⤦
Ç −lm

// . / j u l i a − i im > j . pgm

#inc lude <complex . h>
5 #inc lude <math . h>

#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>

10 #de f i n e dpi 300
#de f i n e inche s 6

#de f i n e s i z e ( dpi ∗ i n che s )
unsigned char pgm[ s i z e ] [ s i z e ] ;

15

i n t main ( )
{

memset(&pgm [ 0 ] [ 0 ] , 255 , s i z e ∗ s i z e ) ;
double Complex z = 1 ;

20 double s c a l e = s i z e / 3 . 0 ;
f o r ( i n t i = 0 ; i < 1 << 29 ; ++i )
{

i n t x = f l o o r ( ( c r e a l ( z ) + 1 . 0 ) ∗ s c a l e ) ;
i n t y = f l o o r ( ( cimag ( z ) + 1 . 5 ) ∗ s c a l e ) ;

25 pgm[ y ] [ x ] = 0 ;
i n t co in = rand ( ) > RANDMAX/2 ;
i f ( co in )

z = 0 .5 + c sq r t ( 0 . 25 − z ) ;
e l s e

30 z = 0 .5 − c sq r t ( 0 . 25 − z ) ;
}
f p r i n t f ( stdout , ”P5\n%d %d\n255\n” , s i z e , s i z e ) ;
fw r i t e (&pgm [ 0 ] [ 0 ] , s i z e ∗ s i z e , 1 , s tdout ) ;
r e turn 0 ;

35 }

25 julia-iim/julia-iim-rainbow.c

// gcc −std=c99 −Wall −Wextra −pedant ic −O3 − f f a s t −math −o j u l i a −iim−rainbow ⤦

Ç j u l i a −iim−rainbow . c −lm
// . / j u l i a −iim−rainbow −0.125000000000000 0.649519052838329 > fa t − rabb i t .ppm

#inc lude <complex . h>
5 #inc lude <math . h>

#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>

10 #de f i n e dpi 300
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#de f i n e inche s 6

#de f i n e s i z e ( dpi ∗ i n che s )
unsigned char ppm[ s i z e ] [ s i z e ] [ 3 ] ;

15

s t a t i c const double p i = 3.141592653589793 ;

double cnorm( double Complex z )
{

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

}

25 i n l i n e void hsv2rgb ( double hue , double sat , double br i , i n t ∗ r , i n t ∗g , i n t ∗b)
{

hue −= f l o o r ( hue ) ;
hue ∗= 6 ;
i n t i = ( i n t ) f l o o r ( hue ) ;

30 double f = hue − i ;
i f ( ! ( i & 1) )

f = 1 .0 − f ;
double m = br i ∗ ( 1 . 0 − sa t ) ;
double n = br i ∗ ( 1 . 0 − sa t ∗ f ) ;

35 switch ( i )
{
de f au l t :
case 0 : ∗ r = 255 ∗ b r i ;

∗g = 255 ∗ n ;
40 ∗b = 255 ∗ m;

break ;
case 1 : ∗ r = 255 ∗ n ;

∗g = 255 ∗ b r i ;
∗b = 255 ∗ m;

45 break ;
case 2 : ∗ r = 255 ∗ m;

∗g = 255 ∗ b r i ;
∗b = 255 ∗ n ;
break ;

50 case 3 : ∗ r = 255 ∗ m;
∗g = 255 ∗ n ;
∗b = 255 ∗ b r i ;
break ;

case 4 : ∗ r = 255 ∗ n ;
55 ∗g = 255 ∗ m;

∗b = 255 ∗ b r i ;
break ;

case 5 : ∗ r = 255 ∗ b r i ;
∗g = 255 ∗ m;

60 ∗b = 255 ∗ n ;
}

}

s t r u c t node
65 {

s t r u c t node ∗next ;
double Complex z ;
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double h ;
} ;

70

s t a t i c s t r u c t node ∗ f r e e l i s t = 0 ;
s t r u c t node ∗ a l l o c a t e ( )
{

i f ( f r e e l i s t )
75 {

s t r u c t node ∗n = f r e e l i s t ;
f r e e l i s t = f r e e l i s t −>next ;
n−>next = 0 ;
n−>z = 0 ;

80 n−>h = 0 ;
re turn n ;

}
e l s e
{

85 re turn c a l l o c (1 , s i z e o f ( s t r u c t node ) ) ;
}

}
void d e a l l o c a t e ( s t r u c t node ∗n)
{

90 n−>next = f r e e l i s t ;
f r e e l i s t = n ;

}

i n t main ( i n t argc , char ∗∗ argv )
95 {

double Complex c ;
i f ( argc > 2)

c = ato f ( argv [ 1 ] ) + I ∗ a to f ( argv [ 2 ] ) ;
e l s e i f ( argc > 1)

100 c = ato f ( argv [ 1 ] ) ;
e l s e

c = 0 ;
// r e p e l l i n g f i x ed po int
memset(&ppm [ 0 ] [ 0 ] [ 0 ] , 0 , s i z e ∗ s i z e ∗ 3) ;

105 double s c a l e = s i z e / 5 . 0 ;
double smal l = (0 . 25 ∗ 0 . 25 ) / ( s c a l e ∗ s c a l e ) ;
double b ig = (1 . 0 ∗ 1 . 0 ) / ( s c a l e ∗ s c a l e ) ;
// i n i t i a l i z e loop
s t r u c t node ∗ loop = 0 ;

110 f o r ( i n t i = 0 ; i < 1 << 4 ; ++i )
{

double h = ( i + 0 . 5 ) / (1 << 4) ;
s t r u c t node ∗n = a l l o c a t e ( ) ;
n−>next = loop ;

115 n−>z = 4 ∗ cexp (2 ∗ pi ∗ I ∗ h) ;
n−>h = h ;
loop = n ;

}
// i t e r a t e

120 f o r ( i n t j = 0 ; j < 1 << 8 ; ++j )
{

// step loop twice ( two branches )
s t r u c t node ∗new loop = 0 ;
double Complex z1 = 4 ;
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125 f o r ( i n t pass = 0 ; pass < 2 ; ++pass )
{

s t r u c t node ∗ o l d l o op = loop ;
whi l e ( o l d l o op )
{

130 // pick the root nea r e s t the prev ious po int in the new loop
double Complex z = c sq r t ( o ld loop −>z − c ) ;
double d1 = cnorm( z1 − z ) ;
double d2 = cnorm( z1 + z ) ;
s t r u c t node ∗n = a l l o c a t e ( ) ;

135 n−>next = new loop ;
n−>z = d1 < d2 ? z : −z ;
n−>h = ( o ld loop −>h + pass ) ∗ 0 . 5 ;
new loop = n ;
s t r u c t node ∗next = o ld loop −>next ;

140 i f ( pass == 1)
d e a l l o c a t e ( o l d l o op ) ;

o l d l o op = next ;
z1 = n−>z ;

}
145 }

s t r u c t node ∗ o l d l o op = new loop ;
new loop = 0 ;
double Complex z0 = o ld loop −>z ;
double Complex h0 = old loop −>h ;

150 o l d l o op = old loop −>next ;
whi l e ( o l d l o op )
{

i f ( cnorm( o ld loop −>z − z0 ) < smal l )
{

155 // prune po in t s that are too c l o s e l y spaced
s t r u c t node ∗next = o ld loop −>next ;
d e a l l o c a t e ( o l d l o op ) ;
o l d l o op = next ;

}
160 e l s e i f ( cnorm( o ld loop −>z − z0 ) < big )

{
// move po in t s that are reasonab ly spaced from old to new loop
z0 = old loop −>z ;
h0 = o ld loop −>h ;

165 s t r u c t node ∗next = o ld loop −>next ;
o ld loop −>next = new loop ;
new loop = o ld l o op ;
o l d l o op = next ;

}
170 e l s e

{
// i n t e r p o l a t e po in t s that too d i s t a n t l y spaced
s t r u c t node ∗next = a l l o c a t e ( ) ;
next−>next = o ld l o op ;

175 next−>z = ( z0 + old loop −>z ) ∗ 0 . 5 ;
next−>h = (h0 + old loop −>h) ∗ 0 . 5 ;
o l d l o op = next ;

}
}

180 loop = new loop ;
}
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// p l o t loop
whi l e ( loop )
{

185 i n t x = f l o o r ( ( c r e a l ( loop−>z ) + 2 . 5 ) ∗ s c a l e ) ;
i n t y = f l o o r ( ( cimag ( loop−>z ) + 2 . 5 ) ∗ s c a l e ) ;
i n t r , g , b ;
hsv2rgb ( loop−>h , 1 , 1 , &r , &g , &b) ;
ppm[ y ] [ x ] [ 0 ] = r ;

190 ppm[ y ] [ x ] [ 1 ] = g ;
ppm[ y ] [ x ] [ 2 ] = b ;
s t r u c t node ∗next = loop−>next ;
d e a l l o c a t e ( loop ) ;
loop = next ;

195 }
f p r i n t f ( stdout , ”P6\n# Ju l i a s e t f o r %.18 f + %.18 f i \n%d %d\n255\n” , c r e a l ( c ) ,⤦

Ç cimag ( c ) , s i z e , s i z e ) ;
fw r i t e (&ppm [ 0 ] [ 0 ] [ 0 ] , s i z e ∗ s i z e ∗ 3 , 1 , s tdout ) ;
r e turn 0 ;

}

26 julia-iim/julia-lsm.c

// gcc −std=c99 −Wall −Wextra −pedant ic −O3 − f f a s t −math −o j u l i a −lsm j u l i a −lsm . c⤦
Ç −lm −fopenmp

// . / j u l i a −lsm > j .ppm

#inc lude <complex . h>
5 #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>
#inc lude <s t r i n g . h>

10

#de f i n e aa 1
#de f i n e dpi 256
#de f i n e inche s 6

15 #de f i n e s i z e ( aa ∗ dpi ∗ i n che s )
i n t s t a tu s [ s i z e ] [ s i z e ] ;
unsigned char ppm[ s i z e ] [ s i z e ] [ 3 ] ;

i n t main ( )
20 {

double r2 = (3 . 0 / s i z e ) ∗ ( 3 . 0 / s i z e ) ;
{

double Complex z = 0 . 5 ;
f o r ( i n t k = 0 ; k < 1 << 24 ; ++k)

25 {
z = z − z ∗ z ;
double z2 = c r e a l ( z ) ∗ c r e a l ( z ) + cimag ( z ) ∗ cimag ( z ) ;
i f ( z2 < r2 )
{

30 r2 = z2 ;
break ;

}
}

}
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35 #pragma omp p a r a l l e l f o r
f o r ( i n t j = 0 ; j < s i z e ; ++j )

f o r ( i n t i = 0 ; i < s i z e ; ++i )
{

s t a tu s [ j ] [ i ] = 0 ;
40 double Complex z = ( ( i + 0 . 0 ) ∗ 3 .0 / s i z e − 1) + I ∗ ( ( j + 0 . 0 ) ∗ 3 .0 / ⤦

Ç s i z e − 1 . 5 ) ;
f o r ( i n t k = 0 ; k < 1 << 24 ; ++k)
{

z = z − z ∗ z ;
double z2 = c r e a l ( z ) ∗ c r e a l ( z ) + cimag ( z ) ∗ cimag ( z ) ;

45 i f ( z2 > 600)
{

s t a tu s [ j ] [ i ] = cimag ( z ) > 0 ? (k + 1) : ( k + 1 + (1 << 24) ) ;
break ;

}
50 i f ( z2 <= r2 )

{
s t a tu s [ j ] [ i ] = −(k + 1) ;
break ;

}
55 }

}
memset(&ppm [ 0 ] [ 0 ] [ 0 ] , 255 , s i z e ∗ s i z e ∗ 3) ;
#pragma omp p a r a l l e l f o r
f o r ( i n t j = 0 ; j < s i z e ; ++j )

60 {
i n t j j = j ;
i n t j j 1 = j −1;
i f ( j j 1 < 0) j j 1 = 0 ;
f o r ( i n t i = 0 ; i < s i z e ; ++i )

65 {
i n t i i = i ;
i n t i i 1 = i −1;
i f ( i i 1 < 0) i i 1 = 0 ;
bool l e v e l = s ta tu s [ j j ] [ i i ] != s t a tu s [ j j 1 ] [ i i 1 ] | | s t a tu s [ j j ] [ i i 1 ] != ⤦

Ç s t a tu s [ j j 1 ] [ i i ] ;
70 bool j u l i a = ( s t a tu s [ j j ] [ i i ]>0) != ( s t a tu s [ j j 1 ] [ i i 1 ]>0) | | ( s t a tu s [ j j ] [ i i 1⤦

Ç ]>0) != ( s t a tu s [ j j 1 ] [ i i ]>0) ;
i f ( l e v e l )
{

i f ( s t a tu s [ j j ] [ i i ] > 0)
{

75 ppm[ j ] [ i ] [ 1 ] ∗= 0 ;
ppm[ j ] [ i ] [ 2 ] ∗= 0 ;

}
e l s e
{

80 ppm[ j ] [ i ] [ 0 ] ∗= 0 ;
ppm[ j ] [ i ] [ 2 ] ∗= 0 ;

}
}
i f ( j u l i a )

85 #i f 1
f o r ( i n t j 2 = j − 2 ; j 2 <= j + 2 ; ++j2 )

f o r ( i n t i 2 = i − 2 ; i 2 <= i + 2 ; ++i2 )
{
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double r2 = ( i2 − i ) ∗ ( i2 − i ) + ( j2 − j ) ∗ ( j2 − j ) ;
90 i f ( r2 <= 4)

{
#e l s e

{
i n t j 2 = j ;

95 i n t i 2 = i ;
#end i f

ppm[ j2 ] [ i 2 ] [ 0 ] ∗= 0 ;
ppm[ j2 ] [ i 2 ] [ 1 ] ∗= 0 ;
ppm[ j2 ] [ i 2 ] [ 2 ] ∗= 0 ;

100 }
#i f 1

}
#end i f

}
105 }

f p r i n t f ( stdout , ”P6\n%d %d\n255\n” , s i z e , s i z e ) ;
fw r i t e (&ppm [ 0 ] [ 0 ] [ 0 ] , s i z e ∗ s i z e ∗ 3 , 1 , s tdout ) ;
r e turn 0 ;

}

27 julia-iim/Makefile

j u l i a − i im : j u l i a − i im . c
gcc −std=c99 −Wall −Wextra −pedant ic −O3 − f f a s t −math −o j u l i a − i im j u l i a −⤦

Ç i im . c −lm

j u l i a −lsm : j u l i a −lsm . c
5 gcc −std=c99 −Wall −Wextra −pedant ic −O3 − f f a s t −math −o j u l i a −lsm j u l i a −⤦

Ç lsm . c −lm −fopenmp

j u l i a −de : j u l i a −de . c
gcc −std=c99 −Wall −Wextra −pedant ic −O3 −o j u l i a −de j u l i a −de . c −lm

28 julia/j-render.c

// gcc −std=c99 −Wall −Wextra −pedant ic −O3 −fopenmp −o j −render j −render . c −⤦
Ç lGLEW − l g l fw −lGL −lm

// . / j −render out .ppm c r e a l cimag l o g 2 s i z e

#inc lude <GL/glew . h>
5 #inc lude <GLFW/gl fw3 . h>

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

10 #inc lude <s t d l i b . h>
#inc lude <s t r i n g . h>
#inc lude <time . h>

#de f i n e GLSL( s ) ”#ve r s i on 400 core \n” #s
15

const char ∗ j u l i a v e r t s r c = GLSL(
layout ( l o c a t i o n = 0) in vec4 p ;
smooth out vec2 z0 ;
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void main ( ) {
20 z0 = p . zw ;

g l P o s i t i o n = vec4 (p . xy , 0 . 0 , 1 . 0 ) ;
}

) ;

25 const char ∗ j u l i a f r a g s r c = GLSL(
uniform in t maxiters ;
uniform in t per iod ;
uniform f l o a t eps2 ;
uniform f l o a t er2 ;

30 uniform vec2 c ;
uniform vec2 w;
smooth in vec2 z0 ;
layout ( l o c a t i o n = 0) out f l o a t j u l i a ;
vec2 c sqr ( vec2 z ) {

35 re turn vec2 ( z . x ∗ z . x − z . y ∗ z . y , 2 . 0 ∗ 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 ) ;
}

40 void main ( ) {
vec2 z = z0 ;
vec2 dz = vec2 ( 0 . 5 ∗ ( l ength (dFdx( z0 ) ) + length (dFdy( z0 ) ) ) , 0 . 0 ) ;
f l o a t fa tou = −3 .0 ;
f o r ( i n t n = 0 ; n < min( maxiters , 65536) ; ++n) {

45 f l o a t z2 = dot ( z , z ) ;
i f ( z2 > er2 ) {

f l o a t de = 0 .5 ∗ s q r t ( z2 ) ∗ l og ( z2 ) / l ength ( dz ) ;
i f ( de < 4) {

f a tou = −2.0 + tanh ( de ) ;
50 } e l s e {

f a tou = −1 .0 ;
}
break ;

}
55 i f ( per iod > 0) {

vec2 zw = z − w;
f l o a t zw2 = dot (zw , zw) ;
i f ( zw2 < eps2 ) {

f a tou = f l o a t (n % max(1 , per iod ) ) ;
60 break ;

}
}
dz = 2 .0 ∗ cmul ( z , dz ) ;
z = csqr ( z ) + c ;

65 }
j u l i a = fatou ;

}
) ;

70 const char ∗ p o s t v e r t s r c = GLSL(
layout ( l o c a t i o n = 0) in vec4 p ;
smooth out vec2 uv ;
void main ( ) {

uv = p . zw ;
75 g l P o s i t i o n = vec4 (p . xy , 0 . 0 , 1 . 0 ) ;
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}
) ;

/∗
80

a b
x

c d

85 a ’ = case a o f
−2 −> −2
<= −1 −> −1
−> a

c e i l ( a )
90

x
a ’ <= −2 −> 0 ( i t e r a t i o n count exceeded )
a ’ >= −1 && d ’ >= −1 && a ’ != d ’ −> 0 ( escaped to d i f f e r e n t components )
c ’ >= −1 && b ’ >= −1 && c ’ != b ’ −> 0 ( escaped to d i f f e r e n t components )

95 a ’ == b ’ == c ’ == d ’ == −1 −> pow( product ( a l l + 2) , 0 . 25 ) ( geometr ic ⤦
Ç mean o f de )

> −1 −> 1 ( escaped to same component )
−> 1 (huh?)

∗/

100 const char ∗ p o s t f r a g s r c = GLSL(
uniform sampler2D t ;
smooth in vec2 uv ;
layout ( l o c a t i o n = 0) out f l o a t co l ou r ;
void main ( ) {

105 i v e c2 i j = ivec2 ( f l o o r (uv ) ) ;
f l o a t a = texe lFe tch ( t , i j , 0) . x ;
f l o a t b = i j . x + 1 < t e x tu r eS i z e ( t , 0) . x ? t exe lFetch ( t , i j + ivec2 (1 , 0) , ⤦

Ç 0) . x : a ;
f l o a t c = i j . y + 1 < t e x tu r eS i z e ( t , 0) . y ? t exe lFetch ( t , i j + ivec2 (0 , 1) , ⤦

Ç 0) . x : a ;
f l o a t d = i j . x + 1 < t e x tu r eS i z e ( t , 0) . x && i j . y + 1 < t e x tu r eS i z e ( t , 0) . y ?⤦

Ç t exe lFe tch ( t , i j + ivec2 (1 , 1) , 0) . x : a ;
110 f l o a t aa = c e i l ( a ) ;

f l o a t bb = c e i l (b ) ;
f l o a t cc = c e i l ( c ) ;
f l o a t dd = c e i l (d ) ;
f l o a t edge = 1 . 0 ;

115 i f ( aa <= −2.0) { edge = 0 . 0 ; } e l s e
i f ( aa >= −1.0 && dd >= −1.0 && aa != dd) { edge = 0 . 0 ; } e l s e
i f (bb >= −1.0 && cc >= −1.0 && bb != cc ) { edge = 0 . 0 ; } e l s e
i f ( aa == bb && aa == cc && aa == dd && aa == −1.0) {

edge = pow( ( a + 2 . 0 ) ∗ (b + 2 . 0 ) ∗ ( c + 2 . 0 ) ∗ (d + 2 . 0 ) , 0 . 2 5 ) ;
120 }

co l our = edge ;
}

) ;

125 const char ∗ d im1 ve r t s r c = GLSL(
layout ( l o c a t i o n = 0) in vec4 p ;
smooth out vec2 uv ;
void main ( ) {
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uv = p . zw ;
130 g l P o s i t i o n = vec4 (p . xy , 0 . 25 , 1 . 0 ) ;

}
) ;

const char ∗ d im1 f r ag s r c = GLSL(
135 uniform sampler2D t ;

uniform f l o a t th r e sho ld ;
smooth in vec2 uv ;
layout ( l o c a t i o n = 0) out f l o a t co l ou r ;
void main ( ) {

140 f l o a t va lue = texture ( t , uv ) . x ;
i f ( va lue <= thre sho ld ) {

d i s ca rd ;
}
co l our = value ;

145 }
) ;

const char ∗ d im2 ve r t s r c = GLSL(
layout ( l o c a t i o n = 0) in vec4 p ;

150 void main ( ) {
g l P o s i t i o n = vec4 (p . xy , 0 . 75 , 1 . 0 ) ;

}
) ;

155 const char ∗ d im2 f r ag s r c = GLSL(
layout ( l o c a t i o n = 0) out f l o a t co l ou r ;
void main ( ) {

co l our = 0 . 0 ;
}

160 ) ;

void debug program (GLuint program , const char ∗name) {
i f ( program ) {

GLint l i nked = GL FALSE;
165 glGetProgramiv ( program , GL LINK STATUS, &l inked ) ;

i f ( l i nked != GL TRUE) {
p r i n t f (”%s : OpenGL shader program l i n k f a i l e d \n” , name) ;

}
GLint l ength = 0 ;

170 glGetProgramiv ( program , GL INFO LOG LENGTH, &length ) ;
char ∗ bu f f e r = ( char ∗) mal loc ( l ength + 1) ;
glGetProgramInfoLog ( program , length , NULL, bu f f e r ) ;
bu f f e r [ l ength ] = 0 ;
i f ( bu f f e r [ 0 ] ) {

175 p r i n t f (”%s : OpenGL shader program in f o l og \n” , name) ;
p r i n t f (”%s \n” , bu f f e r ) ;

}
f r e e ( bu f f e r ) ;

} e l s e {
180 p r i n t f (”%s : OpenGL shader program c r e a t i on f a i l e d \n” , name) ;

}
}

void debug shader (GLuint shader , GLenum type , const char ∗name) {
185 const char ∗tname = 0 ;
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switch ( type ) {
case GL VERTEX SHADER: tname = ” vertex ” ; break ;
case GL FRAGMENT SHADER: tname = ” fragment ” ; break ;
d e f au l t : tname = ”unknown ” ; break ;

190 }
i f ( shader ) {

GLint compiled = GL FALSE;
g lGetShader iv ( shader , GL COMPILE STATUS, &compiled ) ;
i f ( compiled != GL TRUE) {

195 p r i n t f (”%s : OpenGL %s shader compi le f a i l e d \n” , name , tname ) ;
}
GLint l ength = 0 ;
g lGetShader iv ( shader , GL INFO LOG LENGTH, &length ) ;
char ∗ bu f f e r = ( char ∗) mal loc ( l ength + 1) ;

200 glGetShaderInfoLog ( shader , length , NULL, bu f f e r ) ;
bu f f e r [ l ength ] = 0 ;
i f ( bu f f e r [ 0 ] ) {

p r i n t f (”%s : OpenGL %s shader i n f o l og \n” , name , tname ) ;
p r i n t f (”%s \n” , bu f f e r ) ;

205 }
f r e e ( bu f f e r ) ;

} e l s e {
p r i n t f (”%s : OpenGL %s shader c r e a t i on f a i l e d \n” , name , tname ) ;

}
210 }

void compi l e shader (GLint program , GLenum type , const char ∗name , const GLchar ∗⤦
Ç source ) {

GLuint shader = glCreateShader ( type ) ;
g lShaderSource ( shader , 1 , &source , NULL) ;

215 glCompileShader ( shader ) ;
debug shader ( shader , type , name) ;
glAttachShader ( program , shader ) ;
g lDe le teShader ( shader ) ;

}
220

GLint compile program ( const char ∗name , const GLchar ∗vert , const GLchar ∗ f r a g ) ⤦
Ç {

GLint program = glCreateProgram ( ) ;
i f ( ve r t ) { compi l e shader ( program , GL VERTEX SHADER , name , ve r t ) ; }
i f ( f r a g ) { compi l e shader ( program , GL FRAGMENT SHADER, name , f r a g ) ; }

225 glLinkProgram ( program ) ;
debug program ( program , name) ;
r e turn program ;

}

230 complex double j u l i a a t t r a c t o r ( complex double c , i n t maxiters , i n t ∗ per iod ) {
double e p s i l o n = nex t a f t e r (2 , 4) − 2 ;
complex double z = c ;
double mzp = 1 . 0 / 0 . 0 ;
i n t p = 0 ;

235 f o r ( i n t n = 1 ; n < maxiters ; ++n) {
double mzn = cabs ( z ) ;
i f (mzn > 1024) {

break ;
}

240 i f (mzn < mzp) {
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mzp = mzn ;
p = n ;
complex double z0 = z ;
f o r ( i n t i = 0 ; i < 64 ; ++i ) {

245 complex double f = z0 ;
complex double df = 1 ;
f o r ( i n t j = 0 ; j < p ; ++j ) {

df = 2 ∗ f ∗ df ;
f = f ∗ f + c ;

250 }
complex double z1 = z0 − ( f − z0 ) / ( df − 1) ;
i f ( cabs ( z1 − z0 ) <= ep s i l o n ) {

z0 = z1 ;
break ;

255 }
i f ( i s i n f ( c r e a l ( z1 ) ) | | i s i n f ( cimag ( z1 ) ) | | i snan ( c r e a l ( z1 ) ) | | i snan (⤦

Ç cimag ( z1 ) ) ) {
break ;

}
z0 = z1 ;

260 }
complex double w = z0 ;
complex double dw = 1 ;
f o r ( i n t i = 0 ; i < p ; ++i ) {

dw = 2 ∗ w ∗ dw;
265 w = w ∗ w + c ;

}
i f ( cabs (dw) <= 1) {

∗ per iod = p ;
re turn z0 ;

270 }
}
z = z ∗ z + c ;

}
∗ per iod = 0 ;

275 re turn 0 ;
}

double s imp l e l i n e a r r e g r e s s i o n ( const double ∗ys , i n t n) {
double xbar = 0 ;

280 double ybar = 0 ;
f o r ( i n t x = 0 ; x < n ; ++x) {

xbar += x ;
ybar += ys [ x ] ;

}
285 xbar /= n ;

ybar /= n ;
double num = 0 ;
double den = 0 ;
f o r ( i n t x = 0 ; x < n ; ++x) {

290 double dx = x − xbar ;
double dy = ys [ x ] − ybar ;
num += dx ∗ dy ;
den += dx ∗ dx ;

}
295 re turn num / den ;

}
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void hsv2rgb ( double h , double s , double v , i n t ∗ red , i n t ∗grn , i n t ∗blu ) {
double i , f , p , q , t , r , g , b ;

300 i n t i i ;
i f ( s == 0 . 0 ) { r = g = b = v ; } e l s e {

h = 6 ∗ (h − f l o o r (h) ) ;
i i = i = f l o o r (h) ;
f = h − i ;

305 p = v ∗ (1 − s ) ;
q = v ∗ (1 − ( s ∗ f ) ) ;
t = v ∗ (1 − ( s ∗ (1 − f ) ) ) ;
switch ( i i ) {

case 0 : r = v ; g = t ; b = p ; break ;
310 case 1 : r = q ; g = v ; b = p ; break ;

case 2 : r = p ; g = v ; b = t ; break ;
case 3 : r = p ; g = q ; b = v ; break ;
case 4 : r = t ; g = p ; b = v ; break ;
d e f au l t : r = v ; g = p ; b = q ; break ;

315 }
}
∗ red = fmin ( fmax (255 ∗ r + 0 . 5 , 0) , 255) ;
∗grn = fmin ( fmax (255 ∗ g + 0 . 5 , 0) , 255) ;
∗blu = fmin ( fmax (255 ∗ b + 0 . 5 , 0) , 255) ;

320 }

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

f p r i n t f ( s tde r r , ” usage : %s out .ppm c r e a l cimag l o g 2 s i z e \n” , argv [ 0 ] ) ;
325 re turn 1 ;

}
i n t ws ize = 512 ;
bool j u l i a s a v e = true ;
const char ∗ j u l i a f i l e n am e = argv [ 1 ] ;

330 complex double c = ato f ( argv [ 2 ] ) − I ∗ a to f ( argv [ 3 ] ) ;
i n t l e v e l = a t o i ( argv [ 4 ] ) + 1 ;

i n t t s i z e = 1 << l e v e l ;
i n t i s i z e = t s i z e >> 1 ;

335

f l o a t ∗ j u l i a f a t o u = 0 ;
f l o a t ∗ j u l i a e d g e = 0 ;
unsigned char ∗ ju l ia ppm = 0 ;
i f ( j u l i a s a v e ) {

340 j u l i a f a t o u = mal loc ( t s i z e ∗ t s i z e ∗ s i z e o f ( f l o a t ) ) ;
j u l i a e d g e = mal loc ( i s i z e ∗ i s i z e ∗ s i z e o f ( f l o a t ) ) ;
ju l ia ppm = malloc (3 ∗ i s i z e ∗ i s i z e ) ;

}

345 i f ( ! g l fw I n i t ( ) ) { re turn 1 ; }
glfwWindowHint (GLFWCONTEXTVERSIONMAJOR, 4) ;
glfwWindowHint (GLFWCONTEXT VERSIONMINOR, 0) ;
glfwWindowHint (GLFWOPENGLFORWARDCOMPAT, GL TRUE) ;
glfwWindowHint (GLFW OPENGL PROFILE, GLFWOPENGL CORE PROFILE) ;

350 glfwWindowHint (GLFW RESIZABLE, GL FALSE) ;
GLFWwindow ∗window = glfwCreateWindow ( wsize , wsize , ” j −render ” , 0 , 0) ;
i f ( ! window) { glfwTerminate ( ) ; r e turn 1 ; }
glfwMakeContextCurrent (window) ;
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glewExperimental = GL TRUE;
355 i f (GLEWOK != g l ew In i t ( ) ) {

re turn 1 ;
}
glGetError ( ) ;

360 GLint j u l i a p r o g = compile program (” j u l i a ” , j u l i a v e r t s r c , j u l i a f r a g s r c ) ;
GLuint j u l i a max i t e r s = glGetUniformLocation ( j u l i a p r o g , ”maxiters ”) ;
GLuint j u l i a p e r i o d = glGetUniformLocation ( j u l i a p r o g , ” per iod ”) ;
GLuint j u l i a e p s 2 = glGetUniformLocation ( j u l i a p r o g , ” eps2 ”) ;
GLuint j u l i a e r 2 = glGetUniformLocation ( j u l i a p r o g , ” er2 ”) ;

365 GLuint j u l i a c = glGetUniformLocation ( j u l i a p r o g , ”c ”) ;
GLuint j u l i a w = glGetUniformLocation ( j u l i a p r o g , ”w”) ;

GLint pos t prog = compile program (” post ” , p o s t v e r t s r c , p o s t f r a g s r c ) ;
GLuint po s t t = glGetUniformLocation ( post prog , ” t ”) ;

370

GLint dim1 prog = compile program (”dim1” , d im1 ver t s r c , d im1 f r ag s r c ) ;
GLuint dim1 t = glGetUniformLocation ( dim1 prog , ” t ”) ;
GLuint d im1 thresho ld = glGetUniformLocation ( dim1 prog , ” th r e sho ld ”) ;

375 GLint dim2 prog = compile program (”dim2” , d im2 ver t s r c , d im2 f r ag s r c ) ;

GLuint tex [ 3 ] ;
glGenTextures (3 , tex ) ;
g lAct iveTexture (GL TEXTURE0) ;

380 glBindTexture (GL TEXTURE 2D, tex [ 0 ] ) ;
glTexImage2D (GL TEXTURE 2D, 0 , GL R32F , t s i z e , t s i z e , 0 , GL RED, GL FLOAT, 0) ;
glTexParameteri (GL TEXTURE 2D, GL TEXTURE MAG FILTER, GL NEAREST) ;
glTexParameteri (GL TEXTURE 2D, GL TEXTURE MIN FILTER, GL NEAREST) ;
glTexParameteri (GL TEXTURE 2D, GL TEXTURE WRAP S, GL CLAMP TO EDGE) ;

385 glTexParameteri (GL TEXTURE 2D, GL TEXTUREWRAP T, GL CLAMP TO EDGE) ;
g lAct iveTexture (GL TEXTURE1) ;
glBindTexture (GL TEXTURE 2D, tex [ 1 ] ) ;
glTexImage2D (GL TEXTURE 2D, 0 , GL R32F , t s i z e , t s i z e , 0 , GL RED, GL FLOAT, 0) ;
glTexParameteri (GL TEXTURE 2D, GL TEXTURE MAG FILTER, GL LINEAR) ;

390 glTexParameteri (GL TEXTURE 2D, GL TEXTURE MIN FILTER, GL LINEAR MIPMAP LINEAR)⤦
Ç ;

glGenerateMipmap (GL TEXTURE 2D) ;
g lAct iveTexture (GL TEXTURE2) ;
glBindTexture (GL TEXTURE 2D, tex [ 2 ] ) ;
glTexImage2D (GL TEXTURE 2D, 0 , GLDEPTHCOMPONENT, t s i z e , t s i z e , 0 , ⤦

Ç GLDEPTHCOMPONENT, GL FLOAT, 0) ;
395

GLenum bufs [ 1 ] = { GLCOLORATTACHMENT0 } ;
GLenum bufs2 [ 2 ] = { GLCOLORATTACHMENT0, GLDEPTHATTACHMENT } ;
GLuint fbo [ 3 ] ;
g lGenFramebuffers (3 , fbo ) ;

400 glBindFramebuffer (GLDRAWFRAMEBUFFER, fbo [ 0 ] ) ;
glFramebufferTexture2D (GLDRAWFRAMEBUFFER, GLCOLORATTACHMENT0, ⤦

Ç GL TEXTURE 2D, tex [ 0 ] , 0) ;
g lDrawBuffers (1 , bufs ) ;
g lBindFramebuffer (GLDRAWFRAMEBUFFER, fbo [ 1 ] ) ;
glFramebufferTexture2D (GLDRAWFRAMEBUFFER, GLCOLORATTACHMENT0, ⤦

Ç GL TEXTURE 2D, tex [ 1 ] , 0) ;
405 glDrawBuffers (1 , bufs ) ;

g lBindFramebuffer (GLDRAWFRAMEBUFFER, fbo [ 2 ] ) ;
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glFramebufferTexture2D (GLDRAWFRAMEBUFFER, GLCOLORATTACHMENT0, ⤦
Ç GL TEXTURE 2D, tex [ 0 ] , 0) ;

glFramebufferTexture2D (GLDRAWFRAMEBUFFER, GLDEPTHATTACHMENT, GL TEXTURE 2D⤦
Ç , tex [ 2 ] , 0) ;

g lDrawBuffers (2 , bufs2 ) ;
410

GLuint vbo ;
g lGenBuf fers (1 , &vbo ) ;
g lB indBuf f e r (GL ARRAY BUFFER, vbo ) ;
GLfloat r = 2 . 0 ;

415 GLfloat vbo data [ 3 ∗ 4 ∗ 4 ] =
{ −1 , −1 , −r , −r
, −1 , 1 , −r , r
, 1 , −1 , r , −r
, 1 , 1 , r , r

420 , −1 , −1 , 0 , 0
, −1 , 1 , 0 , t s i z e
, 1 , −1 , t s i z e , 0
, 1 , 1 , t s i z e , t s i z e
, −1 , −1 , 0 , 0

425 , −1 , 1 , 0 , 1
, 1 , −1 , 1 , 0
, 1 , 1 , 1 , 1
} ;

g lBuf fe rData (GL ARRAY BUFFER, 3 ∗ 4 ∗ 4 ∗ s i z e o f ( GLfloat ) , vbo data , ⤦
Ç GL STATIC DRAW) ;

430

GLuint j u l i a v a o ;
glGenVertexArrays (1 , &j u l i a v a o ) ;
glBindVertexArray ( j u l i a v a o ) ;
g lVer t exAtt r ibPo in te r (0 , 4 , GL FLOAT, 0 , 0 , ( ( char ∗) 0) + 0 ∗ 4 ∗ 4 ∗ s i z e o f (⤦

Ç GLfloat ) ) ;
435 glEnableVertexAttr ibArray (0 ) ;

GLuint post vao ;
glGenVertexArrays (1 , &post vao ) ;
glBindVertexArray ( post vao ) ;

440 g lVer t exAtt r ibPo in te r (0 , 4 , GL FLOAT, 0 , 0 , ( ( char ∗) 0) + 1 ∗ 4 ∗ 4 ∗ s i z e o f (⤦
Ç GLfloat ) ) ;

g lEnableVertexAttr ibArray (0 ) ;

GLuint dim vao ;
glGenVertexArrays (1 , &dim vao ) ;

445 glBindVertexArray ( dim vao ) ;
g lVer t exAtt r ibPo in te r (0 , 4 , GL FLOAT, 0 , 0 , ( ( char ∗) 0) + 2 ∗ 4 ∗ 4 ∗ s i z e o f (⤦

Ç GLfloat ) ) ;
g lEnableVertexAttr ibArray (0 ) ;

GLuint query [ l e v e l + 1 ] ;
450 glGenQueries ( l e v e l + 1 , query ) ;

g lD i s ab l e (GL DEPTH TEST) ;

g lGetError ( ) ;
455 {

i n t per iod = 0 ;
complex double z0 = j u l i a a t t r a c t o r ( c , 65536 , &per iod ) ;
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complex double z = z0 ;
complex double dz = 1 ;

460 i f ( per iod ) {
f o r ( i n t n = 0 ; n < per iod ; ++n) {

dz = 2 ∗ z ∗ dz ;
z = z ∗ z + c ;

}
465 }

glViewport (0 , 0 , t s i z e , t s i z e ) ;

glUseProgram ( j u l i a p r o g ) ;
470 g lUni form1i ( j u l i a max i t e r s , 65536) ;

g lUni form1i ( j u l i a p e r i o d , per iod ) ;
g lUni form1f ( j u l i a e p s 2 , 5 . 0 / t s i z e ) ;
g lUni form1f ( j u l i a e r 2 , 1024 ∗ 1024) ;
g lUni form2f ( j u l i a c , c r e a l ( c ) , cimag ( c ) ) ;

475 g lUni form2f ( ju l i a w , c r e a l ( z0 ) , cimag ( z0 ) ) ;
glBindVertexArray ( j u l i a v a o ) ;
g lBindFramebuffer (GLDRAWFRAMEBUFFER, fbo [ 0 ] ) ;
glDrawArrays (GL TRIANGLE STRIP, 0 , 4) ;

480 i f ( j u l i a s a v e ) {
g lAct iveTexture (GL TEXTURE0) ;
glGetTexImage (GL TEXTURE 2D, 0 , GL RED, GL FLOAT, j u l i a f a t o u ) ;

}

485 glUseProgram ( post prog ) ;
glBindVertexArray ( post vao ) ;
g lUni form1i ( pos t t , 0) ;
g lBindFramebuffer (GLDRAWFRAMEBUFFER, fbo [ 1 ] ) ;
glDrawArrays (GL TRIANGLE STRIP, 0 , 4) ;

490 g lAct iveTexture (GL TEXTURE1) ;
glGenerateMipmap (GL TEXTURE 2D) ;

i f ( j u l i a s a v e ) {
glGetTexImage (GL TEXTURE 2D, 1 , GL RED, GL FLOAT, j u l i a e d g e ) ;

495 #pragma omp p a r a l l e l f o r
f o r ( i n t j j = 0 ; j j < i s i z e ; ++j j ) {

f o r ( i n t i i = 0 ; i i < i s i z e ; ++i i ) {
i n t fa tou = c e i l f ( j u l i a f a t o u [ ( j j << 1) ∗ t s i z e + ( i i << 1) ] ) ;
bool f = 0 <= fatou && fatou < per iod ;

500 double hue = f ? fatou / ( double ) per iod : 0 ;
double sa t = f / 3 . 0 ;
double va l = j u l i a e d g e [ j j ∗ i s i z e + i i ] ;
i n t red , grn , blu ;
hsv2rgb ( hue , sat , val , &red , &grn , &blu ) ;

505 i n t kk = j j ∗ i s i z e + i i ;
ju l ia ppm [3 ∗ kk + 0 ] = red ;
ju l ia ppm [3 ∗ kk + 1 ] = grn ;
ju l ia ppm [3 ∗ kk + 2 ] = blu ;

}
510 }

FILE ∗ j u l i a f i l e = fopen ( j u l i a f i l e n ame , ”wb”) ;
f p r i n t f ( j u l i a f i l e , ”P6\n%d %d\n255\n” , i s i z e , i s i z e ) ;
fw r i t e ( jul ia ppm , 3 ∗ i s i z e ∗ i s i z e , 1 , j u l i a f i l e ) ;
f c l o s e ( j u l i a f i l e ) ;
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515 }

// http :// s tackove r f l ow . com/ que s t i on s /99906/ count−image− s im i l a r i t y −on−gpu−⤦
Ç opengl −occ lu s i onque ry

glEnable (GL DEPTH TEST) ;
glDepthFunc (GL LEQUAL) ;

520 glBindFramebuffer (GLDRAWFRAMEBUFFER, fbo [ 2 ] ) ;
glBindVertexArray ( dim vao ) ;
f o r ( i n t l = l e v e l ; l >= 0 ; −− l ) { // 11 ’ s th r e sho ld i s l e s s than 1 . 0 ; 12 ’⤦

Ç s equa l s 1 . 0
glViewport (0 , 0 , 1 << l , 1 << l ) ;
g lC l ea r (GL DEPTH BUFFER BIT) ;

525 glUseProgram ( dim1 prog ) ;
g lUni form1i ( dim1 t , 1) ;
g lUni form1f ( dim1 threshold , 1 . 0 − 0 .5 ∗ pow(0 . 2 5 , l e v e l − l ) ) ;
glDrawArrays (GL TRIANGLE STRIP, 0 , 4) ;
glUseProgram ( dim2 prog ) ;

530 glBeginQuery (GL SAMPLES PASSED, query [ l ] ) ;
glDrawArrays (GL TRIANGLE STRIP, 0 , 4) ;
glEndQuery (GL SAMPLES PASSED) ;

}
g lD i s ab l e (GL DEPTH TEST) ;

535 double logcount [ l e v e l + 1 ] ;
f o r ( i n t l = l e v e l ; l >= 0 ; −− l ) {

GLuint count = 0 ;
glGetQueryObjectuiv ( query [ l ] , GL QUERY RESULT, &count ) ;
logcount [ l ] = log2 ( count ) ;

540 }
double dim = fabs ( s imp l e l i n e a r r e g r e s s i o n ( logcount + ( l e v e l − 3) , 3) ) ;
p r i n t f (”dim = %f \n” , dim) ;

GLuint e = glGetError ( ) ;
545 i f ( e ) {

f p r i n t f ( s tde r r , ”\nOpenGL e r r o r %d\n” , e ) ;
}

}
550

glfwTerminate ( ) ;
r e turn 0 ;

}

29 mandelbrot-delta-cl/cl-extra.cc

const char ∗ e r r o r s t r i n g ( i n t e r r ) {
switch ( e r r ) {
case CL SUCCESS : re turn 0 ;
case CL DEVICE NOT FOUND: return ”Device not found . ” ;

5 case CL DEVICE NOT AVAILABLE: re turn ”Device not a v a i l a b l e ” ;
case CL COMPILER NOT AVAILABLE: re turn ”Compiler not a v a i l a b l e ” ;
case CL MEM OBJECT ALLOCATION FAILURE: re turn ”Memory ob j e c t a l l o c a t i o n ⤦

Ç f a i l u r e ” ;
case CL OUT OF RESOURCES: re turn ”Out o f r e s ou r c e s ” ;
case CL OUT OF HOSTMEMORY: return ”Out o f host memory” ;

10 case CL PROFILING INFO NOT AVAILABLE: re turn ” P r o f i l i n g in fo rmat ion not ⤦
Ç av a i l a b l e ” ;

case CLMEMCOPYOVERLAP: return ”Memory copy over lap ” ;
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case CL IMAGE FORMATMISMATCH: return ”Image format mismatch ” ;
case CL IMAGE FORMATNOT SUPPORTED: return ”Image format not supported⤦

Ç ” ;
case CL BUILD PROGRAM FAILURE: return ”Program bu i ld f a i l u r e ” ;

15 case CL MAP FAILURE: re turn ”Map f a i l u r e ” ;
case CL INVALID VALUE: return ” Inva l i d va lue ” ;
case CL INVALID DEVICE TYPE: re turn ” Inva l i d dev i c e type ” ;
case CL INVALID PLATFORM: return ” Inva l i d p lat form ” ;
case CL INVALID DEVICE : re turn ” Inva l i d dev i c e ” ;

20 case CL INVALID CONTEXT: return ” Inva l i d context ” ;
case CL INVALID QUEUE PROPERTIES : re turn ” Inva l i d queue p r op e r t i e s ” ;
case CL INVALID COMMANDQUEUE: return ” Inva l i d command queue ” ;
case CL INVALID HOST PTR: return ” Inva l i d host po in t e r ” ;
case CL INVALID MEM OBJECT: re turn ” Inva l i d memory ob j e c t ” ;

25 case CL INVALID IMAGE FORMAT DESCRIPTOR: return ” Inva l i d image format ⤦
Ç d e s c r i p t o r ” ;

case CL INVALID IMAGE SIZE : re turn ” Inva l i d image s i z e ” ;
case CL INVALID SAMPLER: re turn ” Inva l i d sampler ” ;
case CL INVALID BINARY: return ” Inva l i d binary ” ;
case CL INVALID BUILD OPTIONS : re turn ” Inva l i d bu i ld opt ions ” ;

30 case CL INVALID PROGRAM: return ” Inva l i d program ” ;
case CL INVALID PROGRAM EXECUTABLE: re turn ” Inva l i d program executab l e⤦

Ç ” ;
case CL INVALID KERNEL NAME: return ” Inva l i d ke rne l name” ;
case CL INVALID KERNEL DEFINITION : re turn ” Inva l i d ke rne l d e f i n i t i o n⤦

Ç ” ;
case CL INVALID KERNEL: re turn ” Inva l i d ke rne l ” ;

35 case CL INVALID ARG INDEX: return ” Inva l i d argument index ” ;
case CL INVALID ARG VALUE: re turn ” Inva l i d argument value ” ;
case CL INVALID ARG SIZE : re turn ” Inva l i d argument s i z e ” ;
case CL INVALID KERNEL ARGS: re turn ” Inva l i d ke rne l arguments ” ;
case CL INVALID WORK DIMENSION: re turn ” Inva l i d work dimension ” ;

40 case CL INVALID WORK GROUP SIZE: re turn ” Inva l i d work group s i z e ” ;
case CL INVALID WORK ITEM SIZE : re turn ” Inva l i d work item s i z e ” ;
case CL INVALID GLOBAL OFFSET: re turn ” Inva l i d g l oba l o f f s e t ” ;
case CL INVALID EVENT WAIT LIST : re turn ” Inva l i d event wait l i s t ” ;
case CL INVALID EVENT: return ” Inva l i d event ” ;

45 case CL INVALID OPERATION: re turn ” Inva l i d operat i on ” ;
case CL INVALID GL OBJECT: return ” Inva l i d OpenGL ob j e c t ” ;
case CL INVALID BUFFER SIZE : re turn ” Inva l i d bu f f e r s i z e ” ;
case CL INVALID MIP LEVEL : re turn ” Inva l i d mip−map l e v e l ” ;
d e f au l t : r e turn ”Unknown” ;

50 }
}

void e r r o r p r i n t ( i n t err , i n t l o c ) {
i f ( e r r == CL SUCCESS) { re turn ; }

55 f p r i n t f ( s tde r r , ”CL ERROR: %d %s (%d) \n” , err , e r r o r s t r i n g ( e r r ) , l o c ) ;
e x i t (1 ) ;

}

#de f i n e E( e r r ) e r r o r p r i n t ( err , LINE )

30 mandelbrot-delta-cl/delta.cl

k e r n e l void pref ixsum
( g l o b a l const i n t ∗ input
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, g l o b a l i n t ∗output
, const i n t count

5 , const i n t pa s sb i t
) {
i n t i = g e t g l o b a l i d (0 ) ;
i f (0 <= i && i < count ) {

i n t x = input [ i ] ;
10 i f ( i & pa s sb i t ) {

i n t j = ( i | ( pa s sb i t − 1) ) − pa s sb i t ;
i f (0 <= j && j < count ) {

x += input [ j ] ;
}

15 }
output [ i ] = x ;

}
}

20 k e r n e l void permute
( g l o b a l const double ∗ input
, g l o b a l const i n t ∗keep
, g l o b a l const i n t ∗ index
, g l o b a l double ∗output

25 , const i n t count
, const i n t e lements
) {
i n t i = g e t g l o b a l i d (0 ) ;
i f (0 <= i && i < count ) {

30 i n t k = keep [ i ] ;
i f ( k ) {

i n t j = index [ i ] − 1 ;
i f (0 <= j && j < count ) {

i n t i i = i ∗ e lements ;
35 i n t j j = j ∗ e lements ;

f o r ( i n t k = 0 ; k < e lements ; ++k) {
output [ j j + k ] = input [ i i + k ] ;

}
}

40 }
}

}

k e r n e l void i n i t i a l i z e
45 ( g l o b a l double ∗output

, const i n t width
, const i n t he ight
, g l o b a l const double ∗ r e f e r e n c e
, const double deltaX

50 , const double deltaY
) {
i n t count = width ∗ he ight ;
i n t i = g e t g l o b a l i d (0 ) ;
i f (0 <= i && i < count ) {

55 double x = ( deltaX + ( i % width ) − ( width /2) ) /( he ight /2) ;
double y = ( deltaY + ( i / width ) − ( he ight /2) ) /( he ight /2) ;
double xn = x ;
double yn = y ;
double dx = 0 . 0 ;
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60 double dy = 0 . 0 ;
double ex = 0 . 0 ;
double ey = 0 . 0 ;
i n t k = 0 ;
f o r ( i n t j = 0 ; j < 12 ; ++j ) {

65 double cx = r e f e r e n c e [ k++];
double cy = r e f e r e n c e [ k++];
dx += cx ∗ xn − cy ∗ yn ;
dy += cx ∗ yn + cy ∗ xn ;
cx = r e f e r e n c e [ k++];

70 cy = r e f e r e n c e [ k++];
ex += cx ∗ xn − cy ∗ yn ;
ey += cx ∗ yn + cy ∗ xn ;
double xn1 = x ∗ xn − y ∗ yn ;
double yn1 = x ∗ yn + y ∗ xn ;

75 xn = xn1 ;
yn = yn1 ;

}
const i n t e lements = 5 ;
i n t j j = i ∗ e lements ;

80 output [ j j + 0 ] = i ;
output [ j j + 1 ] = dx ;
output [ j j + 2 ] = dy ;
output [ j j + 3 ] = ex ;
output [ j j + 4 ] = ey ;

85 }
}

k e r n e l void i t e r a t e
( g l o b a l const double ∗ r e f e r e n c e // { zx , zy , ax , ay }

90 , g l o b a l const double ∗ input // { idx , dx , dy , lx , l y }
, g l o b a l double ∗output // { idx , dx , dy , lx , l y }
, g l o b a l i n t ∗keep // { ! escaped }
, g l o b a l f l o a t ∗ image // { dwell , angle , d i s tance , atomperiod }
, const i n t count

95 , const i n t width
, const i n t he ight
, const double deltaX
, const double deltaY
, const double p ixe lSpac ing

100 , const i n t s t a r t
, const i n t i t e r s
, const i n t per iod
) {
i n t i = g e t g l o b a l i d (0 ) ;

105 i f (0 <= i && i < count ) {
// cons tant s
const double er2 = 65536 . 0 ;
const i n t e lements = 5 ;
const i n t channe l s = 4 ;

110 // unpack s t a t e
i n t i i = i ∗ e lements ;
double index = input [ i i + 0 ] ;
i n t i 0 = index ;
double d0x = ( deltaX + ( ( i 0 % width ) − ( width /2) ) ) ∗ p ixe lSpac ing ;

115 double d0y = ( deltaY + ( ( i 0 / width ) − ( he ight /2) ) ) ∗ p ixe lSpac ing ;
double dx = input [ i i + 1 ] ;
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double dy = input [ i i + 2 ] ;
double lx = input [ i i + 3 ] ;
double ly = input [ i i + 4 ] ;

120 bool escaped = f a l s e ;
i n t n = s t a r t ;
double yx = 0 . 0 ;
double yy = 0 . 0 ;
double y2 = 0 . 0 ;

125 double dydcx = 0 . 0 ;
double dydcy = 0 . 0 ;
f o r ( i n t m = 0 ; m < i t e r s ; ++m) {

i n t p = n % per iod ;
double zx = r e f e r e n c e [ 4∗p+0] ;

130 double zy = r e f e r e n c e [ 4∗p+1] ;
double ax = r e f e r e n c e [ 4∗p+2] ;
double ay = r e f e r e n c e [ 4∗p+3] ;
// y <− z + d
yx = zx + dx ;

135 yy = zy + dy ;
y2 = yx ∗ yx + yy ∗ yy ;
++n ;
i f ( ! ( y2 <= er2 ) ) {

escaped = true ;
140 dydcx = ( ax + lx ) ∗ p ixe lSpac ing ;

dydcy = ( ay + ly ) ∗ p ixe lSpac ing ;
break ;

}
// d <− 2 z d + d d + d0

145 double tx = 2 .0 ∗ ( zx ∗ dx − zy ∗ dy ) + (dx ∗ dx − dy ∗ dy ) + d0x ;
double ty = 2 .0 ∗ ( zx ∗ dy + zy ∗ dx ) + (2 . 0 ∗ dx ∗ dy ) + d0y ;
// l <− 2 ( a d + l d + l z )
double sx = 2 .0 ∗ ( ( ax ∗ dx − ay ∗ dy ) + ( lx ∗ dx − l y ∗ dy ) + ( lx ∗ zx − ⤦

Ç l y ∗ zy ) ) ;
double sy = 2 .0 ∗ ( ( ax ∗ dy + ay ∗ dx ) + ( lx ∗ dy + ly ∗ dx ) + ( lx ∗ zy + ⤦

Ç l y ∗ zx ) ) ;
150 dx = tx ;

dy = ty ;
l x = sx ;
l y = sy ;

}
155 // pack s t a t e

i f ( escaped ) {
keep [ i ] = 0 ;
keep [ count ] = 1 ;
i n t j j = index ∗ channe l s ;

160 double ly2 = log ( y2 ) ;
double l e r 2 = log ( er2 ) ;
double dydc2 = dydcx ∗ dydcx + dydcy ∗ dydcy ;
image [ j j + 0 ] = n − l og2 ( ly2 / l e r 2 ) ;
image [ j j + 1 ] = atan2 (yy , yx ) ;

165 image [ j j + 2 ] = sq r t ( y2 ) ∗ 0 .5 ∗ l y2 / sq r t ( dydc2 ) ;
image [ j j + 3 ] = 0 . 0 ;

} e l s e {
keep [ i ] = 1 ;
output [ i i + 0 ] = index ;

170 output [ i i + 1 ] = dx ;
output [ i i + 2 ] = dy ;
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output [ i i + 3 ] = lx ;
output [ i i + 4 ] = ly ;

}
175 }

}

k e r n e l void c l e a r
( g l o b a l f l o a t ∗ image

180 , const i n t count
) {
i n t i = g e t g l o b a l i d (0 ) ;
i f (0 <= i && i < count ) {

i n t j j = 4 ∗ i ;
185 image [ j j + 0 ] = −1 .0 ;

image [ j j + 1 ] = 0 . 0 ;
image [ j j + 2 ] = −1 .0 ;
image [ j j + 3 ] = −1 .0 ;

}
190 }

// l i n e a r i n t e r p o l a t i o n by Robert Munafo mrob . com
f l o a t l i n i n t e r p

( f l o a t x
195 , f l o a t domain low

, f l o a t domain hi
, f l o a t range low
, f l o a t range h i
) {

200 i f ( ( x >= domain low ) && (x <= domain hi ) ) {
x = (x − domain low ) / ( domain hi − domain low ) ;
x = range low + x ∗ ( r ange h i − range low ) ;

}
re turn x ;

205 }

// pe r c ep tua l l y balanced hue adjustment by Robert Munafo mrob . com
f l o a t pvp ad jus t 3 ( f l o a t x ) {

x = l i n i n t e r p (x , 0 . 00 , 0 . 125 , −0.050 , 0 . 090 ) ;
210 x = l i n i n t e r p (x , 0 . 125 , 0 . 25 , 0 . 090 , 0 . 167 ) ;

x = l i n i n t e r p (x , 0 . 25 , 0 . 375 , 0 . 167 , 0 . 253 ) ;
x = l i n i n t e r p (x , 0 . 375 , 0 . 50 , 0 . 253 , 0 . 383 ) ;
x = l i n i n t e r p (x , 0 . 50 , 0 . 625 , 0 . 383 , 0 . 500 ) ;
x = l i n i n t e r p (x , 0 . 625 , 0 . 75 , 0 . 500 , 0 . 667 ) ;

215 x = l i n i n t e r p (x , 0 . 75 , 0 . 875 , 0 . 667 , 0 . 800 ) ;
x = l i n i n t e r p (x , 0 . 875 , 1 . 00 , 0 . 800 , 0 . 950 ) ;
r e turn (x ) ;

}

220 void hsv2rgb
( f l o a t h
, f l o a t s
, f l o a t v
, f l o a t ∗ rp

225 , f l o a t ∗gp
, f l o a t ∗bp
) {
f l o a t i , f , p , q , t , r , g , b ;
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i f ( s == 0 . 0 ) {
230 r = v ;

g = v ;
b = v ;

} e l s e {
h = pvp adjus t 3 (h) ;

235 h = h − f l o o r (h) ;
h = h ∗ 6 . 0 ;
i = f l o o r (h) ;
f = h − i ;
p = v ∗ ( 1 . 0 − s ) ;

240 q = v ∗ ( 1 . 0 − ( s ∗ f ) ) ;
t = v ∗ ( 1 . 0 − ( s ∗ ( 1 . 0 − f ) ) ) ;
i f ( i < 1 . 0 ) { r = v ; g = t ; b = p ; } e l s e
i f ( i < 2 . 0 ) { r = q ; g = v ; b = p ; } e l s e
i f ( i < 3 . 0 ) { r = p ; g = v ; b = t ; } e l s e

245 i f ( i < 4 . 0 ) { r = p ; g = q ; b = v ; } e l s e
i f ( i < 5 . 0 ) { r = t ; g = p ; b = v ; } e l s e

{ r = v ; g = p ; b = q ; }
}
∗ rp = r ;

250 ∗gp = g ;
∗bp = b ;

}

k e r n e l void co l ou r
255 ( g l o b a l const f l o a t ∗ image

, g l o b a l unsigned char ∗ rgb
, const i n t count
) {
i n t i = g e t g l o b a l i d (0 ) ;

260 i f (0 <= i && i < count ) {
i n t i i = 4 ∗ i ;
i n t j j = 3 ∗ i ;
f l o a t dwel l = image [ i i + 0 ] ;
f l o a t d i s t ance = image [ i i + 2 ] ;

265 i f ( d i s t anc e > 0 . 0 ) {
f l o a t v = tanh (pow( d i s t ance /4 .0 f , 0 . 5 f ) ) ;
f l o a t s = 0 . 5 ;
f l o a t h = pow( dwel l , 0 . 5 f ) ;
h −= f l o o r (h) ;

270 f l o a t r , g , b ;
hsv2rgb (h , s , v , &r , &g , &b) ;
rgb [ j j + 0 ] = min (max(255 . 0 ∗ r , 0 . 0 ) , 255 . 0 ) ;
rgb [ j j + 1 ] = min (max(255 . 0 ∗ g , 0 . 0 ) , 255 . 0 ) ;
rgb [ j j + 2 ] = min (max(255 . 0 ∗ b , 0 . 0 ) , 255 . 0 ) ;

275 } e l s e {
rgb [ j j + 0 ] = 255 ;
rgb [ j j + 1 ] = 255 ;
rgb [ j j + 2 ] = 255 ;

}
280 }

}

31 mandelbrot-delta-cl/Makefile

mandelbrot−de l ta − c l : mandelbrot−de l ta − c l . cc c l −ext ra . cc
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g++ −std=c++11 −Wall −pedant ic −Wextra −O3 −o mandelbrot−de l ta − c l ⤦
Ç mandelbrot−de l ta − c l . cc −lm − lmpfr −lOpenCL −lGL − l g l fw −lGLEW

32 mandelbrot-delta-cl/mandelbrot-delta-cl.cc

// mandelbrot−de l ta − c l −− Mandelbrot s e t pe r turbat i on rendere r us ing OpenCL
// Copyright : (C) 2013 Claude Heiland −Allen <claude@mathr . co . uk>
// L icense : http ://www. gnu . org / l i c e n s e s / gpl . html GPLv3+

5

// ==== [ [ [ c on f i g [ [ [ ====

// #de f i n e USE DOUBLE to use double p r e c i s i o n ( h igh ly recommended )
// #undef USE DOUBLE to use s i n g l e p r e c i s i o n ( only f o r t e s t i n g )

10 #de f i n e USE DOUBLE

// #de f i n e USE CLGL to use OpenCL −> OpenGL in t e r op e r a t i o n
// #undef USE CLGL to use copying f a l l b a c k ( eg : f o r CPU implementation )
#undef USE CLGL

15

// ==== ] ] ] c on f i g ] ] ] ====

#inc lude <complex>
20 #inc lude <math . h>

#inc lude <s t d i o . h>
#inc lude <s t d l i b . h>
#inc lude <boost / mu l t i p r e c i s i o n /mpfr . hpp>
#inc lude <GL/glew . h>

25 #inc lude <GLFW/gl fw3 . h>
#inc lude <GL/ glx . h>
#inc lude <CL/ c l . h>
#inc lude <CL/ c l g l . h>

30 #inc lude ” c l −ext ra . cc ”

us ing namespace boost : : mu l t i p r e c i s i o n ;
typede f mp f r f l o a t R;
typede f std : : complex<R> C;

35 #i f d e f USE DOUBLE
typede f double F ;
#e l s e
typede f f l o a t F ;
#end i f

40 typede f std : : complex<F> CF;

// the OpenCL source

#i f d e f USE DOUBLE
45 #i f d e f USE CLGL

#de f i n e CL( c l ) ”#pragma OPENCL EXTENSION c l k h r g l s h a r i n g : enable \n#pragma ⤦
Ç OPENCL EXTENSION c l kh r f p 6 4 : enable \n” c l

#e l s e
#de f i n e CL( c l ) ”#pragma OPENCL EXTENSION c l kh r f p 6 4 : enable \n” c l
#end i f

50 #e l s e
#i f d e f USE CLGL
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#de f i n e CL( c l ) ”#pragma OPENCL EXTENSION c l k h r g l s h a r i n g : enable \n” c l
#e l s e
#de f i n e CL( c l ) #c l

55 #end i f
#end i f

const char ∗ s r c = CL(”# inc lude \” de l t a . c l \””) ;

60 i n t f i ndPer i od (C c0 , R r , i n t maxIters ) {
C c [ 4 ] , z [ 4 ] ;
c [ 0 ] = c0 + C(− r , −r ) ;
c [ 1 ] = c0 + C( r , −r ) ;
c [ 2 ] = c0 + C( r , r ) ;

65 c [ 3 ] = c0 + C(− r , r ) ;
z [ 0 ] = z [ 1 ] = z [ 2 ] = z [ 3 ] = C(0 . 0 , 0 . 0 ) ;
f o r ( i n t p = 1 ; p < maxIters ; ++p) {

f o r ( i n t i = 0 ; i < 4 ; ++i ) {
z [ i ] = z [ i ] ∗ z [ i ] + c [ i ] ;

70 }
i n t p r ea l = 0 ;
f o r ( i n t i = 0 ; i < 4 ; ++i ) {

i n t j = ( i + 1) % 4 ;
i f ( ! ( z [ i ] . imag ( ) < 0 && z [ j ] . imag ( ) < 0) && ! ( z [ i ] . imag ( ) > 0 && z [ j ] .⤦

Ç imag ( ) > 0) ) {
75 C d = z [ j ] − z [ i ] ;

i f ( ( d . imag ( ) ∗ z [ i ] . r e a l ( ) − d . r e a l ( ) ∗ z [ i ] . imag ( ) ) ∗ d . imag ( ) > 0) {
++prea l ;

}
}

80 }
i f ( p r ea l & 1) {

re turn p ;
}

}
85 re turn 0 ;

}

i n t muatom( i n t per iod , mpfr t x , mpfr t y , mpfr t z ) {
const mpf r prec t accuracy = 12 ;

90 mpfr prec t b i t s = std : : max( mpf r ge t prec ( x ) , mpf r ge t prec ( y ) ) ;
#de f i n e VARS nx , ny , bx , by , wx , wy , zz , Ax, Ay, Bx , By , Cx , Cy , Dx, Dy, Ex , Ey ,⤦

Ç t1 , t2 , t3 , t4 , t5 , t6 , t7 , t8 , t9 , t0 , t01 , t02 , t03 , t04
mpfr t VARS;
mp f r i n i t s 2 ( b i t s , VARS, ( mpfr ptr ) 0) ;
mpf r se t (nx , x , MPFRRNDN) ;

95 mpfr se t (ny , y , MPFRRNDN) ;
mp f r s e t p r e c ( zz , mpf r ge t prec ( z ) ) ;
i n t n ok , w ok , b ok ;
i n t r = 0 ;
// progressReport ( ’\n ’ ) ;

100 do { // progressReport ( ’X’ ) ;
mp f r s e t p r e c ( t0 , b i t s − accuracy ) ;
mp f r s e t p r e c ( t01 , b i t s − accuracy ) ;
mp f r s e t p r e c ( t02 , b i t s − accuracy ) ;
mp f r s e t p r e c ( t03 , b i t s − accuracy ) ;

105 mpf r s e t p r e c ( t04 , b i t s − accuracy ) ;
i n t l im i t = 40 ;
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do { // progressReport ( ’ n ’ ) ;
// r e f i n e nuc leus
mp f r s e t u i (Ax, 0 , MPFRRNDN) ;

110 mpf r s e t u i (Ay, 0 , MPFRRNDN) ;
mp f r s e t u i (Dx, 0 , MPFRRNDN) ;
mp f r s e t u i (Dy, 0 , MPFRRNDN) ;
f o r ( i n t i = 0 ; i < per iod ; ++i ) {

// D <− 2AD + 1 : Dx <− 2 (Ax Dx − Ay Dy) + 1 ; Dy = 2 (Ax Dy + Ay Dx)
115 mpfr mul ( t1 , Ax, Dx, MPFRRNDN) ;

mpfr mul ( t2 , Ay, Dy, MPFRRNDN) ;
mpfr mul ( t3 , Ax, Dy, MPFRRNDN) ;
mpfr mul ( t4 , Ay, Dx, MPFRRNDN) ;
mpfr sub (Dx, t1 , t2 , MPFRRNDN) ;

120 mpfr mul 2ui (Dx, Dx, 1 , MPFRRNDN) ;
mpfr add ui (Dx, Dx, 1 , MPFRRNDN) ;
mpfr add (Dy, t3 , t4 , MPFRRNDN) ;
mpfr mul 2ui (Dy, Dy, 1 , MPFRRNDN) ;
// A <− Aˆ2 + n : Ax <− Axˆ2 − Ayˆ2 + nx ; Ay <− 2 Ax Ay + ny

125 mpfr sqr ( t1 , Ax, MPFRRNDN) ;
mpfr sqr ( t2 , Ay, MPFRRNDN) ;
mpfr mul ( t3 , Ax, Ay, MPFRRNDN) ;
mpfr sub (Ax, t1 , t2 , MPFRRNDN) ;
mpfr add (Ax, Ax, nx , MPFRRNDN) ;

130 mpfr mul 2ui ( t3 , t3 , 1 , MPFRRNDN) ;
mpfr add (Ay, t3 , ny ,MPFRRNDN) ;

}
// n <− n − A / D = (nx + ny i ) − ( (Ax Dx + Ay Dy) + (Ay Dx − Ax Dy) i ) / ⤦

Ç (Dxˆ2 + Dyˆ2)
mpfr sqr ( t1 , Dx, MPFRRNDN) ;

135 mpfr sqr ( t2 , Dy, MPFRRNDN) ;
mpfr add ( t1 , t1 , t2 , MPFRRNDN) ;

mpfr mul ( t2 , Ax, Dx, MPFRRNDN) ;
mpfr mul ( t3 , Ay, Dy, MPFRRNDN) ;

140 mpfr add ( t2 , t2 , t3 , MPFRRNDN) ;
mpfr div ( t2 , t2 , t1 , MPFRRNDN) ;
mpfr sub ( t2 , nx , t2 , MPFRRNDN) ;

mpfr mul ( t3 , Ay, Dx, MPFRRNDN) ;
145 mpfr mul ( t4 , Ax, Dy, MPFRRNDN) ;

mpfr sub ( t3 , t3 , t4 , MPFRRNDN) ;
mpfr div ( t3 , t3 , t1 , MPFRRNDN) ;
mpfr sub ( t3 , ny , t3 , MPFRRNDN) ;

150 mpfr se t ( t01 , t2 , MPFRRNDN) ;
mpfr se t ( t02 , t3 , MPFRRNDN) ;
mpfr se t ( t03 , nx , MPFRRNDN) ;
mpfr se t ( t04 , ny , MPFRRNDN) ;
mpfr sub ( t01 , t01 , t03 , MPFRRNDN) ;

155 mpfr sub ( t02 , t02 , t04 , MPFRRNDN) ;
n ok = mpfr zero p ( t01 ) && mpfr zero p ( t02 ) ;

mpf r se t (nx , t2 , MPFRRNDN) ;
mpfr se t (ny , t3 , MPFRRNDN) ;

160 } whi le ( ! n ok && −− l im i t ) ;
i f ( ! l im i t ) goto cleanup ;
mpfr se t (wx , nx , MPFRRNDN) ;
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mpfr se t (wy , ny , MPFRRNDN) ;
mpfr se t (bx , nx , MPFRRNDN) ;

165 mpfr se t (by , ny , MPFRRNDN) ;
l im i t = 40 ;
do { // progressReport ( ’ b ’ ) ;

// r e f i n e bond
mpfr se t (Ax, wx , MPFRRNDN) ;

170 mpfr se t (Ay, wy , MPFRRNDN) ;
mp f r s e t u i (Bx , 1 , MPFRRNDN) ;
mp f r s e t u i (By , 0 , MPFRRNDN) ;
mp f r s e t u i (Cx , 0 , MPFRRNDN) ;
mp f r s e t u i (Cy , 0 , MPFRRNDN) ;

175 mpf r s e t u i (Dx, 0 , MPFRRNDN) ;
mp f r s e t u i (Dy, 0 , MPFRRNDN) ;
mp f r s e t u i (Ex , 0 , MPFRRNDN) ;
mp f r s e t u i (Ey , 0 , MPFRRNDN) ;
f o r ( i n t i = 0 ; i < per iod ; ++i ) {

180 // E <− 2 ( A E + B D )
mpfr mul ( t1 , Ax, Ex , MPFRRNDN) ;
mpfr mul ( t2 , Ay, Ey , MPFRRNDN) ;
mpfr sub ( t1 , t1 , t2 , MPFRRNDN) ;
mpfr mul ( t2 , Ax, Ey , MPFRRNDN) ;

185 mpfr mul ( t3 , Ay, Ex , MPFRRNDN) ;
mpfr add ( t2 , t2 , t3 , MPFRRNDN) ;
mpfr mul ( t3 , Bx , Dx, MPFRRNDN) ;
mpfr mul ( t4 , By , Dy, MPFRRNDN) ;
mpfr sub ( t3 , t3 , t4 , MPFRRNDN) ;

190 mpfr add (Ex , t1 , t3 , MPFRRNDN) ;
mpfr mul ( t3 , Bx , Dy, MPFRRNDN) ;
mpfr mul ( t4 , By , Dx, MPFRRNDN) ;
mpfr add ( t3 , t3 , t4 , MPFRRNDN) ;
mpfr add (Ey , t2 , t3 , MPFRRNDN) ;

195 mpfr mul 2ui (Ex , Ex , 1 , MPFRRNDN) ;
mpfr mul 2ui (Ey , Ey , 1 , MPFRRNDN) ;
// D <− 2 A D + 1
mpfr mul ( t1 , Ax, Dx, MPFRRNDN) ;
mpfr mul ( t2 , Ay, Dy, MPFRRNDN) ;

200 mpfr mul ( t3 , Ax, Dy, MPFRRNDN) ;
mpfr mul ( t4 , Ay, Dx, MPFRRNDN) ;
mpfr sub (Dx, t1 , t2 , MPFRRNDN) ;
mpfr mul 2ui (Dx, Dx, 1 , MPFRRNDN) ;
mpfr add ui (Dx, Dx, 1 , MPFRRNDN) ;

205 mpfr add (Dy, t3 , t4 , MPFRRNDN) ;
mpfr mul 2ui (Dy, Dy, 1 , MPFRRNDN) ;
// C <− 2 ( Bˆ2 + A C )
mpfr sqr ( t1 , Bx , MPFRRNDN) ;
mpfr sqr ( t2 , By , MPFRRNDN) ;

210 mpfr sub ( t1 , t1 , t2 , MPFRRNDN) ;
mpfr mul ( t2 , Bx , By , MPFRRNDN) ;
mpfr mul 2ui ( t2 , t2 , 1 , MPFRRNDN) ;
mpfr mul ( t3 , Ax, Cx , MPFRRNDN) ;
mpfr mul ( t4 , Ay, Cy , MPFRRNDN) ;

215 mpfr sub ( t3 , t3 , t4 , MPFRRNDN) ;
mpfr add ( t1 , t1 , t3 , MPFRRNDN) ;
mpfr mul ( t3 , Ax, Cy , MPFRRNDN) ;
mpfr mul ( t4 , Ay, Cx , MPFRRNDN) ;
mpfr add ( t3 , t3 , t4 , MPFRRNDN) ;
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220 mpfr add ( t2 , t2 , t3 , MPFRRNDN) ;
mpfr mul 2ui (Cx , t1 , 1 , MPFRRNDN) ;
mpfr mul 2ui (Cy , t2 , 1 , MPFRRNDN) ;
// B <− 2 A B
mpfr mul ( t1 , Ax, Bx , MPFRRNDN) ;

225 mpfr mul ( t2 , Ay, By , MPFRRNDN) ;
mpfr mul ( t3 , Ax, By , MPFRRNDN) ;
mpfr mul ( t4 , Ay, Bx , MPFRRNDN) ;
mpfr sub (Bx , t1 , t2 , MPFRRNDN) ;
mpfr mul 2ui (Bx , Bx , 1 , MPFRRNDN) ;

230 mpfr add (By , t3 , t4 , MPFRRNDN) ;
mpfr mul 2ui (By , By , 1 , MPFRRNDN) ;
// A <− Aˆ2 + b
mpfr sqr ( t1 , Ax, MPFRRNDN) ;
mpfr sqr ( t2 , Ay, MPFRRNDN) ;

235 mpfr mul ( t3 , Ax, Ay, MPFRRNDN) ;
mpfr sub (Ax, t1 , t2 , MPFRRNDN) ;
mpfr add (Ax, Ax, bx , MPFRRNDN) ;
mpfr mul 2ui ( t3 , t3 , 1 , MPFRRNDN) ;
mpfr add (Ay, t3 , by ,MPFRRNDN) ;

240 }
// (w) <− (w) − (B−1 D)ˆ−1 (A − w)
// (b) <− (b) ( C E) (B + 1)
//
// det = (B−1)E − CD

245 // inv = (E −D)
// (−C (B−1) / det
//
// w − (E(A−w) − D(B+1) ) /det
// b − (−C(A−w) + (B−1) (B+1) ) /det ; Bˆ2 − 1

250 //
// A −= w
mpfr sub (Ax, Ax, wx , MPFRRNDN) ;
mpfr sub (Ay, Ay, wy , MPFRRNDN) ;
// ( t1 , t2 ) = Bˆ2 − 1

255 mpfr mul ( t1 , Bx , Bx , MPFRRNDN) ;
mpfr mul ( t2 , By , By , MPFRRNDN) ;
mpfr sub ( t1 , t1 , t2 , MPFRRNDN) ;
mpfr sub ui ( t1 , t1 , 1 , MPFRRNDN) ;
mpfr mul ( t2 , Bx , By , MPFRRNDN) ;

260 mpfr mul 2ui ( t2 , t2 , 1 , MPFRRNDN) ;
// ( t1 , t2 ) −= C(A−w)
mpfr mul ( t3 , Cx , Ax, MPFRRNDN) ;
mpfr mul ( t4 , Cy , Ay, MPFRRNDN) ;
mpfr sub ( t3 , t3 , t4 , MPFRRNDN) ;

265 mpfr sub ( t1 , t1 , t3 , MPFRRNDN) ;
mpfr mul ( t3 , Cx , Ay, MPFRRNDN) ;
mpfr mul ( t4 , Cy , Ax, MPFRRNDN) ;
mpfr add ( t3 , t3 , t4 , MPFRRNDN) ;
mpfr sub ( t2 , t2 , t3 , MPFRRNDN) ;

270 // ( t3 , t4 ) = (B−1)E − CD
mpfr sub ui ( t3 , Bx , 1 , MPFRRNDN) ;
mpfr mul ( t4 , t3 , Ex , MPFRRNDN) ;
mpfr mul ( t5 , By , Ey , MPFRRNDN) ;
mpfr sub ( t4 , t4 , t5 , MPFRRNDN) ;

275 mpfr mul ( t5 , t3 , Ey , MPFRRNDN) ;
mpfr mul ( t6 , By , Ex , MPFRRNDN) ;
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mpfr sub ( t5 , t5 , t6 , MPFRRNDN) ;
mpfr mul ( t6 , Cx , Dx, MPFRRNDN) ;
mpfr mul ( t7 , Cy , Dy, MPFRRNDN) ;

280 mpfr sub ( t6 , t6 , t7 , MPFRRNDN) ;
mpfr sub ( t3 , t4 , t6 , MPFRRNDN) ;
mpfr mul ( t6 , Cx , Dy, MPFRRNDN) ;
mpfr mul ( t7 , Cy , Dx, MPFRRNDN) ;
mpfr add ( t6 , t6 , t7 , MPFRRNDN) ;

285 mpfr sub ( t4 , t5 , t6 , MPFRRNDN) ;
// ( t3 , t4 ) = 1/( t3 , t4 ) ; zˆ−1 = z∗ / ( z z ∗)
mpfr sqr ( t5 , t3 , MPFRRNDN) ;
mpfr sqr ( t6 , t4 , MPFRRNDN) ;
mpfr add ( t5 , t5 , t6 , MPFRRNDN) ;

290 mpfr div ( t3 , t3 , t5 , MPFRRNDN) ;
mpfr div ( t4 , t4 , t5 , MPFRRNDN) ;
mpfr neg ( t4 , t4 , MPFRRNDN) ;
// ( t1 , t2 ) ∗= ( t3 , t4 )
mpfr mul ( t5 , t1 , t3 , MPFRRNDN) ;

295 mpfr mul ( t6 , t2 , t4 , MPFRRNDN) ;
mpfr mul ( t7 , t1 , t4 , MPFRRNDN) ;
mpfr mul ( t8 , t2 , t3 , MPFRRNDN) ;
mpfr sub ( t1 , t5 , t6 , MPFRRNDN) ;
mpfr add ( t2 , t7 , t8 , MPFRRNDN) ;

300

// ( t1 , t2 ) = b − ( t1 , t2 )
mpfr sub ( t1 , bx , t1 , MPFRRNDN) ;
mpfr sub ( t2 , by , t2 , MPFRRNDN) ;

305 mpfr se t ( t01 , t1 , MPFRRNDN) ;
mpfr se t ( t02 , t2 , MPFRRNDN) ;
mpfr se t ( t03 , bx , MPFRRNDN) ;
mpfr se t ( t04 , by , MPFRRNDN) ;
mpfr sub ( t01 , t01 , t03 , MPFRRNDN) ;

310 mpfr sub ( t02 , t02 , t04 , MPFRRNDN) ;
b ok = mpfr zero p ( t01 ) && mpfr zero p ( t02 ) ;

// ( t5 , t6 ) = E (A−w)
mpfr mul ( t5 , Ex , Ax, MPFRRNDN) ;

315 mpfr mul ( t6 , Ey , Ay, MPFRRNDN) ;
mpfr sub ( t5 , t5 , t6 , MPFRRNDN) ;
mpfr mul ( t6 , Ex , Ay, MPFRRNDN) ;
mpfr mul ( t7 , Ey , Ax, MPFRRNDN) ;
mpfr add ( t6 , t6 , t7 , MPFRRNDN) ;

320 // B += 1
mpfr add ui (Bx , Bx , 1 , MPFRRNDN) ;
// ( t7 , t8 ) = D (B+1)
mpfr mul ( t7 , Dx, Bx , MPFRRNDN) ;
mpfr mul ( t8 , Dy, By , MPFRRNDN) ;

325 mpfr sub ( t7 , t7 , t8 , MPFRRNDN) ;
mpfr mul ( t8 , Dx, By , MPFRRNDN) ;
mpfr mul ( t9 , Dy, Bx , MPFRRNDN) ;
mpfr add ( t8 , t8 , t9 , MPFRRNDN) ;
// ( t5 , t6 ) −= ( t7 , t8 )

330 mpfr sub ( t5 , t5 , t7 , MPFRRNDN) ;
mpfr sub ( t6 , t6 , t8 , MPFRRNDN) ;
// ( t7 , t8 ) = ( t5 , t6 ) ∗ ( t3 , t4 )
mpfr mul ( t7 , t3 , t5 , MPFRRNDN) ;
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mpfr mul ( t8 , t4 , t6 , MPFRRNDN) ;
335 mpfr sub ( t7 , t7 , t8 , MPFRRNDN) ;

mpfr mul ( t8 , t3 , t6 , MPFRRNDN) ;
mpfr mul ( t9 , t4 , t5 , MPFRRNDN) ;
mpfr add ( t8 , t8 , t9 , MPFRRNDN) ;

340 // ( t3 , t4 ) = w − ( t7 , t8 )
mpfr sub ( t3 , wx , t7 , MPFRRNDN) ;
mpfr sub ( t4 , wy , t8 , MPFRRNDN) ;

mpfr se t ( t01 , t3 , MPFRRNDN) ;
345 mpfr se t ( t02 , t4 , MPFRRNDN) ;

mpfr se t ( t03 , wx , MPFRRNDN) ;
mpfr se t ( t04 , wy , MPFRRNDN) ;
mpfr sub ( t01 , t01 , t03 , MPFRRNDN) ;
mpfr sub ( t02 , t02 , t04 , MPFRRNDN) ;

350 w ok = mpfr zero p ( t01 ) && mpfr zero p ( t02 ) ;

mpf r se t ( t01 , t3 , MPFRRNDN) ;
mpfr se t ( t02 , t4 , MPFRRNDN) ;
mpfr se t ( t03 , wx , MPFRRNDN) ;

355 mpfr se t ( t04 , wy , MPFRRNDN) ;
mpfr sub ( t01 , t01 , t03 , MPFRRNDN) ;
mpfr sub ( t02 , t02 , t04 , MPFRRNDN) ;
w ok = mpfr zero p ( t01 ) && mpfr zero p ( t02 ) ;

360 mpfr se t (bx , t1 , MPFRRNDN) ;
mpfr se t (by , t2 , MPFRRNDN) ;
mpfr se t (wx , t3 , MPFRRNDN) ;
mpfr se t (wy , t4 , MPFRRNDN) ;

} whi le ( ! ( w ok && b ok ) && −− l im i t ) ;
365 i f ( ! l im i t ) goto cleanup ;

// t1 = | n − b |
mpfr sub ( t1 , nx , bx , MPFRRNDN) ;
mpfr sqr ( t1 , t1 , MPFRRNDN) ;
mpfr sub ( t2 , ny , by , MPFRRNDN) ;

370 mpfr sqr ( t2 , t2 , MPFRRNDN) ;
mpfr add ( t1 , t1 , t2 , MPFRRNDN) ;
mpfr sqr t ( t1 , t1 , MPFRRNDN) ;
b i t s = 2 ∗ b i t s ;
mpfr prec round (nx , b i t s , MPFRRNDN) ;

375 mpfr prec round (ny , b i t s , MPFRRNDN) ;
mpfr prec round (wx , b i t s , MPFRRNDN) ;
mpfr prec round (wy , b i t s , MPFRRNDN) ;
mpfr prec round (bx , b i t s , MPFRRNDN) ;
mpfr prec round (by , b i t s , MPFRRNDN) ;

380 mpfr se t ( zz , t1 , MPFRRNDN) ;
mp f r s e t p r e c (Ax, b i t s ) ;
mp f r s e t p r e c (Ay, b i t s ) ;
mp f r s e t p r e c (Bx , b i t s ) ;
mp f r s e t p r e c (By , b i t s ) ;

385 mpf r s e t p r e c (Cx , b i t s ) ;
mp f r s e t p r e c (Cy , b i t s ) ;
mp f r s e t p r e c (Dx, b i t s ) ;
mp f r s e t p r e c (Dy, b i t s ) ;
mp f r s e t p r e c (Ex , b i t s ) ;

390 mpf r s e t p r e c (Ey , b i t s ) ;
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mpf r s e t p r e c ( t1 , b i t s ) ;
mp f r s e t p r e c ( t2 , b i t s ) ;
mp f r s e t p r e c ( t3 , b i t s ) ;
mp f r s e t p r e c ( t4 , b i t s ) ;

395 mpf r s e t p r e c ( t5 , b i t s ) ;
mp f r s e t p r e c ( t6 , b i t s ) ;
mp f r s e t p r e c ( t7 , b i t s ) ;
mp f r s e t p r e c ( t8 , b i t s ) ;
mp f r s e t p r e c ( t9 , b i t s ) ;

400 } whi le ( mpfr zero p ( zz ) | | b i t s + mpfr get exp ( zz ) < mpfr ge t prec ( zz ) + ⤦
Ç accuracy ) ;

// copy to output
r = 1 ;
mp f r s e t p r e c (x , b i t s ) ;

405 mpf r s e t p r e c (y , b i t s ) ;
mpf r se t (x , nx , MPFRRNDN) ;
mpfr se t (y , ny , MPFRRNDN) ;
mpfr se t ( z , zz , MPFRRNDN) ;

c leanup :
410 mpf r c l e a r s (VARS, ( mpfr ptr ) 0) ;

#undef VARS
return r ;

}

415 s t r u c t atom {
C nuc leus ;
R rad iu s ;
i n t per iod ;

} ;
420

s t r u c t atom ∗ findAtom (C c , R r , i n t per iod ) {
s t r u c t atom ∗a = 0 ;
mpfr t x ;
mpfr t y ;

425 mpfr t z ;
mp f r i n i t s 2 ( mpf r ge t prec ( c . r e a l ( ) . backend ( ) . data ( ) ) , x , y , ( mpfr ptr ) 0) ;
mp f r i n i t s 2 ( mpf r ge t prec ( r . backend ( ) . data ( ) ) , z , ( mpfr ptr ) 0) ;
mpf r se t (x , c . r e a l ( ) . backend ( ) . data ( ) , MPFRRNDN) ;
mpfr se t (y , c . imag ( ) . backend ( ) . data ( ) , MPFRRNDN) ;

430 mpfr se t ( z , r . backend ( ) . data ( ) , MPFRRNDN) ;
i n t ok = muatom( per iod , x , y , z ) ;
i f ( ok ) {

i n t prec = in t ( c e i l ( log10 ( 2 . 0 ) ∗ mpfr ge t prec ( x ) ) ) ;
R : : d e f a u l t p r e c i s i o n ( prec ) ;

435 a = new atom ;
a−>nuc leus . r e a l ( ) . p r e c i s i o n ( prec ) ;
a−>nuc leus . imag ( ) . p r e c i s i o n ( prec ) ;
a−>nuc leus = C(R(x ) , R(y ) ) ;
a−>rad iu s = R( z ) ;

440 a−>per iod = per iod ;
}
mpf r c l e a r s (x , y , z , ( mpfr ptr ) 0) ;
r e turn a ;

}
445

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

450 // read command l i n e arguments
i f ( argc != 9) {

f p r i n t f ( s tde r r , ” usage : %s plat form width he ight re im s i z e p o l y i t e r s ⤦
Ç maxiters >out .ppm\n” , argv [ 0 ] ) ;

r e turn 1 ;
}

455 c l u i n t PLATFORM = ato i ( argv [ 1 ] ) ;
c l i n t w( a t o i ( argv [ 2 ] ) ) ;
c l i n t h( a t o i ( argv [ 3 ] ) ) ;
R : : d e f a u l t p r e c i s i o n (20) ;
F c s i z e ( a t o f ( argv [ 6 ] ) ) ;

460 R: : d e f a u l t p r e c i s i o n ( i n t (20 − l og10 ( c s i z e ) ) ) ;
F p ixe lSpac ing = c s i z e / (h/2) ;
R cx ( argv [ 4 ] ) ;
R cy ( argv [ 5 ] ) ;
C c ( cx , cy ) ;

465 c l i n t precount ( a t o i ( argv [ 7 ] ) ) ;
c l i n t maxIters ( a t o i ( argv [ 8 ] ) ) ;

// compute per iod
c l i n t per iod = f indPer i od ( c , c s i z e , maxIters ) ;

470 i f ( ! pe r iod ) {
f p r i n t f ( s tde r r , ” f a i l e d to f i nd per iod \n”) ;
r e turn 1 ;

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

475

// compute atom
s t r u c t atom ∗ r e f = 0 ;
i f ( ! ( r e f = findAtom ( c , c s i z e , per iod ) ) ) {

f p r i n t f ( s tde r r , ” f a i l e d to f i nd r e f e r e n c e \n”) ;
480 re turn 1 ;

}
mp f r f p r i n t f ( s t d e r r

, ” r e a l = %Re\nimag = %Re\ n s i z e = %Re\n”
, r e f −>nuc leus . r e a l ( ) . backend ( ) . data ( )

485 , r e f −>nuc leus . imag ( ) . backend ( ) . data ( )
, r e f −>rad iu s . backend ( ) . data ( )
) ;

R : : d e f a u l t p r e c i s i o n ( r e f −>nuc leus . r e a l ( ) . p r e c i s i o n ( ) ) ;
490 C r e f c = re f −>nuc leus ;

c l i n t i t e r s = 0 ;
c l i n t s t e p I t e r s = 1024 ;

// compute one per iod at high p r e c i s i o n
495 i n t pe r byte s = 4 ∗ per iod ∗ s i z e o f (F) ;

F ∗ pe r z s = (F ∗) c a l l o c (1 , pe r byte s ) ;
{

C c0 ( r e f c ) ;
C z ( c0 ) ;

500 C a ( 1 . 0 , 0 . 0 ) ;
f o r ( i n t i = 0 ; i < per iod ; ++i ) {

i f ( i == per iod − 1) {
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z = C(0 . 0 , 0 . 0 ) ;
}

505 pe r z s [ 4 ∗ i + 0 ] = F( z . r e a l ( ) ) ;
p e r z s [ 4 ∗ i + 1 ] = F( z . imag ( ) ) ;
p e r z s [ 4 ∗ i + 2 ] = F( a . r e a l ( ) ) ;
p e r z s [ 4 ∗ i + 3 ] = F( a . imag ( ) ) ;
a = C(2 . 0 , 0 . 0 ) ∗ z ∗ a + C(1 . 0 , 0 . 0 ) ;

510 z = z ∗ z + c0 ;
}

}

// s to rage f o r order −12 polynomial approximation
515 i n t p r e byte s = 12 ∗ 4 ∗ s i z e o f (F) ;

F ∗ p r e z s = (F ∗) c a l l o c (1 , p r e byte s ) ;

// i n i t i a l i z e OpenGL
i f ( ! g l fw I n i t ( ) ) {

520 f p r i n t f ( s tde r r , ” g l fw I n i t ( ) f a i l e d \n”) ;
r e turn 1 ;

} ;
glfwWindowHint (GLFW RESIZABLE, GL FALSE) ;
GLFWwindow ∗window = glfwCreateWindow (w, h , ”MandelbrotDeltaCL ” , 0 , 0) ;

525 i f ( ! window) {
f p r i n t f ( s tde r r , ”glfwOpenWindow ( ) f a i l e d \n”) ;
r e turn 1 ;

}
glfwMakeContextCurrent (window) ;

530 g l ew In i t ( ) ;

// enumerate OpenCL plat fo rms
c l p l a t f o rm i d p l a t f o rm id [ 6 4 ] ;
c l u i n t p l a t f o rm id s ;

535 E( clGetPlat formIDs (64 , &p la t f o rm id [ 0 ] , &p l a t f o rm id s ) ) ;
i f ( ! (PLATFORM < p l a t f o rm id s ) ) {

f p r i n t f ( s tde r r , ” i n v a l i d plat form : %d ( range i s 0 to %d) \n” , PLATFORM, ⤦
Ç p l a t f o rm id s − 1) ;

r e turn 1 ;
}

540 f o r ( c l u i n t i = 0 ; i < p l a t f o rm id s ; ++i ) {
f p r i n t f ( s tde r r , ” p lat form %d%s \n” , i , i == PLATFORM ? ” ∗∗∗ SELECTED ∗∗∗” : ⤦

Ç ””) ;
char buf [ 1 0 2 4 ] ;
c l p l a t f o rm i n f o i n f o [ 5 ] =

{ CL PLATFORM PROFILE
545 , CL PLATFORM VERSION

, CLPLATFORMNAME
, CLPLATFORMVENDOR
, CL PLATFORM EXTENSIONS
} ;

550 f o r ( i n t j = 0 ; j < 5 ; ++j ) {
buf [ 0 ] = 0 ;
E( c lGetPlat fo rmIn fo ( p l a t f o rm id [ i ] , i n f o [ j ] , 1024 , &buf [ 0 ] , NULL) ) ;
f p r i n t f ( s tde r r , ”\ t%s \n” , buf ) ;

}
555 }

// c r e a t e context
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c l d e v i c e i d d e v i c e i d ;
E( clGetDeviceIDs ( p l a t f o rm id [PLATFORM] , CL DEVICE TYPE ALL, 1 , &dev i c e i d , ⤦

Ç NULL) ) ;
560 c l c o n t e x t p r o p e r t i e s p r op e r t i e s [ ] =

{
#i f d e f USE CLGL

CL GL CONTEXT KHR, ( c l c o n t e x t p r o p e r t i e s ) glXGetCurrentContext ( ) ,
CL GLX DISPLAY KHR, ( c l c o n t e x t p r o p e r t i e s ) glXGetCurrentDisplay ( ) ,

565 #end i f
CL CONTEXTPLATFORM, ( c l c o n t e x t p r o p e r t i e s ) p l a t f o rm id [PLATFORM]

, 0
} ;

c l i n t e r r ;
570 c l c o n t e x t context = clCreateContext ( p rope r t i e s , 1 , &dev i c e i d , NULL, NULL, &⤦

Ç e r r ) ;
i f ( ! context ) { E( e r r ) ; }
cl command queue commands = clCreateCommandQueue ( context , d ev i c e i d , 0 , &e r r ) ;
i f ( ! commands) { E( e r r ) ; }

575 // compile program
cl program program = clCreateProgramWithSource ( context , 1 , &src , NULL, &e r r ) ;
i f ( ! program ) { E( e r r ) ; }
e r r = clBuildProgram ( program , 1 , &dev i c e i d , ”− I . −c l − f i n i t e −math−only −c l −no−⤦

Ç s igned − z e ro s ”
#i f d e f USE DOUBLE

580 ””
#e l s e

” −Ddouble=f l o a t ”
#end i f

, NULL, NULL) ;
585 i f ( e r r != CL SUCCESS) {

char ∗buf = ( char ∗) mal loc (1000000) ;
buf [ 0 ] = 0 ;
E( clGetProgramBuildInfo ( program , dev i c e i d , CL PROGRAM BUILD LOG, 1000000 , &⤦

Ç buf [ 0 ] , NULL) ) ;
f p r i n t f ( s tde r r , ” bu i ld f a i l e d :\n%s \n” , buf ) ;

590 f r e e ( buf ) ;
E( e r r ) ;

}

// c r e a t e k e rn e l s
595 c l k e r n e l pref ixsum = clCreateKerne l ( program , ” pref ixsum ” , &e r r ) ;

i f ( ! pre f ixsum ) { E( e r r ) ; }
c l k e r n e l permute = c lCreateKerne l ( program , ”permute ” , &e r r ) ;
i f ( ! permute ) { E( e r r ) ; }
c l k e r n e l i n i t i a l i z e = c lCreateKerne l ( program , ” i n i t i a l i z e ” , &e r r ) ;

600 i f ( ! i n i t i a l i z e ) { E( e r r ) ; }
c l k e r n e l i t e r a t e = c lCreateKerne l ( program , ” i t e r a t e ” , &e r r ) ;
i f ( ! i t e r a t e ) { E( e r r ) ; }
c l k e r n e l c l e a r = c lCreateKerne l ( program , ” c l e a r ” , &e r r ) ;
i f ( ! c l e a r ) { E( e r r ) ; }

605 c l k e r n e l co l our = c lCreateKerne l ( program , ” co l our ” , &e r r ) ;
i f ( ! c o l our ) { E( e r r ) ; }

// c r e a t e bu f f e r s
cl mem i n p r e z s = c lCr ea t eBu f f e r ( context , CL MEMREAD ONLY, pre bytes , NULL, ⤦

Ç &er r ) ;
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610 i f ( ! i n p r e z s ) { E( e r r ) ; }

cl mem i n p e r z s = c lCr ea t eBu f f e r ( context , CL MEMREAD ONLY, per bytes , NULL, ⤦
Ç &er r ) ;

i f ( ! i n p e r z s ) { E( e r r ) ; }
E( clEnqueueWriteBuffer (commands , i n p e r z s , CL TRUE, 0 , per bytes , &pe r z s [ 0 ] ,⤦

Ç 0 , NULL, NULL) ) ;
615

c l i n t e lements = 5 ;
i n t ebytes = w ∗ h ∗ e lements ∗ s i z e o f (F) ;
cl mem s t a t e [ 2 ] ;
s t a t e [ 0 ] = c lCr ea t eBu f f e r ( context , CL MEM READWRITE, ebytes , NULL, &e r r ) ;

620 i f ( ! s t a t e [ 0 ] ) { E( e r r ) ; }
s t a t e [ 1 ] = c lCr ea t eBu f f e r ( context , CL MEM READWRITE, ebytes , NULL, &e r r ) ;
i f ( ! s t a t e [ 1 ] ) { E( e r r ) ; }

i n t kbytes = (w ∗ h + 1) ∗ s i z e o f ( c l i n t ) ;
625 cl mem keep = c lCrea t eBu f f e r ( context , CL MEM READWRITE, kbytes , NULL, &e r r ) ;

i f ( ! keep ) { E( e r r ) ; }

i n t sbyte s = (w ∗ h) ∗ s i z e o f ( c l i n t ) ;
cl mem sums [ 2 ] ;

630 sums [ 0 ] = c lCr ea t eBu f f e r ( context , CL MEM READWRITE, sbytes , NULL, &e r r ) ;
i f ( ! sums [ 0 ] ) { E( e r r ) ; }
sums [ 1 ] = c lCr ea t eBu f f e r ( context , CL MEM READWRITE, sbytes , NULL, &e r r ) ;
i f ( ! sums [ 1 ] ) { E( e r r ) ; }

635 i n t channe l s = 4 ;
i n t i by t e s = w ∗ h ∗ channe l s ∗ s i z e o f ( f l o a t ) ;
cl mem image = c lCrea t eBu f f e r ( context , CL MEMWRITE ONLY, ibyte s , NULL, &e r r ) ;
i f ( ! image ) { E( e r r ) ; }

640 i n t gbytes = 3 ∗ w ∗ h ;
unsigned char ∗ rgb = ( unsigned char ∗) c a l l o c (1 , gbytes ) ;
GLuint t ex ture ;
glGenTextures (1 , &texture ) ;
glBindTexture (GL TEXTURE 2D, t ex ture ) ;

645 glTexParameteri (GL TEXTURE 2D, GL TEXTURE BASE LEVEL, 0) ;
glTexParameteri (GL TEXTURE 2D, GL TEXTUREMAX LEVEL, 0) ;
glTexParameteri (GL TEXTURE 2D, GL TEXTURE MIN FILTER, GL NEAREST) ;
glTexParameteri (GL TEXTURE 2D, GL TEXTURE MAG FILTER, GL NEAREST) ;
glTexImage2D (GL TEXTURE 2D, 0 , GL RGB, w, h , 0 , GL RGB, GL UNSIGNED BYTE, NULL⤦

Ç ) ;
650 glEnable (GL TEXTURE 2D) ;

#i f d e f USE CLGL
GLuint vbo ;
g lGenBuf fers (1 , &vbo ) ;
g lB indBuf f e r (GL PIXEL UNPACK BUFFER, vbo ) ;

655 g lBuf fe rData (GL PIXEL UNPACK BUFFER, gbytes , 0 , GLDYNAMICDRAW) ;
e r r = glGetError ( ) ;
g lF i n i s h ( ) ;
cl mem out rgb = clCreateFromGLBuffer ( context , CL MEM READWRITE, vbo , &e r r ) ;
i f ( ! out rgb ) { E( e r r ) ; }

660 c l e v en t acqu i red ;
E( clEnqueueAcquireGLObjects (commands , 1 , &out rgb , 0 , NULL, &acqu i red ) ) ;
clWaitForEvents (1 , &acqu i red ) ;

#e l s e
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cl mem out rgb = c lCrea t eBu f f e r ( context , CL MEM READWRITE, gbytes , NULL, &e r r⤦
Ç ) ;

665 i f ( ! out rgb ) { E( e r r ) ; }
#end i f

C de l t a ( c − r e f c ) ;
F deltaX (R( de l t a . r e a l ( ) / R( p ixe lSpac ing ) ) ) ;

670 F deltaY (R( de l t a . imag ( ) / R( p ixe lSpac ing ) ) ) ;
R rad iu s ( ( abs ( de l t a ) + abs (C(1 . 0 ∗ w, 1 .0 ∗ h) ) ) ∗ p ixe lSpac ing ) ;

// p r i n t viewing parameters
mp f r f p r i n t f ( s tde r r , ”# %dx%d\n# re = ” , w, h) ;

675 mpf r ou t s t r ( s tde r r , 10 , 0 , c . r e a l ( ) . backend ( ) . data ( ) , MPFRRNDN) ;
mp f r f p r i n t f ( s tde r r , ”\n# im = ”) ;
mp f r ou t s t r ( s tde r r , 10 , 0 , c . imag ( ) . backend ( ) . data ( ) , MPFRRNDN) ;
mp f r f p r i n t f ( s tde r r , ”\n# @ %g P%d p%d\n# r r e ” , c s i z e , per iod , precount⤦

Ç ) ;
mp f r ou t s t r ( s tde r r , 10 , 0 , r e f c . r e a l ( ) . backend ( ) . data ( ) , MPFRRNDN) ;

680 mp f r f p r i n t f ( s tde r r , ”\n# rim ”) ;
mp f r ou t s t r ( s tde r r , 10 , 0 , r e f c . imag ( ) . backend ( ) . data ( ) , MPFRRNDN) ;
mp f r f p r i n t f ( s tde r r , ”\n”) ;

// compute high p r e c i s i o n polynomial approximation and round to F53
685 {

C c0 ( r e f c ) ;
C z ( c0 ) ;

C a ( 1 . 0 , 0 . 0 ) ;
690 C b (0 . 0 , 0 . 0 ) ;

C c ( 0 . 0 , 0 . 0 ) ;
C d ( 0 . 0 , 0 . 0 ) ;
C e ( 0 . 0 , 0 . 0 ) ;
C f ( 0 . 0 , 0 . 0 ) ;

695 C g ( 0 . 0 , 0 . 0 ) ;
C h ( 0 . 0 , 0 . 0 ) ;
C i ( 0 . 0 , 0 . 0 ) ;
C j ( 0 . 0 , 0 . 0 ) ;
C k ( 0 . 0 , 0 . 0 ) ;

700 C l ( 0 . 0 , 0 . 0 ) ;
C aa ( 0 . 0 , 0 . 0 ) ;
C bb ( 0 . 0 , 0 . 0 ) ;
C cc ( 0 . 0 , 0 . 0 ) ;
C dd ( 0 . 0 , 0 . 0 ) ;

705 C ee ( 0 . 0 , 0 . 0 ) ;
C f f ( 0 . 0 , 0 . 0 ) ;
C gg ( 0 . 0 , 0 . 0 ) ;
C hh ( 0 . 0 , 0 . 0 ) ;
C i i ( 0 . 0 , 0 . 0 ) ;

710 C j j ( 0 . 0 , 0 . 0 ) ;
C kk ( 0 . 0 , 0 . 0 ) ;
C l l ( 0 . 0 , 0 . 0 ) ;

R r ( c s i z e ) ;
715 R rr ( r ) ;

R two ( 2 . 0 ) ;
C one ( 1 . 0 , 0 . 0 ) ;
f o r ( i n t i i i = 0 ; i i i < precount ; ++i i i ) {
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i f ( i i i % per iod == per iod − 1) {
720 z = C(0 . 0 , 0 . 0 ) ;

}
l l = two ∗ ( l l ∗z+a∗ l+a∗kk+aa∗k+b∗ j j+bb∗ j+c∗ i i+cc ∗ i+d∗hh+dd∗h+e∗gg+ee ∗g+f ∗⤦

Ç f f ) ;
kk = two ∗ ( kk∗z+a∗k+a∗ j j+aa∗ j+b∗ i i+bb∗ i+c∗hh+cc ∗h+d∗gg+dd∗g+e∗ f f+ee ∗ f ) ;
j j = two ∗ ( j j ∗z+a∗ j+a∗ i i+aa∗ i+b∗hh+bb∗h+c∗gg+cc ∗g+d∗ f f+dd∗ f+e∗ ee ) ;

725 i i = two ∗ ( i i ∗z+a∗ i+a∗hh+aa∗h+b∗gg+bb∗g+c∗ f f+cc ∗ f+d∗ ee+dd∗e ) ;
hh = two ∗ (hh∗z+a∗h+a∗gg+aa∗g+b∗ f f+bb∗ f+c∗ ee+cc ∗e+d∗dd) ;
gg = two ∗ ( gg∗z+a∗g+a∗ f f+aa∗ f+b∗ ee+bb∗e+c∗dd+cc ∗d) ;
f f = two ∗ ( f f ∗z+a∗ f+a∗ ee+aa∗e+b∗dd+bb∗d+c∗ cc ) ;
ee = two ∗ ( ee ∗z+a∗e+a∗dd+aa∗d+b∗ cc+bb∗c ) ;

730 dd = two ∗ (dd∗z+a∗d+a∗ cc+aa∗c+b∗bb) ;
cc = two ∗ ( cc ∗z+a∗c+a∗bb+aa∗b) ;
bb = two ∗ (bb∗z+a∗b+a∗aa ) ;
aa = two ∗ ( aa∗z+a∗a ) ;
l = two ∗ ( l ∗z+a∗k+b∗ j+c∗ i+d∗h+e∗g ) + f ∗ f ;

735 k = two ∗ ( k∗z+a∗ j+b∗ i+c∗h+d∗g+e∗ f ) ;
j = two ∗ ( j ∗z+a∗ i+b∗h+c∗g+d∗ f ) + e∗e ;
i = two ∗ ( i ∗z+a∗h+b∗g+c∗ f+d∗e ) ;
h = two ∗ (h∗z+a∗g+b∗ f+c∗e ) + d∗d ;
g = two ∗ ( g ∗ z + a ∗ f + b ∗ e + c ∗ d) ;

740 f = two ∗ ( f ∗ z + a ∗ e + b ∗ d) + c ∗ c ;
e = two ∗ ( e ∗ z + a ∗ d + b ∗ c ) ;
d = two ∗ (d ∗ z + a ∗ c ) + b ∗ b ;
c = two ∗ ( c ∗ z + a ∗ b) ;
b = two ∗ b ∗ z + a ∗ a ;

745 a = two ∗ a ∗ z + one ;
z = z ∗ z + c0 ;

}
i n t idx = 0 ;

#de f i n e S(U,V) \
750 p r e z s [ idx++]=F(R(U. r e a l ( ) ∗ r r ) ) ; \

p r e z s [ idx++]=F(R(U. imag ( ) ∗ r r ) ) ; \
p r e z s [ idx++]=F(R(V. r e a l ( ) ∗ r r ) ) ; \
p r e z s [ idx++]=F(R(V. imag ( ) ∗ r r ) ) ; \
r r ∗= r ;

755 S(a , aa )S(b , bb)S( c , cc )S(d , dd)S( e , ee )S( f , f f )S ( g , gg )S(h , hh)S( i , i i )S ( j , j j )S (k , kk⤦
Ç )S( l , l l )

#undef S
}
E( clEnqueueWriteBuffer (commands , i n p r e z s , CL TRUE, 0 , pre bytes , &p r e z s [ 0 ] ,⤦

Ç 0 , NULL, NULL) ) ;

760 // i n i t i a l i z e ke rne l arguments
c l i n t count = w ∗ h ;
s i z e t l o c a l , g l oba l ;

E( c lSetKerne lArg ( c l ea r , 0 , s i z e o f ( cl mem ) , &image ) ) ;
765 E( c lSetKerne lArg ( c l ea r , 1 , s i z e o f ( c l i n t ) , &count ) ) ;

E( clGetKernelWorkGroupInfo ( c l ea r , d ev i c e i d , CL KERNEL WORK GROUP SIZE, s i z e o f⤦
Ç ( l o c a l ) , &l o c a l , NULL) ) ;

g l oba l = ( ( count + l o c a l − 1) / l o c a l ) ∗ l o c a l ;
c l e v en t c l e a r ed ;
E( clEnqueueNDRangeKernel (commands , c l e a r , 1 , NULL, &globa l , &l o ca l , 0 , NULL, &⤦

Ç c l e a r ed ) ) ;
770
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i n t s ta t e wh i ch = 0 ;
E( c lSetKerne lArg ( i n i t i a l i z e , 0 , s i z e o f ( cl mem ) , &s t a t e [ s ta t e wh i ch ] ) ) ;
E( c lSetKerne lArg ( i n i t i a l i z e , 1 , s i z e o f ( c l i n t ) , &w) ) ;
E( c lSetKerne lArg ( i n i t i a l i z e , 2 , s i z e o f ( c l i n t ) , &h) ) ;

775 E( c lSetKerne lArg ( i n i t i a l i z e , 3 , s i z e o f ( cl mem ) , &i n p r e z s ) ) ;
E( c lSetKerne lArg ( i n i t i a l i z e , 4 , s i z e o f (F) , &deltaX ) ) ;
E( c lSetKerne lArg ( i n i t i a l i z e , 5 , s i z e o f (F) , &deltaY ) ) ;
E( clGetKernelWorkGroupInfo ( i n i t i a l i z e , d ev i c e i d , CL KERNEL WORK GROUP SIZE, ⤦

Ç s i z e o f ( l o c a l ) , &l o c a l , NULL) ) ;
g l oba l = ( ( count + l o c a l − 1) / l o c a l ) ∗ l o c a l ;

780 c l e v en t i n i t i a l i z e d ;
E( clEnqueueNDRangeKernel (commands , i n i t i a l i z e , 1 , NULL, &globa l , &l o c a l , 1 , &⤦

Ç c l ea red , &i n i t i a l i z e d ) ) ;

E( c lSetKerne lArg ( i t e r a t e , 0 , s i z e o f ( cl mem ) , &i n p e r z s ) ) ;
E( c lSetKerne lArg ( i t e r a t e , 3 , s i z e o f ( cl mem ) , &keep ) ) ;

785 E( c lSetKerne lArg ( i t e r a t e , 4 , s i z e o f ( cl mem ) , &image ) ) ;
E( c lSetKerne lArg ( i t e r a t e , 5 , s i z e o f ( c l i n t ) , &count ) ) ;
E( c lSetKerne lArg ( i t e r a t e , 6 , s i z e o f ( c l i n t ) , &w) ) ;
E( c lSetKerne lArg ( i t e r a t e , 7 , s i z e o f ( c l i n t ) , &h) ) ;
E( c lSetKerne lArg ( i t e r a t e , 8 , s i z e o f (F) , &deltaX ) ) ;

790 E( c lSetKerne lArg ( i t e r a t e , 9 , s i z e o f (F) , &deltaY ) ) ;
E( c lSetKerne lArg ( i t e r a t e , 10 , s i z e o f (F) , &p ixe lSpac ing ) ) ;
E( c lSetKerne lArg ( i t e r a t e , 12 , s i z e o f ( c l i n t ) , &s t e p I t e r s ) ) ;
E( c lSetKerne lArg ( i t e r a t e , 13 , s i z e o f ( c l i n t ) , &per iod ) ) ;

795 E( c lSetKerne lArg ( permute , 1 , s i z e o f ( cl mem ) , &keep ) ) ;
E( c lSetKerne lArg ( permute , 5 , s i z e o f ( c l i n t ) , &elements ) ) ;

c l e v en t c an i t e r a t e = i n i t i a l i z e d ;
i t e r s = precount ;

800

// i t e r a t e un t i l r a t e o f e s capes i s low
bool anyEscape = f a l s e ;
bool recentEscape = f a l s e ;
c l i n t t a r g e t I t e r s = i t e r s + s t e p I t e r s ;

805 c l i n t oldCount = count ;
bool done = f a l s e ;
whi l e ( ! done ) {

f p r i n t f ( s tde r r , ”%16d%16d%16d\n” , count , i t e r s , s ta t e wh i ch ) ;

810 E( c lSetKerne lArg ( i t e r a t e , 1 , s i z e o f ( cl mem ) , &s t a t e [ s ta t e wh i ch ] ) ) ;
E( c lSetKerne lArg ( i t e r a t e , 2 , s i z e o f ( cl mem ) , &s t a t e [ 1 − s ta t e wh i ch ] ) ) ;
E( c lSetKerne lArg ( permute , 0 , s i z e o f ( cl mem ) , &s t a t e [ 1 − s ta t e wh i ch ] ) ) ;
E( c lSetKerne lArg ( permute , 3 , s i z e o f ( cl mem ) , &s t a t e [ s ta t e wh i ch ] ) ) ;

815 // i t e r a t e
c l i n t zero = 0 ;
E( clEnqueueWriteBuffer (commands , keep , CL TRUE, count ∗ s i z e o f ( c l i n t ) , ⤦

Ç s i z e o f ( c l i n t ) , &zero , 0 , NULL, NULL) ) ;
E( c lSetKerne lArg ( i t e r a t e , 5 , s i z e o f ( c l i n t ) , &count ) ) ;
E( c lSetKerne lArg ( i t e r a t e , 11 , s i z e o f ( c l i n t ) , &i t e r s ) ) ;

820 E( clGetKernelWorkGroupInfo ( i t e r a t e , d ev i c e i d , CL KERNEL WORK GROUP SIZE, ⤦
Ç s i z e o f ( l o c a l ) , &l o c a l , NULL) ) ;

g l oba l = ( ( count + l o c a l − 1) / l o c a l ) ∗ l o c a l ;
c l e v en t i t e r a t e d ;
E( clEnqueueNDRangeKernel (commands , i t e r a t e , 1 , NULL, &globa l , &l o c a l , 1 , &⤦
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Ç can i t e r a t e , &i t e r a t e d ) ) ;
c l i n t any escaped = 0 ;

825 E( clEnqueueReadBuffer (commands , keep , CL TRUE, count ∗ s i z e o f ( c l i n t ) , ⤦
Ç s i z e o f ( c l i n t ) , &any escaped , 1 , &i t e r a t ed , NULL) ) ;

i t e r s += s t e p I t e r s ;

// compact working s e t i f necessary , o the rwi se ping pong s t a t e bu f f e r s
i f ( any escaped ) {

830 // p r e f i x sum
E( c lSetKerne lArg ( pref ixsum , 0 , s i z e o f ( cl mem ) , &keep ) ) ;
E( c lSetKerne lArg ( pref ixsum , 2 , s i z e o f ( c l i n t ) , &count ) ) ;
E( clGetKernelWorkGroupInfo ( pref ixsum , dev i c e i d , CL KERNEL WORK GROUP SIZE⤦

Ç , s i z e o f ( l o c a l ) , &l o ca l , NULL) ) ;
g l oba l = ( ( count + l o c a l − 1) / l o c a l ) ∗ l o c a l ;

835 i n t pswhich = 0 ;
c l e v en t lastsummed = i t e r a t e d ;
f o r ( c l i n t pa s sb i t = 1 ; pa s sb i t <= count ; pa s sb i t <<= 1) {

E( c lSetKerne lArg ( pref ixsum , 1 , s i z e o f ( cl mem ) , &sums [ pswhich ] ) ) ;
E( c lSetKerne lArg ( pref ixsum , 3 , s i z e o f ( c l i n t ) , &pa s sb i t ) ) ;

840 c l e v en t summed ;
E( clEnqueueNDRangeKernel (commands , pref ixsum , 1 , NULL, &globa l , &l o c a l , ⤦

Ç 1 , &lastsummed , &summed) ) ;
lastsummed = summed ;
E( c lSetKerne lArg ( pref ixsum , 0 , s i z e o f ( cl mem ) , &sums [ pswhich ] ) ) ;
E( c lSetKerne lArg ( permute , 2 , s i z e o f ( cl mem ) , &sums [ pswhich ] ) ) ;

845 pswhich = 1 − pswhich ;
}
// permute
E( c lSetKerne lArg ( permute , 4 , s i z e o f ( c l i n t ) , &count ) ) ;
E( clGetKernelWorkGroupInfo ( permute , d ev i c e i d , CL KERNEL WORK GROUP SIZE, ⤦

Ç s i z e o f ( l o c a l ) , &l o c a l , NULL) ) ;
850 g l oba l = ( ( count + l o c a l − 1) / l o c a l ) ∗ l o c a l ;

c l e v en t permuted ;
E( clEnqueueNDRangeKernel (commands , permute , 1 , NULL, &globa l , &l o c a l , 1 , &⤦

Ç lastsummed , &permuted ) ) ;
// read back count
E( clEnqueueReadBuffer (commands , sums [ 1 − pswhich ] , CL TRUE, ( count − 1) ∗ ⤦

Ç s i z e o f ( c l i n t ) , s i z e o f ( c l i n t ) , &count , 1 , &lastsummed , NULL) ) ;
855 c an i t e r a t e = permuted ;

} e l s e {
s ta t e wh i ch = 1 − s ta t e wh i ch ;
c an i t e r a t e = i t e r a t e d ;

}
860

// check i f done
i f ( count < oldCount ) {

anyEscape = true ;
recentEscape = true ;

865 }
done = count == 0 ;
i f ( t a r g e t I t e r s <= i t e r s ) {

done = count == 0 | | ( anyEscape ? ! recentEscape : f a l s e ) ;
oldCount = count ;

870 recentEscape = f a l s e ;
t a r g e t I t e r s <<= 1 ;

}
i f ( maxIters <= i t e r s ) {
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done = true ;
875 }

}

// c o l o u r i z e
count = w ∗ h ;

880 E( c lSetKerne lArg ( co lour , 0 , s i z e o f ( cl mem ) , &image ) ) ;
E( c lSetKerne lArg ( co lour , 1 , s i z e o f ( cl mem ) , &out rgb ) ) ;
E( c lSetKerne lArg ( co lour , 2 , s i z e o f ( c l i n t ) , &count ) ) ;
E( clGetKernelWorkGroupInfo ( co lour , d ev i c e i d , CL KERNEL WORK GROUP SIZE, ⤦

Ç s i z e o f ( l o c a l ) , &l o c a l , NULL) ) ;
g l oba l = ( ( count + l o c a l − 1) / l o c a l ) ∗ l o c a l ;

885 c l e v en t co loured ;

// copy image to OpenGL
#i f d e f USE CLGL

E( clEnqueueNDRangeKernel (commands , co lour , 1 , NULL, &globa l , &l o ca l , 1 , &⤦
Ç acquired , &co loured ) ) ;

890 c l e v en t r e l e a s e d ;
E( clEnqueueReleaseGLObjects (commands , 1 , &out rgb , 1 , &coloured , &r e l e a s e d ) ) ;
clWaitForEvents (1 , &r e l e a s e d ) ;
glTexSubImage2D (GL TEXTURE 2D, 0 , 0 , 0 , w, h , GL RGB, GL UNSIGNED BYTE, 0) ;

#e l s e
895 E( clEnqueueNDRangeKernel (commands , co lour , 1 , NULL, &globa l , &l o ca l , 1 , &⤦

Ç can i t e r a t e , &co loured ) ) ;
E( clEnqueueReadBuffer (commands , out rgb , CL TRUE, 0 , gbytes , rgb , 1 , &coloured⤦

Ç , 0) ) ;
glTexSubImage2D (GL TEXTURE 2D, 0 , 0 , 0 , w, h , GL RGB, GL UNSIGNED BYTE, rgb ) ;

#end i f

900 // d i sp l ay image
g lBeg in (GL QUADS) ; {

#de f i n e V(x , y ) glTexCoord2f (x , y ) ; g lVe r t ex2 f (2∗x−1 , 2∗y−1) ;
V(0 , 0 )V(1 , 0 )V(1 , 1 )V(0 , 1 )

#undef V
905 } glEnd ( ) ;

g l fwSwapBuffers (window) ;

// copy image to memory
c l e v en t readrgb ;

910 #i f d e f USE CLGL
glBindTexture (GL TEXTURE 2D, 0) ;
g lF i n i s h ( ) ;
c l e v en t acqu i red2 ;
E( clEnqueueAcquireGLObjects (commands , 1 , &out rgb , 0 , NULL, &acqui red2 ) ) ;

915 E( clEnqueueReadBuffer (commands , out rgb , CL TRUE, 0 , gbytes , &rgb [ 0 ] , 1 , &⤦
Ç acquired2 , &readrgb ) ) ;

E( clEnqueueReleaseGLObjects (commands , 1 , &out rgb , 1 , &readrgb , NULL) ) ;
glBindTexture (GL TEXTURE 2D, t ex ture ) ;

#e l s e
E( clEnqueueReadBuffer (commands , out rgb , CL TRUE, 0 , gbytes , &rgb [ 0 ] , 0 , NULL,⤦

Ç &readrgb ) ) ;
920 #end i f

// output PPM on stdout
mp f r f p r i n t f ( stdout , ”P6\n%d %d\n# re = ” , w, h) ;
mp f r f p r i n t f ( stdout , ”# %dx%d\n# re = ” , w, h) ;
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925 mpf r ou t s t r ( stdout , 10 , 0 , c . r e a l ( ) . backend ( ) . data ( ) , MPFRRNDN) ;
mp f r f p r i n t f ( stdout , ”\n# im = ”) ;
mp f r ou t s t r ( stdout , 10 , 0 , c . imag ( ) . backend ( ) . data ( ) , MPFRRNDN) ;
mp f r f p r i n t f ( stdout , ”\n# @ %g P%d p%d\n# r r e ” , c s i z e , per iod , precount⤦

Ç ) ;
mp f r ou t s t r ( stdout , 10 , 0 , r e f c . r e a l ( ) . backend ( ) . data ( ) , MPFRRNDN) ;

930 mp f r f p r i n t f ( stdout , ”\n# rim ”) ;
mp f r ou t s t r ( stdout , 10 , 0 , r e f c . imag ( ) . backend ( ) . data ( ) , MPFRRNDN) ;
mp f r f p r i n t f ( stdout , ”\n255\n”) ;
fw r i t e ( rgb , gbytes , 1 , s tdout ) ;
f f l u s h ( stdout ) ;

935

// c l ean up
f r e e ( rgb ) ;
f r e e ( p r e z s ) ;
f r e e ( p e r z s ) ;

940 de l e t e r e f ;
clReleaseMemObject ( i n p r e z s ) ;
clReleaseMemObject ( i n p e r z s ) ;
clReleaseMemObject ( s t a t e [ 0 ] ) ;
clReleaseMemObject ( s t a t e [ 1 ] ) ;

945 clReleaseMemObject ( keep ) ;
clReleaseMemObject ( sums [ 0 ] ) ;
clReleaseMemObject ( sums [ 1 ] ) ;
clReleaseMemObject ( image ) ;
clReleaseMemObject ( out rgb ) ;

950 clReleaseProgram ( program ) ;
c lRe l ea s eKerne l ( i n i t i a l i z e ) ;
c lRe l ea s eKerne l ( i t e r a t e ) ;
c lRe l ea s eKerne l ( pref ixsum ) ;
c lRe l ea s eKerne l ( permute ) ;

955 c lRe l ea s eKerne l ( co l our ) ;
clReleaseCommandQueue (commands) ;
c lRe l easeContext ( context ) ;
gl fwTerminate ( ) ;
r e turn 0 ;

960 }

33 mandelbrot-delta-cl/mandelbrot-delta-cl-exp.cc

// mandelbrot−de l ta − c l −− Mandelbrot s e t pe r turbat i on rendere r us ing OpenCL
// Copyright : (C) 2013 Claude Heiland −Allen <claude@mathr . co . uk>
// L icense : http ://www. gnu . org / l i c e n s e s / gpl . html GPLv3+

5 // some systems l i s t a v a i l a b l e p la t fo rms in d i f f e r e n t o rde r s
// some p lat fo rms do not support double p r e c i s i o n
// change t h i s l i n e to s u i t your system ’ s p lat fo rms
// p lat fo rms are l i s t e d to s t d e r r on s tar tup
#de f i n e PLATFORM 0

10

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

15 #inc lude <boost / mu l t i p r e c i s i o n /mpfr . hpp>
#inc lude <CL/ c l . h>
#inc lude ” c l −ext ra . cc ”
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us ing namespace boost : : mu l t i p r e c i s i o n ;
20 typede f mp f r f l o a t R;

typede f std : : complex<R> C;
typede f double F53 ;
typede f std : : complex<F53> C53 ;

25 // the OpenCL ke rne l

#de f i n e CL( c l ) ”#pragma OPENCL EXTENSION c l kh r f p 6 4 : r e qu i r e \n” #c l

const char ∗ s r c = CL(
30

k e r n e l void de l t a
( g l o b a l double ∗ zs
, const unsigned i n t per iod
, g l o b a l f l o a t ∗ output // { norma l i z edd i s tancee s t imate , cont inuousdwel l , ⤦

Ç atomperioddomain }
35 , const unsigned i n t w

, const unsigned i n t h
, const unsigned i n t j
, const double r
, const unsigned i n t chunk

40 ) {
i n t i = g e t g l o b a l i d (0 ) ;
i n t x = i % w;
i n t y = i / w;
i f ( y < chunk ) {

45 // d0 <− p i x e l c oo rd ina t e s
double i i = x ;
double j j = j + y ;
double p ixe lSpac ing = 16 .0 ∗ pow( r / 64 . 0 , j j / h) − 16 .0 ∗ pow( r / 64 . 0 , (⤦

Ç j j +1) / h) ;
double d0x = cos ( 2 . 0 ∗ 3.141592653 ∗ i i / w) ∗ 16 .0 ∗ pow( r / 64 . 0 , j j / h) ;⤦

Ç //( i i − w/2) ∗ r / (h/2) ;
50 double d0y = s in ( 2 . 0 ∗ 3.141592653 ∗ i i / w) ∗ 16 .0 ∗ pow( r / 64 . 0 , j j / h) ;⤦

Ç //( j j − h/2) ∗ r / (h/2) ;
// d <− d0
double dx = d0x ;
double dy = d0y ;
// dydc <− 1

55 double dydcx = 1 . 0 ;
double dydcy = 0 . 0 ;
double er2 = 65536 . 0 ;
f l o a t d i s t ance = −1 .0 ;
f l o a t dwel l = −1 .0 ;

60 f l o a t atomperiod = 1 . 0 ;
double my2 = er2 ;
f o r ( i n t k = 0 ; k < 0x1000 ; ++k) { // FIXME hardcoded maxiters

i n t p = k % per iod ;
double zx = zs [2∗p+0] ;

65 double zy = zs [2∗p+1] ;
// y <− z + d
double yx = zx + dx ;
double yy = zy + dy ;
double y2 = yx ∗ yx + yy ∗ yy ;

70 double ly2 = log ( y2 ) ;
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i f ( ! ( y2 <= er2 ) ) {
// d i s t ance <− | y | l og | y | / | dydc |
double y = sq r t ( y2 ) ;
double dydc2 = dydcx ∗ dydcx + dydcy ∗ dydcy ;

75 double dydc = sq r t ( dydc2 ) ;
d i s t ance = y ∗ l y2 /2 .0 / ( dydc ∗ p ixe lSpac ing ) / 4 . 0 ;
dwe l l = k − l og2 ( ly2 / log ( er2 ) ) ;
break ;

}
80 // ly2 −= 0.5 ∗ ( k + 1) ;

i f ( ly2 < my2) {// && (k + 1) % per iod != 0) {
my2 = ly2 ;
atomperiod = k + 1 . 0 ;

}
85 // d <− 2 z d + d d + d0

double tx = 2 .0 ∗ ( zx ∗ dx − zy ∗ dy ) + (dx ∗ dx − dy ∗ dy ) + d0x ;
double ty = 2 .0 ∗ ( zx ∗ dy + zy ∗ dx ) + (2 . 0 ∗ dx ∗ dy ) + d0y ;
// dydc <− 2 y dydc + 1
double sx = 2 .0 ∗ ( yx ∗ dydcx − yy ∗ dydcy ) + 1 . 0 ;

90 double sy = 2 .0 ∗ ( yx ∗ dydcy + yy ∗ dydcx ) ;
dx = tx ;
dy = ty ;
dydcx = sx ;
dydcy = sy ;

95 }
output [ 3∗ i +0] = d i s t anc e ;
output [ 3∗ i +1] = dwel l ;
output [ 3∗ i +2] = atomperiod ;

}
100 }

) ;

// the main program
105

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

// read command l i n e arguments
i f ( argc != 7) {

110 f p r i n t f ( s tde r r , ” usage : %s width he ight r e a l imag s i z e per iod > out .pgm” , ⤦
Ç argv [ 0 ] ) ;

r e turn 1 ;
}
unsigned i n t w( a t o i ( argv [ 1 ] ) ) ;
unsigned i n t per iod ( a t o i ( argv [ 6 ] ) ) ;

115 F53 r ( a t o f ( argv [ 5 ] ) ) ;
R : : d e f a u l t p r e c i s i o n (10 − l og10 ( r ) ) ;
C c = C(R( argv [ 3 ] ) , R( argv [ 4 ] ) ) ;
unsigned i n t h = w ∗ (− l og ( r / 64 . 0 ) / ( 2 . 0 ∗ 3 .141592653) ) ; //( a t o i ( argv [ 2 ] ) )⤦

Ç ;
unsigned i n t chunk = ( ( ( 1 << 16) − 1) + w) / w;

120

// p r in t viewing parameters
mp f r f p r i n t f ( s tde r r , ”# %dx%d\n# re = ” , w, h) ;
mp f r ou t s t r ( s tde r r , 10 , 0 , c . r e a l ( ) . backend ( ) . data ( ) , MPFRRNDN) ;
mp f r f p r i n t f ( s tde r r , ”\n# im = ”) ;

125 mpf r ou t s t r ( s tde r r , 10 , 0 , c . imag ( ) . backend ( ) . data ( ) , MPFRRNDN) ;
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mp f r f p r i n t f ( s tde r r , ”\n# @ %g\n# P %d\n” , r , per iod ) ;

// compute high p r e c i s i o n zs and round to F53
i n t zbytes = s i z e o f (F53 ) ∗ 2 ∗ per iod ;

130 F53 ∗ zs = (F53 ∗) c a l l o c (1 , zbytes ) ;
C z ( 0 . 0 , 0 . 0 ) ;
f o r ( unsigned i n t i = 0 ; i < per iod ; ++i ) {

z = z ∗ z + c ;
zs [ 2∗ i +0] = F53 ( z . r e a l ( ) ) ;

135 zs [ 2∗ i +1] = F53 ( z . imag ( ) ) ;
}

// enumerate OpenCL plat fo rms
c l p l a t f o rm i d p l a t f o rm id [ 6 4 ] ;

140 c l u i n t p l a t f o rm id s ;
E( c lGetPlat formIDs (64 , &p la t f o rm id [ 0 ] , &p l a t f o rm id s ) ) ;
f o r ( c l u i n t i = 0 ; i < p l a t f o rm id s ; ++i ) {

f p r i n t f ( s tde r r , ” p lat form %d\n” , i ) ;
char buf [ 1 0 2 4 ] ;

145 c l p l a t f o rm i n f o i n f o [ 5 ] =
{ CL PLATFORM PROFILE
, CL PLATFORM VERSION
, CLPLATFORMNAME
, CLPLATFORMVENDOR

150 , CL PLATFORM EXTENSIONS
} ;

f o r ( i n t w = 0 ; w < 5 ; ++w) {
E( c lGetPlat fo rmIn fo ( p l a t f o rm id [ i ] , i n f o [w] , 1024 , &buf [ 0 ] , NULL) ) ;
f p r i n t f ( s tde r r , ”\ t%s \n” , buf ) ;

155 }
}

// c r e a t e context
c l d e v i c e i d d e v i c e i d ;

160 E( clGetDeviceIDs ( p l a t f o rm id [PLATFORM] , CL DEVICE TYPE ALL, 1 , &dev i c e i d , ⤦
Ç NULL) ) ;

c l c o n t e x t p r o p e r t i e s p r op e r t i e s [ ] =
{ CLCONTEXTPLATFORM, ( c l c o n t e x t p r o p e r t i e s ) p l a t f o rm id [PLATFORM]
, 0
} ;

165 i n t e r r ;
c l c o n t e x t context = clCreateContext ( p rope r t i e s , 1 , &dev i c e i d , NULL, NULL, &⤦

Ç e r r ) ;
i f ( ! context ) { E( e r r ) ; }
cl command queue commands = clCreateCommandQueue ( context , d ev i c e i d , 0 , &e r r ) ;
i f ( ! commands) { E( e r r ) ; }

170

// compile program
cl program program = clCreateProgramWithSource ( context , 1 , &src , NULL, &e r r ) ;
i f ( ! program ) { E( e r r ) ; }
e r r = clBuildProgram ( program , 0 , NULL, NULL, NULL, NULL) ;

175 i f ( e r r != CL SUCCESS) {
char buf [ 1 0 2 4 ] ; buf [ 0 ] = 0 ;
c lGetProgramBuildInfo ( program , dev i c e i d , CL PROGRAM BUILD LOG, 1024 , &buf⤦

Ç [ 0 ] , NULL) ;
f p r i n t f ( s tde r r , ” bu i ld f a i l e d :\n%s \n” , buf ) ;
E( e r r ) ;
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180 }
c l k e r n e l k e rne l = c lCreateKerne l ( program , ” de l t a ” , &e r r ) ;
i f ( ! k e rne l ) { E( e r r ) ; }

// c r e a t e bu f f e r s
185 unsigned i n t count = w ∗ chunk ;

cl mem i n z s = c lCrea t eBu f f e r ( context , CL MEMREAD ONLY, zbytes , NULL, NULL) ;
i f ( ! i n z s ) { e x i t (1 ) ; }
cl mem out output = c lCrea t eBu f f e r ( context , CL MEMWRITE ONLY, 3∗ count∗ s i z e o f (⤦

Ç f l o a t ) , NULL, NULL) ;
i f ( ! out output ) { e x i t (1 ) ; }

190 E( clEnqueueWriteBuffer (commands , i n z s , CL TRUE, 0 , zbytes , &zs [ 0 ] , 0 , NULL, ⤦
Ç NULL) ) ;

unsigned i n t obytes = 3 ∗ count ∗ ( ( h + chunk − 1) /chunk ) ∗ s i z e o f ( f l o a t ) ;
f l o a t ∗output = ( f l o a t ∗) c a l l o c (1 , obytes ) ;

// s e t arguments
195 unsigned i n t j = 0 ;

E( c lSetKerne lArg ( kerne l , 0 , s i z e o f ( cl mem ) , &i n z s ) ) ;
E( c lSetKerne lArg ( kerne l , 1 , s i z e o f ( unsigned i n t ) , &per iod ) ) ;
E( c lSetKerne lArg ( kerne l , 2 , s i z e o f ( cl mem ) , &out output ) ) ;
E( c lSetKerne lArg ( kerne l , 3 , s i z e o f ( unsigned i n t ) , &w) ) ;

200 E( c lSetKerne lArg ( kerne l , 4 , s i z e o f ( unsigned i n t ) , &h) ) ;
E( c lSetKerne lArg ( kerne l , 5 , s i z e o f ( unsigned i n t ) , &j ) ) ;
E( c lSetKerne lArg ( kerne l , 6 , s i z e o f ( double ) , &r ) ) ;
E( c lSetKerne lArg ( kerne l , 7 , s i z e o f ( unsigned i n t ) , &chunk ) ) ;
s i z e t l o c a l ;

205 E( clGetKernelWorkGroupInfo ( kerne l , d ev i c e i d , CL KERNEL WORK GROUP SIZE, ⤦
Ç s i z e o f ( l o c a l ) , &l o c a l , NULL) ) ;

s i z e t g l oba l = ( ( count + l o c a l − 1) / l o c a l ) ∗ l o c a l ;

// run the ke rne l f o r each row
f o r ( j = 0 ; j < h ; j += chunk ) {

210 f p r i n t f ( s tde r r , ”%8d\ r ” , j ) ;
E( c lSetKerne lArg ( kerne l , 5 , s i z e o f ( unsigned i n t ) , &j ) ) ;
E( clEnqueueNDRangeKernel (commands , kerne l , 1 , NULL, &globa l , &l o c a l , 0 , NULL⤦

Ç , NULL) ) ;
E( clEnqueueReadBuffer (commands , out output , CL TRUE, 0 , 3∗w∗chunk∗ s i z e o f (⤦

Ç f l o a t ) , &output [3∗w∗ j ] , 0 , NULL, NULL) ) ;
}

215 c lF i n i s h (commands) ;

/∗
// ana lyse data
FILE ∗ fatom = fopen (”atom . dat ” , ”wb”) ;

220 f o r ( unsigned i n t i = 2 ; i < 3 ∗ w ∗ h ; i += 3) {
f p r i n t f ( fatom , ”%d\n” , i n t ( output [ i ] ) ) ;

}
f c l o s e ( fatom ) ;

∗/
225 // convert to image

unsigned char ∗ rgb = ( unsigned char ∗) c a l l o c (1 , 3 ∗ w ∗ h) ;
// unsigned char ∗ grey = ( unsigned char ∗) c a l l o c (1 , w ∗ h) ;

f l o a t p i = 3 .141592653 ;
f l o a t phi = ( sq r t ( 5 . 0 ) + 1 . 0 ) / 2 . 0 ;

230 f l o a t modulus = 24 .0 + 1 . 0/ ( phi ∗phi ) ;
f o r ( unsigned i n t i = 0 ; i < 3 ∗ w ∗ h ; i += 3) {
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// grey [ i /3 ] = fmin ( fmax (255 . 0 ∗ s q r t ( output [ i +0]) , 0 . 0 ) , 255 . 0 ) ;
f l o a t va lue = fmin ( fmax ( sq r t ( output [ i +0]) , 0 . 0 ) , 1 . 0 ) ∗ 0 .5 + 0 . 1 2 5 ;
f l o a t chroma = 2 .0 ∗ pi ∗ fmod ( output [ i +2] , modulus ) /modulus ;

235 f l o a t y = value ;
f l o a t u = 0 .5 ∗ value ∗ cos ( chroma ) ;
f l o a t v = 0 .5 ∗ value ∗ s i n ( chroma ) ;
f l o a t r = y + 1.13983 ∗ v ;
f l o a t g = y − 0.39465 ∗ u − 0.58060 ∗ v ;

240 f l o a t b = y + 2.03211 ∗ u ;
i f ( output [ i +0] < 0 .0 | | output [ i +0] > w) {

rgb [ i +0] = rgb [ i +1] = rgb [ i +2] = 255 ;
} e l s e {

rgb [ i +0] = fmin ( fmax ( r ∗ 255 .0 , 0 . 0 ) , 255 . 0 ) ;
245 rgb [ i +1] = fmin ( fmax ( g ∗ 255 .0 , 0 . 0 ) , 255 . 0 ) ;

rgb [ i +2] = fmin ( fmax (b ∗ 255 .0 , 0 . 0 ) , 255 . 0 ) ;
}

}

250 /∗
FILE ∗ f d i s t = fopen (” d i s t . dat ” , ”wb”) ;
f o r ( unsigned i n t i = 0 ; i < 3 ∗ w ∗ h ; i += 3) {

f p r i n t f ( f d i s t , ”%e\n” , output [ i +0]) ;
}

255 f c l o s e ( f d i s t ) ;
∗/
/∗

FILE ∗ fraw = fopen (” out . raw” , ”wb”) ;
fw r i t e ( output , obytes , 1 , fraw ) ;

260 f c l o s e ( fraw ) ;
∗/
/∗

FILE ∗ f g r ey = fopen (” out . pgm” , ”wb”) ;
f p r i n t f ( fgrey , ”P5\n%d %d\n255\n” , w, h) ;

265 fw r i t e ( grey , w ∗ h , 1 , f g r ey ) ;
f c l o s e ( f g r ey ) ;

∗/
// output PPM data on stdout
mp f r f p r i n t f ( stdout , ”P6\n%d %d\n# re = ” , w, h) ;

270 mpf r ou t s t r ( stdout , 10 , 0 , c . r e a l ( ) . backend ( ) . data ( ) , MPFRRNDN) ;
mp f r f p r i n t f ( stdout , ”\n# im = ”) ;
mp f r ou t s t r ( stdout , 10 , 0 , c . imag ( ) . backend ( ) . data ( ) , MPFRRNDN) ;
mp f r f p r i n t f ( stdout , ”\n# @ %g\n# P %d\n255\n” , r , per iod ) ;
fw r i t e ( rgb , 3 ∗ w ∗ h , 1 , s tdout ) ;

275

// c l ean up
clReleaseMemObject ( i n z s ) ;
clReleaseMemObject ( out output ) ;
c lReleaseProgram ( program ) ;

280 c lRe l ea s eKerne l ( k e rne l ) ;
clReleaseCommandQueue (commands) ;
c lRe l easeContext ( context ) ;

r e turn 0 ;
285 }

34 mandelbrot-delta-cl/README
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mandelbrot−de l ta − c l
===================

Mandelbrot s e t pe r turbat i on rendere r us ing OpenCL
5

Copyright : (C) 2013 ,2018 Claude Heiland −Allen <claude@mathr . co . uk>
License : http ://www. gnu . org / l i c e n s e s / gpl . html GPLv3+

10 Usage
−−−−−

. / mandelbrot−de l ta − c l p lat form width he ight c r e cim c s i z e p o l y i t e r s maxiters ⤦
Ç > out .ppm

15 c r e cim c s i z e are the coo rd ina t e s o f the view . maxiters can be s e t very
high , i t b a i l s out e a r l y i f the ra t e o f e scap ing p i x e l s i s low . p o l y i t e r s
i s the number o f i t e r a t i o n s to assume the polynomial approximation i s v a l i d
f o r ( s e t t i n g i t to 0 i s sa f e , s e t t i n g i t too high might l ead to bad images ) .

20 There are some con f i gu r a t i on opt ions at the top o f the main source f i l e ,
but the d e f au l t opt ions should work ok .

Theory
25 −−−−−−

I n sp i r ed by SuperFractalThing http ://www. s up e r f r a c t a l t h i n g . co . nf /
Compute a r e f e r e n c e po int at high p r e c i s i on , use lower p r e c i s i o n d e l t a s
aga in s t that r e f e r e n c e f o r a l l other po in t s . Further use a polynomial

30 approximation to i n i t i a l i z e each p i x e l at the po l y i t e r s ’ th i t e r a t i o n .
Current ly uses a degree −12 polynomial .

Using Maxima
−−−−−−−−−−−−

35

Calcu la t ing polynomial approximation r e cu r r en c e s can be done by machine ,
to c o l l e c t c o e f f i c i e n t s o f l i k e terms . Renamed va r i a b l e s compared to
the SFT paper : z = X n , y = de l ta n , x = de l t a 0 ; a dd i t i o n a l l y w i s
the d i f f e r e n c e in the d e r i v a t i v e (X’ n = X n + y , A’ n = A n + w) a l s o

40 approximated by a polynomial in x = d 0 .

<maxima> facsum ( expand ( subst (
y = a ∗ x + b ∗ xˆ2 + c ∗ xˆ3 + d ∗ xˆ4 + e ∗ x ˆ 5 + f ∗ xˆ6 + g ∗ xˆ7 + h ∗ ⤦

Ç xˆ8 + i ∗ xˆ9 + j ∗ xˆ10 + k ∗ xˆ11 + l ∗ xˆ12 ,
2 ∗ z ∗ y + yˆ2 + x) ) ,

45 x
) ;

xˆ12∗(2∗ l ∗z+2∗a∗k+2∗b∗ j+2∗c∗ i +2∗d∗h+2∗e∗g+f ˆ2)
+2∗xˆ11∗( k∗z+a∗ j+b∗ i+c∗h+d∗g+e∗ f )+xˆ10∗(2∗ j ∗z+2∗a∗ i +2∗b∗h+2∗c∗g+2∗d∗ f+e ˆ2)

50 +2∗xˆ9∗( i ∗z+a∗h+b∗g+c∗ f+d∗e )+xˆ8∗(2∗h∗z+2∗a∗g+2∗b∗ f+2∗c∗e+dˆ2)
+2∗xˆ7∗( g∗z+a∗ f+b∗e+c∗d)+xˆ6∗(2∗ f ∗z+2∗a∗e+2∗b∗d+c ˆ2)+2∗xˆ5∗( e∗z+a∗d+b∗c )
+xˆ4∗(2∗d∗z+2∗a∗c+bˆ2)+2∗xˆ3∗( c∗z+a∗b)+xˆ2∗(2∗b∗z+aˆ2)+x∗(2∗ a∗z+1)+l ˆ2∗xˆ24
+2∗k∗ l ∗xˆ23+(2∗ j ∗ l+kˆ2) ∗xˆ22+2∗( i ∗ l+j ∗k ) ∗xˆ21+(2∗h∗ l +2∗ i ∗k+j ˆ2) ∗xˆ20
+2∗(g∗ l+h∗k+i ∗ j ) ∗xˆ19+(2∗ f ∗ l +2∗g∗k+2∗h∗ j+i ˆ2) ∗xˆ18+2∗( e∗ l+f ∗k+g∗ j+h∗ i ) ∗xˆ17

55 +(2∗d∗ l +2∗e∗k+2∗ f ∗ j+2∗g∗ i+hˆ2) ∗xˆ16+2∗( c∗ l+d∗k+e∗ j+f ∗ i+g∗h) ∗xˆ15
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+(2∗b∗ l +2∗c∗k+2∗d∗ j+2∗e∗ i +2∗ f ∗h+gˆ2) ∗xˆ14+2∗(a∗ l+b∗k+c∗ j+d∗ i+e∗h+f ∗g ) ∗xˆ13

<maxima> facsum ( expand ( subst (
w = aa ∗ x + bb ∗ xˆ2 + cc ∗ xˆ3 + dd ∗ xˆ4 + ee ∗ xˆ5 + f f ∗ xˆ6 + gg ∗ xˆ7 +⤦

Ç hh ∗ xˆ8 + i i ∗ xˆ9 + j j ∗ xˆ10 + kk ∗ xˆ11 + l l ∗ xˆ12 , subst (
60 y = a ∗ x + b ∗ xˆ2 + c ∗ xˆ3 + d ∗ xˆ4 + e ∗ x ˆ 5 + f ∗ xˆ6 + g ∗ xˆ7 + h ∗ ⤦

Ç xˆ8 + i ∗ xˆ9 + j ∗ xˆ10 + k ∗ xˆ11 + l ∗ xˆ12 ,
2 ∗ a ∗ y + 2 ∗ w ∗ ( z + y) ) ) ) ,
x

) ;

65 2∗xˆ12∗( l l ∗z+a∗ l+a∗kk+aa∗k+b∗ j j+bb∗ j+c∗ i i+cc ∗ i+d∗hh+dd∗h+e∗gg+ee ∗g+f ∗ f f )
+2∗xˆ11∗( kk∗z+a∗k+a∗ j j+aa∗ j+b∗ i i+bb∗ i+c∗hh+cc ∗h+d∗gg+dd∗g+e∗ f f+ee ∗ f )
+2∗xˆ10∗( j j ∗z+a∗ j+a∗ i i+aa∗ i+b∗hh+bb∗h+c∗gg+cc ∗g+d∗ f f+dd∗ f+e∗ ee )
+2∗xˆ9∗( i i ∗z+a∗ i+a∗hh+aa∗h+b∗gg+bb∗g+c∗ f f+cc ∗ f+d∗ ee+dd∗e )
+2∗xˆ8∗(hh∗z+a∗h+a∗gg+aa∗g+b∗ f f+bb∗ f+c∗ ee+cc ∗e+d∗dd)

70 +2∗xˆ7∗( gg∗z+a∗g+a∗ f f+aa∗ f+b∗ ee+bb∗e+c∗dd+cc ∗d)
+2∗xˆ6∗( f f ∗z+a∗ f+a∗ ee+aa∗e+b∗dd+bb∗d+c∗ cc )
+2∗xˆ5∗( ee ∗z+a∗e+a∗dd+aa∗d+b∗ cc+bb∗c )+2∗xˆ4∗(dd∗z+a∗d+a∗ cc+aa∗c+b∗bb)
+2∗xˆ3∗( cc ∗z+a∗c+a∗bb+aa∗b)+2∗xˆ2∗(bb∗z+a∗b+a∗aa )+2∗x∗( aa∗z+aˆ2)+2∗ l ∗ l l ∗xˆ24
+2∗(k∗ l l+kk∗ l ) ∗xˆ23+2∗( j ∗ l l+j j ∗ l+k∗kk ) ∗xˆ22+2∗( i ∗ l l+ i i ∗ l+j ∗kk+j j ∗k ) ∗xˆ21

75 +2∗(h∗ l l+hh∗ l+i ∗kk+i i ∗k+j ∗ j j ) ∗xˆ20+2∗(g∗ l l+gg∗ l+h∗kk+hh∗k+i ∗ j j+ i i ∗ j ) ∗xˆ19
+2∗( f ∗ l l+f f ∗ l+g∗kk+gg∗k+h∗ j j+hh∗ j+i ∗ i i ) ∗xˆ18
+2∗(e∗ l l+ee ∗ l+f ∗kk+f f ∗k+g∗ j j+gg∗ j+h∗ i i+hh∗ i ) ∗xˆ17
+2∗(d∗ l l+dd∗ l+e∗kk+ee ∗k+f ∗ j j+f f ∗ j+g∗ i i+gg∗ i+h∗hh) ∗xˆ16
+2∗(c∗ l l+cc ∗ l+d∗kk+dd∗k+e∗ j j+ee ∗ j+f ∗ i i+f f ∗ i+g∗hh+gg∗h) ∗xˆ15

80 +2∗(b∗ l l+bb∗ l+c∗kk+cc ∗k+d∗ j j+dd∗ j+e∗ i i+ee ∗ i+f ∗hh+f f ∗h+g∗gg ) ∗xˆ14
+2∗(a∗ l l+aa∗ l+b∗kk+bb∗k+c∗ j j+cc ∗ j+d∗ i i+dd∗ i+e∗hh+ee ∗h+f ∗gg+f f ∗g ) ∗xˆ13

Tested With
85 −−−−−−−−−−−

Debian Wheezy with a few th ings from J e s s i e ( r e c ent Boost , . . . )
NVIDIA GTX−550Ti GPU / OpenCL 1 .1 CUDA 4 . 2 . 1
AMD Athlon I I X4 640 CPU / OpenCL 1 .2 AMD−APP (938 . 2 )

90 NVIDIA GeForce G105M GPU / OpenCL 1 .1 CUDA 4 . 2 . 1
I n t e l Core2 Duo P7550 CPU / OpenCL 1 .2 AMD−APP (938 . 2 )

Debian Buster with Je s s i e −Backports non− f r e e amd−opencl − i cd
AMD Radeon RX 580 GPU / OpenCL 1 .1 Mesa 1 8 . 0 . 4 Clover

95 r e a l 1m02.608 s / user 0m26.120 s / sys 0m1.048 s
AMD Ryzen 7 2700X CPU / OpenCL 1 .2 AMD−APP (1912 . 5 )

r e a l 1m57.504 s / user 22m41.528 s / sys 0m4.122 s

100 Future Work
−−−−−−−−−−−

be t t e r e r r o r r epo r t i ng and recovery
i n t e r a c t i v e opera t i on

105 compute precount automat i ca l l y
i n v e s t i g a t e whether high degree po lynomia l s are worth i t
r e c u r s i v e image subd i v i s i on

110 Bugs
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−−−−

sometimes the re are some blobs that shouldn ’ t be there
( not caused by i t e r a t i o n l im i t being reached , mystery . . )

115

−−

http ://mathr . co . uk

35 mandelbrot-delta-cl/render-library.sh

#!/bin /bash
plat form=0
width=512
he ight=512

5 out=s f t − l i b r a r y
maxiters=1000000
mkdir −p ”${out }”
whi l e read name
do

10 read s
read r
read i
read ignore
echo ”${name}”

15 time . / mandelbrot−de l ta − c l ”${plat form }” ”${width}” ”${ he ight }” ”${ r :2}” ”${ i⤦
Ç : 2}” ”${ s :2}” 1 ”${maxiters }” > ”${out }/${name } .ppm”

done

36 mandelbrot-delta-cl/sft-library.txt

Blobby
s =3.945027e−59
r = −1.3227493705340553096531973724638014676749612091968246708254143707705
i =0.11215137792107857749242449374269442912190722464230227685405588576261

5 i t e r a t i o n l i m i t =6912
Bloodshot
s =2.150840e−56
r =0.14355621452983444961422555375035989741273570589747906301679965568498
i =0.65207264731080062833688926376479464152101757916253449412791770164159

10 i t e r a t i o n l i m i t =4096
Bug
s =1.427670e−138
r⤦

Ç = −0.971032204400862970605987740386365852939384365338919468147782957462652312603921836333801202961425909028627510212125295497295628506148768050810945512⤦
Ç

i⤦
Ç =0.2612660740286018204953256014557660587654785993590555741175523439185933470325270191056673621149815610803329195944719721374780342203183742681608999151⤦
Ç

15 i t e r a t i o n l i m i t =6400
Ce l l
s =4.247607e−31
r = −0.108051643551278269838603388506189745374
i =0.9620211831311302584670781799668062667422

20 i t e r a t i o n l i m i t =25688
Chains
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s =1.124769e−70
r⤦

Ç =0.0592259535587252647034707909559267210253988289806344064262750819859936433500952⤦
Ç

i⤦
Ç =0.6557594816076711674183332361851895776456694102993657000539496152792567276033998⤦
Ç

25 i t e r a t i o n l i m i t =35279
Chaos
s =2.078600e−29
r = −0.5316466253832941645290557688141759096
i =0.66853083001213043887310856441016391928

30 i t e r a t i o n l i m i t =8764
c o i l
s =8.3753E−31
r = −1.03918570511782999161387683890297352128
i =0.34877372380369074273892218342440212736

35 i t e r a t i o n l i m i t =5878
Coral
s =5.437534e−65
r = −0.207975238753095626766617136501241794405143243672131396312340491439384909
i =1.1091582640935547192530875722735779387477797090182606408430312106976345148

40 i t e r a t i o n l i m i t =16640
Cross
s =1.048582e−41
r = −1.322749370534055309653197372463801467674961485530
i =0.1121513779210785774924244937426944291219065259685

45 i t e r a t i o n l i m i t =4864
Deep
s =5.054594e−264
r⤦

Ç = −0.8635169079336723787909852673550036317112290092662339023565685902909598581747910666789341701733177524889420466740410475917304931409405515021801432520061688309437600296551693365761424365795272805469550118785509705439232403959541588349498522971590667888487052154368155355344563441⤦
Ç

i⤦
Ç =0.24770085085542684897920154941114532978571652912585207591199032605489162434475579901621342900504326332001572471388836875257693078071821918832702805395251556576917743455093070180103998083138219966104076957094394557391349705788109482159372116384541942314989586824711640815455948160⤦
Ç

50 i t e r a t i o n l i m i t =13824
Diamond
s=1.117441e−35
r = −0.139979599473469010707455127696075574742775
i =0.9920965960349917387545321133656865993637438

55 i t e r a t i o n l i m i t =4608
Fans
s =6.66575E−26
r = −1.479734172917307109953944973796048347
i = −0.000330734912098132398970523800624035

60 i t e r a t i o n l i m i t =63019
Flower
s =3.957286e−52
r = −0.70217838117458919972428923622442030818709415137067763432163
i =0.350188994078575685784373023205753300349944168843451225598036

65 i t e r a t i o n l i m i t =40000
H
s=1.003089e−43
r = −0.05204127701672578557069728343040824112099645303821
i =0.880002647049300592795822899476444917140801358994528

70 i t e r a t i o n l i m i t =8384
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I I
s =6.406352e−70
r⤦

Ç =0.059225953558725264703470790955926721025398828980634406424909773141061905353101⤦
Ç

i⤦
Ç =0.655759481607671167418333236185189577645669410299365700053795401428262327401521⤦
Ç

75 i t e r a t i o n l i m i t =65174
Jaws
s =4.810315E−26
r = −1.996375168276809430933711379256262298
i =0.0000000188809999371773610027511384265

80 i t e r a t i o n l i m i t =15000
Leaves
s =8.814956e−23
r = −1.7474366027062676704548196087803
i =0.00209136049119104200902757584216

85 i t e r a t i o n l i m i t =3130
Linear
s =5.619169e−104
r⤦

Ç =0.4118306744365560082964589189706382555701781300452311348621277450361136524958556822550976866656858976069727388697⤦
Ç

i⤦
Ç =0.1380696332743936010084385729679151224189479304585324506091992009330151487315020061216480891465199919055936312788⤦
Ç

90 i t e r a t i o n l i m i t =7168
Lines
s =2.877312e−37
r =0.267631092094222042989030536901435635989043689
i =0.003868418790357451575907772520676739621003884

95 i t e r a t i o n l i m i t =4352
Mosaic
s =3.096137e−46
r =0.372137738770323258373356630885867793129508737871396193
i = −0.09039824543417816169295241115100981930266548257065052

100 i t e r a t i o n l i m i t =15512
Mosaic2
s =2.672520e−67
r⤦

Ç =0.372137738770323258373356630885867793129508737741343871454145013316342011146500⤦
Ç

i⤦
Ç = −0.09039824543417816169295241115100981930266548256454002516957239220293676019424⤦
Ç

105 i t e r a t i o n l i m i t =13652
Mosaic3
s =5.135241e−35
r =0.05922595355872526470347079095592672097075447
i =0.65575948160767116741833323618518957235028203

110 i t e r a t i o n l i m i t =16843
MultiH
s=6.153873e−59
r = −0.1506862823015115390461202865224991362340614194980360244896989964209
i =1.04400017290791700772628571989824352249520720507595502233603826804338

115 i t e r a t i o n l i m i t =100000
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Octogram
s=1.500000e−27
r = −0.1611932416283335497932037769942650
i =1.03962741547672189695078100332888192

120 i t e r a t i o n l i m i t =5009
Pinwheel
s =9.7855E−49
r = −0.531646625383294164529055768810730015611279206489655328452073
i =0.6685308300121304388731085643978211266805614576504294116119685

125 i t e r a t i o n l i m i t =87640
Ripple
s =6.29145E−16
r =0.29631325659167238737315235
i =−0.0171709257359399121326943

130 i t e r a t i o n l i m i t =46041
Saw Wheel
s =8.497763e−41
r =0.41149469307133465265064840380739746478574726220760
i = −0.1615556761608112511088531693650175956110688024952

135 i t e r a t i o n l i m i t =2304
Sca l e s
s =1.500000e−38
r = −0.0131008420619275573740848458568377199950399054
i =0.71505414382185825698128995207711460876924722308

140 i t e r a t i o n l i m i t =7065
Sh e l l s
s =7.501533e−13
r =0.250117332491014475344
i =0.000001918001511940442

145 i t e r a t i o n l i m i t =32000
Sp i r a l s
s =5.4293E−22
r = −1.25020813153752052032981824051180
i = −0.00559127510520559732398195501999

150 i t e r a t i o n l i m i t =201367
Square
s =1.212211e−25
r = −0.113979801322772454491978011429001
i =0.9695771423604055236556120247391928

155 i t e r a t i o n l i m i t =17600
Squares
s =1.569206e−24
r = −0.5568913253743347124102704332799
i =0.63531080567597055494660396989646

160 i t e r a t i o n l i m i t =204608
S t a r f i s h
s =1.500000e−47
r = −0.0985495895311992649056087971516313253373317948314309418
i =0.92469813784454892364548419957293771795418531023091926976

165 i t e r a t i o n l i m i t =422304
Swi r l
s =1.500000e−103
r⤦

Ç = −0.82998929490074390782101955568191178347129471944369585853623324386860499343009075841076043604620167229827754399864⤦
Ç

i⤦
Ç =0.207323411905610537658733717263516140945954483021827627752742705260322000441056991350069865164280164346562577524889⤦

145



fractal-bits mandelbrot-laurent/DM.gnuplot

Ç

170 i t e r a t i o n l i m i t =24784
Tentac le
s =5.208408e−63
r = −0.2920978056529359352550294641024754177870277135355227740921239837754571905
i =0.65902369962977701211090046594765415228793874786420545507471841694969945884

175 i t e r a t i o n l i m i t =23609
Tunnel
s =8.6469E−42
r =0.27522000732176228425895258844200966443778996152984
i = −0.0081106651170550430962879743826939514780333731558

180 i t e r a t i o n l i m i t =50000
Twist
s =3.144748e−70
r⤦

Ç =0.4118306744365560082964589189706382555701781300452311348621277450361136171271985237⤦
Ç

i⤦
Ç =0.1380696332743936010084385729679151224189479304585324506091992009330151207163408492⤦
Ç

185 i t e r a t i o n l i m i t =5120
Wave
s =1.185776e−33
r = −0.10091453933399909667486636783772556781141577
i =0.956386937512286698962132938892362132434188422

190 i t e r a t i o n l i m i t =6400

37 mandelbrot-laurent/DM.gnuplot

s e t term pngca i ro s i z e 2000 ,1000 font ”LMSans10” f o n t s c a l e 2
s e t output ”DM. png”
unset key
s e t g r id

5 s e t mu l t ip l o t layout 1 ,2
s e t t i t l e ”Unit d i sk D with ex t e rna l rays and c i r c l e s ”
p l o t [ − 2 : 2 ] [ − 2 : 2 ] ”D−equi . dat” w l , ”D−ray . dat” w l
s e t t i t l e ”Image under Psi M (w) truncated to 1000 terms”
p l o t [ − 2 . 5 : 1 . 5 ] [ − 2 : 2 ] ”M−equi . dat” w l , ”M−ray . dat” w l

10 unset mu l t i p l o t

38 mandelbrot-laurent/Laurent.hs

{−# LANGUAGE Over loadedStr ings #−}
module Laurent ( withLaurent ) where

import Control .Monad ( forM )
5 import Data . Text (Text )

import Data .Memo. S q l i t e

betaF : : ( ( Integer , I n t eg e r ) −> IO Rat iona l ) −> ( ( Integer , I n t eg e r ) −> IO ⤦

Ç Rat iona l )
betaF betaF (n , m)

10 | m == 0 = return 1
| 0 < n && m < nnn = return 0
| otherwi s e = do

a <− betaF (n + 1 , m)
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s <− fmap sum . forM [ nnn . . m − nnn ] $ \k −> do
15 nk <− betaF (n , k )

nmk <− betaF (n , m − k )
re turn $ ! nk ∗ nmk

b <− betaF (0 , m − nnn)
re turn $ ! ( a − s − b) / 2

20 where
nnn = 2 ˆ (n + 1) − 1

withLaurent : : ( ( I n t eg e r −> IO Rat iona l ) −> IO r ) −> IO r
withLaurent act = do

25 l e t Just b f t = tab l e ”betaF”
( bclean , betaF ) <− memoRec ’ readShow ”betaF . s q l i t e ” b f t betaF
l e t b (−1) = return 1

b m = betaF (0 , m + 1)
r <− act b

30 bc lean
return r

39 mandelbrot-laurent/Main.hs

import Control .Monad ( forM )
import Data . Complex ( c i s , Complex ( ( :+) ) )
import Data . L i s t ( i n t e r c a l a t e )
import Data . Ratio ( denominator , numerator )

5 import System . Environment ( getArgs )
import System . IO ( hFlush , stdout )
import Data . Vector . Unboxed ( f o l d r ’ , forM , fromListN , generate , Vector )
import q u a l i f i e d Data . Vector . Unboxed as V

10 import Laurent ( withLaurent )

main : : IO ( )
main = do

[ sn , sm , sr , sw , s s ] <− getArgs
15 n <− readIO sn

m <− readIO sm
bs <− withLaurent $ forM [−1 . . m]
l e t v = fromListN ( f romInteger m + 2) $ map fromRational bs

c = case sw o f
20 ” equi ” −> c i r c l e n (1 + 0 .5 ∗∗ read s r )

” ray” −> ray n ( read ( r ep l a c e ’/ ’ ’% ’ s r ) )
j = case s s o f

”M” −> V.map ( j un g r e i s v ) c
”D” −> c

25 ”B” −> V.map (:+ 0) v
forM j $ \( x:+y ) −> putStrLn ( show x ++ ” ” ++ show y)

r ep l a c e x with (y : ys ) | x == y = with : r ep l a c e x with ys
| otherwi s e = y : r ep l a c e x with ys

30 r ep l a c e = [ ]

c i r c l e : : Int −> Double −> Vector (Complex Double )
c i r c l e n r = generate n (\ i −> fmap ( r ∗) . c i s $ 2 ∗ pi ∗ ( f r omInteg ra l i + ⤦

Ç 0 . 5 ) / f r omInteg ra l n)

35 ray : : Int −> Rat iona l −> Vector (Complex Double )
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ray n r = generate n (\ i −> fmap ( (1 + 0 .5 ∗∗ (53 ∗ f r omInteg ra l i / ⤦
Ç f r omInteg ra l n ) ) ∗) . c i s $ 2 ∗ pi ∗ f romRational r )

horner : : Complex Double −> Vector Double −> Complex Double
horner x = fo ld r ’ (\ a s −> ( a :+ 0) + x ∗ s ) 0

40

j u n g r e i s : : Vector Double −> Complex Double −> Complex Double
j u n g r e i s u w = w ∗ horner ( r e c i p w) u

40 mandelbrot-series-approximation/args.h

#i f n d e f ARGS H
#de f i n e ARGS H 1

#inc lude <iostream>
5 #inc lude <c s t d l i b>

#inc lude <c s t r i ng>
us ing namespace std ;

typede f i n t N;
10

// packed arguments
s t r u c t arguments
{

N width ;
15 N he ight ;

N maxiters ;
N order ;
N stop ;
N accuracy ;

20 N pr e c i s i o n ;
} ;

// pack arguments
i n l i n e char ∗pack ( s i z e t &s i z e , N width , N height , N maxiters , N order , N stop , ⤦

Ç N accuracy , N pr e c i s i on , const char ∗ sre , const char ∗sim , const char ∗⤦
Ç s rad ius , const char ∗ f i l ename )

25 {
s i z e = s i z e o f ( arguments ) + s t r l e n ( s r e ) + 1 + s t r l e n ( sim ) + 1 + s t r l e n ( s r ad iu s )⤦

Ç + 1 + s t r l e n ( f i l ename ) + 1 ;
arguments ∗ args = ( arguments ∗) mal loc ( s i z e ) ;
args−>width = width ;
args−>he ight = he ight ;

30 args−>maxiters = maxiters ;
args−>order = order ;
args−>stop = stop ;
args−>accuracy = accuracy ;
args−>p r e c i s i o n = p r e c i s i o n ;

35 char ∗data = ( char ∗) ( args + 1) ;
memset ( data , 0 , s i z e − s i z e o f ( arguments ) ) ;
s t r c a t ( data , s r e ) ;
data += s t r l e n ( data ) + 1 ;
s t r c a t ( data , sim ) ;

40 data += s t r l e n ( data ) + 1 ;
s t r c a t ( data , s r ad iu s ) ;
data += s t r l e n ( data ) + 1 ;
s t r c a t ( data , f i l ename ) ;
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re turn ( char ∗) args ;
45 }

// unpack arguments
i n l i n e void unpack ( char ∗data , s i z e t s i z e , N &width , N &height , N &maxiters , N ⤦

Ç &order , N &stop , N &accuracy , N &pre c i s i on , const char ∗&sre , const char ⤦
Ç ∗&sim , const char ∗&srad ius , const char ∗&f i l ename )

{
50 ( void ) s i z e ;

arguments ∗ args = ( arguments ∗) data ;
width = args−>width ;
he ight = args−>he ight ;
maxiters = args−>maxiters ;

55 order = args−>order ;
stop = args−>stop ;
accuracy = args−>accuracy ;
p r e c i s i o n = args−>p r e c i s i o n ;
data += s i z e o f ( arguments ) ;

60 s r e = data ;
data += s t r l e n ( data ) + 1 ;
sim = data ;
data += s t r l e n ( data ) + 1 ;
s r ad i u s = data ;

65 data += s t r l e n ( data ) + 1 ;
f i l ename = data ;

}

// parse arguments
70 i n l i n e N parse ( i n t argc , char ∗∗argv , N &width , N &height , N &maxiters , N &order⤦

Ç , N &stop , N &accuracy , N &pre c i s i on , const char ∗&sre , const char ∗&sim , ⤦
Ç const char ∗&srad ius , const char ∗&f i l ename )

{
// parse arguments
f o r (N a = 1 ; a < argc ; ++a )
{

75 i f ( ! strcmp(”−−width ” , argv [ a ] ) && a + 1 < argc )
width = a t o i ( argv[++a ] ) ;

e l s e
i f ( ! strcmp(”−− he ight ” , argv [ a ] ) && a + 1 < argc )

he ight = a t o i ( argv[++a ] ) ;
80 e l s e

i f ( ! strcmp(”−−maxiters ” , argv [ a ] ) && a + 1 < argc )
maxiters = a t o i ( argv[++a ] ) ;

e l s e
i f ( ! strcmp(”−− order ” , argv [ a ] ) && a + 1 < argc )

85 order = a t o i ( argv[++a ] ) ;
e l s e
i f ( ! strcmp(”−− s topping ” , argv [ a ] ) && a + 1 < argc )
{

N b(++a ) ;
90 i f ( ! strcmp (” knighty ” , argv [ b ] ) )

stop = 0 ;
e l s e
i f ( ! strcmp (” quaz0r ” , argv [ b ] ) )

stop = 1 ;
95 e l s e

i f ( ! strcmp (” knighty2 ” , argv [ b ] ) )
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stop = 2 ;
e l s e
{

100 c e r r << argv [ 0 ] << ” : bad stopping : ” << argv [ b ] << endl ;
r e turn 1 ;

}
}
e l s e

105 i f ( ! strcmp(”−− accuracy ” , argv [ a ] ) && a + 1 < argc )
accuracy = a t o i ( argv[++a ] ) ;

e l s e
i f ( ! strcmp(”−− p r e c i s i o n ” , argv [ a ] ) && a + 1 < argc )

p r e c i s i o n = a to i ( argv[++a ] ) ;
110 e l s e

i f ( ! strcmp(”−− re ” , argv [ a ] ) && a + 1 < argc )
s r e = argv[++a ] ;

e l s e
i f ( ! strcmp(”−−im” , argv [ a ] ) && a + 1 < argc )

115 sim = argv[++a ] ;
e l s e
i f ( ! strcmp(”−− rad iu s ” , argv [ a ] ) && a + 1 < argc )

s r ad i u s = argv[++a ] ;
e l s e

120 i f ( ! strcmp(”−−output ” , argv [ a ] ) && a + 1 < argc )
f i l ename = argv[++a ] ;

e l s e
{

c e r r << argv [ 0 ] << ” : unexpected : ” << argv [ a ] << endl ;
125 c e r r

<< ”usage : ” << endl
<< ” −−width n” << endl
<< ” −−he ight n” << endl
<< ” −−maxiters n” << endl

130 << ” −−order n” << endl
<< ” −− s topping knighty | quaz0r | knighty2 ” << endl
<< ” −−accuracy n” << endl
<< ” −−p r e c i s i o n n” << endl
<< ” −− re f ” << endl

135 << ” −−im f ” << endl
<< ” −− rad iu s f ” << endl
<< ” −−output s .ppm” << endl
;

r e turn 1 ;
140 }

}
re turn 0 ;

}

145 #end i f

41 mandelbrot-series-approximation/emscripten.cpp

#i f n d e f EMSCRIPTEN
#er r o r t h i s f i l e needs to be compiled by emscr ipten
#end i f

5 #inc lude <SDL/SDL. h>
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#inc lude <emscr ipten . h>

#inc lude ” args . h”

10 s t r u c t main context
{

N width ;
N he ight ;
SDL Surface ∗ s c r e en ;

15 } ;
main context the main context ;

// ca l l ba ck with r e s u l t s from web worker
void d i sp l ay ( char ∗data , i n t s i z e , void ∗ arg )

20 {
u i n t 8 t ∗ rgb = ( u i n t 8 t ∗) data ;
i f ( rgb [ s i z e − 1 ] == 255)
{

// f i n a l re sponse with image data
25 main context ∗ context = ( main context ∗) arg ;

i f (SDLMUSTLOCK( context−>s c r e en ) ) SDL LockSurface ( context−>s c r e en ) ;
f o r (N y = 0 ; y < context−>he ight ; ++y)

f o r (N x = 0 ; x < context−>width ; ++x)
{

30 N k = (y ∗ context−>width + x) ∗ 3 ;
∗ ( ( Uint32 ∗) context−>screen −>p i x e l s + context−>width ∗ y + x) =

SDL MapRGBA( context−>screen −>format , rgb [ k+0] , rgb [ k+1] , rgb [ k+2] , ⤦
Ç 255) ;

}
i f (SDLMUSTLOCK( context−>s c r e en ) ) SDL UnlockSurface ( context−>s c r e en ) ;

35 SDL Flip ( context−>s c r e en ) ;
}
e l s e
{

// p r o v i s i o n a l re sponse with l ogg ing data
40 p r i n t f (”%s ” , data ) ;

}
}

// entry po int
45 extern ”C” in t main ( i n t argc , char ∗∗ argv )

{
// i n i t i a l d e f a u l t s
N width = 640 ;
N he ight = 360 ;

50 N maxiters = 1 << 8 ;
N order = 16 ;
N stop = 0 ;
N accuracy = 24 ;
N p r e c i s i o n = 0 ; // auto

55 const char ∗ s r e = ” −0.75” ;
const char ∗ sim = ”0 . 0 ” ;
const char ∗ s r ad i u s = ”1 . 5 ” ;
const char ∗ f i l ename = ”out .ppm” ;
// parse arguments

60 i f ( parse ( argc , argv , width , height , maxiters , order , stop , accuracy , ⤦
Ç p r e c i s i on , sre , sim , s rad ius , f i l ename ) )
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re turn 1 ;
// c r e a t e worker thread
worker handle worker = emsc r ip t en c r ea t e worke r (” worker . j s ”) ;
// prepare v ideo

65 SDL Init (SDL INIT VIDEO) ;
the main context . width = width ;
the main context . he ight = he ight ;
the main context . s c r e en = SDL SetVideoMode ( width , height , 32 , SDL SWSURFACE) ;
// render image in web worker background thread

70 s i z e t s i z e ;
char ∗data = pack ( s i z e , width , height , maxiters , order , stop , accuracy , ⤦

Ç p r e c i s i on , sre , sim , s rad ius , f i l ename ) ;
ems c r i p t en ca l l wo rk e r ( worker , ” render ” , data , s i z e , d i sp lay , &⤦

Ç the main context ) ;
r e turn 0 ;

}

42 mandelbrot-series-approximation/index.html

<!DOCTYPE html>
<html>

<head>
<t i t l e >Mandelbrot</ t i t l e >

5 </head>
<body>

<form act i on=”m. html” method=”get”>
<h1>Mandelbrot</h1>
<h2>Image</h2>

10 <h3>Width</h3>
<input name=”width” type=”text ” s i z e =”10” value=”1024”>
<h3>Height</h3>
<input name=”he ight ” type=”text ” s i z e =”10” value=”576”>
<h2>View</h2>

15 <h3>Real Coordinate</h3>
<t ex ta r ea name=”re ” rows=”8” c o l s⤦

Ç =”100”> −1.9999999991382701187664867263777990802315521777725699896559744332163282809190635876338689862252325486275625176234228599345356271638886256134858501887192790542028024935049951885407761891767298885150806301222775248925838511719275938509741075480277121921782935196497935309735482091452620516406034458393098999647940401559938022277208796123426942890238548831242642214390832843663278956233050479434756210424758074063274012884699785015713030693196664115930787808873909835082875486167322692191083088951521662394670382361640378899078207636966502200823315829897334623853239814830789027165894348552076936531680735018255850564942605475860412736727968473542239467786774761949850136542501097226763334458574697769205393465539695021109807324946639132668217325174136197587426527792772488452306526998495228499255820559468584627950009868491445852416867477767407138072890406102328444390308998869827191574700401134779144435335084576208608</⤦
Ç textarea>

<h3>Imaginary Coordinate</h3>
<t ex ta r ea name=”im” rows=”8” c o l s⤦

Ç =”100”>5.4737655329230406244271237478004609407066488694580295427082121408648049051968347457532505196983460439747136933981356733123108522845595812535279088637906242300707715181703346635608401442786224018063857573459378429940709218143100603065686995530121072747340660182011443571732142526400428501016008337666314885447794156074780085580855962001303264064438172268797637297148218624160052530221780539761474767504612768556791208553163830221520758230484827443972845481581643582599593218102983020711688648349114250987759017516818299106792776958539806226515640144132951537057032176096824936409811037266760614805078065187070352947835163348804509613578525292574005998946394238930178306443929221654818682601799458479995018433479582270955818971685110188454320364119024820370323482104975364360877373269389038265094020494024196483674915643479481590748408113211854384934420560040206494997345159079315914533591630770590420769600290109583975⤦
Ç e−20</ textarea>

<h3>View Radius</h3>
20 <input name=”rad iu s ” type=”text ” s i z e =”10” value=”5e−900”>

<h3>Maximum I t e r a t i o n Count</h3>
<input name=”maxiters ” type=”text ” s i z e =”10” value=”400000”>
<h2>S e r i e s Approximation</h2>
<h3>Order (Number Of Terms )</h3>

25 <input name=”order ” type=”text ” s i z e =”10” value=”16”>
<h3>Stopping Condition</h3>
<s e l e c t name=”stopping”>

<opt ion value=”knighty ” s e l e c t ed>knighty</option>
<opt ion value=”quaz0r”>quaz0r</option>

30 <opt ion value=”knighty2”>knighty2</option>
</s e l e c t>
<h3>Accuracy</h3>
<input name=”accuracy ” type=”text ” s i z e =”10” value=”24”>
<h2>Render</h2>
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35 <input type=”submit” value=”Render”>
</form>

</body>
</html>

43 mandelbrot-series-approximation/Makefile

m: m. cpp args . h
g++ −std=c++11 −Wall −Wextra −pedant ic −O3 −fopenmp −o m m. cpp − lmpfr

44 mandelbrot-series-approximation/Makefile.emscripten

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

a l l : m. html worker . j s

5 m. html : emscr ipten . cpp args . h pre . j s
emcc −std=c++11 −Wall −Wextra −pedant ic −O2 −o m. html emscr ipten . cpp −−⤦

Ç pre− j s pre . j s

worker . j s : m. cpp args . h
emcc −std=c++11 −Wall −Wextra −pedant ic −O2 −o worker . j s m. cpp − I$ (⤦

Ç p r e f i x ) / in c lude $ ( p r e f i x ) / l i b / l ibmpfr . a $ ( p r e f i x ) / l i b / libgmp . a −s ⤦
Ç ’BUILD ASWORKER=1’ −s ’ASSERTIONS=1’ −g

45 mandelbrot-series-approximation/m.cpp

// m. cpp 2016 ,2017 Claude Heiland −Allen
// LICENSE: pub l i c domain , cc0 , whatever
// t h i s i s demonstrat ion code based on a lgor i thms found in f r a c t a l f o rums . com
//

5 // per turbat i on technique : mrf lay
// ∗ http ://www. f r a c t a l f o rums . com/announcements−and−news/ supe r f r a c t a l t h i n g −⤦

Ç a rb i t r a ry −p r e c i s i on −mandelbrot−set −render ing − in − java /msg59980/#msg59980
// ∗ http ://www. s up e r f r a c t a l t h i n g . co . nf / s f t maths . pdf
// g l i t c h de t e c t i on method : Pau lde lbrot
// ∗ http ://www. f r a c t a l f o rums . com/announcements−and−news/ pertubat ion −theory −⤦

Ç g l i t c h e s −improvement/msg73027/#msg73027
10 // s e r i e s s topping cond i t i on : knighty

// ∗ http ://www. f r a c t a l f o rums . com/announcements−and−news/∗ cont inued∗−⤦
Ç s up e r f r a c t a l t h i n g −a rb i t r a ry −p r e c i s i on −mandelbrot−set −render ing − in − j a /⤦
Ç msg95532/#msg95532

// ∗ http ://www. f r a c t a l f o rums . com/announcements−and−news/∗ cont inued∗−⤦
Ç s up e r f r a c t a l t h i n g −a rb i t r a ry −p r e c i s i on −mandelbrot−set −render ing − in − j a /⤦
Ç msg95707/#msg95707

// s e r i e s s topping cond i t i on : quaz0r
// ∗ http ://www. f r a c t a l f o rums . com/announcements−and−news/∗ cont inued∗−⤦

Ç s up e r f r a c t a l t h i n g −a rb i t r a ry −p r e c i s i on −mandelbrot−set −render ing − in − j a /⤦
Ç msg95838/#msg95838

15 // ∗ http ://www. f r a c t a l f o rums . com/announcements−and−news/∗ cont inued∗−⤦
Ç s up e r f r a c t a l t h i n g −a rb i t r a ry −p r e c i s i on −mandelbrot−set −render ing − in − j a /⤦
Ç msg96245/#msg96245

// s e r i e s s topping cond i t i on : knighty2
// ∗ http ://www. f r a c t a l f o rums . com/announcements−and−news/∗ cont inued∗−⤦

Ç s up e r f r a c t a l t h i n g −a rb i t r a ry −p r e c i s i on −mandelbrot−set −render ing − in − j a /⤦
Ç msg96343/#msg96343
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// g l i t c h c o r r e c t i o n new r e f e r e n c e s : c laude
// ∗ http ://www. f r a c t a l f o rums . com/announcements−and−news/ pertubat ion −theory −⤦

Ç g l i t c h e s −improvement/msg84154/#msg84154
20 // ∗ http ://www. f r a c t a l f o rums . com/mandelbrot−and− j u l i a − s e t / c a l c u l a t i n g −new−⤦

Ç r e f e r en c e −points −using − in format ion −from−g l i t c h −de t e c t i on /msg86138/#⤦
Ç msg86138

//
// compile :
// g++ −std=c++11 −O3 −march=nat ive m. cpp − lmpfr −Wall −Wextra −pedant ic −⤦

Ç fopenmp
// run :

25 // . / a . out −−help
// view r e s u l t s :
// d i sp l ay out .ppm

#inc lude <ca s s e r t>
30 #inc lude <cmath>

#inc lude <c s t d l i b>
#inc lude <c s t r i ng>

#inc lude <algor ithm>
35 #inc lude <complex>

#inc lude <iostream>
#inc lude <vector>

#inc lude <boost / mu l t i p r e c i s i o n /mpfr . hpp>
40 #inc lude <mpfr . h>

#i f d e f EMSCRIPTEN
#inc lude <SDL/SDL. h>
#inc lude <emscr ipten . h>

45 #de f i n e LOG(x ) \
do { \

os t r ing s t r eam cout ; \
x << endl ; \
emsc r i p t en worke r r e spond p rov i s i ona l l y ( con s t ca s t<char ∗>( cout . s t r ( ) . c s t r ( ) )⤦

Ç , s t r l e n ( cout . s t r ( ) . c s t r ( ) ) + 1) ; \
50 } whi le (0 )

#e l s e
#de f i n e LOG(x ) x
#end i f

55 #inc lude ” args . h”

us ing namespace std ;
us ing namespace boost ;
us ing namespace mu l t i p r e c i s i o n ;

60

i n l i n e double s i gn ( double x ) {
re turn (x > 0) − ( x < 0) ;

}

65 c l a s s edouble {
pr i va t e :

s t a t i c const i n t 6 4 t maxexponent = (1LL << 60) − 2 ;
s t a t i c const i n t 6 4 t minexponent = 2 − (1LL << 60) ;
s t a t i c const i n t 6 4 t supexponent = maxexponent − 2000 ;
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70 s t a t i c const i n t 6 4 t in fexponent = minexponent + 2080 ;
double x ;
long e ;

pub l i c :
i n l i n e edouble ( ) : x (0 ) , e (0 ) { } ;

75 i n l i n e edouble ( const edouble &that ) : x ( that . x ) , e ( that . e ) { } ;
i n l i n e edouble ( const double &x0 , const i n t 6 4 t &e0 ) {

i f ( x0 == 0 | | std : : i snan ( x0 ) | | std : : i s i n f ( x0 ) ) {
x = x0 ;
e = 0 ;

80 } e l s e {
i n t tmp(0) ;
double x1 ( std : : f r exp ( x0 , &tmp) ) ;
i n t 6 4 t e1 (tmp) ;
e1 += e0 ;

85 i f ( e0 > supexponent | | e1 > maxexponent ) {
x = s ign ( x0 ) / 0 . 0 ;
e = 0 ;

} e l s e i f ( e0 < in f exponent | | e1 < minexponent ) {
x = s ign ( x0 ) ∗ 0 . 0 ;

90 e = 0 ;
} e l s e {

x = x1 ;
e = e1 ;

}
95 }

} ;
i n l i n e edouble ( const long double &x0 , const i n t 6 4 t &e0 ) {

i f ( x0 == 0 | | std : : i snan ( x0 ) | | std : : i s i n f ( x0 ) ) {
x = x0 ;

100 e = 0 ;
} e l s e {

i n t tmp(0) ;
long double x1 ( f r exp ( x0 , &tmp) ) ;
i n t 6 4 t e1 (tmp) ;

105 e1 += e0 ;
i f ( e0 > supexponent | | e1 > maxexponent ) {

x = s ign ( x0 ) / 0 . 0 ;
e = 0 ;

} e l s e i f ( e0 < in f exponent | | e1 < minexponent ) {
110 x = s ign ( x0 ) ∗ 0 . 0 ;

e = 0 ;
} e l s e {

x = x1 ;
e = e1 ;

115 }
}

} ;
i n l i n e edouble ( const double &x) : edouble (x , 0) { } ;
i n l i n e edouble ( const long double &x) : edouble (x , 0) { } ;

120 i n l i n e e x p l i c i t edouble ( const mpfr t &a ) {
long e (0 ) ;
double x ( mpfr get d 2exp(&e , a , MPFRRNDN) ) ;
∗ t h i s = edouble (x , e ) ;

}
125 i n l i n e edouble ( const i n t &x) : edouble ( double ( x ) ) { } ;

i n l i n e ˜ edouble ( ) { } ;
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i n l i n e i n t 6 4 t exponent ( ) const { re turn e ; } ;
i n l i n e void to mpfr ( mpfr t &m) {

mpfr se t d (m, x , MPFRRNDN) ;
130 mpfr mul 2s i (m, m, e , MPFRRNDN) ;

} ;
i n l i n e long double t o l d ( ) {

i n t tmp( e ) ;
i f ( e > i n t 6 4 t (tmp) ) {

135 re turn s i gn (x ) / 0 . 0 ;
}
i f ( e < i n t 6 4 t (tmp) ) {

re turn s i gn (x ) ∗ 0 . 0 ;
}

140 re turn std : : ldexp ( ( long double ) x , tmp) ;
}
f r i e nd i n l i n e bool operator==(const edouble &a , const edouble &b) ;
f r i e nd i n l i n e bool operator !=( const edouble &a , const edouble &b) ;
f r i e nd i n l i n e i n t compare ( const edouble &a , const edouble &b) ;

145 f r i e nd i n l i n e i n t s i gn ( const edouble &a ) ;
f r i e nd i n l i n e edouble abs ( const edouble &a ) ;
f r i e nd i n l i n e edouble sq r t ( const edouble &a ) ;
f r i e nd i n l i n e edouble operator+(const edouble &a , const edouble &b) ;
f r i e nd i n l i n e edouble operator −( const edouble &a ) ;

150 f r i e nd i n l i n e edouble operator −( const edouble &a , const edouble &b) ;
f r i e nd i n l i n e edouble operator ∗( const edouble &a , const edouble &b) ;
f r i e nd i n l i n e edouble r e c i p ( const edouble &a ) ;
f r i e nd i n l i n e edouble operator /( const edouble &a , const edouble &b) ;
f r i e nd i n l i n e bool i snan ( const edouble &a ) ;

155 f r i e nd i n l i n e bool i s i n f ( const edouble &a ) ;
f r i e nd i n l i n e edouble ldexp ( const edouble &a , i n t 6 4 t e ) ;
f r i e nd i n l i n e std : : ostream& operator<<(std : : ostream& o , const edouble& a ) ;
f r i e nd i n l i n e std : : i s t ream& operator>>(std : : i s t ream& i , edouble& a ) ;
f r i e nd i n l i n e mp f r f l o a t r h i ( const edouble &z ) ;

160 f r i e nd i n l i n e edouble copys ign ( const edouble &a , const edouble &b) ;
f r i e nd i n l i n e edouble hypot ( const edouble &a , const edouble &b) ;
f r i e nd i n l i n e edouble sca lbn ( const edouble &a , i n t b) ;
f r i e nd i n l i n e edouble fabs ( const edouble &a ) ;
f r i e nd i n l i n e edouble fmax ( const edouble &a , const edouble &b) ;

165 f r i e nd i n l i n e edouble logb ( const edouble &a ) ;
e x p l i c i t i n l i n e operator i n t ( ) { re turn th i s −>t o l d ( ) ; }
e x p l i c i t i n l i n e operator double ( ) { re turn th i s −>t o l d ( ) ; }
i n l i n e edouble &operator+=(const edouble &a ) {

∗ t h i s = ∗ t h i s + a ;
170 re turn ∗ t h i s ;

} ;
i n l i n e edouble &operator −=(const edouble &a ) {

∗ t h i s = ∗ t h i s − a ;
re turn ∗ t h i s ;

175 } ;
i n l i n e edouble &operator ∗=(const edouble &a ) {

∗ t h i s = ∗ t h i s ∗ a ;
re turn ∗ t h i s ;

} ;
180 i n l i n e edouble &operator /=( const edouble &a ) {

∗ t h i s = ∗ t h i s / a ;
r e turn ∗ t h i s ;

} ;
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} ;
185

i n l i n e bool operator==(const edouble &a , const edouble &b) {
re turn a . e == b . e && a . x == b . x ;

}

190 i n l i n e bool operator !=( const edouble &a , const edouble &b) {
re turn a . e != b . e | | a . x != b . x ;

}

i n l i n e i n t compare ( const double &a , const double &b) {
195 re turn s i gn ( a − b) ;

}

i n l i n e i n t compare ( const edouble &a , const edouble &b) {
i f ( a . x == 0 . 0 ) {

200 re turn − s i gn (b . x ) ;
}
i f (b . x == 0 . 0 ) {

re turn s i gn ( a . x ) ;
}

205 i n t 6 4 t e ( std : : max( a . e , b . e ) ) ;
i n t 6 4 t da ( a . e − e ) ;
i n t 6 4 t db(b . e − e ) ;
i n t i a ( da ) ;
i n t ib (db) ;

210 i f ( i n t 6 4 t ( i a ) != da ) {
// a −> 0
return − s i gn (b . x ) ;

}
i f ( i n t 6 4 t ( ib ) != db) {

215 // b −> 0
return s i gn ( a . x ) ;

}
re turn compare ( std : : ldexp ( a . x , i a ) , s td : : ldexp (b . x , ib ) ) ;

}
220

i n l i n e bool operator <( const edouble &a , const edouble &b) {
re turn compare ( a , b ) < 0 ;

}

225 i n l i n e bool operator<=(const edouble &a , const edouble &b) {
re turn compare ( a , b ) <= 0 ;

}

i n l i n e bool operator >( const edouble &a , const edouble &b) {
230 re turn compare ( a , b ) > 0 ;

}

i n l i n e bool operator>=(const edouble &a , const edouble &b) {
re turn compare ( a , b ) >= 0 ;

235 }

i n l i n e i n t s i gn ( const edouble &a ) {
re turn s i gn ( a . x ) ;

}
240
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i n l i n e edouble abs ( const edouble &a ) {
re turn { std : : abs ( a . x ) , a . e } ;

}

245 i n l i n e edouble sq r t ( const edouble &a ) {
re turn { std : : s q r t ( ( a . e & 1) ? 2 .0 ∗ a . x : a . x ) , ( a . e & 1) ? ( a . e − 1) / 2 : a⤦

Ç . e / 2 } ;
}

i n l i n e edouble operator+(const edouble &a , const edouble &b) {
250 i f ( a . x == 0 . 0 ) {

re turn b ;
}
i f (b . x == 0 . 0 ) {

re turn a ;
255 }

i n t 6 4 t e ( std : : max( a . e , b . e ) ) ;
i n t 6 4 t da ( a . e − e ) ;
i n t 6 4 t db(b . e − e ) ;
i n t i a ( da ) ;

260 i n t ib (db) ;
i f ( i n t 6 4 t ( i a ) != da ) {

// a −> 0
return b ;

}
265 i f ( i n t 6 4 t ( ib ) != db) {

// b −> 0
return a ;

}
re turn edouble ( std : : ldexp ( a . x , i a ) + std : : ldexp (b . x , ib ) , e ) ;

270 }

i n l i n e edouble operator −( const edouble &a ) {
re turn { −a . x , a . e } ;

}
275

i n l i n e edouble operator −( const edouble &a , const edouble &b) {
i f ( a . x == 0 . 0 ) {

re turn −b ;
}

280 i f (b . x == 0 . 0 ) {
re turn a ;

}
i n t 6 4 t e ( std : : max( a . e , b . e ) ) ;
i n t 6 4 t da ( a . e − e ) ;

285 i n t 6 4 t db(b . e − e ) ;
i n t i a ( da ) ;
i n t ib (db) ;
i f ( i n t 6 4 t ( i a ) != da ) {

// a −> 0
290 re turn −b ;

}
i f ( i n t 6 4 t ( ib ) != db) {

// b −> 0
return a ;

295 }
re turn edouble ( std : : ldexp ( a . x , i a ) − std : : ldexp (b . x , ib ) , e ) ;
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}

i n l i n e edouble operator ∗( const edouble &a , const edouble &b) {
300 re turn edouble ( a . x ∗ b . x , a . e + b . e ) ;

}

i n l i n e double r e c i p ( const double &a ) {
re turn 1 .0 / a ;

305 }

i n l i n e edouble r e c i p ( const edouble &a ) {
re turn edouble ( r e c i p ( a . x ) , −a . e ) ;

}
310

i n l i n e edouble operator /( const edouble &a , const edouble &b) {
re turn edouble ( a . x / b . x , a . e − b . e ) ;

}

315 i n l i n e bool i snan ( const edouble &a ) {
re turn std : : i snan ( a . x ) ;

}

i n l i n e bool i s i n f ( const edouble &a ) {
320 re turn std : : i s i n f ( a . x ) ;

}

i n l i n e edouble ldexp ( const edouble &a , i n t 6 4 t e ) {
re turn edouble ( a . x , a . e + e ) ;

325 }

i n l i n e void to mpfr ( f l o a t from , mpfr t &to ) {
mp f r s e t f l t ( to , from , MPFRRNDN) ;

}
330

i n l i n e void to mpfr ( double from , mpfr t &to ) {
mpfr se t d ( to , from , MPFRRNDN) ;

}

335 i n l i n e void to mpfr ( long double from , mpfr t &to ) {
mpf r s e t l d ( to , from , MPFRRNDN) ;

}

i n l i n e void to mpfr ( edouble from , mpfr t &to ) {
340 from . to mpfr ( to ) ;

}

i n l i n e long double t o l d ( f l o a t x ) {
re turn x ;

345 }

i n l i n e long double t o l d ( double x ) {
re turn x ;

}
350

i n l i n e long double t o l d ( long double x ) {
re turn x ;

}
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355 i n l i n e long double t o l d ( edouble x ) {
re turn x . t o l d ( ) ;

}

template <typename S , typename T>
360 i n l i n e T to R (S x , const T &dummy) {

( void ) dummy;
re turn T( t o l d (x ) ) ;

}

365 i n l i n e edouble to R ( edouble x , const edouble &dummy) {
( void ) dummy;
re turn x ;

}

370 template <typename S , typename T>
i n l i n e std : : complex<T> to C ( std : : complex<S> x , const T &dummy) {

re turn std : : complex<T>(to R ( std : : r e a l ( x ) , dummy) , to R ( std : : imag (x ) , dummy) ) ;
}

375 i n l i n e std : : complex<edouble> to C ( std : : complex<edouble> x , const edouble &dummy)⤦
Ç {

( void ) dummy;
re turn x ;

}

380 i n l i n e std : : ostream& operator<<(std : : ostream& o , const edouble& a ) {
re turn o << a . x << ” ” << a . e ;

}

i n l i n e std : : i s t ream& operator>>(std : : i s t ream& i , edouble& a ) {
385 double x ;

long e ;
i >> x >> e ;
a = edouble (x , e ) ;
r e turn i ;

390 }

i n l i n e i n t 6 4 t exponent ( f l o a t z )
{

i n t e ;
395 f r exp ( z , &e ) ;

r e turn e ;
}

i n l i n e i n t 6 4 t exponent ( double z )
400 {

i n t e ;
f r exp ( z , &e ) ;
r e turn e ;

}
405

i n l i n e i n t 6 4 t exponent ( long double z )
{

i n t e ;
f r exp ( z , &e ) ;
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410 re turn e ;
}

i n l i n e i n t 6 4 t exponent ( edouble z )
{

415 re turn z . exponent ( ) ;
}

i n l i n e i n t 6 4 t exponent ( const mpfr t z )
{

420 i f ( mp f r r egu la r p ( z ) )
re turn mpfr get exp ( z ) ;

r e turn 0 ;
}

425 i n l i n e bool i s f i n i t e ( edouble z )
{

re turn ! ( i s i n f ( z ) | | i snan ( z ) ) ;
}

430 i n l i n e edouble copys ign ( const edouble &a , const edouble &b)
{

re turn edouble ( copys ign ( a . x , b . x ) , a . e ) ;
}

435 i n l i n e edouble hypot ( const edouble &a , const edouble &b)
{

re turn sq r t ( a ∗ a + b ∗ b) ;
}

440 i n l i n e edouble sca lbn ( const edouble &a , i n t b)
{

re turn edouble ( a . x , a . e + b) ;
}

445 i n l i n e edouble fabs ( const edouble &a )
{

re turn edouble ( fabs ( a . x ) , a . e ) ;
}

450 i n l i n e edouble fmax ( const edouble &a , const edouble &b)
{

i f ( compare ( a , b) >= 0)
return a ;

e l s e
455 re turn b ;

}

i n l i n e edouble logb ( const edouble &a )
{

460 i f ( i snan ( a ) )
re turn a ;

i f ( i s i n f ( a ) )
re turn fabs ( a ) ;

i f ( a . x == 0 . 0 )
465 re turn edouble ( double ( edouble : : minexponent ) ) ;

r e turn logb ( a . x ) + a . e ;
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}

// type a l i a s e s
470 typede f i n t N;

typede f edouble R lo ;
typede f mp f r f l o a t R hi ;
typede f complex<R lo> C lo ;
typede f complex<R hi> C hi ;

475

i n l i n e R lo r l o ( const R hi &z )
{

re turn R lo ( z . backend ( ) . data ( ) ) ;
}

480

i n l i n e R lo r l o ( const char ∗ s )
{

unsigned p = mp f r f l o a t : : d e f a u l t p r e c i s i o n ( ) ;
mp f r f l o a t : : d e f a u l t p r e c i s i o n (20u) ;

485 R lo r ( R hi ( s ) . backend ( ) . data ( ) ) ;
mp f r f l o a t : : d e f a u l t p r e c i s i o n (p) ;
r e turn r ;

}

490 i n l i n e R hi r h i ( const R lo &z )
{

R hi w;
to mpfr ( z , w. backend ( ) . data ( ) ) ;
r e turn w;

495 }

i n l i n e C lo c l o ( const C hi &z )
{

re turn C lo ( r l o ( r e a l ( z ) ) , r l o ( imag ( z ) ) ) ;
500 }

i n l i n e C hi c h i ( const C lo &z )
{

re turn C hi ( r h i ( r e a l ( z ) ) , r h i ( imag ( z ) ) ) ;
505 }

i n l i n e bool i s f i n i t e ( const R hi &z )
{

re turn mpfr number p ( z . backend ( ) . data ( ) ) ;
510 }

// he l p e r s f o r Jordan curve method

template<typename T>
515 N sgn (T a )

{
i f ( a < T(0) )

re turn −1;
i f ( a > T(0) )

520 re turn 1 ;
re turn 0 ;

}
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template<typename R>
525 i n l i n e R c r o s s ( const complex<R> &a , const complex<R> &b)

{
re turn imag ( a ) ∗ r e a l (b ) − r e a l ( a ) ∗ imag (b) ;

}

530 template<typename R>
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 complex<R> &a , const complex<R> &b)
{

i f ( sgn ( imag ( a ) ) != sgn ( imag (b) ) )
{

535 complex<R> d(b − a ) ;
N s ( sgn ( imag (d) ) ) ;
N t ( sgn ( c r o s s (d , a ) ) ) ;
r e turn s == t ;

}
540 re turn f a l s e ;

}

template<typename R>
bool s u r r ound s o r i g i n ( const complex<R> &a , const complex<R> &b , const complex<R>⤦

Ç &c , const complex<R> &d)
545 {

re turn 1 == (1 &
( 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 )
+ 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 )

550 + 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 )
) ) ;

}

// Jordan curve method f o r f i nd i n g lowest per iod atom in a reg i on
555 c l a s s boxper iod

{
pub l i c :

N n ;
C hi c [ 4 ] ;

560 C hi z [ 4 ] ;

boxper iod ( C hi c0 , R lo r )
: n (1 )
{

565 c [ 0 ] = c0 + C hi ( r h i ( r ) , r h i ( r ) ) ;
c [ 1 ] = c0 + C hi ( r h i (− r ) , r h i ( r ) ) ;
c [ 2 ] = c0 + C hi ( r h i (− r ) , r h i (− r ) ) ;
c [ 3 ] = c0 + C hi ( r h i ( r ) , r h i (− r ) ) ;
z [ 0 ] = c [ 0 ] ;

570 z [ 1 ] = c [ 1 ] ;
z [ 2 ] = c [ 2 ] ;
z [ 3 ] = c [ 3 ] ;

} ;

575 N per iod (N maxsteps )
{

LOG( cout << ”computing per iod ” << endl ) ;
f o r (N k = 0 ; k < maxsteps ; ++k)
{
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580 i f (n % 1000 == 0)
LOG( cout << ”\ r r e f e r e n c e per iod ” << n) ;

i f ( s u r r ound s o r i g i n ( z [ 0 ] , z [ 1 ] , z [ 2 ] , z [ 3 ] ) )
{

LOG( cout << ”\ r r e f e r e n c e per iod ” << n << ” ( complete ) ” << endl ) ;
585 re turn n ;

}
bool escaped ( f a l s e ) ;
f o r (N j = 0 ; j < 4 ; ++j )
{

590 z [ j ] = z [ j ] ∗ z [ j ] + c [ j ] ;
escaped |= norm( z [ j ] ) > R hi (1 << 24) ;

}
++n ;
i f ( escaped )

595 re turn 0 ;
}
re turn 0 ;

} ;
} ;

600

// f i nd the l a s t p a r t i a l
N l a s t p a r t i a l ( C hi c , N maxiters )
{

C hi z ( c ) ;
605 R hi zmin (norm( z ) ) ;

N p a r t i a l (1 ) ;
LOG( cout << ”computing per iod ( t ry 2) ” << endl ) ;
f o r (N k = 2 ; k < maxiters + 2 ; ++k)
{

610 i f ( k % 1000 == 0)
LOG( cout << ”\ r r e f e r e n c e per iod ( t ry 2) ” << p a r t i a l << ” ” << k ) ;

z = z ∗ z + c ;
R hi zn (norm( z ) ) ;
i f ( zn > R hi (4 ) )

615 break ;
i f ( zn < zmin )
{

zmin = zn ;
p a r t i a l = k ;

620 }
}
LOG( cout << ”\ r r e f e r e n c e per iod ( t ry 2) ” << p a r t i a l << ” ( complete ) ” << endl )⤦

Ç ;
r e turn p a r t i a l ;

}
625

// Newton ’ s method f o r nuc leus

template<typename R>
bool i s f i n i t e ( const complex<R> &a )

630 {
re turn i s f i n i t e ( r e a l ( a ) ) && i s f i n i t e ( imag ( a ) ) ;

}

C hi newton nucleus ( C hi guess , N per iod , N maxsteps )
635 {
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C hi c ( guess ) ;
LOG( cout << ”computing nuc leus ” << endl ) ;
N k ;
f o r ( k = 0 ; k < maxsteps ; ++k)

640 {
C hi z (0 , 0) ;
C hi dc (1 , 0) ;
f o r (N p = 0 ; p < per iod ; ++p)
{

645 dc = R hi (2 ) ∗ dc ∗ z + C hi (1 , 0) ;
z = z ∗ z + c ;
i f (p % 1000 == 0)
LOG( cout << ”\ r r e f e r e n c e nuc leus ” << k << ”/” << maxsteps << ” ” << p ⤦

Ç << ”/” << per iod ) ;
}

650 C hi cnext ( c − z / dc ) ;
i f ( i s f i n i t e ( cnext ) )

c = cnext ;
e l s e

break ;
655 }

LOG( cout << ”\ r r e f e r e n c e nuc leus ” << k << ”/” << maxsteps << ” ( complete ) ” <<⤦
Ç endl ) ;

r e turn c ;
}

660 // r e f e r e n c e o rb i t f o r pe r turbat i on render ing
c l a s s r e f e r e n c e
{
pub l i c :

N n0 ;
665 N n ;

C hi z ;
C hi c ;
vector<C lo> z r e f ;
vector<R lo> z s i z e ; // s ca l ed abso lu t e value f o r g l i t c h de t e c t i on

670

// cons t ruc to r
r e f e r e n c e (N n , C hi z , C hi c )
: n0 (n)
, n (n)

675 , z ( z )
, c ( c )
{

C lo z l o ( c l o ( z ) ) ;
z r e f . push back ( z l o ) ;

680 z s i z e . push back ( 1 . 0 e−6 ∗ norm( z l o ) ) ;
} ;

// s tep a r e f e r e n c e one i t e r a t i o n
// r e tu rn s f a l s e i f r e f e r e n c e escaped

685 bool s tep ( )
{

n = n + 1 ;
z = z ∗ z + c ;
C lo z l o ( c l o ( z ) ) ;

690 z r e f . push back ( z l o ) ;
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z s i z e . push back ( 1 . 0 e−6 ∗ norm( z l o ) ) ;
r e turn (norm( z l o ) <= 4) ;

} ;

695 // step a r e f e r e n c e un t i l i t e s capes or maxiters reached
// return f a l s e i f escaped
bool run (N maxiters )
{

LOG( cout << ”computing r e f e r e n c e ” << endl ) ;
700 whi le (n < maxiters && step ( ) )

i f (n % 1000 == 0)
LOG( cout << ”\ r r e f e r e n c e i t e r a t i o n ” << n) ;

LOG( cout << ”\ r r e f e r e n c e i t e r a t i o n ” << n << ” ( complete ) ” << endl ) ;
r e turn n == maxiters ;

705 }
} ;

// r e f e r e n c e o rb i t f o r pe r turbat i on render ing with d e r i v a t i v e s f o r i n t e r i o r de
c l a s s r e f e r e n c e i n t e r i o r

710 {
pub l i c :

N p ;
N n ;
C hi c ;

715 C hi z ;
C hi dz ;
C hi dc ;
C hi dzdz ;
C hi dcdz ;

720 vector<R lo> z s i z e ; // s ca l ed abso lu t e value f o r g l i t c h de t e c t i on
vector<C lo> z r e f ;
vector<C lo> d z r e f ;
vector<C lo> d c r e f ;
vector<C lo> dzdz r e f ;

725 vector<C lo> dcdz r e f ;

// con s t ruc to r
r e f e r e n c e i n t e r i o r (N p , C hi c ) // c must be a ca rd i o i d nuc leus o f per iod p
: p(p)

730 , n (0 )
, c ( c )
, z (0 )
, dz (1 )
, dc (0 )

735 , dzdz (0 )
, dcdz (0 )
{

C lo z l o ( c l o ( z ) ) ;
z s i z e . push back ( 1 . 0 e−6 ∗ norm( z l o ) ) ;

740 z r e f . push back ( z l o ) ;
d z r e f . push back ( c l o ( dz ) ) ;
d c r e f . push back ( c l o ( dc ) ) ;
d zd z r e f . push back ( c l o ( dzdz ) ) ;
d cd z r e f . push back ( c l o ( dcdz ) ) ;

745 } ;

// s tep a r e f e r e n c e one i t e r a t i o n
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// r e tu rn s f a l s e i f r e f e r e n c e escaped
bool s tep ( )

750 {
n = n + 1 ;
dcdz = 2 ∗ z ∗ dcdz + 2 ∗ dc ∗ dz ;
dzdz = 2 ∗ z ∗ dzdz + 2 ∗ dz ∗ dz ;
dc = 2 ∗ z ∗ dc + 1 ;

755 dz = 2 ∗ z ∗ dz ;
z = z ∗ z + c ;
C lo z l o ( c l o ( z ) ) ;
z s i z e . push back ( 1 . 0 e−6 ∗ norm( z l o ) ) ;
z r e f . push back ( z l o ) ;

760 d z r e f . push back ( c l o ( dz ) ) ;
d c r e f . push back ( c l o ( dc ) ) ;
d zd z r e f . push back ( c l o ( dzdz ) ) ;
d cd z r e f . push back ( c l o ( dcdz ) ) ;
r e turn (norm( z l o ) <= 4) ;

765 } ;

// s tep a r e f e r e n c e un t i l i t e s capes or maxiters reached
// return f a l s e i f escaped
bool run (N maxiters )

770 {
whi le (n < maxiters && step ( ) )

c e r r << ”\ r r e f e r e n c e i t e r a t i o n ” << n ;
c e r r << endl ;
r e turn n == maxiters ;

775 }
} ;

// pe r turbat i on technique per−p i x e l i t e r a t i o n s with
// Paulde lbrot ’ s g l i t c h de t e c t i on h e u r i s t i c

780 c l a s s pe r turbat i on
{
pub l i c :

N x ;
N y ;

785 N n ;
C lo dc ;
C lo dz ;
C lo dzdc ;
bool g l i t c h ed ;

790 bool escaped ;

// con s t ruc to r i n i t i a l i z e s
pe r turbat i on (N x , N y , N n , C lo dc , C lo dz , C lo dzdc )
: x ( x )

795 , y ( y )
, n (n)
, dc ( dc )
, dz ( dz )
, dzdc ( dzdc )

800 , g l i t c h ed ( f a l s e )
, escaped ( f a l s e )
{ } ;

// c a l c u l a t e p i x e l
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805 void run ( const r e f e r e n c e &r , N maxiters )
{

whi le (n < maxiters )
{

C lo z ( dz + r . z r e f [ n − r . n0 ] ) ;
810 R lo nz (norm( z ) ) ;

i f ( nz < r . z s i z e [ n − r . n0 ] )
{

g l i t c h ed = true ;
dz = z ;

815 break ;
}
i f ( nz > R lo (65536) )
{

escaped = true ;
820 dz = z ;

break ;
}
dzdc = R lo (2 ) ∗ z ∗ dzdc + C lo (1 ) ;
dz = R lo (2 ) ∗ r . z r e f [ n − r . n0 ] ∗ dz + dz ∗ dz + dc ;

825 n = n + 1 ;
}

} ;
} ;

830 // s e r i e s approximation with var i ous stopping cond i t i on s
c l a s s s e r i e s app rox imat i on
{
pub l i c :

enum stopping { knighty = 0 , quaz0r = 1 , knighty2 = 2 } ;
835

N n ; // i t e r a t i o n count
R lo dt ; // p i x e l s i z e
R lo tmax ; // view s i z e
C hi z ; // r e f e r e n c e z at high p r e c i s i o n

840 C hi c ; // r e f e r e n c e c at high p r e c i s i o n
N m; // s e r i e s order
vector<C lo> a ; // c o e f f i c i e n t s ( i n c l ud ing z at s t a r t and R at end )
vector<C lo> b ; // d e r i v a t i v e c o e f f i c i e n t s ( i n c l ud ing dzdc at s t a r t )
s topping stop ; // stopping cond i t i on

845 N accuracy ; // number o f b i t s to be accurate to ( f o r knighty2 )

// con s t ruc to r i n i t i a l i z e s c o e f f i c i e n t s
s e r i e s app rox imat i on ( C hi c , R lo dt , R lo tmax , N m, stopping stop , N ⤦

Ç accuracy )
: n (1 ) // s im p l i f i e s some th ing s to s t a r t at i t e r a t i o n 1 with z = c

850 , dt ( dt )
, tmax( tmax)
, z ( c )
, c ( c )
, m(m)

855 , a (m + 2)
, b(m + 1)
, stop ( stop )
, accuracy ( accuracy )
{

860 a s s e r t ( dt > 0) ;
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a s s e r t ( tmax > 0) ;
a s s e r t (m >= 1) ;
a [ 0 ] = c l o ( c ) ;
a [ 1 ] = C lo (1 ) ;

865 f o r (N k = 2 ; k <= m + 1 ; ++k)
a [ k ] = C lo (0 ) ; // i n c l ud e s t runcat i on e r r o r R at end

b [ 0 ] = a [ 1 ] ;
f o r (N k = 1 ; k <= m; ++k)

b [ k ] = C lo (0 ) ;
870 } ;

// advance i f s e r i e s approximation i s v a l i d
bool s tep ( )
{

875 // c a l c u l a t e c o e f f i c i e n t s
C hi z next ( z ∗ z + c ) ;
vector<C lo> a next (m + 2) ;
a next [ 0 ] = c l o ( z next ) ;
a next [ 1 ] = R lo (2 ) ∗ a [ 0 ] ∗ a [ 1 ] + C lo (1 ) ;

880 f o r (N k = 2 ; k <= m; ++k)
{

C lo sum(0) ;
f o r (N j = 0 ; j <= (k − 1) / 2 ; ++j )

sum += a [ j ] ∗ a [ k − j ] ;
885 sum ∗= R lo (2 ) ;

i f ( ! ( k & 1) ) // i f k i s even
sum += a [ k /2 ] ∗ a [ k / 2 ] ;

a next [ k ] = sum ;
}

890 // c a l c u l a t e d e r i v a t i v e c o e f f i c i e n t s
vector<C lo> b next (m + 1) ;
b next [ 0 ] = a next [ 1 ] ;
f o r (N k = 1 ; k <= m; ++k)
{

895 C lo sum(0) ;
f o r (N j = 0 ; j <= k ; ++j )

sum += a [ j ] ∗ b [ k − j ] ;
b next [ k ] = R lo (2 ) ∗ sum ;

}
900 // c a l c u l a t e t runcat i on e r r o r

{

/∗
// knighty ’ s f i r s t e s t imate

905 vector<R lo> a abs (m + 2) ;
f o r (N k = 0 ; k <= m + 1 ; ++k)

a abs [ k ] = abs ( a [ k ] ) ;
R lo sum(0) ;
R lo tmaxn (1) ;

910 f o r (N j = 0 ; j <= m + 1 ; ++j )
{

R lo sum2 (0) ;
f o r (N k = j ; k <= m + 1 ; ++k)

sum2 += a abs [ k ] ∗ a abs [m + 1 + j − k ] ;
915 sum += sum2 ∗ tmaxn ;

tmaxn ∗= tmax ;
}
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∗/

920 /∗
// knighty ’ s second es t imate
R lo sum(0) ;
R lo tmaxn (1) ;
f o r (N k = m + 1 ; k <= 2 ∗ m; ++k)

925 {
C lo sum2 (0) ;
f o r (N j = k − m; j <= (k − 1) / 2 ; ++j )

sum2 += a [ j ] ∗ a [ k − j ] ;
sum2 ∗= R lo (2 ) ;

930 i f ( ! ( k & 1) ) // i f k i s even
sum2 += a [ k / 2 ] ∗ a [ k / 2 ] ;

sum += abs ( sum2) ∗ tmaxn ;
tmaxn ∗= tmax ;

}
935 tmaxn = R lo (1 ) ;

R lo sum2 (0) ;
f o r (N j = 0 ; j <= m; ++j )
{

sum2 += abs ( a [ j ] ) ∗ tmaxn ;
940 tmaxn ∗= tmax ;

}
sum += 2 ∗ abs ( a [m + 1 ] ) ∗ sum2 ;
sum += 2 ∗ abs ( a [m + 1 ] ) ∗ abs ( a [m + 1 ] ) ∗ tmaxn ;
a next [m + 1 ] = C lo (sum) ;

945 ∗/

// quaz0r ’ s r ewr i t e o f knighty ’ s formula
R lo sum(0) ;
R lo tmaxk (1) ;

950 f o r (N k = 0 ; k <= m − 1 ; ++k)
{

C lo sum2 (0) ;
f o r (N i = k ; i <= (m − 1 + k − 1) / 2 ; ++i )

sum2 += a [ i + 1 ] ∗ a [m − 1 + k − i + 1 ] ;
955 sum2 ∗= R lo (2 ) ;

i f ( ! ( k & 1) ) // i f k i s even
sum2 += a [ k/2 + 1 ] ∗ a [ k/2 + 1 ] ;

sum += tmaxk ∗ abs ( sum2) ;
tmaxk ∗= tmax ;

960 }
R lo sum2( abs ( a [ 0 ] ) ) ;
R lo tmaxi1 ( tmax) ;
f o r (N i = 0 ; i <= m − 1 ; ++i )
{

965 sum2 += abs ( a [ i + 1 ] ) ∗ tmaxi1 ;
tmaxi1 ∗= tmax ;

}
sum2 ∗= R lo (2 ) ∗ abs ( a [m + 1 ] ) ;
sum += sum2 ;

970 sum += abs ( a [m + 1 ] ) ∗ abs ( a [m + 1 ] ) ∗ tmaxi1 ;
a next [m + 1 ] = C lo (sum) ;

}
// check v a l i d i t y o f next
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975 bool va l i d ( f a l s e ) ;
switch ( stop )
{

case knighty :
980 { // knighty ’ s s topping cond i t i on

vector<R lo> a abs (m + 2) ;
f o r (N k = 0 ; k <= m + 1 ; ++k)

a abs [ k ] = abs ( a next [ k ] ) ;
N max k (1 ) ;

985 R lo max term ( a abs [ 1 ] ) ;
R lo tmaxn (1) ;
f o r (N k = 1 ; k <= m; ++k)
{

R lo term = R lo (k ) ∗ a abs [ k ] ∗ tmaxn ;
990 i f ( term > max term )

{
max term = term ;
max k = k ;

}
995 tmaxn ∗= tmax ;

}
R lo rhs (max term ) ;
tmaxn = 1 ;
f o r (N k = 1 ; k <= m; ++k)

1000 {
i f ( k != max k )

rhs −= R lo (k ) ∗ a abs [ k ] ∗ tmaxn ;
tmaxn ∗= tmax ;

}
1005 rhs ∗= dt ;

R lo l h s ( a abs [m + 1 ] ) ;
f o r (N k = 0 ; k < m + 1 ; ++k)

l h s ∗= tmax ;
va l i d = lh s <= rhs ;

1010 }
break ;

case quaz0r :
{ // quaz0r ’ s s topping cond i t i on

1015 vector<R lo> a abs (m + 2) ;
f o r (N k = 0 ; k <= m + 1 ; ++k)

a abs [ k ] = abs ( a next [ k ] ) ;
R lo zsa (0 ) ;
R lo tmaxn (1) ;

1020 f o r (N k = 0 ; k <= m; ++k)
{

zsa += a abs [ k ] ∗ tmaxn ;
tmaxn ∗= tmax ;

}
1025 R lo dsa (0 ) ;

tmaxn = 1 ;
f o r (N k = 1 ; k <= m; ++k)
{

dsa += R lo (k ) ∗ a abs [ k ] ∗ tmaxn ;
1030 tmaxn ∗= tmax ;

}

171



fractal-bits mandelbrot-series-approximation/m.cpp

R lo rhs ( zsa ∗ dsa ∗ dt ) ;
R lo l h s ( a abs [m + 1 ] ) ;
f o r (N k = 0 ; k < m + 1 ; ++k)

1035 l h s ∗= tmax ;
va l i d = lh s <= rhs ;

}
break ;

1040 case knighty2 :
{ // knighty ’ s second stopping cond i t i on

vector<R lo> a abs (m + 2) ;
f o r (N k = 0 ; k <= m + 1 ; ++k)

a abs [ k ] = abs ( a next [ k ] ) ;
1045 R lo sa (0 ) ;

R lo tmaxn( tmax) ;
f o r (N k = 1 ; k <= m; ++k)
{

sa += a abs [ k ] ∗ tmaxn ;
1050 tmaxn ∗= tmax ;

}
R lo rhs ( sa ) ;
R lo l h s ( a abs [m + 1 ] ) ;
f o r (N k = 0 ; k < m + 1 ; ++k)

1055 l h s ∗= tmax ;
va l i d = lh s <= R lo (pow ( 2 . 0 , −accuracy ) ) ∗ rhs ;

}
break ;

1060 de f au l t :
a s s e r t ( ! ” va l i d stopping cond i t i on ”) ;
break ;

}
// advance

1065 i f ( v a l i d )
{

n = n + 1 ;
z = z next ;
a = a next ;

1070 b = b next ;
}
re turn va l i d ;

} ;

1075 // keep stepp ing un t i l i n v a l i d
// TODO FIXME check escape ?
void run ( )
{

LOG( cout << ”computing s e r i e s approximation ” << endl ) ;
1080 whi le ( s tep ( ) )

i f (n % 1000 == 0)
LOG( cout << ”\ r s e r i e s approximation i t e r a t i o n ” << n) ;

LOG( cout << ”\ r s e r i e s approximation i t e r a t i o n ” << n << ” ( complete ) ” << ⤦
Ç endl ) ;

} ;
1085

// i n i t i a l i z e a p i x e l
C lo s e r i e s d z ( const C lo &dc1 )
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{
C lo dcn ( dc1 ) ;

1090 C lo sum(0) ;
f o r (N k = 1 ; k <= m; ++k)
{

sum += a [ k ] ∗ dcn ;
dcn ∗= dc1 ;

1095 }
re turn sum ;

} ;

// i n i t i a l i z e a p i x e l ( d e r i v a t i v e )
1100 C lo s e r i e s d z d c ( const C lo &dc1 )

{
C lo dcn (1 ) ;
C lo sum(0) ;
f o r (N k = 0 ; k <= m; ++k)

1105 {
sum += b [ k ] ∗ dcn ;
dcn ∗= dc1 ;

}
re turn sum ;

1110 } ;

// get a r e f e r e n c e to carry on a f t e r s e r i e s approximation i n i t i a l i s a t i o n
r e f e r e n c e g e t r e f e r e n c e ( )
{

1115 re turn r e f e r e n c e (n , z , c ) ;
} ;

} ;

1120 // s imple RGB24 image
c l a s s image
{
pub l i c :

N width ;
1125 N he ight ;

vector<u int8 t> rgb ;

// cons t ruc t empty image
image (N width , N he ight )

1130 : width ( width )
, he ight ( he ight )
, rgb ( width ∗ he ight ∗ 3)
{ } ;

1135 // p l o t a po int
void p l o t (N x , N y , N r , N g , N b)
{

N k = (y ∗ width + x) ∗ 3 ;
rgb [ k++] = r ;

1140 rgb [ k++] = g ;
rgb [ k++] = b ;

} ;

// save to PPM format
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1145 void save ( const char ∗ f i l ename )
{

#i f d e f EMSCRIPTEN
( void ) f i l ename ;
rgb . push back (255) ;

1150 emscr ipten worker respond ( ( char ∗) &rgb [ 0 ] , width ∗ he ight ∗ 3 + 1) ;
#e l s e

FILE ∗out = fopen ( f i l ename , ”wb”) ;
f p r i n t f ( out , ”P6\n%d %d\n255\n” , width , he ight ) ;
fw r i t e (&rgb [ 0 ] , width ∗ he ight ∗ 3 , 1 , out ) ;

1155 f f l u s h ( out ) ;
f c l o s e ( out ) ;

#end i f
}

} ;
1160

// wrap around image p l o t to p l o t d i s t ance e s t imator co l ou r i ng
void p l o t ( image &i , const pe r turbat i on &p , R lo dt )
{

N g (p . n & 255) ;
1165 i f ( ! p . escaped && ! p . g l i t c h ed )

g = 255 ;
i f (p . escaped )
{

R lo de ( R lo (2 ) ∗ abs (p . dz ) ∗ R lo ( l og ( t o l d ( abs (p . dz ) ) ) ) / abs (p . dzdc ) ) ;
1170 g = 255 ∗ tanh ( t o l d ( de / dt ) ) ;

}
i . p l o t (p . x , p . y , p . g l i t c h ed ? 255 : g , g , g ) ;

}

1175 // s o r t pe r tu rba t i on s by n , then with in groups by | dz |
bool compare g l i t ched ( const pe r turbat i on &p , const pe r turbat i on &q)
{

i f (p . n < q . n)
re turn true ;

1180 i f (p . n > q . n)
re turn f a l s e ;

r e turn norm(p . dz ) < norm(q . dz ) ;
}

1185 // s o l v e g l i t c h e s r e c u r s i v e l y
N s o l v e g l i t c h e s ( image &i , R lo dt , N maxiters , const r e f e r e n c e &r0 , vector<⤦

Ç perturbat ion> &g l i t c h e s )
{

N count (0 ) ;
s o r t ( g l i t c h e s . begin ( ) , g l i t c h e s . end ( ) , compare g l i t ched ) ;

1190 // f i r s t g l i t c h in groups o f equal n has sma l l e s t | dz | ( s e t to ac tua l z )
unsigned i n t k (0 ) ;
whi l e ( k < g l i t c h e s . s i z e ( ) )
{

N n( g l i t c h e s [ k ] . n ) ;
1195 // one i t e r a t i o n o f Newton ’ s method with low p r e c i s i o n to f i nd next ⤦

Ç r e f e r e n c e
// g i v e s a few more b i t s
C hi c ( r0 . c + c h i ( g l i t c h e s [ k ] . dc ) − c h i ( g l i t c h e s [ k ] . dz / g l i t c h e s [ k ] . dzdc )⤦

Ç ) ;
// rebase de l t a c aga in s t new r e f e r e n c e
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C lo dc ( c l o ( c − r0 . c ) ) ;
1200 // new r e f e r e n c e h i t s ze ro at per iod

r e f e r e n c e r (n , C hi (0 , 0) , c ) ; // C hi needs two args otherw i se g i v e s NaN in⤦
Ç Boost ?

r . run ( maxiters ) ;
++count ;
vector<perturbat ion> s ubg l i t c h e s ;

1205 whi le ( k < g l i t c h e s . s i z e ( ) && g l i t c h e s [ k ] . n == n)
{

// rebase to new r e f e r e n c e
const pe r turbat i on &p( g l i t c h e s [ k ] ) ;
pe r turbat i on q (p . x , p . y , p . n , p . dc + dc , p . dz , p . dzdc ) ;

1210 // i t e r a t e
q . run ( r , maxiters ) ;
// output
i f ( q . g l i t c h ed )

s ubg l i t c h e s . push back (q ) ;
1215 e l s e

p l o t ( i , q , dt ) ;
++k ;

}
// r e cu r s e

1220 i f ( s ubg l i t c h e s . s i z e ( ) > 0)
count += s o l v e g l i t c h e s ( i , dt , maxiters , r , s ubg l i t c h e s ) ;

}
re turn count ;

}
1225

void render (N width , N height , N maxiters , N order , N stopn , N accuracy , N ⤦
Ç p r e c i s i on , const char ∗ sre , const char ∗sim , const char ∗ s rad ius , const ⤦
Ç char ∗ f i l ename )

{
// prepare
mp f r f l o a t : : d e f a u l t p r e c i s i o n (20u) ;

1230 R lo rad iu s ( r l o ( s r ad iu s ) ) ;
N p r e c i s i o n 2 = fmax (24 . 0 , 24 .0 − double ( logb ( rad iu s ) ) ) ;
i f ( p r e c i s i o n && p r e c i s i o n < p r e c i s i o n 2 )
LOG( cout << ”warning : i n s u f f i c i e n t p r e c i s i o n : ” << p r e c i s i o n << ” < ” << ⤦

Ç p r e c i s i o n 2 << endl ) ;
e l s e i f ( ! p r e c i s i o n )

1235 p r e c i s i o n = p r e c i s i o n 2 ;
LOG( cout << ” p r e c i s i o n b i t s ” << p r e c i s i o n << endl ) ;
p r e c i s i o n ∗= log10 ( 2 . 0 ) ;
LOG( cout << ” p r e c i s i o n d i g i t s 1 0 ” << p r e c i s i o n << endl ) ;
mp f r f l o a t : : d e f a u l t p r e c i s i o n ( p r e c i s i o n ) ;

1240 C hi c ( ( R hi ( s r e ) ) , ( R hi ( sim ) ) ) ;
// f i nd r e f e r e n c e
C hi r e f c ( c ) ;
boxper iod box ( c , 2 ∗ rad iu s ) ;
N per iod ( box . per iod ( maxiters ) ) ;

1245 i f ( ! ( per iod > 0) )
per iod = l a s t p a r t i a l ( c , maxiters ) ;

r e f c = newton nucleus ( c , per iod , 8) ; // FIXME best maxsteps va lue ?
C lo dc0 ( c l o ( c − r e f c ) ) ;
LOG( cout << ” r e f e r e n c e de l t a ” << dc0 << endl ) ;

1250 // compute dt and tmax
R lo dt ( rad iu s / ( he ight / 2) ) ;
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R lo tmax (0 ) ;
f o r (N y = 0 ; y < he ight ; y += he ight − 1)

f o r (N x = 0 ; x < width ; x += width − 1)
1255 {

C lo dc ( dc0 + R lo (2 ) ∗ rad iu s ∗
C lo ( width ∗ ( ( x + 0 . 5 ) / width − 0 . 5 ) / height , ( he ight − y − 0 . 5 ) / ⤦

Ç he ight − 0 . 5 ) ) ;
R lo t ( abs ( dc ) ) ;
tmax = max(tmax , t ) ;

1260 }
// render
s e r i e s app rox imat i on : : s topping stop ;
switch ( stopn )
{

1265 de f au l t :
case 0 : stop = se r i e s app rox imat i on : : knighty ; break ;
case 1 : stop = se r i e s app rox imat i on : : quaz0r ; break ;
case 2 : stop = se r i e s app rox imat i on : : knighty2 ; break ;

}
1270 s e r i e s app rox imat i on s ( r e f c , dt , tmax , order , stop , accuracy ) ;

s . run ( ) ;
r e f e r e n c e r ( s . g e t r e f e r e n c e ( ) ) ;
r . run ( maxiters ) ;
image i ( width , he ight ) ;

1275 N prog r e s s = 0 ;
vector<perturbat ion> g l i t c h e s ;
LOG( cout << ”computing image” << endl ) ;
#pragma omp p a r a l l e l f o r schedu le ( dynamic )
f o r (N y = 0 ; y < he ight ; ++y)

1280 {
f o r (N x = 0 ; x < width ; ++x)
{

C lo dc ( dc0 + R lo (2 ) ∗ rad iu s ∗
C lo ( width ∗ ( ( x + 0 . 5 ) / width − 0 . 5 ) / height , ( he ight − y − 0 . 5 ) / ⤦

Ç he ight − 0 . 5 ) ) ;
1285 per turbat i on p(x , y , r . n0 , dc , s . s e r i e s d z ( dc ) , s . s e r i e s d z d c ( dc ) ) ;

p . run ( r , maxiters ) ;
p l o t ( i , p , dt ) ;
i f (p . g l i t c h ed )
{

1290 #pragma omp c r i t i c a l
g l i t c h e s . push back (p) ;

}
}
#pragma omp c r i t i c a l

1295 LOG( cout << ”\ rimage s c an l i n e ” << ++prog r e s s ) ;
}
LOG( cout << ”\ rimage s c an l i n e ” << prog r e s s << ” ( complete ) ” << endl ) ;
// c o r r e c t g l i t c h e s
LOG( cout << ” g l i t c h e s ” << g l i t c h e s . s i z e ( ) << endl ) ;

1300 N count (0 ) ;
i f ( g l i t c h e s . s i z e ( ) > 0)
{

LOG( cout << ” s o l v i n g g l i t c h e s ” << endl ) ;
count = s o l v e g l i t c h e s ( i , dt , maxiters , r , g l i t c h e s ) ;

1305 }
LOG( cout << ” secondary r e f e r e n c e s ” << count << endl ) ;
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// save f i n a l image
i . save ( f i l ename ) ;

}
1310

#i f d e f EMSCRIPTEN

// worker thread worker func t i on
extern ”C” void EMSCRIPTEN KEEPALIVE render ( char ∗data , i n t s i z e )

1315 {
N width ;
N he ight ;
N maxiters ;
N order ;

1320 N stop ;
N accuracy ;
N p r e c i s i o n ;
const char ∗ s r e ;
const char ∗ sim ;

1325 const char ∗ s r ad i u s ;
const char ∗ f i l ename ;
unpack ( data , s i z e , width , height , maxiters , order , stop , accuracy , p r e c i s i on , ⤦

Ç sre , sim , s rad ius , f i l ename ) ;
render ( width , height , maxiters , order , stop , accuracy , p r e c i s i on , sre , sim , ⤦

Ç s rad ius , f i l ename ) ;
}

1330

#e l s e

// entry po int
extern ”C” in t main ( i n t argc , char ∗∗ argv )

1335 {
// i n i t i a l d e f a u l t s
N width = 640 ;
N he ight = 360 ;
N maxiters = 1 << 8 ;

1340 N order = 16 ;
N stop = 0 ;
N accuracy = 24 ;
N p r e c i s i o n = 0 ; // auto
const char ∗ s r e = ” −0.75” ;

1345 const char ∗ sim = ”0 . 0 ” ;
const char ∗ s r ad i u s = ”1 . 5 ” ;
const char ∗ f i l ename = ”out .ppm” ;
// parse arguments
i f ( parse ( argc , argv , width , height , maxiters , order , stop , accuracy , ⤦

Ç p r e c i s i on , sre , sim , s rad ius , f i l ename ) )
1350 re turn 1 ;

// render image
render ( width , height , maxiters , order , stop , accuracy , p r e c i s i on , sre , sim , ⤦

Ç s rad ius , f i l ename ) ;
r e turn 0 ;

}
1355

#end i f

46 mandelbrot-series-approximation/pre.js
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f unc t i on argparse ( prev , item )
{

prev [ prev . l ength ] = ’−− ’ + item . s p l i t ( ’= ’) [ 0 ] ;
prev [ prev . l ength ] = item . s p l i t ( ’= ’) [ 1 ] ;

5 re turn prev ;
}
Module [ ’ arguments ’ ] = l o c a t i o n . search . subs t r (1 ) . s p l i t ( ’& ’) . reduce ( argparse , [ ] ) ;
f unc t i on printappend ( s t r )
{

10 var output = document . getElementById ( ’ output ’ ) ;
var content = output . va lue ;
var l i n e s = content . s p l i t ( ’\n ’ ) . f i l t e r ( func t i on ( s ) { re turn s != ’ ’ ; }) ;
i f ( s t r . charAt (0 ) == ’\ r ’ )
{

15 l i n e s . pop ( ) ;
s t r = s t r . subs t r (1 ) ;

}
s t r = s t r . r ep l a c e ( ’\n ’ , ’ ’ ) ;
l i n e s [ l i n e s . l ength ] = s t r ;

20 output . va lue = l i n e s . j o i n ( ’\n ’ ) ;
output . s c ro l lTop = output . s c r o l lH e i g h t ;

}
Module [ ’ pr int ’ ] = printappend ;
Module [ ’ pr intErr ’ ] = printappend ;

47 mandelbrot-winding/Makefile

winding : winding . c
gcc −std=c99 −Wall −Wextra −pedant ic −O3 −fopenmp −march=nat ive −o ⤦

Ç winding winding . c −lm

48 mandelbrot-winding/winding.c

// gcc −std=c99 −Wall −Wextra −pedant ic −O3 −fopenmp −march=nat ive −o winding ⤦
Ç winding . c −lm

// . / winding > winding .pgm

#inc lude <complex . h>
5 #inc lude <math . h>

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

#de f i n e PI 3.141592653589793
10

s t a t i c double cnorm( double Complex z )
{

re turn c r e a l ( z ) ∗ c r e a l ( z ) + cimag ( z ) ∗ cimag ( z ) ;
}

15

// based on mndlbrot : : turn ( ) from Wolf Jung ’ s Mandel 5 . 14 , under GPL l i c e n s e
// a v a i l a b l e from http ://www. mndynamics . com/ indexp . html
s t a t i c double winding ( double Complex c , i n t maxiters )
{

20 double Complex z = c ;
double theta = carg ( z ) ;
double s = 1 ;
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const double Complex uv = c sq r t ( 0 . 25 − c ) ;
const double Complex XY = 0.5 − uv ;

25 const double a = c r e a l ( c ) ;
const double b = cimag ( c ) ;
const double X = c r e a l (XY) ;
const double Y = cimag (XY) ;
f o r ( i n t k = 1 ; k < maxiters ; ++k)

30 {
s ∗= 0 . 5 ;
z = z ∗ z + c ;
double u = carg ( z / ( z − c ) ) ;
const double x = c r e a l ( z ) ;

35 const double y = cimag ( z ) ;
i f ( ( y∗a − x∗b) ∗(Y∗a − X∗b) > 0
&& (y∗X − x∗Y) ∗(b∗X − a∗Y) > 0
&& (( b−y ) ∗( a−X) − ( a−x ) ∗(b−Y) ) ∗( a∗Y − b∗X) > 0)

{ i f (u < 0) u += 2∗PI ; e l s e u −= 2∗PI ; }
40 theta += s ∗ u ;

i f ( cnorm( z ) > 1e18 ∗ s ) break ;
i f ( cnorm( z ) < 1e −12) re turn 0 . 5 ;

}
theta ∗= 0.5 / PI ;

45 re turn theta − f l o o r ( theta ) ;
}

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

50 ( void ) argc ;
( void ) argv ;
double Complex c0 = −0 .75 ;
double r0 = 2 ;
i n t maxiters = 64 ;

55 i n t width = 1024 ;
i n t he ight = 1024 ;
i n t bytes = width ∗ he ight ;
char ∗pgm = malloc ( bytes ) ;
#pragma omp p a r a l l e l f o r

60 f o r ( i n t j = 0 ; j < he ight ; ++j )
{

double y = ( ( j + 0 . 5 ) / he ight − 0 . 5 ) ∗ 2 ;
f o r ( i n t i = 0 ; i < width ; ++i )
{

65 double x = ( ( i + 0 . 5 ) / width − 0 . 5 ) ∗ 2 ∗ width / he ight ;
double Complex c = c0 + r0 ∗ ( x + I ∗ y ) ;
double t = winding ( c , maxiters ) ;
pgm[ j ∗ width + i ] = 256 ∗ t ;

}
70 }

p r i n t f (”P5\n%d %d\n255\n” , width , he ight ) ;
fw r i t e (pgm, bytes , 1 , s tdout ) ;
f r e e (pgm) ;
re turn 0 ;

75 }

49 pjulia-mdem/Makefile

a l l : p j u l i a −c p ju l i a −hs
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c l ean :
−rm − f p j u l i a −c p ju l i a −hs p j u l i a . h i p j u l i a . o p ju l i a −c . pgm p ju l i a −hs .pgm

5

benchmark : p ju l i a −c p ju l i a −hs
bash −c ” time . / p ju l i a −c −0.390540870218400005 −0.586787907346968729 ⤦

Ç > p ju l i a −c . pgm”
bash −c ” time . / p ju l i a −hs −0.390540870218400005 −0.586787907346968729 +⤦

Ç RTS −N > p ju l i a −hs .pgm”

10 p ju l i a −c : p j u l i a . c
gcc −O3 −o p ju l i a −c −lm −Wall −fopenmp −march=nat ive p j u l i a . c

p ju l i a −hs : p j u l i a . hs
ghc −O2 − f e x c e s s −p r e c i s i o n −Wall −threaded −o p ju l i a −hs p j u l i a . hs

50 pjulia-mdem/pjulia.c

/∗

Adam Majewski
f r a k t a l . r epub l i ka . p l

5

modi f i ed by Claude Heiland −Allen
mathr . co . uk

c conso l e progam us ing
10 ∗ symmetry

∗ openMP

I t uses modi f i ed DEM method to draw pa rabo l i c j u l i a s e t s

15

gcc t . c −lm −Wall −fopenmp −march=nat ive
time . / a . out

20

F i l e s1000000f1 . 5 . pgm saved .
Cx = 0.356763
Cy = 0.328582
a l f a x = 0.154508

25 a l f a y = 0.475528
d i s t o r s i o n o f image = 1.000000

r e a l 123m19.106 s
−−−−−−−−−−−−−−−−−−−−−−−−−−−−

30 F i l e s10000000f1 . 5 . pgm saved .
Cx = 0.356763
Cy = 0.328582
a l f a x = 0.154508
a l f a y = 0.475528

35 d i s t o r s i o n o f image = 1.000000

r e a l 1023m48.596 s = 17 f ou r s
−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

so s100000000f1 . 5 . pgm shoud take 17 days ! ! ! ! ! !
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40

45

∗/

50 #inc lude <s t d i o . h>
#inc lude <s t d l i b . h> // mal loc
#inc lude <s t r i n g . h> // s t r c a t
#inc lude <math . h> // M PI ; needs −lm a l s o
#inc lude <complex . h>

55 #inc lude <omp . h> // OpenMP; needs a l s o −fopenmp

/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− g l oba l v a r i a b l e s and cons t s ⤦
Ç −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− ∗/

60

// v i r t u a l 2D array and i n t e g e r ( s c r e en ) coord ina te
// Indexes o f array s t a r t s from 0 not 1
unsigned i n t ix , i y ; // var
unsigned i n t ixMin = 0 ; // Indexes o f array s t a r t s from 0 not 1

65 unsigned i n t ixMax ; //
unsigned i n t iWidth ; // ho r i z on t a l dimension o f array
unsigned i n t ixAxisOfSymmetry ; //
unsigned i n t iyMin = 0 ; // Indexes o f array s t a r t s from 0 not 1
unsigned i n t iyMax ; //

70 unsigned i n t iyAxisOfSymmetry ; //
unsigned i n t iyAbove ; // var , measured from 1 to ( iyAboveAxisLength −1)
unsigned i n t iyAboveMin = 1 ; //
unsigned i n t iyAboveMax ; //
unsigned i n t iyAboveAxisLength ; //

75 unsigned i n t iyBelowAxisLength ; //
unsigned i n t iHe ight = 1000 ; // odd number ! ! ! ! ! ! = ( iyMax −iyMin + 1) = ⤦

Ç iyAboveAxisLength + iyBelowAxisLength +1
// The s i z e o f array has to be a p o s i t i v e constant i n t e g e r
unsigned i n t i S i z e ; // = iWidth∗ iHe ight ;

80

// memmory 1D array
unsigned char ∗data ;
// unsigned i n t i ; // var = index o f 1D array
unsigned i n t iMin = 0 ; // Indexes o f array s t a r t s from 0 not 1

85 unsigned i n t iMax ; // = i2Ds ize −1 =
// The s i z e o f array has to be a p o s i t i v e constant i n t e g e r
// unsigned i n t i 1Ds i z e ; // = i2Ds i z e = ( iMax −iMin + 1) = ; 1D array with ⤦

Ç the same s i z e as 2D array

90 /∗ world ( double ) coo rd ina te = dynamic plane ∗/
const double ZxMin=−1.5;
const double ZxMax=1.5;
const double ZyMin=−1.5;
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const double ZyMax=1.5;
95 double PixelWidth ; // =(ZxMax−ZxMin) /iXmax ;

double Pixe lHe ight ; // =(ZyMax−ZyMin) /iYmax ;
double distanceMax ;
double r a t i o ;
double lambda=1.5;

100

// complex numbers o f parametr plane
double Cx ; // c =Cx +Cy ∗ i

105 double Cy ;
double complex c ; //

double complex a l f a ; // a l f a f i x ed po int a l f a=f ( a l f a )

110 unsigned long i n t iterMax = 100000; // iHe ight ∗100 ;
double ER = 2 . 0 ; // Escape Radius f o r ba i l ou t t e s t
double ER2 ;

115 /∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− f un c t i on s ⤦
Ç −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/

/∗ f i nd c in component o f Mandelbrot s e t
120

uses code by Wolf Jung from program Mandel
s ee func t i on mndlbrot : : b i f u r c a t e from mandelbrot . cpp
http ://www. mndynamics . com/ indexp . html

125 ∗/
s t a t i c
double complex GiveC( double InternalAngleInTurns , double Interna lRadius , ⤦

Ç unsigned i n t per iod )
{

//0 <= InternalRay<= 1
130 //0 <= Interna lAngleInTurns <=1

double t = Interna lAngleInTurns ∗2∗M PI ; // from turns to rad ians
double R2 = Interna lRad ius ∗ Inte rna lRad ius ;
// double Cx , Cy ; /∗ C = Cx+Cy∗ i ∗/
switch ( per iod ) // o f component

135 {
case 1 : // main ca rd i o i d

Cx = ( cos ( t ) ∗ Inte rna lRad ius ) /2−( cos (2∗ t ) ∗R2) /4 ;
Cy = ( s i n ( t ) ∗ Inte rna lRad ius ) /2−( s i n (2∗ t ) ∗R2) /4 ;
break ;

140 case 2 : // only one component
Cx = Interna lRad ius ∗ 0 .25∗ cos ( t ) − 1 . 0 ;
Cy = Interna lRad ius ∗ 0 .25∗ s i n ( t ) ;
break ;

// f o r each per iod there are 2ˆ( per iod −1) roo t s .
145 de f au l t : // h igher pe r i od s : to do

Cx = 0 . 0 ;
Cy = 0 . 0 ;

break ; }
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150 re turn Cx + Cy∗ I ;
}

/∗
155

http :// en . w ik iped ia . org /wik i / Pe r i od i c po in t s o f comp l ex quadra t i c mapp ing s
z ˆ2 + c = z
zˆ2 − z + c = 0
axˆ2 +bx + c =0 // ge3ne ra l f o r o f quadrat i c equat ion

160 so :
a=1
b =−1
c = c
so :

165

The d i s c r im inant i s the d=bˆ2− 4ac

d=1−4c = dx+dy∗ i
r (d )=sq r t (dxˆ2 + dyˆ2)

170 s q r t (d) = sq r t ( ( r+dx ) /2)+−s q r t ( ( r−dx ) /2) ∗ i = sx +− sy∗ i

x1=(1+sq r t (d) ) /2 = beta = (1+sx+sy∗ i ) /2

x2=(1− s q r t (d) ) /2 = a l f a = (1− sx −sy∗ i ) /2
175

a l f a : a t t r a c t i n g when c i s in main ca rd i o i d o f Mandelbrot set , then i t i s in ⤦
Ç i n t e r i o r o f F i l l ed − in Ju l i a set ,

i t means be longs to Fatou s e t ( s t r i c t l y to bas in o f a t t r a c t i o n o f f i n i t e f i x e d ⤦
Ç point )

∗/
180 // uses g l oba l v a r i a b l e s :

// ax , ay ( output = a l f a ( c ) )
s t a t i c
double complex GiveAlfaFixedPoint ( double complex c )
{

185 double dx , dy ; //The d i s c r im inant i s the d=bˆ2− 4ac = dx+dy∗ i
double r ; // r (d)=sq r t (dxˆ2 + dyˆ2)
double sx , sy ; // s = sq r t (d) = sq r t ( ( r+dx ) /2)+−s q r t ( ( r−dx ) /2) ∗ i = sx + sy∗ i
double ax , ay ;

190 // d=1−4c = dx+dy∗ i
dx = 1 − 4∗ c r e a l ( c ) ;
dy = −4 ∗ f abs ( cimag ( c ) ) ;
// r (d)=sq r t (dxˆ2 + dyˆ2)
r = sq r t (dx∗dx + dy∗dy ) ;

195 // sq r t (d) = s =sx +sy∗ i
sx = sq r t ( ( r+dx ) /2) ;
sy = sq r t ( ( r−dx ) /2) ;
// a l f a = ax +ay∗ i = (1− s q r t (d) ) /2 = (1− sx + sy∗ i ) /2
ax = 0 .5 − sx / 2 . 0 ;

200 ay = ( cimag ( c ) > 0 ? 1 : −1) ∗ sy / 2 . 0 ;

r e turn ax+ay∗ I ;
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}
205

s t a t i c
double GiveDistance2Between ( double complex z1 , double complex z2 )
{double dx , dy ;

210

dx = c r e a l ( z1 ) − c r e a l ( z2 ) ;
dy = cimag ( z1 ) − cimag ( z2 ) ;
r e turn (dx∗dx+dy∗dy ) ;

215 }

s t a t i c
220 i n t setup ( i n t argc , char ∗∗ argv )

{
i f ( argc >= 3) {

Cx = ato f ( argv [ 1 ] ) ;
Cy = ato f ( argv [ 2 ] ) ;

225 c = Cx + Cy ∗ I ;
} e l s e {

double Inte rna lAng l e ;

In te rna lAng l e = ( sq r t (5 ) − 1) /2 ;
230

c = GiveC( Interna lAngle , 1 . 0 , 1) ;
Cx=c r e a l ( c ) ;
Cy=cimag ( c ) ;

}
235 a l f a = GiveAlfaFixedPoint ( c ) ;

/∗ 2D array ranges ∗/
i f ( ! ( iHe ight % 2) ) iHe ight+=1; // i t sholud be even number ( v a r i ab l e % 2) or ⤦

Ç ( v a r i ab l e & 1)
iWidth = iHe ight ;

240 i S i z e = iWidth∗ iHe ight ; // s i z e = number o f po in t s in array
// iy
iyMax = iHe ight − 1 ; // Indexes o f array s t a r t s from 0 not 1 so the h i ghe s t ⤦

Ç e lements o f an array i s = array name [ s i z e −1 ] .
iyAboveAxisLength = ( iHe ight −1) /2 ;
iyAboveMax = iyAboveAxisLength ;

245 iyBelowAxisLength = iyAboveAxisLength ; // the same
iyAxisOfSymmetry = iyMin + iyBelowAxisLength ;
// ix

ixMax = iWidth − 1 ;
250

/∗ 1D array ranges ∗/
// i 1Ds i z e = i2Ds i z e ; // 1D array with the same s i z e as 2D array
iMax = iS i z e −1; // Indexes o f array s t a r t s from 0 not 1 so the h i ghe s t ⤦

Ç e lements o f an array i s = array name [ s i z e −1 ] .

255

/∗ Pixe l s i z e s ∗/
PixelWidth = (ZxMax−ZxMin) /ixMax ; // ixMax = ( iWidth −1) s tep between p i x e l s ⤦
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Ç in world coord ina te
Pixe lHe ight = (ZyMax−ZyMin) /iyMax ;
r a t i o = ( (ZxMax−ZxMin) /(ZyMax−ZyMin) ) / ( ( f l o a t ) iWidth /( f l o a t ) iHe ight ) ; // i t ⤦

Ç should be 1 .000 . . .
260 distanceMax = PixelWidth ;

//

ER2 = ER ∗ ER;

265 /∗ c r e a t e dynamic 1D arrays f o r c o l o r s ( shades o f gray ) ∗/

data = mal loc ( i S i z e ∗ s i z e o f ( unsigned char ) ) ;
i f ( data == NULL )

{
270 f p r i n t f ( s tde r r , ” Could not a l l o c a t e memory\n”) ;

getchar ( ) ;
r e turn 1 ;

}
e l s e f p r i n t f ( s tde r r , ” memory i s OK \n”) ;

275

re turn 0 ;

280 }

// from sc r een to world coord ina te ; l i n e a r mapping
285 // uses g l oba l cons

s t a t i c
double GiveZx ( unsigned i n t ix )
{ re turn (ZxMin + ix ∗PixelWidth ) ;}

290 // uses g l obaa l cons
s t a t i c
double GiveZy ( unsigned i n t iy )
{ re turn (ZyMax − i y ∗Pixe lHe ight ) ;} // r ev e r s e y ax i s

295

/∗
e s t imate s d i s t anc e from point c to nea r e s t po int in Ju l i a s e t
f o r Fc ( z )= z∗z + c
z (n+1) = Fc( zn )

300 t h i s f unc t i on i s based on func t i on mndlbrot : : d i s t from mndlbrot . cpp
from program mandel by Wolf Jung (GNU GPL )
http ://www. mndynamics . com/ indexp . html

Hyunsuk Kim :
305 For Ju l i a s e t s , z i s the va r i ab l e and c i s a constant . There fore df [ n+1]( z ) /dz =⤦

Ç 2∗ f [ n ]∗ f ’ [ n ] −− you don ’ t add 1 .
−−−−−−−−−−−−−−−−−

”
310 The algor i thm I am us ing i s a mix o f t ech inques I have been taught by other ⤦

Ç people .
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This p i c tu r e was drawn by scanning a l l the p i x e l s and computing the c o l o r o f ⤦
Ç each o f them by i t e r a t i n g the corre spond ing complex number and s e e i ng what⤦
Ç happens .

One o f the technique i s very gene ra l in i t s a pp l i c a t i o n s . Let P be the func t i on ⤦
Ç which you want to computer the Ju l i a set , when you i nduc t i v e l y compute

315 z n+1=P( z n )=Pˆn( z 0 ) ,
a l s o compute the d e r i v a t i v e
d n=(Pˆn) ’ ( z 0 )
I t can be done i ndu c t i v e l y by the chain ru l e : d n+1=P’ ( z n ) . d n

320 Then the idea i s to pretend that the image o f the p i x e l o f s i z e e p s i l o n by Pˆn ⤦
Ç i s roughly o f s i z e e p s i l o n . d n . This i s not always accurate but works ⤦
Ç s u r p r i s i n g l y we l l in the p i c t u r e s .

Then the t r i c k i s to choose a po int ’p ’ that we know to belong to the Ju l i a s e t .⤦
Ç Now when you i t e r a t e , t e s t wether the d i s t ance from z n to ’p ’ i s l e s s ⤦
Ç than ep s i l o n . d n I f t h i s i s so , then there i s a good chance that z 0 i s ⤦
Ç with in d i s t ance o f order e p s i l o n to the Ju l i a set , so c o l o r your po int in ⤦
Ç black ( or whichever c o l o r you chose f o r the Ju l i a s e t ) .

Usual ly , ’p’= a r e p e l l i n g f i x ed po int o f P i s a good cho i c e .
325

For S i e g e l d i s k s and Herman r ings , a good cho i c e o f ’p ’ i s the c r i t i c a l po int ’ c⤦
Ç ’ .

Namely ,
i f | z n−c |< ep s i l o n ∗d n

330 then co l o r ed z 0 in black .

Your Herman r ing can be enhanced a l o t us ing the t r i c k s which de s c r ibed above . ”

Regards ,
335 Yang Fei

A p i x e l o f s i z e ep s i l on , a f t e r i t e r a t i n g n t imes by P,
we obta in a domain i s roughly o f s i z e e p s i l o n ∗d n , where d n means the ⤦

Ç d e r i v a t i v e o f Pˆn at z 0 .

340

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−

”The f o l l ow i n g method was taught to me by Chr i s t i an Henriksen .
I t i s a d i s t ance e s t imator method ( d i f f e r e n t from Milnor ’ s ) .
When i t e r a t i n g forward , keep a l s o t r a c t o f the value o f the d e r i v a t i v e .

345 More p r e c i s e l y when computing z n from z 0 , a l s o compute dz n/dz 0 .
by the chain ru le , i t i s equal to the product o f the d e r i v a t i v e s o f f taken at ⤦

Ç z 0 , z 1 , . . , up to z n −1
There fore you can compute i t r e c u r s i v e l y a l ong s i d e and l i k e the value o f z n .
Then choose a po int in the Ju l i a set , here I chose the c r i t i c a l po int .
Then i f the b a l l :

350 − o f c ent e r z n
− and rad iu s lambda ∗ s i z e o f a p i x e l ∗ d e r i v a t i v e
conta in s t h i s po int the re i s a good chance
that the p i x e l o f c en t e r z 0
conta in s an i t e r a t e d preimage o f the c r i t i c a l point , thus I c o l o r z 0 in black .

355
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Here lambda i s a th i c kne s s f a c t o r that you must choose .
not too smal l o the rwi se you do not see enough points , but not too big because ⤦

Ç otherw i s e you get a r t i f a c t s .

Best Regards ,
360 Arnaud . ”

∗/
s t a t i c

365 i n t j d i s t ( double Zx , double Zy , double Cx , double Cy , i n t i ter max )
{
i n t i ;
double x = Zx , /∗ Z = x+y∗ i ∗/

y = Zy ,
370 /∗ Zp = xp+yp∗1 = 1 ∗/

xp = 1 ,
yp = 0 ,
/∗ temporary ∗/
nz ,

375 nzp ,
/∗ a = abs ( z ) ∗/
//a ,
radius2 ,
d i s t ance2 ;

380

f o r ( i = 1 ; i <= iter max ; i++)
{ /∗ f i r s t d e r i v a t i v e zp = 2∗ z∗zp = xp + yp∗ i ; ∗/

385

nz = 2∗( x∗xp − y∗yp ) ;
yp = 2∗( x∗yp + y∗xp ) ;
xp = nz ;
/∗ z = z∗z + c = x+y∗ i ∗/

390 nz = x∗x − y∗y + Cx ;
y = 2∗x∗y + Cy ;
x = nz ;
//
nz = (x∗x + y∗y ) ; // abs2 ( z )

395 nzp = (xp∗xp + yp∗yp ) ;
i f ( nz > ER2) return 1 ; // i f e s capes //nzp > 1e60 | |
i f ( nzp>1e60 ) re turn −1; // ? i n t e r i o r ?
d i s tance2=GiveDistance2Between ( a l f a , x+y∗ I ) ;
rad ius2=lambda∗ lambda∗PixelWidth∗PixelWidth∗nzp ;

400

i f ( d i s tance2<rad ius2 ) re turn 0 ; //
}

re turn −1; //
405 }

s t a t i c
unsigned char GiveColor ( unsigned i n t ix , unsigned i n t iy )

410 {
double Zx , Zy ; // Z= Zx+ZY∗ i ;
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unsigned char c o l o r ; // gray from 0 to 255
// unsigned char Co lo rL i s t [ ]={255 ,230 ,180} ; /∗ shades o f gray used in imaage

// c o l o r =0;
415 // from sc r een to world coord ina te

Zx = GiveZx ( ix ) ;
Zy = GiveZy ( iy ) ;
// i f ( G iveLas t I t e r a t i on (Zx , Zy ) == iterMax )

// c o l o r = 0 ; // i n t e r i o r
420 // e l s e {

// only d i s t
i n t d = j d i s t (Zx , Zy , Cx , Cy , iterMax ) ;

i f (d > 0) { c o l o r = 255 ; } // e x t e r i o r Fatou Set
425 e l s e i f (d < 0) { c o l o r = 192 ; } // i n t e r i o r Fatou Set

e l s e { c o l o r = 0 ; } // boundary Ju l i a s e t
re turn c o l o r ;

}

430

/∗ −−−−−−−−−−− array func t i on s −−−−−−−−−−−−−− ∗/

/∗ g i v e s p o s i t i o n o f 2D point ( iX , iY ) in 1D array ; uses a l s o g l oba l v a r i ab l e ⤦
Ç iWidth ∗/

435 s t a t i c
unsigned i n t Give i ( unsigned i n t ix , unsigned i n t iy )
{ re turn ix + iy ∗ iWidth ; }
// ix = i % iWidth ;
// iy = ( i − i x ) / iWidth ;

440 // i = Give i ( ix , i y ) ;

445 // p l o t s r a s t e r po int ( ix , i y )
s t a t i c
i n t PlotPoint ( unsigned i n t ix , unsigned i n t iy , unsigned char iCo lo r )
{
unsigned i ; /∗ index o f 1D array ∗/

450 i = Give i ( ix , i y ) ; /∗ compute index o f 1D array from i nd i c e s o f 2D array ∗/
data [ i ] = iCo lo r ;

r e turn 0 ;
}

455

// f i l l array us ing symmetry o f image
// uses g l oba l var : . . .
s t a t i c

460 i n t Fi l lArraySymmetr ic ( unsigned char data [ ] )
{

unsigned char Color ; // gray from 0 to 255

465 f p r i n t f ( s tde r r , ” ax i s o f symmetry \n”) ;
i y = iyAxisOfSymmetry ;
#pragma omp p a r a l l e l f o r schedu le ( dynamic ) p r i va t e ( ix , Color ) shared ( ixMin , ixMax ,⤦
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Ç iyAxisOfSymmetry )
f o r ( i x=ixMin ; ix<=ixMax;++ix ) {// p r i n t f (” %d from %d\n” , ix , ixMax ) ; // i n f o

PlotPoint ( ix , iy , GiveColor ( ix , i y ) ) ;
470 }

/∗
The use o f ’ shared ( va r i ab l e , v a r i ab l e 2 ) s p e c i f i e s that these v a r i a b l e s should be⤦

Ç shared among a l l the threads .
475 The use o f ’ p r i va t e ( va r i ab l e , v a r i ab l e 2 ) ’ s p e c i f i e s that these v a r i a b l e s should ⤦

Ç have a s epe ra t e i n s t anc e in each thread .
∗/

#pragma omp p a r a l l e l f o r schedu le ( dynamic ) p r i va t e ( iyAbove , ix , iy , Color ) shared (⤦
Ç iyAboveMin , iyAboveMax , ixMin , ixMax , iyAxisOfSymmetry )

480 // above and below ax i s
f o r ( iyAbove = iyAboveMin ; iyAbove<=iyAboveMax ; ++iyAbove )

{ f p r i n t f ( s tde r r , ” %4d from %d\ r ” , iyAbove , iyAboveMax ) ; f f l u s h ( stdout ) ; // i n f o
f o r ( i x=ixMin ; ix<=ixMax ; ++ix )

485 { // above ax i s compute c o l o r and save i t to the array
iy = iyAxisOfSymmetry + iyAbove ;
Color = GiveColor ( ix , i y ) ;
PlotPoint ( ix , iy , Color ) ;
// below the ax i s only copy Color the same as above without computing i t

490 PlotPoint ( ixMax− ix , iyAxisOfSymmetry − iyAbove , Color ) ;
}

}
re turn 0 ;

}
495

// save data array to pgm f i l e
s t a t i c
i n t SaveArray2PGMFile ( unsigned char data [ ] )

500 {

const unsigned i n t MaxColorComponentValue=255; /∗ c o l o r component i s coded ⤦
Ç from 0 to 255 ; i t i s 8 b i t c o l o r f i l e ∗/

char ∗comment=”# ”;/∗ comment should s t a r t with # ∗/

505 /∗ save image to the pgm f i l e ∗/
f p r i n t f ( stdout , ”P5\n %s \n %u %u\n %u\n” , comment , iWidth , iHeight ,⤦

Ç MaxColorComponentValue ) ; /∗wr i t e header to the f i l e ∗/
f f l u s h ( stdout ) ;
fw r i t e ( data , i S i z e , 1 , s tdout ) ; /∗wr i t e image data bytes to the f i l e in one step⤦

Ç ∗/
return 0 ;

510 }

s t a t i c
i n t i n f o ( )

515 {
// d ip lay i n f o messages
f p r i n t f ( s tde r r , ”Cx = %.18 f \n” , Cx) ;
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f p r i n t f ( s tde r r , ”Cy = %.18 f \n” , Cy) ;
f p r i n t f ( s tde r r , ” a l f a x = %.18 f \n” , c r e a l ( a l f a ) ) ;

520 f p r i n t f ( s tde r r , ” a l f a y = %.18 f \n” , cimag ( a l f a ) ) ;
f p r i n t f ( s tde r r , ” d i s t o r s i o n o f image = %.18 f \n” , r a t i o ) ;

r e turn 0 ;
}

525

/∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−− main ⤦

Ç −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗/
extern
i n t main ( i n t argc , char ∗∗ argv )
{

530 // here are procedures f o r c r e a t i n g image f i l e

setup ( argc , argv ) ;
// compute c o l o r s o f p i x e l s = image
// F i l lAr ray ( data ) ; // no symmetry

535 Fil lArraySymmetric ( data ) ;
// CheckOrientat ion ( data ) ;
SaveArray2PGMFile ( data ) ; // save array ( image ) to pgm f i l e
f r e e ( data ) ;
i n f o ( ) ;

540 re turn 0 ;
}

51 pjulia-mdem/pjulia.hs

{−
Claude Heiland −Allen
mathr . co . uk

5 t r an s l a t ed from C code by

Adam Majewski
f r a k t a l . r epub l i ka . p l

10 −}

{−# LANGUAGE BangPatterns , MagicHash #−}
module Main (main ) where

15 import GHC. Prim ((−#) , (==#) , (<##) , (−##) , (+##) , (∗##))
import GHC. Types ( Int ( . . ) , Double ( . . ) )
import GHC. Conc ( getNumCapabi l i t i es )
import Control . P a r a l l e l . S t r a t e g i e s ( parBuf fer , rseq , us ing )
import q u a l i f i e d Data . ByteStr ing as BSS

20 import q u a l i f i e d Data . ByteStr ing . Lazy as BS
import q u a l i f i e d Data . ByteStr ing . Lazy . Char8 as BSC
import Data . Complex (Complex ( ( :+) ) , magnitude )
import Data .Word (Word8)
import System . IO ( stdout , s tde r r , hPutStrLn )

25 import System . Environment ( getArgs )
import System . Exit ( e x i tF a i l u r e )

type B = Word8
type N = Int

190



fractal-bits pjulia-mdem/pjulia.hs

30 type R = Double
type C = Complex R

width : : N
width = 500

35

he ight : : N
he ight = 500

maxIters : : N
40 maxIters = 100000

zS i z e : : C
zS i z e = 1 .5

45 lambda : : R
lambda = 1 .5

p i x e l S i z e : : R
p i x e l S i z e = magnitude ( zS i z e / f r omInteg ra l width )

50

lambdaPixel2 : : R
lambdaPixel2 = lambda ∗ lambda ∗ p i x e l S i z e ∗ p i x e l S i z e

er : : R
55 er = 2

er2 : : R
er2 = er ∗ er

60 a l f a : : C −> C
a l f a ( cx :+ cy ) = ax :+ ay

where
dx = 1 − 4 ∗ cx
dy = −4 ∗ abs cy

65 d = dx :+ dy
r = magnitude d
sx = sq r t ( ( r + dx ) / 2)
sy = sq r t ( ( r − dx ) / 2)
ax = 0 .5 − sx / 2

70 ay = signum cy ∗ sy / 2

coord : : N −> N −> C
coord j i =

zS i z e ∗ ( f r omInteg ra l i / f r omInteg ra l width
75 :+ negate ( f r omInteg ra l j / f r omInteg ra l he ight ) )

data P ixe l = I n t e r i o r | Boundary | Exte r i o r

co l our : : P ixe l −> B
80 co l our I n t e r i o r = 192

co l our Boundary = 0
co lour Exte r i o r = 255

p i x e l : : C −> C −> C −> Pixe l
85 p i x e l (D# ax :+ D# ay ) (D# cx :+ D# cy ) (D# x :+ D# y) = go maxIters ’ 1.0## ⤦

Ç 0.0## x y
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where
! ( I# maxIters ’ ) = maxIters
! (D# lambdaPixel2 ’ ) = lambdaPixel2
! (D# er2 ’ ) = er2

90 go ! n ! dzx ! dzy ! zx ! zy
| n ==# 0# = In t e r i o r
| er2 ’ <## z2 = Exte r i o r
| 1e60##<## dz2 = I n t e r i o r
| d2 <## r2 = Boundary

95 | otherw i s e = go (n −# 1#) dzx ’ dzy ’ zx ’ zy ’
where

dzx ’ = 2.0## ∗## (( zx ∗## dzx ) −## ( zy ∗## dzy ) )
dzy ’ = 2.0## ∗## (( zx ∗## dzy ) +## ( zy ∗## dzx ) )
zx ’ = ( zx2 −## zy2 ) +## cx

100 zy ’ = (2.0## ∗## ( zx ∗## zy ) ) +## cy
zx2 = zx ∗## zx
zy2 = zy ∗## zy
z2 = zx2 +## zy2
dz2 = ( dzx ∗## dzx ) +## ( dzy ∗## dzy )

105 azx = ax −## zx
azy = ay −## zy
d2 = ( azx ∗## azx ) +## ( azy ∗## azy )
r2 = lambdaPixel2 ’ ∗## dz2

110 r a s t e r : : N −> C −> BS . ByteStr ing
r a s t e r co r e s c = bulk ‘BS . append ‘ ax i s ‘BS . append ‘ BS . r e v e r s e bulk

where
bs = ((− height , −width ) , ( −1 , width ) )
cs = ( ( 0 , −width ) , (0 , width ) )

115 bulk = render bs
ax i s = render cs
a = a l f a c
go = co lour . p i x e l a c . uncurry coord
render = BS . fromChunks . mapP co r e s (BSS . pack . map go ) . ranges

120

ranges : : ( (N, N) , (N, N) ) −> [ [ ( N, N) ] ]
ranges ( ( ly , l x ) , (hy , hx ) ) = [ [ ( y , x ) | x <− [ y + lx − y . . hx ] ] | y <− [ l y . . ⤦

Ç hy ] ]

mapP : : N −> ( a −> b) −> [ a ] −> [ b ]
125 mapP co r e s f xs = map f xs ‘ using ‘ parBuf f e r co r e s r s eq

main ’ : : N −> C −> BS . ByteStr ing
main ’ c o r e s c = pgm ‘BS . append ‘ r a s t e r co r e s c

130 pgm : : BS . ByteStr ing
pgm = BSC. pack $ ”P5\n” ++ show (2 ∗ width + 1) ++ ” ” ++ show (2 ∗ he ight + 1) ⤦

Ç ++ ”\n255\n”

main : : IO ( )
main = do

135 co r e s <− getNumCapabi l i t i es
args <− getArgs
case args o f

[ sx , sy ] −> BS . hPut stdout (main ’ c o r e s ( read sx :+ read sy ) )
−> hPutStrLn s t d e r r ”usage : . / p j u l i a cx cy > out .pgm” >> e x i tF a i l u r e
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52 README

p ju l i a −mdem − modi f i ed d i s t ance e s t imator method f o r pa rabo l i c Ju l i a s e t s
mandelbrot−de l ta − c l − Mandelbrot s e t pe r turbat i on rendere r us ing OpenCL
mandelbrot− s e r i e s −approximation − Mandelbrot s e t s e r i e s approximation example

53 trustworthy-anti-buddhagram/.gitignore

trustworthy −ant i −buddhagram
hyper−voxel −viewer
∗ . raw
∗ .mp4

5 ∗ . jpg

54 trustworthy-anti-buddhagram/hyper-voxel-viewer.cpp

#de f i n e GNU SOURCE
#de f i n e FILE OFFSET BITS 64
#inc lude <sys /mman. h>
#inc lude < f c n t l . h>

5 #inc lude <uni s td . h>
#i f n d e f MAPHUGE 2MB
#de f i n e MAPHUGE 2MB (21 << MAP HUGE SHIFT)
#end i f
#i f n d e f MAP HUGE 1GB

10 #de f i n e MAP HUGE 1GB (30 << MAP HUGE SHIFT)
#end i f

#inc lude <c s t d l i b>
#inc lude <ctime>

15 #inc lude <atomic>
#inc lude <iostream>
#inc lude <sstream>
#inc lude <f stream>
#inc lude < i t e r a t o r>

20 #inc lude <vector>

#inc lude <glm/glm . hpp>

25 f l o a t srgb ( f l o a t c )
{

c = glm : : clamp ( c , 0 . 0 f , 1 . 0 f ) ;
const f l o a t a = 0 . 0 5 5 ;
i f ( c <= 0.0031308)

30 re turn 12 .92 ∗ c ;
e l s e

re turn ( 1 . 0 + a ) ∗ std : : pow( c , 1 . 0 / 2 . 4 ) − a ;
}

35 glm : : vec3 srgb ( const glm : : vec3 &c )
{

re turn glm : : vec3 ( srgb ( c . x ) , srgb ( c . y ) , srgb ( c . z ) ) ;
}

40 u in t 32 t hash ( u i n t 32 t a )
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{
a = ( a+0x7ed55d16u ) + (a<<12u) ;
a = ( aˆ0 xc761c23cu ) ˆ (a>>19u) ;
a = ( a+0x165667b1u ) + (a<<5u) ;

45 a = ( a+0xd3a2646cu ) ˆ (a<<9u) ;
a = ( a+0xfd7046c5u ) + (a<<3u) ;
a = ( aˆ0 xb55a4f09u ) ˆ (a>>16u) ;
r e turn a ;

}
50

f l o a t uniform ( u in t 32 t h)
{

re turn h / ( f l o a t ) UINTMAX ∗ 2 − 1 ;
}

55

unsigned char d i the r8 ( f l o a t c , u i n t 32 t h)
{

re turn std : : f l o o r ( glm : : clamp ( f l o a t (255 ∗ c + h / ( f l o a t ) UINTMAX) , 0 . f , 255 . f⤦
Ç ) ) ;

}
60

glm : : vec4 un i t qua t e rn i on ( u in t 32 t seed )
{

glm : : vec4 q ;
u i n t 32 t k = 0 ;

65 do
{

q = glm : : vec4 ( uniform ( hash ( ( k + 0) ˆ seed ) ) , uniform ( hash ( ( k + 1) ˆ seed ) ) , ⤦
Ç uniform ( hash ( ( k + 2) ˆ seed ) ) , uniform ( hash ( ( k + 3) ˆ seed ) ) ) ;

k += 4 ;
} whi le ( glm : : l ength (q ) > 1) ;

70 re turn glm : : normal ize ( q ) ;
}

glm : : mat4 qua t e rn i on mat r i x l ( const glm : : vec4 &q)
{

75 re turn glm : : mat4
( q . x , −q . y , −q . z , −q .w
, q . y , q . x , −q .w, q . z
, q . z , q .w, q . x , −q . y
, q .w, −q . z , q . y , q . x

80 ) ;
}

glm : : mat4 quate rn i on mat r i x r ( const glm : : vec4 &q)
{

85 re turn glm : : mat4
( q . x , −q . y , −q . z , −q .w
, q . y , q . x , q .w, −q . z
, q . z , −q .w, q . x , q . y
, q .w, q . z , −q . y , q . x

90 ) ;
}

s i z e t z o rde r ( s i z e t x , s i z e t y , s i z e t z , s i z e t w)
{

95 s i z e t o = 0 ;
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f o r ( s i z e t i = 0 ; i < s i z e o f ( x ) ∗ CHAR BIT / 4 ; i++)
{

o |= (x & 1LLU << i ) << (3 ∗ i + 0)
| ( y & 1LLU << i ) << (3 ∗ i + 1)

100 | ( z & 1LLU << i ) << (3 ∗ i + 2)
| (w & 1LLU << i ) << (3 ∗ i + 3)
;

}
re turn o ;

105 }

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

i f ( ! ( argc > 1) )
110 {

std : : f p r i n t f ( s tde r r , ” usage : %s l e v e l \n” , argv [ 0 ] ) ;
r e turn 1 ;

}
u in t 32 t seed0 = std : : time (0 ) ;

115 std : : f p r i n t f ( s tde r r , ” seed %08x\n” , seed0 ) ;
s i z e t n = std : : a t o l l ( argv [ 1 ] ) ;
s i z e t bytes = 2LLU << (4 ∗ n − 3) ;
std : : o s t r ing s t r eam b l a c k f i l e ;
b l a c k f i l e << n << ”/ black . raw ” ;

120 i n t f d b l a ck = open ( b l a c k f i l e . s t r ( ) . c s t r ( ) , O RDONLY | ONOATIME) ;
i f ( f d b l a ck < 0)
{

f p r i n t f ( s tde r r , ” could not open %s \n” , b l a c k f i l e . s t r ( ) . c s t r ( ) ) ;
r e turn 1 ;

125 }
std : : o s t r ing s t r eam g r a y f i l e ;
g r a y f i l e << n << ”/ gray . raw ” ;
i n t fd g ray = open ( g r a y f i l e . s t r ( ) . c s t r ( ) , O RDONLY | ONOATIME) ;
i f ( f d g ray < 0)

130 {
f p r i n t f ( s tde r r , ” could not open %s \n” , g r a y f i l e . s t r ( ) . c s t r ( ) ) ;
r e turn 1 ;

}
unsigned char ∗ voxe l s ;

135 voxe l s = ( unsigned char ∗) mmap( nu l lp t r , bytes , PROTREAD | PROTWRITE, ⤦
Ç MAP PRIVATE | MAPHUGETLB | MAP HUGE 1GB | MAPANONYMOUS, −1 , 0) ;

i f ( voxe l s == MAP FAILED)
{

f p r i n t f ( s tde r r , ” could not mmap with 1GB pages \n”) ;
voxe l s = ( unsigned char ∗) mmap( nu l lp t r , bytes , PROTREAD | PROTWRITE, ⤦

Ç MAP PRIVATE | MAPHUGETLB | MAPHUGE 2MB | MAPANONYMOUS, −1 , 0) ;
140 i f ( voxe l s == MAP FAILED)

{
f p r i n t f ( s tde r r , ” could not mmap with 2MB pages \n”) ;
voxe l s = ( unsigned char ∗) mmap( nu l lp t r , bytes , PROTREAD | PROTWRITE, ⤦

Ç MAP PRIVATE | MAPANONYMOUS, −1 , 0) ;
i f ( voxe l s == MAP FAILED)

145 {
f p r i n t f ( s tde r r , ” could not mmap at a l l \n”) ;
r e turn 1 ;

}
e l s e
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150 {
f p r i n t f ( s tde r r , ” did mmap with 4kB pages \n”) ;

}
}
e l s e

155 {
f p r i n t f ( s tde r r , ” did mmap with 2MB pages \n”) ;

}
}
e l s e

160 {
f p r i n t f ( s tde r r , ” did mmap with 1GB pages \n”) ;

}
i n t fd [ 2 ] = { fd b lack , fd g ray } ;
f o r ( i n t f i l e = 0 ; f i l e < 2 ; ++f i l e )

165 {
s i z e t r ead byte s = 0 ;
do
{

/∗
170 On Linux , read ( ) ( and s im i l a r system c a l l s ) w i l l t r a n s f e r at most

0 x 7 f f f f 0 0 0 (2 ,147 ,479 ,552) bytes , r e tu rn ing the number o f bytes actu−
a l l y t r a n s f e r r e d . ( This i s t rue on both 32− b i t and 64− b i t systems . )

∗/
s s i z e t r e s u l t = read ( fd [ f i l e ] , voxe l s + ( bytes >> 1) ∗ f i l e + read bytes ,⤦

Ç ( bytes >> 1) − r ead byte s ) ;
175 i f ( r e s u l t <= 0)

{
break ;

}
r ead byte s += r e s u l t ;

180 } whi le ( r ead byte s < ( bytes >> 1) ) ;
c l o s e ( fd [ f i l e ] ) ;
i f ( r ead byte s != ( bytes >> 1) )
{

f p r i n t f ( s tde r r , ” did not read voxe l data %ld != %lu \n” , read bytes , bytes )⤦
Ç ;

185 re turn 1 ;
}

}
const glm : : vec4 eye (0 , 0 , 0 , −8) ;
const glm : : mat4 q l ( qua t e rn i on mat r i x l ( un i t qua t e rn i on ( hash (−1 ˆ seed0 ) ) ) ) ;

190 const glm : : mat4 qr ( quate rn i on mat r i x r ( un i t qua t e rn i on ( hash (−2 ˆ seed0 ) ) ) ) ;
const f l o a t xmin = −2 , xmax = 2 ;
const f l o a t ymin = −2 , ymax = 2 ;
const f l o a t zmin = −2 , zmax = 2 ;
const f l o a t wmin = −2 , wmax = 2 ;

195 const s i z e t x t i l e s = 16 , y t i l e s = 9 ;
const s i z e t x s t ep s = 120∗2 , y s t ep s = 120∗2 ;
const s i z e t z s t e p s = x t i l e s ∗ y t i l e s ;
const s i z e t w steps = 1 << n ;
const s i z e t image width = x t i l e s ∗ x s t ep s ;

200 const s i z e t image he ight = y t i l e s ∗ y s t ep s ;
const s i z e t subframes = 1 ;
const f l o a t f50 = std : : pow(0 . 01 f , 1 . 0 f / w steps ) ;
const f l o a t f75 = std : : pow (0 . 1 f , 1 . 0 f / w steps ) ;
glm : : vec4 co l ou r s [ 4 ] =
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205 { glm : : vec4 ( f50 , f75 , 1 . f , 1 . f ) // ” black ” −> blue
, glm : : vec4 ( 1 . f , f75 , f50 , 1 . f ) // ”gray” −> orange
, glm : : vec4 ( 1 . f , 1 . f , 1 . f , 1 . f ) // ”white ” −> white
, glm : : vec4 ( 1 . f , 0 . f , 0 . f , 1 . f ) // ”marked” −> red
} ;

210 s i z e t m = 1LLU << n ;
std : : vector<unsigned char> r a s t e r ;
r a s t e r . r e s e r v e ( image width ∗ image he ight ∗ 3) ;
f o r ( s i z e t frame = 0 ; frame < 360 ; frame += 3)
{

215 f o r ( s i z e t t i l e y = 0 ; t i l e y < y t i l e s ; ++t i l e y )
{

#pragma omp p a r a l l e l f o r
f o r ( s i z e t sub y = 0 ; sub y < y s t ep s ; ++sub y )
{

220 f o r ( s i z e t t i l e x = 0 ; t i l e x < x t i l e s ; ++t i l e x )
{

f o r ( s i z e t sub x = 0 ; sub x < x s t ep s ; ++sub x )
{

s i z e t sub z = t i l e y ∗ x t i l e s + t i l e x ;
225 glm : : vec4 accumulated (0 , 0 , 0 , 0) ;

u i n t 32 t seed1 =
hash ( sub x ˆ
hash ( t i l e x ˆ
hash ( sub y ˆ

230 hash ( t i l e y ˆ
hash ( frame ˆ
hash ( seed0 ) ) ) ) ) ) ;

f o r ( s i z e t subframe = 0 ; subframe < subframes ; ++subframe )
{

235 u in t 32 t seed = hash ( subframe ˆ seed1 ) ;
f l o a t t = glm : : rad ians ( f l o a t ( frame + uniform ( hash (1 ˆ seed ) ) ) ) ;
f l o a t co = std : : cos ( t ) ;
f l o a t s i = std : : s i n ( t ) ;
glm : : mat4 ro t

240 ( 1 . 0 f , 0 . 0 f , 0 . 0 f , 0 . 0 f
, 0 . 0 f , 1 . 0 f , 0 . 0 f , 0 . 0 f
, 0 . 0 f , 0 . 0 f , co , s i
, 0 . 0 f , 0 . 0 f , − s i , co
) ;

245 f l o a t x = glm : : mix (xmin , xmax , ( sub x + uniform ( hash (2 ˆ seed ) ) ) /⤦
Ç x s t ep s ) ;

f l o a t y = glm : : mix (ymin , ymax , ( sub y + uniform ( hash (3 ˆ seed ) ) ) /⤦
Ç y s t ep s ) ;

f l o a t z = glm : : mix ( zmin , zmax , ( sub z + uniform ( hash (4 ˆ seed ) ) ) /⤦
Ç z s t e p s ) ;

glm : : vec4 t a r g e t (x , y , z , 0) ;
glm : : vec4 d i r = glm : : normal ize ( t a r g e t − eye ) ;

250 // ( eye + begin ∗ d i r ) .w = w
f l o a t begin = (wmin − eye .w) / d i r .w;
f l o a t end = (wmax − eye .w) / d i r .w;
glm : : vec4 co l ou r (1 , 1 , 1 , 1) ;
f o r ( s i z e t sub w = 0 ; sub w < w steps ; ++sub w )

255 {
f l o a t d = glm : : mix ( begin , end , ( sub w + uniform ( hash ( (5 + sub w )⤦

Ç ˆ seed ) ) ) / w steps ) ;
glm : : vec4 q ( eye + d ∗ d i r ) ;
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glm : : vec4 p( ro t ∗ q l ∗ q ∗ qr ) ;
glm : : vec4 r ( f l o a t (m) ∗ (p / 2 .0 f + glm : : vec4 ( 1 . f , 1 . f , 1 . f , 1 . f )⤦

Ç ) / 2 .0 f ) ;
260 i f ( 0 <= r . x && r . x < m &&

0 <= r . y && r . y < m &&
0 <= r . z && r . z < m &&
0 <= r .w && r .w < m )

{
265 const s i z e t i = r . x ;

const s i z e t j = r . y ;
const s i z e t k = r . z ;
const s i z e t l = r .w;
const s i z e t i x = z o rde r ( i , j , k , l ) ;

270 const s i z e t byte = ix >> 3 ;
const s i z e t b i t = ix & 7 ;
const unsigned char mask = 1u << b i t ;
const bool i s b l a c k = ! ! ( voxe l s [ byte ] & mask) ;
const bool i s g r a y = ! ! ( voxe l s [ byte + ( bytes >> 1) ] & mask) ;

275 const i n t c = i s b l a c k ? 0 : i s g r a y ? 1 : 2 ;
co l our ∗= co l ou r s [ c ] ;

}
}
accumulated += co lour ;

280 }
glm : : vec3 rgb = srgb ( glm : : vec3 ( accumulated ) / accumulated .w) ;
s i z e t i = t i l e x ∗ x s t ep s + sub x ;
s i z e t j = t i l e y ∗ y s t ep s + sub y ;
s i z e t k = 3 ∗ ( image width ∗ j + i ) ;

285 r a s t e r [ k++] = d i the r8 ( rgb . x , hash ( ( subframes + 0) ˆ seed1 ) ) ;
r a s t e r [ k++] = d i the r8 ( rgb . y , hash ( ( subframes + 1) ˆ seed1 ) ) ;
r a s t e r [ k++] = d i the r8 ( rgb . z , hash ( ( subframes + 2) ˆ seed1 ) ) ;

}
}

290 }
}
std : : f p r i n t f ( stdout , ”P6\n%lu %lu \n255\n” , image width , image he ight ) ;
s td : : fw r i t e (& r a s t e r [ 0 ] , image width ∗ image he ight ∗ 3 , 1 , s tdout ) ;
s td : : f f l u s h ( stdout ) ;

295 }
munmap( voxe ls , bytes ) ;
r e turn 0 ;

}

55 trustworthy-anti-buddhagram/Makefile

a l l : hyper−voxel −viewer trustworthy −ant i −buddhagram

hyper−voxel −viewer : hyper−voxel −viewer . cpp
g++ −std=c++14 −Wall −Wextra −pedant ic −O3 −march=nat ive −fopenmp −g −o ⤦

Ç hyper−voxel −viewer hyper−voxel −viewer . cpp
5

trustworthy −ant i −buddhagram : trustworthy −ant i −buddhagram . cpp
g++ −std=c++14 −Wall −Wextra −pedant ic −O3 −march=nat ive −fopenmp −g −o ⤦

Ç trustworthy −ant i −buddhagram trustworthy −ant i −buddhagram . cpp

56 trustworthy-anti-buddhagram/trustworthy-anti-buddhagram.cpp
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#inc lude <algor ithm>
#inc lude <cmath>
#inc lude <c s td io>
#inc lude <f stream>

5 #inc lude <iostream>
#inc lude <sstream>
#inc lude <u t i l i t y >
#inc lude <vector>

10 typede f f l o a t r e a l ;
r e a l sqr ( const r e a l &x )
{

re turn x ∗ x ;
}

15

template <typename R>
c l a s s complex
{

R x , y ;
20 pub l i c :

complex ( const R &x , const R &y)
: x (x ) , y ( y )
{ }
const R &r e a l ( ) const

25 {
re turn x ;

}
const R &imag ( ) const
{

30 re turn y ;
}

} ;

template <typename R>
35 complex<R> sqr ( const complex<R> &z )

{
re turn complex<R>( sqr ( z . r e a l ( ) ) − sqr ( z . imag ( ) ) , 2 ∗ z . r e a l ( ) ∗ z . imag ( ) ) ;

}

40 template <typename R>
complex<R> operator+(const complex<R> &a , const complex<R> &b)
{

re turn complex<R>(a . r e a l ( ) + b . r e a l ( ) , a . imag ( ) + b . imag ( ) ) ;
}

45

template <typename R>
complex<R> operator −( const complex<R> &a , const complex<R> &b)
{

re turn complex<R>(a . r e a l ( ) − b . r e a l ( ) , a . imag ( ) − b . imag ( ) ) ;
50 }

enum co l o r
{

black = 0 ,
55 gray = 1 ,

white = 2 ,
marked = 3
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} ;

60 const c o l o r unmarked [ 4 ] = { black , black , white , gray } ;
const c o l o r i n h e r i t [ 4 ] = { black , gray , white , marked } ;
const unsigned char co l o r r gb [ 4 ] [ 3 ] = { { 0 , 0 , 0 } , { 128 , 128 , 128 } , { 255 , ⤦

Ç 255 , 255 } , { 255 , 0 , 0 } } ;

c l a s s index
65 {

pub l i c :
s i z e t x , y ;
index ( s i z e t x , s i z e t y )
: x ( x ) , y ( y )

70 {
}
bool operator <( const index &that ) const
{

re turn
75 x != that . x

? x < that . x
: y != that . y
? y < that . y
: f a l s e ; // equal

80 }
bool operator !=( const index &that ) const
{

re turn ∗ t h i s < that | | that < ∗ t h i s ;
}

85 s i z e t operator ( ) ( s i z e t n) const
{

re turn (x << n) + y ;
}

} ;
90

const r e a l i n f i n i t y = 1 .0 / 0 . 0 ;

c l a s s range
{

95 r e a l r [ 2 ] ;
pub l i c :

range ( ) // empty
{

r [ 0 ] = i n f i n i t y ;
100 r [ 1 ] = − i n f i n i t y ;

}
range ( const r e a l &a )
{

r [ 0 ] = a ;
105 r [ 1 ] = a ;

}
range ( const r e a l &a , const r e a l &b)
{

r [ 0 ] = a ;
110 r [ 1 ] = b ;

}
const r e a l &min ( ) const
{
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re turn r [ 0 ] ;
115 }

const r e a l &max( ) const
{

re turn r [ 1 ] ;
}

120 bool operator <( const range &that ) const
{

re turn
min ( ) != that . min ( )

? min ( ) < that . min ( )
125 : max( ) != that .max( )

? max( ) < that .max( )
: f a l s e ;

}
bool operator !=( const range &that ) const

130 {
re turn ∗ t h i s < that | | that < ∗ t h i s ;

}
} ;

135 bool conta in s ( const range &a , const r e a l &x )
{

re turn a . min ( ) <= x && x <= a .max( ) ;
}

140 r e a l midpoint ( const range &a )
{

re turn ( a .max( ) + a . min ( ) ) / 2 ;
}

145 r e a l r ad iu s ( const range &a )
{

re turn ( a .max( ) − a . min ( ) ) / 2 ;
}

150 range midpo int rad ius ( const r e a l &a , const r e a l &r )
{

re turn range ( a − r , a + r ) ;
}

155 range abs ( const range &a )
{

auto x = std : : abs ( a . min ( ) ) ;
auto y = std : : abs ( a .max( ) ) ;
r e turn range ( std : : min (x , y ) , s td : : max(x , y ) ) ;

160 }

range operator | ( const range &a , const range &b)
{

re turn range ( std : : min ( a . min ( ) , b . min ( ) ) , s td : : max( a .max( ) , b .max( ) ) ) ;
165 }

range operator+(const range &a , const range &b)
{

re turn range ( a . min ( ) + b . min ( ) , a .max( ) + b .max( ) ) ;
170 }
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range operator −( const range &a )
{

re turn range (−a .max( ) , −a . min ( ) ) ;
175 }

range operator −( const range &a , const range &b)
{

re turn a + −b ;
180 }

range operator /( const range &a , const i n t &b)
{

// pre cond i t i on : b i s a power o f two
185 re turn range ( a . min ( ) / b , a .max( ) / b) ;

}

range operator ∗( const i n t &b , const range &a )
{

190 // pre cond i t i on : b i s a power o f two
return range (b ∗ a . min ( ) , b ∗ a .max( ) ) ;

}

range operator ∗( const range &a , const range &b)
195 {

// pe s s im i s a t i on by 1ulp i f mu l t i p l i c a t i o n i s exact
r e a l x = a . min ( ) ∗ b . min ( ) ;
r e a l y = a . min ( ) ∗ b .max( ) ;
r e a l z = a .max( ) ∗ b . min ( ) ;

200 r e a l w = a .max( ) ∗ b .max( ) ;
r e a l mi = std : : min ( std : : min (x , y ) , s td : : min ( z , w) ) ;
r e a l ma = std : : max( std : : max(x , y ) , s td : : max( z , w) ) ;
r e turn range (mi , ma) ;

#i f 0
205 ( std : : n ex t a f t e r (mi , − i n f i n i t y )

, s td : : n ex t a f t e r (ma, i n f i n i t y )
) ;

#end i f
}

210

range operator /( const range &x , const range &y)
{

// pe s s im i s a t i on by 1ulp i f d i v i s i o n i s exact
i f (0 <= y .min ( ) )

215 re turn range ( std : : n ex t a f t e r ( x . min ( ) / y .max( ) , − i n f i n i t y ) , s td : : n ex t a f t e r ( x .⤦
Ç max( ) / y . min ( ) , i n f i n i t y ) ) ;

e l s e i f ( y .max( ) <= 0)
return range ( std : : n ex t a f t e r ( x . min ( ) / y . min ( ) , − i n f i n i t y ) , s td : : n ex t a f t e r ( x .⤦

Ç max( ) / y .max( ) , i n f i n i t y ) ) ;
e l s e

re turn range (− i n f i n i t y , i n f i n i t y ) ; // d i v i s i o n by 0
220 }

range sqr ( const range &a )
{

auto l o = a . min ( ) ;
225 auto h i = a .max( ) ;
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auto lo2 = sqr ( l o ) ;
auto hi2 = sqr ( h i ) ;
auto o lo = std : : min ( lo2 , h i2 ) ;
auto ohi = std : : max( lo2 , h i2 ) ;

230 i f ( l o <= 0 && 0 <= hi ) o lo = 0 ;
re turn range ( olo , oh i ) ;

}

c l a s s box
235 {

range b [ 2 ] ;
pub l i c :

box ( ) // empty
{

240 b [ 0 ] = range ( ) ;
b [ 1 ] = range ( ) ;

}
box ( const range &x , const range &y)
{

245 b [ 0 ] = x ;
b [ 1 ] = y ;

}
const range &x ( ) const { re turn b [ 0 ] ; }
const range &y ( ) const { re turn b [ 1 ] ; }

250 bool operator <( const box &that ) const
{

re turn
x ( ) != that . x ( )

? x ( ) < that . x ( )
255 : y ( ) != that . y ( )

? y ( ) < that . y ( )
: f a l s e ; // equal

}
bool operator !=( const box &that )

260 {
re turn ∗ t h i s < that | | that < ∗ t h i s ;

}
} ;

265 bool i n s i d e ( const range &a , const range &b)
{

re turn b . min ( ) < a . min ( ) && a .max( ) < b .max( ) ;
}

270 bool i n s i d e ( const box &a , const box &b)
{

re turn
i n s i d e ( a . x ( ) , b . x ( ) ) &&
i n s i d e ( a . y ( ) , b . y ( ) ) ;

275 }

box operator | ( const box &a , const box &b)
{

re turn box ( a . x ( ) | b . x ( ) , a . y ( ) | b . y ( ) ) ;
280 }

typede f std : : vector<box> (∗ f unc t i on ) ( const box &, const box &) ;

203



fractal-bits trustworthy-anti-buddhagram/trustworthy-anti-buddhagram.cpp

typede f std : : pa ir<funct ion , funct ion> b i f un c t i on ;
285

std : : vector<box> quadrat i c f o rward ( const box &zb , const box &cb )
{

complex<range> z ( zb . x ( ) , zb . y ( ) ) ;
complex<range> c ( cb . x ( ) , cb . y ( ) ) ;

290 z = sqr ( z ) + c ;
std : : vector<box> r e s u l t ;
r e s u l t . push back ( box ( z . r e a l ( ) , z . imag ( ) ) ) ;
r e turn r e s u l t ;

}
295

range sq r t ( const range &x)
{

// 1ulp p e s s im i s t i c i f s q r t was exact
re turn range

300 ( std : : n ex t a f t e r ( std : : s q r t ( x . min ( ) ) , 0)
, s td : : n ex t a f t e r ( std : : s q r t ( x .max( ) ) , i n f i n i t y )
) ;

}

305 range abs ( const complex<range> &x)
{

re turn sq r t ( sqr ( x . r e a l ( ) ) + sqr (x . imag ( ) ) ) ;
}

310 complex<range> s q r t ( const complex<range> &x)
{

auto a = x . r e a l ( ) ;
auto b = x . imag ( ) ;
i f (b . min ( ) == 0 && b .max( ) == 0)

315 {
i f ( a . min ( ) >= 0)

return complex<range>( s q r t ( a ) , b ) ;
i f ( a .max( ) <= 0)

return complex<range>(b , s q r t (−a ) ) ;
320 }

i f ( a . min ( ) == 0 && a .max( ) == 0)
{

i f (b . min ( ) >= 0)
{

325 auto c = sq r t ( b / 2) ;
r e turn complex<range>(c , c ) ;

}
i f (b .max( ) <= 0)
{

330 auto c = sq r t (−b / 2) ;
r e turn complex<range>(c , −c ) ;

}
}
auto r = abs (x ) ;

335 i f ( midpoint ( a ) >= 0)
{

auto t = r + a ;
auto u = sq r t (2 ∗ t ) ;
r e turn complex<range>(u / 2 , b / u) ;
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340 }
i f ( ! conta in s (b , 0) )
{

auto u = r − a ;
auto t = sq r t (2 ∗ u) ;

345 auto c = abs (b / t ) ;
auto d = t / 2 ;
i f ( midpoint (b) < 0) d = −d ;
re turn complex<range>(c , d ) ;

}
350 auto t = ( r + a ) / 2 ;

auto u = ( r − a ) / 2 ;
auto c = sq r t ( t ) ;
auto d = sq r t (u) ;
i f (b .max( ) >= 0)

355 ; // nop
e l s e i f (b . min ( ) >= 0)

d = −d ;
e l s e

d = t | −t ;
360 re turn complex<range>(c , d ) ;

}

std : : vector<box> quad r a t i c r e v e r s e ( const box &zb , const box &cb )
{

365 complex<range> z ( zb . x ( ) , zb . y ( ) ) ;
complex<range> c ( cb . x ( ) , cb . y ( ) ) ;
z = sq r t ( z − c ) ;
s td : : vector<box> r e s u l t ;
r e s u l t . push back ( box ( z . r e a l ( ) , z . imag ( ) ) ) ;

370 r e s u l t . push back ( box(−z . r e a l ( ) , −z . imag ( ) ) ) ;
r e turn r e s u l t ;

}

375 const b i f un c t i on quadrat i c ( quadrat i c fo rward , quad r a t i c r e v e r s e ) ;

c l a s s c e l l r e f
{

std : : vector<co lo r> ∗ l s b ;
380 s i z e t index ;

c e l l r e f ( c e l l r e f &) = de l e t e ; // no copy
pub l i c :

c e l l r e f ( std : : vector<co lo r> &lsb , s i z e t index )
: l s b (& l sb ) , index ( index )

385 { }
c e l l r e f ( c e l l r e f &&c ) noexcept // move
: l s b ( std : : exchange ( c . l sb , nu l l p t r ) )
, index ( std : : exchange ( c . index , 0) )
{

390 }
c e l l r e f &operator=(const c o l o r &c )
{

(∗ l s b ) [ index ] = c ;
re turn ∗ t h i s ;

395 }
operator c o l o r ( ) const
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{
re turn (∗ l s b ) [ index ] ;

}
400 } ;

c l a s s c o n s t c e l l r e f
{

const std : : vector<co lo r> &l sb ;
405 s i z e t index ;

c o n s t c e l l r e f ( c o n s t c e l l r e f &) = de l e t e ; // no copy
pub l i c :

c o n s t c e l l r e f ( const std : : vector<co lo r> &lsb , s i z e t index )
: l s b ( l s b ) , index ( index )

410 { }
c o n s t c e l l r e f ( c o n s t c e l l r e f &&c ) noexcept // move
: l s b ( std : : move( c . l s b ) )
, index ( std : : exchange ( c . index , 0) )
{

415 }
operator c o l o r ( ) const
{

re turn l s b [ index ] ;
}

420 } ;

r e a l l e r p ( const range &a , r e a l x )
{

// pre cond i t i on : mu l t i p l i c a t i o n s are exact
425 re turn a . min ( ) ∗ (1 − x ) + x ∗ a .max( ) ;

}

range subrange ( const range &a , r e a l lo , r e a l h i )
{

430 re turn range ( l e r p (a , l o ) , l e r p (a , h i ) ) ;
}

std : : pa ir<r ea l , r ea l> suprange ( const range &bounds , const range &sub , s i z e t d)
{

435 // pre cond i t i on : a l l maths i s exact
r e a l diameter = bounds .max( ) − bounds . min ( ) ;
r e a l l o = std : : f l o o r ( ( sub . min ( ) − bounds . min ( ) ) / diameter ∗ d) ;
r e a l h i = std : : c e i l ( ( sub .max( ) − bounds . min ( ) ) / diameter ∗ d) ;
r e turn std : : pa ir<r ea l , r ea l >( lo , h i ) ;

440 }

c l a s s world
{

box bounds ;
445 s i z e t n ;

std : : vector<co lo r> l s b ;
range cx , cy ;

pub l i c :
world ( const box &bounds , s i z e t n , const range &cx , const range &cy ) // 0

450 : bounds ( bounds )
, n (n)
, l s b ( (1LLU << (2 ∗ n) ) + 1)
, cx ( cx )
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, cy ( cy )
455 {

f i l l ( gray ) ;
ou t s i d e ( ) = white ;

}
world ( const world &w, s i z e t k , s i z e t l )

460 : bounds (w. bounds )
, n (w. n + 1)
, l s b ( (1LLU << (2 ∗ (w. n + 1) ) ) + 1)
, cx ( subrange (w. cx , k / 2 . 0 , ( k + 1) / 2 . 0 ) )
, cy ( subrange (w. cy , l / 2 . 0 , ( l + 1) / 2 . 0 ) )

465 {
f o r ( s i z e t i = 0 ; i < 1LLU << n ; ++i )
f o r ( s i z e t j = 0 ; j < 1LLU << n ; ++j )
{

index a ( i , j ) ;
470 index b( i >> 1 , j >> 1) ;

c e l l ( a ) = i n h e r i t [w. c e l l (b ) ] ;
}
out s i d e ( ) = white ;

}
475

world & f i l l ( const c o l o r &c )
{

std : : f i l l ( l s b . begin ( ) , l s b . end ( ) , c ) ;
r e turn ∗ t h i s ;

480 }
c e l l r e f c e l l ( const index &ix )
{

re turn c e l l r e f ( l sb , i x (n) ) ;
}

485 c o l o r c e l l ( const index &ix ) const
{

re turn c o n s t c e l l r e f ( l sb , i x (n) ) ;
}
c e l l r e f ou t s i d e ( )

490 {
re turn c e l l r e f ( l sb , 1LLU << (2 ∗ n) ) ;

}

c o l o r ou t s id e ( ) const
495 {

re turn c o n s t c e l l r e f ( l sb , 1LLU << (2 ∗ n) ) ;
}

box box fo r ( const index &a )
500 {

r e a l d = 1LLU << n ;
re turn box

( subrange ( bounds . x ( ) , a . x / d , ( a . x + 1) / d)
, subrange ( bounds . y ( ) , a . y / d , ( a . y + 1) / d)

505 ) ;
}

std : : vector<index> c e l l s f o r ( const box &b , r e a l expand = 0)
{

510 s i z e t d = 1LLU << n ;
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std : : vector<index> r e s u l t ;
i f ( ! ( i n s i d e (b , bounds ) ) ) r e s u l t . push back ( index (1LLU << n , 0) ) ; // ⤦

Ç e x t e r i o r
std : : pa ir<r ea l , r ea l> x = suprange ( bounds . x ( ) , b . x ( ) , d ) ;
s td : : pa ir<r ea l , r ea l> y = suprange ( bounds . y ( ) , b . y ( ) , d ) ;

515 f o r ( r e a l i = x . f i r s t − expand ; i <= x . second + expand ; i += 1)
{

i f ( i < 0) cont inue ;
i f ( i >= d) break ;
f o r ( r e a l j = y . f i r s t − expand ; j <= y . second + expand ; j += 1)

520 {
i f ( j < 0) cont inue ;
i f ( j >= d) break ;
r e s u l t . push back ( index ( s i z e t ( i ) , s i z e t ( j ) ) ) ;

}
525 }

re turn r e s u l t ;
}

bool whiten ( const b i f un c t i on &f )
530 {

bool any changed = f a l s e ;
f o r ( s i z e t i = 0 ; i < 1LLU << n ; ++i )
f o r ( s i z e t j = 0 ; j < 1LLU << n ; ++j )
{

535 index a ( i , j ) ;
any changed |= whiten ( f , a ) ;

}
re turn any changed ;

}
540

bool whiten ( const b i f un c t i on &f , const index &a )
{

const box c0 ( cx , cy ) ;
bool any changed = f a l s e ;

545 i f ( c e l l ( a ) == gray )
{

auto me = box fo r ( a ) ;
bool a l l wh i t e = true ;
f o r ( const auto &b : f . f i r s t (me , c0 ) )

550 {
f o r ( const auto &c : c e l l s f o r (b) )
{

a l l wh i t e &= ( c e l l ( c ) == white ) ;
i f ( ! a l l wh i t e ) break ;

555 }
i f ( ! a l l wh i t e ) break ;

}
i f ( a l l wh i t e )
{

560 c e l l ( a ) = white ;
any changed |= true ;

#i f 0
f o r ( const auto &b : f . second (me, c0 ) )
{

565 f o r ( const auto &c : c e l l s f o r (b) )
{
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any changed |= whiten ( f , c ) ;
}

}
570 #end i f

}
}
re turn any changed ;

}
575

bool blacken ( const b i f un c t i on &f )
{

bool any changed = f a l s e ;
f o r ( s i z e t i = 0 ; i < 1LLU << n ; ++i )

580 f o r ( s i z e t j = 0 ; j < 1LLU << n ; ++j )
{

index a ( i , j ) ;
any changed |= blacken ( f , a ) ;

}
585 re turn any changed ;

}

bool blacken ( const b i f un c t i on &f , const index &a )
{

590 const box c0 ( cx , cy ) ;
bool any changed = f a l s e ;
i f ( c e l l ( a ) == gray )
{

auto me = box fo r ( a ) ;
595 bool any white or marked = f a l s e ;

f o r ( const auto &b : f . f i r s t (me , c0 ) )
{

f o r ( const auto &c : c e l l s f o r (b , 1) )
{

600 any white or marked |= ( c e l l ( c ) == white | | c e l l ( c ) == marked ) ;
i f ( any white or marked ) break ;

}
i f ( any white or marked ) break ;

}
605 i f ( any white or marked )

{
c e l l ( a ) = marked ;
any changed |= true ;

#i f 0
610 f o r ( const auto &b : f . second (me, c0 ) )

{
f o r ( const auto &c : c e l l s f o r (b , 1) )
{

any changed |= blacken ( f , c ) ;
615 }

}
#end i f

}
}

620 re turn any changed ;
}

void unmark ( )
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{
625 f o r ( s i z e t i = 0 ; i < 1LLU << n ; ++i )

f o r ( s i z e t j = 0 ; j < 1LLU << n ; ++j )
{

index a ( i , j ) ;
c e l l ( a ) = unmarked [ c e l l ( a ) ] ;

630 }
}

bool s tep ( const b i f un c t i on &f )
{

635 const std : : vector<co lo r> l sb backup = l sb ;
whi l e ( whiten ( f ) )

;
whi l e ( blacken ( f ) )

;
640 unmark ( ) ;

// gray −> marked −> gray i s po s s i b l e , so do i t brute
re turn lsb backup != l sb ;

}

645 std : : s t r i n g ppm header ( )
{

std : : o s t r ing s t r eam os ;
os << ”P6\n” << (1LLU << n) << ” ” << (1LLU << n) << ”\n# ”

<< cx . min ( ) << ” ” << cx .max( ) << ”\n# ”
650 << cy . min ( ) << ” ” << cy .max( ) << ”\n255\n ” ;

re turn os . s t r ( ) ;
}

std : : vector<unsigned char> r a s t e r ( )
655 {

std : : vector<unsigned char> rgb (3LLU << (2 ∗ n) ) ;
f o r ( s i z e t i = 0 ; i < 1LLU << n ; ++i )
f o r ( s i z e t j = 0 ; j < 1LLU << n ; ++j )
{

660 s i z e t i x = 3 ∗ ( ( i << n) + j ) ;
const c o l o r c = c e l l ( index ( i , j ) ) ;
rgb [ i x++] = co l o r r gb [ c ] [ 0 ] ;
rgb [ i x++] = co l o r r gb [ c ] [ 1 ] ;
rgb [ i x++] = co l o r r gb [ c ] [ 2 ] ;

665 }
re turn rgb ;

}

} ;
670

s i z e t z o rde r ( s i z e t x , s i z e t y , s i z e t z , s i z e t w)
{
#de f i n e CHAR BIT 8

s i z e t o = 0 ;
675 f o r ( s i z e t i = 0 ; i < s i z e o f ( x ) ∗ CHAR BIT / 4 ; i++)

{
o |= (x & 1LLU << i ) << (3 ∗ i + 0)

| ( y & 1LLU << i ) << (3 ∗ i + 1)
| ( z & 1LLU << i ) << (3 ∗ i + 2)

680 | (w & 1LLU << i ) << (3 ∗ i + 3)
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;
}
re turn o ;

#undef CHAR BIT
685 }

void d e p t h f i r s t ( s i z e t &counter , unsigned char ∗ voxe l s [ 2 ] , world &w, s i z e t ⤦
Ç max n , s i z e t n , s i z e t x , s i z e t y )

{
whi le (w. s tep ( quadrat i c ) )

690 ;
i f (n == max n)
{

counter += 1 ;
std : : c e r r << ”\ t ” << counter << ”\ r ” ;

695 f o r ( s i z e t i = 0 ; i < 1LLU << n ; ++i )
f o r ( s i z e t j = 0 ; j < 1LLU << n ; ++j )
{

const c o l o r c = w. c e l l ( index ( i , j ) ) ;
const s i z e t i x = z o rde r (x , y , i , j ) ;

700 const s i z e t byte = ix >> 3 ;
const s i z e t b i t = ix & 7 ;
voxe l s [ 0 ] [ byte ] |= ( c == black ? 1 : 0) << b i t ;
voxe l s [ 1 ] [ byte ] |= ( c == gray ? 1 : 0) << b i t ;

}
705 }

i f (n < max n)
{

f o r ( s i z e t k = 0 ; k < 2 ; ++k)
f o r ( s i z e t l = 0 ; l < 2 ; ++l )

710 {
auto w2 = world (w, k , l ) ;
d e p t h f i r s t ( counter , voxe l s , w2 , max n , n + 1 , ( x << 1) + k , ( y << 1) + l )⤦

Ç ;
}

}
715 }

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

720 ( void ) argc ;
( void ) argv ;
range r ( −2 , 2) ;
box bounds ( r , r ) ;
world w( bounds , 0 , r , r ) ;

725 s i z e t n = 9 ;
s i z e t bytes = 1LLU << (4 ∗ n − 3) ;
unsigned char ∗ voxe l s [ 2 ] =

{ ( unsigned char ∗) c a l l o c (1 , bytes )
, ( unsigned char ∗) c a l l o c (1 , bytes )

730 } ;
s i z e t counter = 0 ;
d e p t h f i r s t ( counter , voxe l s , w, n , 0 , 0 , 0) ;
s td : : FILE ∗ f ;
f = std : : fopen (” black . raw” , ”wb”) ;

735 std : : fw r i t e ( voxe l s [ 0 ] , bytes , 1 , f ) ;
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std : : f c l o s e ( f ) ;
f = std : : fopen (” gray . raw” , ”wb”) ;
std : : fw r i t e ( voxe l s [ 1 ] , bytes , 1 , f ) ;
s td : : f c l o s e ( f ) ;

740 re turn 0 ;
}

57 ultimate-anti-buddha/anti.c

// Ultimate Anti−Buddhabrot ( c ) 2013 Claude Heiland −Allen
// https : //mathr . co . uk/ blog /2013−12−30 u l t ima t e an t i −buddhabrot . html
// gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −lm −o ant i an t i . c
// . / an t i > ant i .ppm

5

#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>

10 #inc lude <s t r i n g . h>

typede f unsigned i n t N;
typede f unsigned long i n t NN;

15 typede f i n t Z ;
typede f long i n t ZZ ;
typede f double R;
typede f double complex C;
typede f f l o a t F ;

20

s t a t i c const R pi = 3.141592653589793 ;

25 s t a t i c const Z zwidth = 4096 ;
s t a t i c const Z zhe ight = 4096 ;
s t a t i c const C z p i x e l s i z e = 5 .0 / 4096 ;
s t a t i c const C z0 = 0 ;

30

s t a t i c F count [ 4 0 9 6 ] [ 4 0 9 6 ] [ 4 ] ;
s t a t i c ZZ t o t a l = 0 ;

35 R cabs2 (C 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 void hsv2rgb (F h , F s , F v , F ∗rp , F ∗gp , F ∗bp) {
F i , f , p , q , t , r , g , b ;

40 Z i i ;
i f ( s == 0 . 0 ) {

r = v ;
g = v ;
b = v ;

45 } e l s e {
h = h − f l o o r (h) ;
h = h ∗ 6 . 0 ;
i = f l o o r (h) ;
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i i = i ;
50 f = h − i ;

p = v ∗ (1 − s ) ;
q = v ∗ (1 − ( s ∗ f ) ) ;
t = v ∗ (1 − ( s ∗ (1 − f ) ) ) ;
switch ( i i ) {

55 case 0 : r = v ; g = t ; b = p ; break ;
case 1 : r = q ; g = v ; b = p ; break ;
case 2 : r = p ; g = v ; b = t ; break ;
case 3 : r = p ; g = q ; b = v ; break ;
case 4 : r = t ; g = p ; b = v ; break ;

60 de f au l t : r = v ; g = p ; b = q ; break ;
}

}
∗ rp = r ;
∗gp = g ;

65 ∗bp = b ;
}

s t a t i c void p l o t i t e r a t e s (C z1 , C c , N per iod , R r , R g , R b) {
70 f o r (N j = 0 ; j < 2 ; ++j ) {

C z = z1 ;
f o r (N i = 0 ; i < per iod ; ++i ) {

C pz0 = ( zwidth / 2 .0 − 0 . 5 ) + I ∗ ( zhe ight / 2 .0 − 0 . 5 ) ;
C pz = ( z − z0 ) / z p i x e l s i z e + pz0 ;

75 Z x = c r e a l ( pz ) ;
Z y = cimag ( pz ) ;
i f (0 <= x && x < zwidth && 0 <= y && y < zhe ight ) {
#pragma omp atomic update
count [ y ] [ x ] [ 0 ] += r ;

80 #pragma omp atomic update
count [ y ] [ x ] [ 1 ] += g ;
#pragma omp atomic update
count [ y ] [ x ] [ 2 ] += b ;
#pragma omp atomic update

85 count [ y ] [ x ] [ 3 ] += 1 ;
#pragma omp atomic update
t o t a l++;

}
z = z ∗ z + c ;

90 }
z1 = conj ( z1 ) ;
c = conj ( c ) ;

}
}

95

s t a t i c void c l ea r image ( ) {
memset(&count [ 0 ] [ 0 ] [ 0 ] , 0 , zwidth ∗ zhe ight ∗ 4 ∗ s i z e o f (F) ) ;
t o t a l = 0 ;

100 }

s t a t i c void output image ( ) {
R s = zwidth ∗ zhe ight / (R) t o t a l ;

105 p r i n t f (”P6\n%u %u\n255\n” , zwidth , zhe ight ) ;
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f o r (Z y = 0 ; y < zhe ight ; ++y) {
f o r (Z x = 0 ; x < zwidth ; ++x) {

i f ( count [ y ] [ x ] [ 3 ] ) {
R v = log2 (1 + count [ y ] [ x ] [ 3 ] ∗ s ) ;

110 f o r (Z c = 0 ; c < 3 ; ++c ) {
R u = count [ y ] [ x ] [ c ] / count [ y ] [ x ] [ 3 ] ;
Z o = fminf ( fmaxf (54 ∗ v ∗ u , 0) , 255) ;
putchar ( o ) ;

}
115 } e l s e {

putchar (0 ) ;
putchar (0 ) ;
putchar (0 ) ;

}
120 }

}
}

125

i n t wucleus (C ∗z0 , C c , N per iod ) {
R eps = 1e −12;
R er2 = 16 ;
C z = ∗ z0 ;

130 f o r (N j = 0 ; j < 256 ; ++j ) {
C dz = 1 . 0 ;
f o r (N k = 0 ; k < per iod ; ++k) {

dz = 2 .0 ∗ dz ∗ z ;
z = z ∗ z + c ;

135 }
R z2 = cabs ( z ) ;
i f ( ! ( z2 < er2 ) ) {

break ;
}

140 z = ∗ z0 − ( z − ∗ z0 ) / ( dz − 1 . 0 ) ;
R e = cabs ( z − ∗ z0 ) ;
∗ z0 = z ;
i f ( e < eps ) {

re turn 1 ;
145 }

}
re turn 0 ;

}

150 R i n t e r i o r d i s t a n c e (C ∗w, C c , N per iod , R p i x e l s i z e ) {
i f ( wucleus (w, c , per iod ) ) {
C z = ∗w;
C dz = 1 . 0 ;
C dzdz = 0 . 0 ;

155 C dc = 0 . 0 ;
C dcdz = 0 . 0 ;
f o r (N j = 0 ; j < per iod ; ++j ) {

dcdz = 2 .0 ∗ ( z ∗ dcdz + dz ∗ dc ) ;
dc = 2 .0 ∗ z ∗ dc + 1 . 0 ;

160 dzdz = 2 .0 ∗ ( dz ∗ dz + z ∗ dzdz ) ;
dz = 2 .0 ∗ z ∗ dz ;
z = z ∗ z + c ;
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}
re turn ( 1 . 0 − cabs2 ( dz ) ) / ( cabs ( dcdz + dzdz ∗ dc / ( 1 . 0 − dz ) ) ∗ p i x e l s i z e⤦

Ç ) ;
165 }

re turn −1 .0 ;
}

s t a t i c void r e n d e r r e c u r s i v e i n t e r i o r (F red , F grn , F blu , N per iod , C z , C c , R⤦
Ç g r id spac ing , N depth ) {

170 i f ( depth == 0) { re turn ; }
C z1 = z ;
R de = i n t e r i o r d i s t a n c e (&z1 , c , per iod , g r i d spa c i n g ) ;
i f ( de > 0) {

p l o t i t e r a t e s ( z1 , c , per iod , red , grn , blu ) ;
175 r e n d e r r e c u r s i v e i n t e r i o r ( red , grn , blu , per iod , z1 , c + 1 ∗ 0 .5 ∗ ⤦

Ç g r id spac ing , 0 . 5 ∗ g r id spac ing , depth − 1) ;
r e n d e r r e c u r s i v e i n t e r i o r ( red , grn , blu , per iod , z1 , c − 1 ∗ 0 .5 ∗ ⤦

Ç g r id spac ing , 0 . 5 ∗ g r id spac ing , depth − 1) ;
r e n d e r r e c u r s i v e i n t e r i o r ( red , grn , blu , per iod , z1 , c + I ∗ 0 .5 ∗ ⤦

Ç g r id spac ing , 0 . 5 ∗ g r id spac ing , depth − 1) ;
r e n d e r r e c u r s i v e i n t e r i o r ( red , grn , blu , per iod , z1 , c − I ∗ 0 .5 ∗ ⤦

Ç g r id spac ing , 0 . 5 ∗ g r id spac ing , depth − 1) ;
}

180 }

s t a t i c void render recurs ive unknown (C c , R gr id spac ing , N depth ) {
i f ( depth == 0) { re turn ; }
C z = 0 ;

185 C dz = 0 ;
R mz2 = 1 . 0 / 0 . 0 ;
N maxiters = 1 << 12 ;
f o r (N i = 1 ; i < maxiters ; ++i ) {

dz = 2 ∗ z ∗ dz + 1 ;
190 z = z ∗ z + c ;

R z2 = cabs2 ( z ) ;
i f ( ! ( z2 < 65536) ) {
R de = sq r t ( z2 ) ∗ l og ( z2 ) / ( cabs ( dz ) ∗ g r i d spa c i n g ) ;
i f ( de < 4) {

195 render recurs ive unknown ( c + 1 ∗ 0 .5 ∗ g r id spac ing , 0 . 5 ∗ g r id spac ing ,⤦
Ç depth − 1) ;

render recurs ive unknown ( c − 1 ∗ 0 .5 ∗ g r id spac ing , 0 . 5 ∗ g r id spac ing ,⤦
Ç depth − 1) ;

render recurs ive unknown ( c + I ∗ 0 .5 ∗ g r id spac ing , 0 . 5 ∗ g r id spac ing ,⤦
Ç depth − 1) ;

render recurs ive unknown ( c − I ∗ 0 .5 ∗ g r id spac ing , 0 . 5 ∗ g r id spac ing ,⤦
Ç depth − 1) ;

}
200 break ;

}
i f ( z2 < mz2) {

mz2 = z2 ;
C z1 = z ;

205 R de = i n t e r i o r d i s t a n c e (&z1 , c , i , g r i d spa c i n g ) ;
i f ( de > 0) {
R phi5 = pow( ( sq r t (5 ) + 1) / 2 , 5) ;
R hue = i / phi5 ;
F red , grn , blu ;

215



fractal-bits ultimate-anti-buddha/geometry.h

210 hsv2rgb ( hue , 1 , 1 , &red , &grn , &blu ) ;
p l o t i t e r a t e s ( z1 , c , i , red , grn , blu ) ;
i f ( de > 0 . 25 ) {

r e n d e r r e c u r s i v e i n t e r i o r ( red , grn , blu , i , z1 , c + 1 ∗ 0 .5 ∗ ⤦
Ç g r id spac ing , 0 . 5 ∗ g r id spac ing , depth − 1) ;

r e n d e r r e c u r s i v e i n t e r i o r ( red , grn , blu , i , z1 , c − 1 ∗ 0 .5 ∗ ⤦
Ç g r id spac ing , 0 . 5 ∗ g r id spac ing , depth − 1) ;

215 r e n d e r r e c u r s i v e i n t e r i o r ( red , grn , blu , i , z1 , c + I ∗ 0 .5 ∗ ⤦
Ç g r id spac ing , 0 . 5 ∗ g r id spac ing , depth − 1) ;

r e n d e r r e c u r s i v e i n t e r i o r ( red , grn , blu , i , z1 , c − I ∗ 0 .5 ∗ ⤦
Ç g r id spac ing , 0 . 5 ∗ g r id spac ing , depth − 1) ;

} e l s e {
render recurs ive unknown ( c + 1 ∗ 0 .5 ∗ g r id spac ing , 0 . 5 ∗ ⤦

Ç g r id spac ing , depth − 1) ;
render recurs ive unknown ( c − 1 ∗ 0 .5 ∗ g r id spac ing , 0 . 5 ∗ ⤦

Ç g r id spac ing , depth − 1) ;
220 render recurs ive unknown ( c + I ∗ 0 .5 ∗ g r id spac ing , 0 . 5 ∗ ⤦

Ç g r id spac ing , depth − 1) ;
render recurs ive unknown ( c − I ∗ 0 .5 ∗ g r id spac ing , 0 . 5 ∗ ⤦

Ç g r id spac ing , depth − 1) ;
}
break ;

}
225 }

}
}

s t a t i c void render ( ) {
230 c l ea r image ( ) ;

N gr id = 1024 ;
R g r i d spa c i n g = 5 .0 / g r id ;
#pragma omp p a r a l l e l f o r schedu le ( dynamic , 1)
f o r (N y = 0 ; y < g r id ; ++y) {

235 f o r (N x = 0 ; x < g r id ; ++x) {
C c = gr i d spa c i n g ∗ ( ( x + 0 .5 − g r id /2 . 0 ) + I ∗ ( y + 0 .5 − g r id /2 . 0 ) ) ;
i f ( cimag ( c ) >= 0) {

render recurs ive unknown ( c , g r i d spac ing , 9) ;
}

240 }
#pragma omp c r i t i c a l
f p r i n t f ( s tde r r , ”%8d\ r ” , y ) ;

}
output image ( ) ;

245 }

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

250 ( void ) argv ;
render ( ) ;
r e turn 0 ;

}

58 ultimate-anti-buddha/geometry.h

#i f n d e f GEOMETRYH
#de f i n e GEOMETRYH 1
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#inc lude <math . h>
5 #inc lude <s t d l i b . h>

/∗====================================================================∗\
∗∗ Vector and Matrix f unc t i on s ∗∗
\∗====================================================================∗/

10

/∗ 4−vec to r ∗/
s t r u c t vector4 {

double v [ 4 ] ;
} ;

15

/∗ 4x4−matrix ∗/
s t r u c t matrix4 {

double m[ 1 6 ] ;
} ;

20

/∗ 3−vec to r ∗/
s t r u c t vector3 {

double v [ 3 ] ;
} ;

25

/∗ matrix := diag (∗ f ) ∗/
s t a t i c i n l i n e void mdiag4 ( s t r u c t matrix4 ∗m, const double ∗ f ) {

memset (m, 0 , s i z e o f ( s t r u c t matrix4 ) ) ;
double ∗n = m−>m;

30 n [ 0 ] = f [ 0 ] ;
n [ 5 ] = f [ 1 ] ;
n [ 1 0 ] = f [ 2 ] ;
n [ 1 5 ] = f [ 3 ] ;

}
35

/∗ matrix := ro t a t i on ( i , j , ang le ) ∗/
s t a t i c i n l i n e void mrot4 ( s t r u c t matrix4 ∗m, in t i , i n t j , double a ) {

memset (m, 0 , s i z e o f ( s t r u c t matrix4 ) ) ;
double ∗n = m−>m;

40 n [ 0 ] = 1 . 0 ;
n [ 5 ] = 1 . 0 ;
n [ 1 0 ] = 1 . 0 ;
n [ 1 5 ] = 1 . 0 ;
double c = cos ( a ) ;

45 double s = s i n ( a ) ;
n [ i ∗5 ] = c ;
n [ j ∗5 ] = c ;
n [ i ∗4+ j ] = s ;
n [ j ∗4+ i ] = −s ;

50 }

/∗ matrix := matrix ∗ matrix ∗/
s t a t i c i n l i n e void mmul4m(

s t r u c t matrix4 ∗m,
55 const s t r u c t matrix4 ∗ l ,

const s t r u c t matrix4 ∗ r
) {

f o r ( i n t i = 0 ; i < 4 ; ++i ) {
f o r ( i n t j = 0 ; j < 4 ; ++j ) {
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60 double f = 0 . 0 ;
f o r ( i n t k = 0 ; k < 4 ; ++k) {

f += l−>m[ i ∗4+k ] ∗ r−>m[ k∗4+ j ] ;
}
m−>m[ i ∗4+ j ] = f ;

65 }
}

}

/∗ vec to r := matrix ∗ vec to r ∗/
70 s t a t i c i n l i n e void mmul4v(

s t r u c t vector4 ∗v ,
const s t r u c t matrix4 ∗ l ,
const s t r u c t vector4 ∗ r

) {
75 f o r ( i n t i = 0 ; i < 4 ; ++i ) {

double f = 0 . 0 ;
f o r ( i n t j = 0 ; j < 4 ; ++j ) {

f += l−>m[ i ∗4+ j ] ∗ r−>v [ j ] ;
}

80 v−>v [ i ] = f ;
}

}

/∗====================================================================∗\
85 ∗∗ Quaternion func t i on s ∗∗

∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗∗
∗∗ http ://www. l c e . hut . f i /˜ ssarkka /pub/quat . pdf ∗∗
\∗====================================================================∗/

90 /∗ quatern ion data s t r u c tu r e ∗/
s t r u c t quatern ion {

double q [ 4 ] ;
} ;

95 /∗ quatern ion norm squared ∗/
s t a t i c i n l i n e double qnorm2 ( const s t r u c t quatern ion ∗p) {

double p1 , p2 , p3 , p4 , r ;
p1 = p−>q [ 0 ] ; p2 = p−>q [ 1 ] ; p3 = p−>q [ 2 ] ; p4 = p−>q [ 3 ] ;
r = p1∗p1 + p2∗p2 + p3∗p3 + p4∗p4 ;

100 re turn r ;
}

s t a t i c i n l i n e double qdot ( const s t r u c t quatern ion ∗p , const s t r u c t quatern ion ∗q⤦
Ç ) {

double p1 , p2 , p3 , p4 , q1 , q2 , q3 , q4 , r ;
105 p1 = p−>q [ 0 ] ; p2 = p−>q [ 1 ] ; p3 = p−>q [ 2 ] ; p4 = p−>q [ 3 ] ;

q1 = q−>q [ 0 ] ; q2 = q−>q [ 1 ] ; q3 = q−>q [ 2 ] ; q4 = q−>q [ 3 ] ;
r = p1∗q1 + p2∗q2 + p3∗q3 + p4∗q4 ;
re turn r ;

}
110

/∗ quatern ion norm ∗/
s t a t i c i n l i n e double qnorm( const s t r u c t quatern ion ∗p) {

re turn sq r t ( qnorm2 (p) ) ;
}

115
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/∗ quatern ion conjugate : r := p∗ ∗/
s t a t i c i n l i n e void qconj ( s t r u c t quatern ion ∗ r , const s t r u c t quatern ion ∗p) {

r−>q [ 0 ] = p−>q [ 0 ] ;
r−>q [ 1 ] = −p−>q [ 1 ] ;

120 r−>q [ 2 ] = −p−>q [ 2 ] ;
r−>q [ 3 ] = −p−>q [ 3 ] ;

}

/∗ quatern ion i nv e r s e : r := pˆ−1 ∗/
125 /∗ pˆ−1 = p∗ / | p |ˆ2 ∗/

s t a t i c i n l i n e void qinv ( s t r u c t quatern ion ∗ r , const s t r u c t quatern ion ∗p) {
double pn2 = qnorm2 (p) ;
r−>q [ 0 ] = p−>q [ 0 ] / pn2 ;
r−>q [ 1 ] = −p−>q [ 1 ] / pn2 ;

130 r−>q [ 2 ] = −p−>q [ 2 ] / pn2 ;
r−>q [ 3 ] = −p−>q [ 3 ] / pn2 ;

}

s t a t i c i n l i n e void qneg ( s t r u c t quatern ion ∗ r , const s t r u c t quatern ion ∗p) {
135 r−>q [ 0 ] = −p−>q [ 0 ] ;

r−>q [ 1 ] = −p−>q [ 1 ] ;
r−>q [ 2 ] = −p−>q [ 2 ] ;
r−>q [ 3 ] = −p−>q [ 3 ] ;

}
140

/∗ quatern ion add i t i on : r := q + p ∗/
s t a t i c i n l i n e void qadd (

s t r u c t quatern ion ∗ r ,
const s t r u c t quatern ion ∗q ,

145 const s t r u c t quatern ion ∗p
) {

double q1 , q2 , q3 , q4 , p1 , p2 , p3 , p4 , r1 , r2 , r3 , r4 ;
q1 = q−>q [ 0 ] ; q2 = q−>q [ 1 ] ; q3 = q−>q [ 2 ] ; q4 = q−>q [ 3 ] ;
p1 = p−>q [ 0 ] ; p2 = p−>q [ 1 ] ; p3 = p−>q [ 2 ] ; p4 = p−>q [ 3 ] ;

150 r1 = q1 + p1 ;
r2 = q2 + p2 ;
r3 = q3 + p3 ;
r4 = q4 + p4 ;
r−>q [ 0 ] = r1 ; r−>q [ 1 ] = r2 ; r−>q [ 2 ] = r3 ; r−>q [ 3 ] = r4 ;

155 }

/∗ quatern ion mu l t i p l i c a t i o n : r := q ∗ p ∗/
s t a t i c i n l i n e void qmul (

s t r u c t quatern ion ∗ r ,
160 const s t r u c t quatern ion ∗q ,

const s t r u c t quatern ion ∗p
) {

double q1 , q2 , q3 , q4 , p1 , p2 , p3 , p4 , r1 , r2 , r3 , r4 ;
q1 = q−>q [ 0 ] ; q2 = q−>q [ 1 ] ; q3 = q−>q [ 2 ] ; q4 = q−>q [ 3 ] ;

165 p1 = p−>q [ 0 ] ; p2 = p−>q [ 1 ] ; p3 = p−>q [ 2 ] ; p4 = p−>q [ 3 ] ;
r1 = q1 ∗ p1 − q2 ∗ p2 − q3 ∗ p3 − q4 ∗ p4 ;
r2 = q2 ∗ p1 + q1 ∗ p2 − q4 ∗ p3 + q3 ∗ p4 ;
r3 = q3 ∗ p1 + q4 ∗ p2 + q1 ∗ p3 − q2 ∗ p4 ;
r4 = q4 ∗ p1 − q3 ∗ p2 + q2 ∗ p3 + q1 ∗ p4 ;

170 r−>q [ 0 ] = r1 ; r−>q [ 1 ] = r2 ; r−>q [ 2 ] = r3 ; r−>q [ 3 ] = r4 ;
}
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/∗ quatern ion exponent ia t i on : r := exp (p) ∗/
/∗ exp ( s ; v ) = exp ( s ) ( cos ( | v | ) ; v s i n ( | v | ) / | v | ) ∗/

175 s t a t i c i n l i n e void qexp ( s t r u c t quatern ion ∗ r , const s t r u c t quatern ion ∗p) {
double s , v0 , v1 , v2 , vn , se , vns , vnc ;
s = p−>q [ 0 ] ;
v0 = p−>q [ 1 ] ;
v1 = p−>q [ 2 ] ;

180 v2 = p−>q [ 3 ] ;
vn = sq r t ( v0∗v0 + v1∗v1 + v2∗v2 ) ;
vnc = cos ( vn ) ;
vns = s i n ( vn ) / vn ;
se = exp ( s ) ;

185 r−>q [ 0 ] = se ∗ vnc ;
r−>q [ 1 ] = v0 ∗ vns ;
r−>q [ 2 ] = v1 ∗ vns ;
r−>q [ 3 ] = v2 ∗ vns ;

}
190

/∗ quatern ion logar i thm : r := log (p) ∗/
/∗ ln (q@( s ; v ) ) = ( ln ( | q | ) ; v acos ( s / | q | ) / | v | ) ∗/
s t a t i c i n l i n e void q log ( s t r u c t quatern ion ∗ r , const s t r u c t quatern ion ∗p) {

double s , v0 , v1 , v2 , vn2 , vn , qn , qnl , sac ;
195 s = p−>q [ 0 ] ;

v0 = p−>q [ 1 ] ;
v1 = p−>q [ 2 ] ;
v2 = p−>q [ 3 ] ;
vn2 = v0∗v0 + v1∗v1 + v2∗v2 ;

200 vn = sq r t ( vn2 ) ;
qn = sq r t ( s ∗ s + vn2 ) ;
qnl = log ( qn ) ;
sac = acos ( s / qn ) / vn ;
r−>q [ 0 ] = qnl ;

205 r−>q [ 1 ] = v0 ∗ sac ;
r−>q [ 2 ] = v1 ∗ sac ;
r−>q [ 3 ] = v2 ∗ sac ;

}

210 /∗ quatern ion s c a l a r power : r := pˆ f ∗/
/∗ pˆ f = exp ( ln (p) f ) ∗/
s t a t i c i n l i n e void qpows (

s t r u c t quatern ion ∗ r ,
const s t r u c t quatern ion ∗p ,

215 double f
) {

s t r u c t quatern ion l ;
q log (&l , p ) ;
l . q [ 0 ] ∗= f ;

220 l . q [ 1 ] ∗= f ;
l . q [ 2 ] ∗= f ;
l . q [ 3 ] ∗= f ;
qexp ( r , &l ) ;

}
225

/∗ quatern ion s l e r p : r := S l e rp (p , q , t ) ∗/
/∗ S l e rp (p , q ; t ) = (q pˆ−1)ˆ t p ∗/
s t a t i c i n l i n e void q s l e r p (

s t r u c t quatern ion ∗ r ,

220
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230 const s t r u c t quatern ion ∗p ,
const s t r u c t quatern ion ∗q ,
double t

) {
s t r u c t quatern ion qq , p1 , qp1 , qp1t ;

235 #i f 0
i f ( qdot (p , q ) < 0)
{

qneg(&qq , q ) ;
}

240 e l s e
#end i f

{
qq = ∗q ;

}
245 qinv(&p1 , p) ;

qmul(&qp1 , &qq , &p1 ) ;
qpows(&qp1t , &qp1 , t ) ;
qmul ( r , &qp1t , p) ;

}
250

/∗====================================================================∗\
∗∗ Quaternions to 4D Rotation Matrix ∗∗
∗∗ −−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−∗∗
∗∗ http ://www. cs . ind iana . edu/pub/ t e ch r epo r t s /TR406 . pdf ∗∗

255 \∗====================================================================∗/

/∗ 4x4 r o t a t i on matrix from two uni t ( ? ) quatern ions ∗/
s t a t i c i n l i n e void mquat2 (

s t r u c t matrix4 ∗m,
260 const s t r u c t quatern ion ∗q ,

const s t r u c t quatern ion ∗p
) {

double q0 , q1 , q2 , q3 , p0 , p1 , p2 , p3 ;
q0 = q−>q [ 0 ] ; q1 = q−>q [ 1 ] ; q2 = q−>q [ 2 ] ; q3 = q−>q [ 3 ] ;

265 p0 = p−>q [ 0 ] ; p1 = p−>q [ 1 ] ; p2 = p−>q [ 2 ] ; p3 = p−>q [ 3 ] ;

m−>m[ 0 ] = q0∗p0 + q1∗p1 + q2∗p2 + q3∗p3 ;
m−>m[ 1 ] = q1∗p0 − q0∗p1 − q3∗p2 + q2∗p3 ;
m−>m[ 2 ] = q2∗p0 + q3∗p1 − q0∗p2 − q1∗p3 ;

270 m−>m[ 3 ] = q3∗p0 − q2∗p1 + q1∗p2 − q0∗p3 ;

m−>m[ 4 ] = − q1∗p0 + q0∗p1 − q3∗p2 + q2∗p3 ;
m−>m[ 5 ] = q0∗p0 + q1∗p1 − q2∗p2 − q3∗p3 ;
m−>m[ 6 ] = − q3∗p0 + q2∗p1 + q1∗p2 − q0∗p3 ;

275 m−>m[ 7 ] = q2∗p0 + q3∗p1 + q0∗p2 + q1∗p3 ;

m−>m[ 8 ] = − q2∗p0 + q3∗p1 + q0∗p2 − q1∗p3 ;
m−>m[ 9 ] = q3∗p0 + q2∗p1 + q1∗p2 + q0∗p3 ;
m−>m[ 1 0 ] = q0∗p0 − q1∗p1 + q2∗p2 − q3∗p3 ;

280 m−>m[ 1 1 ] = − q1∗p0 − q0∗p1 + q3∗p2 + q2∗p3 ;

m−>m[ 1 2 ] = − q3∗p0 − q2∗p1 + q1∗p2 + q0∗p3 ;
m−>m[ 1 3 ] = − q2∗p0 + q3∗p1 − q0∗p2 + q1∗p3 ;
m−>m[ 1 4 ] = q1∗p0 + q0∗p1 + q3∗p2 + q2∗p3 ;

285 m−>m[ 1 5 ] = q0∗p0 − q1∗p1 − q2∗p2 + q3∗p3 ;
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}

290 s t a t i c i n l i n e void mqslerp2 (
s t r u c t matrix4 ∗m,
const s t r u c t quatern ion ∗q0 ,
const s t r u c t quatern ion ∗p0 ,
const s t r u c t quatern ion ∗q1 ,

295 const s t r u c t quatern ion ∗p1 ,
double t

) {
s t r u c t quatern ion p , q ;
q s l e r p (&q , q0 , q1 , t ) ;

300 q s l e r p (&p , p0 , p1 , t ) ;
mquat2 (m, &q , &p) ;

}

/∗ generate v e c to r s in cube , d i s ca rd those out s id e sphere , normal ize ∗/
305 #de f i n e randf ( ) ( 2 . 0 ∗ ( double ) rand ( ) / ( double ) RANDMAX − 1 . 0 )

s t a t i c i n l i n e void random unit ( double ∗v , const i n t n) {
double r = 0 . 0 ;
whi l e ( r < 0.00001 | | 1 .0 < r ) {

r = 0 . 0 ;
310 f o r ( i n t i = 0 ; i < n ; ++i ) {

v [ i ] = randf ( ) ;
r += v [ i ] ∗ v [ i ] ;

}
}

315 r = sq r t ( r ) ;
f o r ( i n t i = 0 ; i < n ; ++i ) {

v [ i ] /= r ;
}

}
320 #undef randf

s t a t i c i n l i n e void random unit quatern ion ( s t r u c t quatern ion ∗q )
{

random unit(&q−>q [ 0 ] , 4) ;
325 }

#end i f

59 ultimate-anti-buddha/.gitignore

ant i
UltimateAntiBuddhagram

60 ultimate-anti-buddha/Makefile

UltimateAntiBuddhagram : UltimateAntiBuddhagram . c geometry . h
gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −lm −o ⤦

Ç UltimateAntiBuddhagram UltimateAntiBuddhagram . c −g −lGL −lGLEW −⤦

Ç l g l fw

ant i : an t i . c
5 gcc −std=c99 −Wall −pedant ic −Wextra −O3 −fopenmp −lm −o ant i an t i . c
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61 ultimate-anti-buddha/UltimateAntiBuddhagram.c

// Ultimate Anti−Buddhagram ( c ) 2019 Claude Heiland −Allen
// . / UltimateAntiBuddhagram | f fmpeg − i − video .mp4

#de f i n e GNU SOURCE
5 #de f i n e FILE OFFSET BITS 64

#inc lude <sys /mman. h>
#inc lude < f c n t l . h>
#inc lude <uni s td . h>
#inc lude <errno . h>

10 #i f n d e f MAPHUGE 2MB
#de f i n e MAPHUGE 2MB (21 << MAP HUGE SHIFT)
#end i f
#i f n d e f MAP HUGE 1GB
#de f i n e MAP HUGE 1GB (30 << MAP HUGE SHIFT)

15 #end i f

#inc lude <complex . h>
#inc lude <math . h>
#inc lude <s tdboo l . h>

20 #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 <GL/glew . h>
25 #inc lude <GLFW/gl fw3 . h>

#inc lude ”geometry . h”

s t a t i c i n l i n e i n t sgn ( double x ) { re turn (x > 0) − (0 > x ) ; }
30

s t a t i c void ∗mal loc huge ( s i z e t ∗ s i z e )
{

// round up to 1GB
s i z e t v = ∗ s i z e ;

35 v += (1 << 30) − 1 ;
v >>= 30 ;
v <<= 30 ;
∗ s i z e = v ;
s i z e t bytes = v ;

40 void ∗memory = mmap(NULL, bytes , PROTREAD | PROTWRITE, MAP PRIVATE | ⤦
Ç MAPHUGETLB | MAP HUGE 1GB | MAPANONYMOUS, −1 , 0) ;

i f (memory == MAP FAILED)
{

f p r i n t f ( s tde r r , ” could not mmap %lu with 1GB pages : %d\n” , bytes , e r rno ) ;
memory = mmap(NULL, bytes , PROTREAD | PROTWRITE, MAP PRIVATE | MAPHUGETLB⤦

Ç | MAPHUGE 2MB | MAPANONYMOUS, −1 , 0) ;
45 i f (memory == MAP FAILED)

{
f p r i n t f ( s tde r r , ” could not mmap %lu with 2MB pages : %d\n” , bytes , e r rno ) ;
memory = mmap(NULL, bytes , PROTREAD | PROTWRITE, MAP PRIVATE | ⤦

Ç MAPANONYMOUS, −1 , 0) ;
i f (memory == MAP FAILED)

50 {
f p r i n t f ( s tde r r , ” could not mmap %lu at a l l : %d\n” , bytes , e r rno ) ;
r e turn NULL;
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}
e l s e

55 {
f p r i n t f ( s tde r r , ” did mmap %lu with 4kB pages \n” , bytes ) ;

}
}
e l s e

60 {
f p r i n t f ( s tde r r , ” did mmap %lu with 2MB pages \n” , bytes ) ;

}
}
e l s e

65 {
f p r i n t f ( s tde r r , ” did mmap %lu with 1GB pages \n” , bytes ) ;

}
re turn memory ;

}
70

s t a t i c void f r e e huge ( void ∗memory , s i z e t s i z e )
{

munmap(memory , s i z e ) ;
}

75

typede f unsigned i n t N;
typede f unsigned long long i n t NN;
typede f i n t Z ;
typede f long long i n t ZZ ;

80 typede f double R;
typede f double complex C;
typede f f l o a t F ;
typede f unsigned char B;

85 typede f s t r u c t { R x [ 5 ] ; } V5 ; // z , c , 1
s t a t i c const V5 v0 = { { −0.260365638451579340 , 0 , −0.368941235857094540 , 0 , 0 }⤦

Ç } ;
typede f s t r u c t { R x [ 5 ] [ 5 ] ; } M55 ;

s t a t i c i n l i n e M55 mul m55 m55 ( const M55 ∗a , const M55 ∗b) {
90 M55 o ;

f o r (Z i = 0 ; i < 5 ; ++i )
f o r (Z j = 0 ; j < 5 ; ++j )
{

o . x [ i ] [ j ] = 0 ;
95 f o r (Z k = 0 ; k < 5 ; ++k)

o . x [ i ] [ j ] += a−>x [ i ] [ k ] ∗ b−>x [ k ] [ j ] ;
}

re turn o ;
}

100

s t a t i c i n l i n e V5 mul m55 v5 ( const M55 ∗a , const V5 ∗b) {
V5 o = { { 0 , 0 , 0 , 0 , 0 } } ;
f o r (Z i = 0 ; i < 5 ; ++i )

f o r (Z j = 0 ; j < 5 ; ++j )
105 o . x [ i ] += a−>x [ i ] [ j ] ∗ b−>x [ j ] ;

r e turn o ;
}
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typede f unsigned shor t i n t P;
110

#de f i n e DIM 13
typede f s t r u c t
{

// c i s imp l i c i t from coo rd ina t e s
115 // only one ha l f o f the s e t i s s to r ed due to symmetry

C z [ 1 << (DIM − 1) ] [ 1 << DIM ] ;
P p [ 1 << (DIM − 1) ] [ 1 << DIM ] ;

} c loud ; // 9 GB
s t a t i c i n l i n e C c loud c (Z i , Z j , Z n)

120 {
double x = ( ( i + 0 . 5 ) / (1 << n) − 0 . 5 ) ∗ 4 ;
double y = ( ( j + 0 . 5 ) / (1 << n) − 0 . 5 ) ∗ 4 ;
re turn x + I ∗ y ;

}
125

c loud ∗ c l o u d a l l o c ( s i z e t ∗bytes )
{

∗bytes = s i z e o f ( c loud ) ;
r e turn mal loc huge ( bytes ) ;

130 }

void c l o ud f r e e ( c loud ∗K, s i z e t bytes )
{

f r e e huge (K, bytes ) ;
135 }

void c l o ud c l e a r ( c loud ∗K)
{

memset (K, 0 , s i z e o f (∗K) ) ;
140 }

typede f s t r u c t { F x [ 4 ] ; } V4 ;
#de f i n e MAXPERIOD (1 << 12)
typede f s t r u c t

145 {
V4 ∗ cz [MAXPERIOD] ;
ZZ n [MAXPERIOD] ;
ZZ i [MAXPERIOD] ;
s i z e t bytes ;

150 s i z e t bytes used ;
} po in t s ;
s t a t i c po in t s ∗ p o i n t s a l l o c (ZZ t o t a l )
{

po in t s ∗Q = ca l l o c (1 , s i z e o f (∗Q) ) ;
155 i f ( ! Q)

re turn 0 ;
Q−>bytes = t o t a l ∗ s i z e o f (V4) ;
Q−>bytes used = Q−>bytes ;
Q−>cz [ 0 ] = mal loc huge(&Q−>bytes ) ;

160 i f ( ! Q−>cz [ 0 ] )
{

f r e e (Q) ;
re turn 0 ;

}
165 re turn Q;
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}
s t a t i c void p o i n t s f r e e d a t a ( po in t s ∗Q)
{

f r e e huge (Q−>cz [ 0 ] , Q−>bytes ) ;
170 memset (Q−>cz , 0 , s i z e o f (Q−>cz ) ) ;

Q−>bytes = 0 ;
}

#de f i n e WIDTH (1920)
175 #de f i n e HEIGHT (1080)

#i f 0
typede f s t r u c t { F a [HEIGHT ] [WIDTH] [ 4 ] ; } accum ;
accum ∗ accum al loc ( void ) { re turn mal loc ( s i z e o f ( accum) ) ; }

180 void accum free ( accum ∗A) { f r e e (A) ; }
void accum clear ( accum ∗A) { memset (A, 0 , s i z e o f (∗A) ) ; }
s t a t i c i n l i n e void accum plot ( accum ∗A, R x0 , R y0 , F r , F g , F b , F a )
{

R s [ 2 ] = { 1 − ( x0 − f l o o r ( x0 ) ) , x0 − f l o o r ( x0 ) } ;
185 R t [ 2 ] = { 1 − ( y0 − f l o o r ( y0 ) ) , y0 − f l o o r ( y0 ) } ;

i f (−1 < x0 && x0 < WIDTH && −1 < y0 && y0 < HEIGHT)
{

f o r (Z j = 0 ; j < 2 ; ++j )
{

190 Z y = f l o o r ( y0 ) + j ;
i f (0 <= y && y < HEIGHT)
{

f o r (Z i = 0 ; i < 2 ; ++i )
{

195 Z x = f l o o r ( x0 ) + i ;
i f (0 <= x && x < WIDTH)
{

#pragma omp atomic update
A−>a [ y ] [ x ] [ 0 ] += s [ i ] ∗ t [ j ] ∗ a ∗ r ;

200 #pragma omp atomic update
A−>a [ y ] [ x ] [ 1 ] += s [ i ] ∗ t [ j ] ∗ a ∗ g ;
#pragma omp atomic update
A−>a [ y ] [ x ] [ 2 ] += s [ i ] ∗ t [ j ] ∗ a ∗ b ;
#pragma omp atomic update

205 A−>a [ y ] [ x ] [ 3 ] += s [ i ] ∗ t [ j ] ;
}

}
}

}
210 }

}
#end i f

typede f s t r u c t { B g [HEIGHT ] [WIDTH] [ 3 ] ; } image ;
215 image ∗ image a l l o c ( void ) { re turn mal loc ( s i z e o f ( image ) ) ; }

void image f r e e ( image ∗G) { f r e e (G) ; }

#i f 0
void image from accum ( image ∗G, const accum ∗A, ZZ t o t a l )

220 {
R s = WIDTH ∗ HEIGHT / (R) t o t a l ;
#pragma omp p a r a l l e l f o r
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f o r (Z y = 0 ; y < HEIGHT; ++y) {
f o r (Z x = 0 ; x < WIDTH; ++x) {

225 F a = A−>a [ y ] [ x ] [ 3 ] ;
i f ( a ) {
R v = log2 (1 + a ∗ s ) / a ;
f o r (Z c = 0 ; c < 3 ; ++c ) {

R u = A−>a [ y ] [ x ] [ c ] ;
230 Z o = fminf ( fmaxf (255 ∗ v ∗ u , 0) , 255) ;

G−>g [ y ] [ x ] [ c ] = 255 − o ;
}

} e l s e {
f o r (Z c = 0 ; c < 3 ; ++c ) {

235 G−>g [ y ] [ x ] [ c ] = 255 ;
}

}
}

}
240 }

#end i f

void image wr i te (FILE ∗ f , const image ∗G)
{

245 f p r i n t f ( f , ”P6\n%d %d\n255\n” , WIDTH, HEIGHT) ;
fw r i t e (&G−>g [ 0 ] [ 0 ] [ 0 ] , WIDTH ∗ HEIGHT ∗ 3 , 1 , f ) ;
f f l u s h ( f ) ;

}

250 s t a t i c i n l i n e R cnorm(C 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 void hsv2rgb (F h , F s , F v , F ∗rp , F ∗gp , F ∗bp) {
F i , f , p , q , t , r , g , b ;
Z i i ;

255 i f ( s == 0 . 0 ) {
r = v ;
g = v ;
b = v ;

} e l s e {
260 h = h − f l o o r (h) ;

h = h ∗ 6 . 0 ;
i = f l o o r (h) ;
i i = i ;
f = h − i ;

265 p = v ∗ (1 − s ) ;
q = v ∗ (1 − ( s ∗ f ) ) ;
t = v ∗ (1 − ( s ∗ (1 − f ) ) ) ;
switch ( i i ) {

case 0 : r = v ; g = t ; b = p ; break ;
270 case 1 : r = q ; g = v ; b = p ; break ;

case 2 : r = p ; g = v ; b = t ; break ;
case 3 : r = p ; g = q ; b = v ; break ;
case 4 : r = t ; g = p ; b = v ; break ;
d e f au l t : r = v ; g = p ; b = q ; break ;

275 }
}
∗ rp = r ;
∗gp = g ;
∗bp = b ;
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280 }

#i f 0
s t a t i c ZZ accum from cloud (accum ∗A, const c loud ∗K, const M55 ∗T1 , const M55 ∗ ⤦

Ç T2)
{

285 ZZ t = 0 ;
#pragma omp p a r a l l e l f o r schedu le ( dynamic , 1) r educt i on (+: t )
f o r (Z j = 0 ; j < 1 << (DIM − 1) ; ++j )
{

f o r (Z i = 0 ; i < 1 << DIM; ++i )
290 {

P p = K−>p [ j ] [ i ] ;
R phi5 = pow( ( sq r t (5 ) + 1) / 2 , 5) ;
R hue = (p − 1) / phi5 ;
F r , g , b ;

295 hsv2rgb ( hue , 0 . 5 , 1 , &r , &g , &b) ;
f o r (Z k = 0 ; k < 2 ; ++k)
{

C c = c loud c ( i , j , DIM) ;
C z = K−>z [ j ] [ i ] ;

300 i f ( k )
{

c = conj ( c ) ;
z = conj ( z ) ;

}
305 f o r (P n = 0 ; n < p ; ++n)

{
V5 u = { { c r e a l ( c ) , cimag ( c ) , c r e a l ( z ) , cimag ( z ) , 1 } } ;
u = mul m55 v5 (T1 , &u) ;
f o r (Z d = 0 ; d < 5 ; ++d)

310 {
u . x [ d ] /= u . x [ 4 ] ;

}
u = mul m55 v5 (T2 , &u) ;
f o r (Z d = 0 ; d < 5 ; ++d)

315 {
u . x [ d ] /= u . x [ 3 ] ;

}
C w = u . x [ 0 ] + I ∗ u . x [ 1 ] ;
R depth = (u . x [ 2 ] + 1) / 2 ; // near 0 , f a r 1

320 R a = − l og ( depth ) ;
i f ( a > 0 && depth > 0)
{

C pz0 = (WIDTH / 2 .0 − 0 . 5 ) + I ∗ (HEIGHT / 2 .0 − 0 . 5 ) ;
C pz = w ∗ hypot (WIDTH, HEIGHT) / 4 .0 + pz0 ;

325 accum plot (A, c r e a l ( pz ) , cimag ( pz ) , r , g , b , a ) ;
t = t + 1 ;

}
z = z ∗ z + c ;

}
330 }

}
}
re turn t ;

}
335 #end i f
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i n t wucleus (C ∗z0 , C c , N per iod ) {
R eps = nex t a f t e r (16 , 17) − 16 ;
R er2 = 16 ;

340 C z = ∗ z0 ;
f o r (N j = 0 ; j < 256 ; ++j ) {

C dz = 1 . 0 ;
f o r (N k = 0 ; k < per iod ; ++k) {

dz = 2 .0 ∗ dz ∗ z ;
345 z = z ∗ z + c ;

}
R z2 = cabs ( z ) ;
i f ( ! ( z2 < er2 ) ) {

break ;
350 }

z = ∗ z0 − ( z − ∗ z0 ) / ( dz − 1 . 0 ) ;
R e = cabs ( z − ∗ z0 ) ;
∗ z0 = z ;
i f ( e <= eps ) {

355 re turn 1 ;
}

}
re turn 0 ;

}
360

R i n t e r i o r d i s t a n c e (C ∗w, C c , N per iod , R p i x e l s i z e ) {
i f ( wucleus (w, c , per iod ) ) {
C z = ∗w;
C dz = 1 . 0 ;

365 C dzdz = 0 . 0 ;
C dc = 0 . 0 ;
C dcdz = 0 . 0 ;
f o r (N j = 0 ; j < per iod ; ++j ) {

dcdz = 2 .0 ∗ ( z ∗ dcdz + dz ∗ dc ) ;
370 dc = 2 .0 ∗ z ∗ dc + 1 . 0 ;

dzdz = 2 .0 ∗ ( dz ∗ dz + z ∗ dzdz ) ;
dz = 2 .0 ∗ z ∗ dz ;
z = z ∗ z + c ;

}
375 re turn ( 1 . 0 − cnorm( dz ) ) / ( cabs ( dcdz + dzdz ∗ dc / ( 1 . 0 − dz ) ) ∗ p i x e l s i z e⤦

Ç ) ;
}
re turn −1 .0 ;

}

380 R i n t e r i o r d i s t a n c e s i g n (C ∗w, C c , N per iod ) {
i f ( wucleus (w, c , per iod ) ) {
C z = ∗w;
C dz = 1 . 0 ;
f o r (N j = 0 ; j < per iod ; ++j ) {

385 dz = 2 .0 ∗ z ∗ dz ;
z = z ∗ z + c ;

}
re turn 1 .0 − cnorm( dz ) ;

}
390 re turn −1 .0 ;

}
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395 s t a t i c ZZ c l o u d c a l c u l a t e i n t e r i o r ( c loud ∗K, N depth , Z i , Z j , C z , P p)
{

C c = c loud c ( i , j , depth ) ;
wucleus(&z , c , p ) ;
i f ( depth == DIM)

400 {
K−>z [ j ] [ i ] = z ;
K−>p [ j ] [ i ] = p ;
re turn 1 ;

}
405 ZZ t = 0 ;

f o r (Z j j = 2 ∗ j ; j j < 2 ∗ j + 2 ; ++ j j )
f o r (Z i i = 2 ∗ i ; i i < 2 ∗ i + 2 ; ++ i i )

t += c l o u d c a l c u l a t e i n t e r i o r (K, depth + 1 , i i , j j , z , p ) ;
r e turn t ;

410 }

s t a t i c ZZ c loud ca lcu late unknown ( cloud ∗K, N depth , Z i , Z j )
{

C c = c loud c ( i , j , depth ) ;
415 C z = 0 ;

C dz = 0 ;
R mz2 = 1 . 0 / 0 . 0 ;
ZZ t = 0 ;
R g r i d spa c i n g = (4 . 0 / (1 << depth ) ) ;

420 i f ( depth == DIM)
{

f o r (P p = 1 ; p < MAXPERIOD; ++p)
{

dz = 2 ∗ z ∗ dz + 1 ;
425 z = z ∗ z + c ;

R z2 = cnorm( z ) ;
i f ( ! ( z2 < 65536) )
{

break ;
430 }

i f ( z2 < mz2)
{

mz2 = z2 ;
C z1 = z ;

435 R de = i n t e r i o r d i s t a n c e (&z1 , c , p , g r i d spa c i n g ) ;
i f ( de > 0)
{

K−>z [ j ] [ i ] = z1 ;
K−>p [ j ] [ i ] = p ;

440 t += 1 ;
break ;

}
}

}
445 }

e l s e
{

f o r (P p = 1 ; p < MAXPERIOD; ++p)
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{
450 dz = 2 ∗ z ∗ dz + 1 ;

z = z ∗ z + c ;
R z2 = cnorm( z ) ;
i f ( ! ( z2 < 65536) )
{

455 R de = sq r t ( z2 ) ∗ l og ( z2 ) / ( cabs ( dz ) ∗ g r i d spa c i n g ) ;
i f ( de < 4 ∗ s q r t (2 ) )
{

f o r (Z j j = 2 ∗ j ; j j < 2 ∗ j + 2 ; ++ j j )
f o r (Z i i = 2 ∗ i ; i i < 2 ∗ i + 2 ; ++ i i )

460 t += cloud ca lcu late unknown (K, depth + 1 , i i , j j ) ;
}
break ;

}
i f ( z2 < mz2)

465 {
mz2 = z2 ;
C z1 = z ;
R de = i n t e r i o r d i s t a n c e (&z1 , c , p , g r i d spa c i n g ) ;
i f ( de > 0)

470 {
i f ( de > 0 .25 ∗ s q r t (2 ) )
{

f o r (Z j j = 2 ∗ j ; j j < 2 ∗ j + 2 ; ++ j j )
f o r (Z i i = 2 ∗ i ; i i < 2 ∗ i + 2 ; ++ i i )

475 t += c l o u d c a l c u l a t e i n t e r i o r (K, depth + 1 , i i , j j , z1 , p ) ;
}
e l s e
{

f o r (Z j j = 2 ∗ j ; j j < 2 ∗ j + 2 ; ++ j j )
480 f o r (Z i i = 2 ∗ i ; i i < 2 ∗ i + 2 ; ++ i i )

t += cloud ca lcu late unknown (K, depth + 1 , i i , j j ) ;
}
break ;

}
485 }

}
}
re turn t ;

}
490

s t a t i c ZZ c l o ud c a l c u l a t e ( c loud ∗K, N depth )
{

ZZ t = 0 ;
#pragma omp p a r a l l e l f o r schedu le ( dynamic , 1) r educt i on (+: t )

495 f o r (Z j = 0 ; j < 1 << ( depth − 1) ; ++j )
f o r (Z i = 0 ; i < 1 << depth ; ++i )

t += cloud ca lcu late unknown (K, depth , i , j ) ;
r e turn t ;

}
500

s t a t i c ZZ c loud count ( c loud ∗K)
{

ZZ t = 0 ;
#pragma omp p a r a l l e l f o r schedu le ( s t a t i c ) r educt ion (+: t )

505 f o r (Z j = 0 ; j < 1 << (DIM − 1) ; ++j )
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f o r (Z i = 0 ; i < 1 << DIM; ++i )
t += K−>p [ j ] [ i ] ;

r e turn t ;
}

510

s t a t i c void po in t s f r om c loud ( po in t s ∗Q, const c loud ∗K)
{

#pragma omp p a r a l l e l f o r schedu le ( s t a t i c )
f o r (Z j = 0 ; j < 1 << (DIM − 1) ; ++j )

515 {
f o r (Z i = 0 ; i < 1 << DIM; ++i )
{

Z p = K−>p [ j ] [ i ] ;
i f (0 < p && p < MAXPERIOD)

520 {
#pragma omp atomic update
Q−>n [ p ] += p ;

}
}

525 }
f o r (Z p = 1 ; p < MAXPERIOD; ++p)
{

Q−>cz [ p ] = Q−>cz [ p − 1 ] + Q−>n [ p − 1 ] ;
}

530 #pragma omp p a r a l l e l f o r schedu le ( s t a t i c )
f o r (Z j = 0 ; j < 1 << (DIM − 1) ; ++j )
{

f o r (Z i = 0 ; i < 1 << DIM; ++i )
{

535 Z p = K−>p [ j ] [ i ] ;
i f (0 < p && p < MAXPERIOD)
{

ZZ k0 = 0 ;
#pragma omp atomic capture

540 k0 = Q−> i [ p ] += p ;
k0 −= p ;
C c = c loud c ( i , j , DIM) ;
C z = K−>z [ j ] [ i ] ;
f o r (ZZ k = k0 ; k < k0 + p ; ++k)

545 {
V4 v = { { c r e a l ( c ) , cimag ( c ) , c r e a l ( z ) , cimag ( z ) } } ;
Q−>cz [ p ] [ k ] = v ;
z = z ∗ z + c ;

}
550 }

}
}

}

555 typede f s t r u c t
{

GLFWwindow ∗window ;
GLuint vbo [ 2 ] ;
GLuint vao [ 2 ] ;

560 GLuint tex [ 2 ] ;
GLuint fbo ;
GLuint p l o t ;
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GLint aspect ;
GLint eye ;

565 GLint s h i n i n e s s ;
GLint co l ou r ;
GLint conjugate ;
GLint per iod ;
GLint transform1 ;

570 GLint t rans fo rm1 r ;
GLint trans form1 b ;
GLint t rans form1 rb ;
GLint transform2 ;
GLuint f l a t ;

575 } graph i c s ;

s t a t i c void g r aph i c s b e g i n p l o t ( g raph i c s ∗GL)
{

glBindFramebuffer (GL FRAMEBUFFER, GL−>fbo ) ;
580 g lC l ea rCo lo r (0 , 0 , 0 , 0) ;

g lC l ea r (GL COLOR BUFFER BIT | GL DEPTH BUFFER BIT) ;
glBindVertexArray (GL−>vao [ 0 ] ) ;
glUseProgram (GL−>p lo t ) ;
g lEnable (GL BLEND) ;

585 glBlendFunc (GL ONE, GL ONE) ;
}

s t a t i c void g r aph i c s s e t t r an s f o rms ( g raph i c s ∗GL, const M55 ∗T1 , const M55 ∗T2 , ⤦
Ç const V5 ∗ eye )

{
590 // pack

F eye2 [ 4 ] ;
F transform2 [ 4 ] [ 4 ] ;
F transform1 [ 4 ] [ 4 ] , t rans fo rm1 r [ 4 ] , t rans form1 b [ 4 ] , t rans form1 rb ;
f o r (Z i = 0 ; i < 4 ; ++i )

595 {
f o r ( i n t j = 0 ; j < 4 ; ++j )
{

transform2 [ i ] [ j ] = T2−>x [ i ] [ j ] ;
t rans form1 [ i ] [ j ] = T1−>x [ i ] [ j ] ;

600 }
t rans fo rm1 r [ i ] = T1−>x [ 4 ] [ i ] ;
t rans form1 b [ i ] = T1−>x [ i ] [ 4 ] ;
eye2 [ i ] = eye−>x [ i ] / eye−>x [ 4 ] ;

}
605 t rans fo rm1 rb = T1−>x [ 4 ] [ 4 ] ;

// upload
glUni formMatrix4fv (GL−>transform2 , 1 , GL FALSE, &transform2 [ 0 ] [ 0 ] ) ;
g lUni formMatrix4fv (GL−>transform1 , 1 , GL FALSE, &transform1 [ 0 ] [ 0 ] ) ;
g lUni form4fv (GL−>t rans form1 r , 1 , &trans fo rm1 r [ 0 ] ) ;

610 glUni form4fv (GL−>transform1 b , 1 , &trans form1 b [ 0 ] ) ;
g lUni form1f (GL−>trans form1 rb , t rans form1 rb ) ;
g lUni form4fv (GL−>eye , 1 , &eye2 [ 0 ] ) ;

}

615 s t a t i c void g r a ph i c s p l o t p o i n t s ( g raph i c s ∗GL, const po in t s ∗Q)
{

R phi5 = pow( ( sq r t (5 ) + 1) / 2 , 5) ;
ZZ n = 0 ;
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f o r (Z p = 1 ; p < MAXPERIOD; ++p)
620 {

i f (Q−>n [ p ] > 0)
{

R hue = (p − 1) / phi5 ;
F r , g , b ;

625 hsv2rgb ( hue , 0 . 975 , 1 , &r , &g , &b) ;
g lUni form3f (GL−>co lour , r , g , b ) ;
g lUni form1i (GL−>per iod , p) ;
f o r (Z q = 0 ; q < 2 ; ++q)
{

630 g lUni form1i (GL−>conjugate , q ) ;
glDrawArrays (GL POINTS, n , Q−>n [ p ] ) ;

}
n += Q−>n [ p ] ;

}
635 }

}

s t a t i c void g r aph i c s end p l o t ( g raph i c s ∗GL)
{

640 g lD i s ab l e (GL BLEND) ;
glBindFramebuffer (GL FRAMEBUFFER, 0) ;
g lC l ea rCo lo r (0 , 0 , 1 , 0) ;
g lC l ea r (GL COLOR BUFFER BIT | GL DEPTH BUFFER BIT) ;
glBindVertexArray (GL−>vao [ 1 ] ) ;

645 glUseProgram (GL−> f l a t ) ;
glDrawArrays (GL TRIANGLE STRIP, 0 , 4) ;

}

s t a t i c const char ∗ p l o t v e r t =
650 ”#ve r s i on 430 core \n”

”uniform bool conjugate ;\n”
”uniform in t per iod ;\n”
”uniform f l o a t aspect ;\n”
”uniform mat4 transform1 ;\n”

655 ”uniform vec4 t rans fo rm1 r ;\n”
”uniform vec4 trans form1 b ;\n”
”uniform f l o a t t rans fo rm1 rb ;\n”
”uniform mat4 transform2 ;\n”
” layout ( l o c a t i o n = 0) in vec4 cz ;\n”

660 ”out vec4 po s i t i o n ;\n”
”out vec4 normal ;\n”
” f l o a t [ 5 ] mul ( f l o a t [ 5 ] [ 5 ] m, f l o a t [ 5 ] v ) \n”
”{\n”
” f l o a t [ 5 ] r ;\n”

665 ” f o r ( i n t i = 0 ; i < 5 ; ++i ) \n”
” {\n”
” f l o a t s = 0 . 0 ; \ n”
” f o r ( i n t j = 0 ; j < 5 ; ++j ) \n”
” s += m[ i ] [ j ] ∗ v [ j ] ; \ n”

670 ” r [ i ] = s ;\n”
” }\n”
” return r ;\n”
”}\n”
”vec2 mul ( vec2 a , vec2 b) \n”

675 ”{\n”
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” return vec2 ( a . x ∗ b . x − a . y ∗ b . y , a . x ∗ b . y + a . y ∗ b . x ) ;\n”
”}\n”
” void main ( void ) \n”
”{\n”

680 // pack t rans fo rmat ion
” f l o a t [ 5 ] [ 5 ] T1 , N1 ; ”
” f o r ( i n t i = 0 ; i < 4 ; ++i ) \n”
” {\n”
” f o r ( i n t j = 0 ; j < 4 ; ++j ) \n”

685 ” {\n”
” T1 [ i ] [ j ] = transform1 [ i ] [ j ] ; \ n”
” N1 [ i ] [ j ] = transform1 [ i ] [ j ] ; \ n”
” }\n”
” T1 [ 4 ] [ i ] = t rans fo rm1 r [ i ] ; \ n”

690 ” T1 [ i ] [ 4 ] = trans form1 b [ i ] ; \ n”
” N1 [ 4 ] [ i ] = 0 . 0 ; \ n”
” N1 [ i ] [ 4 ] = 0 . 0 ; \ n”
” }\n”
” T1 [ 4 ] [ 4 ] = trans form1 rb ;\n”

695 ” N1 [ 4 ] [ 4 ] = 1 . 0 ; \ n”
” vec2 c = cz . xy ; i f ( conjugate ) c . y = −c . y ;\n”
” vec2 z = cz . zw ; i f ( conjugate ) z . y = −z . y ;\n”
// compute normal

#i f 1
700 ” vec2 dz = vec2 ( 1 . 0 , 0 . 0 ) ;\n”

” vec2 dc = vec2 ( 0 . 0 , 0 . 0 ) ;\n”
” f o r ( i n t p = 0 ; p < per iod ; ++p) \n”
” {\n”
” dz = 2 .0 ∗ mul ( dz , z ) ;\n”

705 ” dc = 2 .0 ∗ mul ( dc , z ) + vec2 ( 1 . 0 , 0 . 0 ) ;\n”
” z = mul ( z , z ) + c ;\n”
” }\n”
” f l o a t [ 5 ] n = f l o a t [ 5 ] ( dc . x , dc . y , dz . x − 1 . 0 , dz . y , 0 . 0 ) ;\n”
” n = mul (N1 , n) ;\n”

710 #end i f
// trans form
” f l o a t [ 5 ] u = f l o a t [ 5 ] ( c . x , c . y , z . x , z . y , 1 . 0 ) ;\n”
” u = mul (T1 , u) ;\n”
” po s i t i o n = vec4 (u [ 0 ] , u [ 1 ] , u [ 2 ] , u [ 3 ] ) ;\n”

715 ” normal = vec4 (n [ 0 ] , n [ 1 ] , n [ 2 ] , n [ 3 ] ) ;\n”
” vec4 m, v ;\n”
” f o r ( i n t i = 0 ; i < 4 ; ++i ) \n”
” {\n”

// ” m[ i ] = n [ i ] / (n [ 4 ] != 0 .0 ? n [ 4 ] : 1 . 0 ) ;\n”
720 ” v [ i ] = u [ i ] / u [ 4 ] ; \ n”

” }\n”
” i f ( a l l ( lessThanEqual ( abs ( v ) , vec4 ( 2 . 0 ) ) ) ) \n”
” {\n”
” v [ 3 ] = 1 . 0 ; \ n”

725 ” v = transform2 ∗ v ;\n”
” v . x /= aspect ;\n”

// ” po s i t i o n = v . xyz / v .w;\n”
// ” normal = m. xyz / (m.w != 0 .0 ? m.w : 1 . 0 ) ;\n”

” g l P o s i t i o n = v ;\n”
730 ” }\n”

” e l s e \n”
” g l P o s i t i o n = vec4 ( 0 . 0 / 0 . 0 ) ;\n”
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”}\n”
;

735

s t a t i c const char ∗ p l o t f r a g =
”#ve r s i on 430 core \n”
”uniform vec3 co l our ;\n”
”uniform f l o a t s h i n i n e s s ;\n”

740 ”uniform in t per iod ;\n”
” in vec4 po s i t i o n ;\n”
” in vec4 normal ;\n”
” layout ( l o c a t i o n = 0) out vec4 f c o l o u r ;\n”
” void main ( void ) \n”

745 ”{\n”
#i f 1

” vec4 eye = vec4 ( 0 . 0 , 0 . 0 , 0 . 0 , 0 . 0 ) ;\n”
” vec4 normalDir = normal ize ( normal ) ;\n”
” vec4 viewDir = normal ize ( eye − po s i t i o n ) ;\n”

750 ” i f ( dot ( viewDir , normalDir ) < 0 . 0 ) normalDir = −normalDir ;\n”
” f l o a t d i f f u s e = 0 . 0 ; \ n”
” f l o a t spe cu l a r = 0 . 0 ; \ n”
” f o r ( i n t x = −2; x <= 2 ; x += 4) \n”
” f o r ( i n t y = −2; y <= 2 ; y += 4) \n”

755 ” f o r ( i n t z = −2; z <= 2 ; z += 4) \n”
” f o r ( i n t w = −2; w <= 2 ; w += 4) \n”
” {\n”
” vec4 l i g h t = vec4 (x , y , z , w) ∗ 2 . 0 ; \ n”
” f l o a t d i s t ance = length ( l i g h t − po s i t i o n ) + length ( eye − po s i t i o n ) ;\n”

760 ” f l o a t d = 1000.0 / pow( d i s tance , 3 . 0 ) ;\n”
” vec4 l i g h tD i r = normal ize ( l i g h t − po s i t i o n ) ;\n”
” f l o a t d i f f u s e 1 = max( dot ( l i gh tD i r , normalDir ) , 0 . 0 ) ;\n”
” i f ( d i f f u s e 1 > 0 . 0 ) \n”
” {\n”

765 ” vec4 ha l fD i r = normal ize ( l i g h tD i r + viewDir ) ;\n”
” specu l a r += d ∗ pow(max( dot ( ha l fD i r , normalDir ) , 0 . 0 ) , s h i n i n e s s ) ;\n”
” d i f f u s e += d ∗ d i f f u s e 1 ;\n”
” }\n”
” }\n”

770 ” f c o l o u r = vec4 ( ( d i f f u s e ∗ co l our + specu l a r ∗ vec3 ( 1 0 . 0 ) ) / f l o a t ( per iod ) , ⤦
Ç 1 . 0 ) ;\n”

#end i f
// ” f c o l o u r = vec4 ( co lour , 1 . 0 ) ;\n”
// ” gl FragDepth = depth ;\n”

”}\n”
775 ;

s t a t i c const char ∗ f l a t v e r t =
”#ve r s i on 430 core \n”
” layout ( l o c a t i o n = 0) in vec4 p ;\n”

780 ”out vec2 coord ;\n”
” void main ( void ) \n”
”{\n”
” g l P o s i t i o n = vec4 (p . xy , 0 . 0 , 1 . 0 ) ;\n”
” coord = p . zw ;\n”

785 ”}\n”
;

s t a t i c const char ∗ f l a t f r a g =
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”#ve r s i on 430 core \n”
790 ”uniform sampler2D tex ;\n”

” in vec2 coord ;\n”
” layout ( l o c a t i o n = 0) out vec4 f c o l o u r ;\n”
” void main ( void ) \n”
”{\n”

795 ” vec4 c = texture ( tex , coord ) ;\n”
” f c o l o u r = vec4 (pow( c . rgb / 1024 .0 , vec3 ( 0 . 2 5 ) ) , 1 . 0 ) ;\n”
”}\n”
;

800 void debug program (GLuint program , const char ∗name) {
i f ( program ) {

GLint l i nked = GL FALSE;
glGetProgramiv ( program , GL LINK STATUS, &l inked ) ;
i f ( l i nked != GL TRUE) {

805 f p r i n t f ( s tde r r , ”%s : OpenGL shader program l i n k f a i l e d \n” , name) ;
}
GLint l ength = 0 ;
glGetProgramiv ( program , GL INFO LOG LENGTH, &length ) ;
char ∗ bu f f e r = ( char ∗) mal loc ( l ength + 1) ;

810 glGetProgramInfoLog ( program , length , NULL, bu f f e r ) ;
bu f f e r [ l ength ] = 0 ;
i f ( bu f f e r [ 0 ] ) {

f p r i n t f ( s tde r r , ”%s : OpenGL shader program in f o l og \n” , name) ;
f p r i n t f ( s tde r r , ”%s \n” , bu f f e r ) ;

815 }
f r e e ( bu f f e r ) ;

} e l s e {
f p r i n t f ( s tde r r , ”%s : OpenGL shader program c r e a t i on f a i l e d \n” , name) ;

}
820 }

void debug shader (GLuint shader , GLenum type , const char ∗name) {
const char ∗tname = 0 ;
switch ( type ) {

825 case GL VERTEX SHADER: tname = ” vertex ” ; break ;
case GLGEOMETRYSHADER: tname = ”geometry ” ; break ;
case GL FRAGMENT SHADER: tname = ” fragment ” ; break ;
d e f au l t : tname = ”unknown ” ; break ;

}
830 i f ( shader ) {

GLint compiled = GL FALSE;
g lGetShader iv ( shader , GL COMPILE STATUS, &compiled ) ;
i f ( compiled != GL TRUE) {

f p r i n t f ( s tde r r , ”%s : OpenGL %s shader compi le f a i l e d \n” , name , tname ) ;
835 }

GLint l ength = 0 ;
g lGetShader iv ( shader , GL INFO LOG LENGTH, &length ) ;
char ∗ bu f f e r = ( char ∗) mal loc ( l ength + 1) ;
g lGetShaderInfoLog ( shader , length , NULL, bu f f e r ) ;

840 bu f f e r [ l ength ] = 0 ;
i f ( bu f f e r [ 0 ] ) {

f p r i n t f ( s tde r r , ”%s : OpenGL %s shader i n f o l og \n” , name , tname ) ;
f p r i n t f ( s tde r r , ”%s \n” , bu f f e r ) ;

}
845 f r e e ( bu f f e r ) ;
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} e l s e {
f p r i n t f ( s tde r r , ”%s : OpenGL %s shader c r e a t i on f a i l e d \n” , name , tname ) ;

}
}

850

void compi l e shader (GLint program , GLenum type , const char ∗name , const GLchar ∗⤦
Ç source ) {

GLuint shader = glCreateShader ( type ) ;
g lShaderSource ( shader , 1 , &source , NULL) ;
glCompileShader ( shader ) ;

855 debug shader ( shader , type , name) ;
glAttachShader ( program , shader ) ;
g lDe le teShader ( shader ) ;

}

860 GLint compile program ( const char ∗name , const GLchar ∗vert , const GLchar ∗ f r a g ) ⤦
Ç {

GLint program = glCreateProgram ( ) ;
i f ( ve r t ) { compi l e shader ( program , GL VERTEX SHADER , name , ve r t ) ; }
i f ( f r a g ) { compi l e shader ( program , GL FRAGMENT SHADER, name , f r a g ) ; }
glLinkProgram ( program ) ;

865 debug program ( program , name) ;
r e turn program ;

}

void g r a p h i c s i n i t ( g raph i c s ∗GL, Z width , Z height , po in t s ∗Q)
870 {

g l fw I n i t ( ) ;
glfwWindowHint (GLFW CLIENT API, GLFW OPENGL API) ;
glfwWindowHint (GLFWCONTEXTVERSIONMAJOR, 4) ;
glfwWindowHint (GLFWCONTEXT VERSIONMINOR, 3) ;

875 glfwWindowHint (GLFW RESIZABLE, GL FALSE) ;
glfwWindowHint (GLFWDECORATED, GL FALSE) ;
GL−>window = glfwCreateWindow (width , height , ”Ult imate Anti−Buddhagram” , 0 , 0)⤦

Ç ;
glfwMakeContextCurrent (GL−>window) ;
glewExperimental = GL TRUE;

880 g l ew In i t ( ) ;
g lGetError ( ) ; // d i s ca rd common e r r o r from glew
glViewport (0 , 0 , width , he ight ) ;
g lD i s ab l e (GL DEPTH TEST) ;

// glEnable (GL PROGRAM POINT SIZE) ;
885 g lPo in tS i z e (1 ) ;

GL−>p lo t = compile program (” p lo t ” , p l o t v e r t , p l o t f r a g ) ;
glUseProgram (GL−>p lo t ) ;
GL−>transform1 = glGetUniformLocation (GL−>plot , ” transform1 ”) ;
GL−>t rans fo rm1 r = glGetUniformLocation (GL−>plot , ” t rans fo rm1 r ”) ;

890 GL−>trans form1 b = glGetUniformLocation (GL−>plot , ” trans form1 b ”) ;
GL−>t rans fo rm1 rb = glGetUniformLocation (GL−>plot , ” t rans form1 rb ”) ;
GL−>transform2 = glGetUniformLocation (GL−>plot , ” transform2 ”) ;
GL−>conjugate = glGetUniformLocation (GL−>plot , ” conjugate ”) ;
GL−>per iod = glGetUniformLocation (GL−>plot , ” per iod ”) ;

895 GL−>co l our = glGetUniformLocation (GL−>plot , ” co l our ”) ;
GL−>s h i n i n e s s = glGetUniformLocation (GL−>plot , ” s h i n i n e s s ”) ;
g lUni form1f (GL−>sh i n i n e s s , 100) ;
GL−>eye = glGetUniformLocation (GL−>plot , ” eye ”) ;
GL−>aspect = glGetUniformLocation (GL−>plot , ” aspect ”) ;
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900 g lUni form1f (GL−>aspect , width / (R) he ight ) ;
GL−> f l a t = compile program (” f l a t ” , f l a t v e r t , f l a t f r a g ) ;
glGenTextures (2 , &GL−>tex [ 0 ] ) ;
g lAct iveTexture (GL TEXTURE1) ;
glBindTexture (GL TEXTURE 2D, GL−>tex [ 1 ] ) ;

905 glTexImage2D (GL TEXTURE 2D, 0 , GLDEPTHCOMPONENT, width , height , 0 , ⤦
Ç GLDEPTHCOMPONENT, GL FLOAT, 0) ;

glTexParameteri (GL TEXTURE 2D, GL TEXTURE MIN FILTER, GL NEAREST) ;
glTexParameteri (GL TEXTURE 2D, GL TEXTURE MAG FILTER, GL NEAREST) ;
glTexParameteri (GL TEXTURE 2D, GL TEXTURE WRAP S, GL CLAMP TO EDGE) ;
glTexParameteri (GL TEXTURE 2D, GL TEXTUREWRAP T, GL CLAMP TO EDGE) ;

910 g lAct iveTexture (GL TEXTURE0) ;
glBindTexture (GL TEXTURE 2D, GL−>tex [ 0 ] ) ;
glTexImage2D (GL TEXTURE 2D, 0 , GL RGBA32F, width , height , 0 , GL RGBA, GL FLOAT⤦

Ç , 0) ;
g lTexParameteri (GL TEXTURE 2D, GL TEXTURE MIN FILTER, GL NEAREST) ;
glTexParameteri (GL TEXTURE 2D, GL TEXTURE MAG FILTER, GL NEAREST) ;

915 glTexParameteri (GL TEXTURE 2D, GL TEXTURE WRAP S, GL CLAMP TO EDGE) ;
glTexParameteri (GL TEXTURE 2D, GL TEXTUREWRAP T, GL CLAMP TO EDGE) ;
glGenFramebuffers (1 , &GL−>fbo ) ;
g lBindFramebuffer (GL FRAMEBUFFER, GL−>fbo ) ;
glFramebufferTexture2D (GL FRAMEBUFFER, GLCOLORATTACHMENT0, GL TEXTURE 2D, GL⤦

Ç −>tex [ 0 ] , 0) ;
920 glFramebufferTexture2D (GL FRAMEBUFFER, GLDEPTHATTACHMENT, GL TEXTURE 2D, GL⤦

Ç −>tex [ 1 ] , 0) ;
g lC l ea r (GL COLOR BUFFER BIT) ;
glGenVertexArrays (2 , &GL−>vao [ 0 ] ) ;
g lGenBuf fers (2 , &GL−>vbo [ 0 ] ) ;
glBindVertexArray (GL−>vao [ 0 ] ) ;

925 g lB indBuf f e r (GL ARRAY BUFFER, GL−>vbo [ 0 ] ) ;
g lBuf fe rData (GL ARRAY BUFFER, Q−>bytes used , Q−>cz [ 0 ] , GL STATIC DRAW) ;
g lVer t exAtt r ibPo in te r (0 , 4 , GL FLOAT, GL FALSE, 0 , 0) ;
g lEnableVertexAttr ibArray (0 ) ;
glBindVertexArray (GL−>vao [ 1 ] ) ;

930 g lB indBuf f e r (GL ARRAY BUFFER, GL−>vbo [ 1 ] ) ;
f l o a t vbo data [ 1 6 ] =

{ −1 , −1 , 0 , 0
, 1 , −1 , 1 , 0
, −1 , 1 , 0 , 1

935 , 1 , 1 , 1 , 1
} ;

g lBuf fe rData (GL ARRAY BUFFER, s i z e o f ( vbo data ) , vbo data , GL STATIC DRAW) ;
g lVer t exAtt r ibPo in te r (0 , 4 , GL FLOAT, GL FALSE, 0 , 0) ;
g lEnableVertexAttr ibArray (0 ) ;

940 }

s t a t i c void key handler (GLFWwindow ∗window , i n t key , i n t scancode , i n t act ion , ⤦
Ç i n t mods) {

i f ( a c t i on == GLFW PRESS) {
945 switch ( key ) {

case GLFWKEYQ:
case GLFWKEY ESCAPE:

glfwSetWindowShouldClose (window , GL TRUE) ;
break ;

950 }
}
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( void ) scancode ;
( void ) mods ;

}
955

extern i n t main ( i n t argc , char ∗∗ argv ) {
( void ) argc ;
( void ) argv ;
s i z e t bytes = 0 ;

960 c loud ∗K = c l o ud a l l o c (&bytes ) ;
i f ( ! K)

re turn 1 ;
c l o ud c l e a r (K) ;
ZZ po i n t s c = c l o ud c a l c u l a t e (K, DIM) ;

965 ZZ po i n t s z = c loud count (K) ;
f p r i n t f ( s tde r r , ”%l l d \n%l l d \n” , po in t s c , p o i n t s z ) ;

#i f 0
accum ∗A = accum al loc ( ) ;
image ∗G = image a l l o c ( ) ;

970 #end i f

R aspect = 1 ; // (WIDTH / (R) HEIGHT) ;
R zoom = 1 ;
R near = 2 , f a r = 10 , l e f t = −1 , r i g h t = 1 , top = 1 , bottom = −1 , in = −1 , out⤦

Ç = 1 ;
975 M55 o f f s e t 2 =

{ { { 4 , 0 , 0 , 0 , 0 }
, { 0 , 4 , 0 , 0 , 0 }
, { 0 , 0 , 4 , −6 , 0 }
, { 0 , 0 , 0 , 1 , 0 }

980 , { 0 , 0 , 0 , 0 , 1 }
}

} ;
M55 frustum2 =

{ { { 2 ∗ near ∗ aspect / (zoom ∗ ( r i g h t − l e f t ) ) , 0 , ( r i g h t + l e f t ) / (⤦
Ç r i g h t − l e f t ) , 0 , 0 }

985 , { 0 , 2 ∗ near / (zoom ∗ ( top − bottom ) ) , ( top + bottom ) / ( top − bottom )⤦
Ç , 0 , 0 }

, { 0 , 0 , −( f a r + near ) / ( f a r − near ) , −2 ∗ f a r ∗ near / ( f a r − near ) , 0 ⤦
Ç }

, { 0 , 0 , −1 , 0 , 0 }
, { 0 , 0 , 0 , 0 , 1 }
}

990 } ;
M55 T2 = mul m55 m55(&frustum2 , &o f f s e t 2 ) ;
s t r u c t quatern ion pq0 [ 2 ] = { { { 1 , 0 , 0 , 0 } } , { { 1 , 0 , 0 , 0 } } } ;
s t r u c t quatern ion pq [ 2 ] = { { { 1 , 0 , 0 , 0 } } , { { 1 , 0 , 0 , 0 } } } ;
s t r u c t quatern ion ta r g e t [ 2 ] ;

995 random unit quatern ion(& ta rg e t [ 0 ] ) ;
random unit quatern ion(& ta rg e t [ 1 ] ) ;

po in t s ∗Q = po i n t s a l l o c ( po i n t s z ) ;
po in t s f r om c loud (Q, K) ;

1000 c l o ud f r e e (K, bytes ) ;
g raph i c s GL;
g r a p h i c s i n i t (&GL, WIDTH, HEIGHT, Q) ;
p o i n t s f r e e d a t a (Q) ;
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1005 #de f i n e p i p e l i n e 8
s i z e t ppmbytes = WIDTH ∗ (HEIGHT ∗ 3) ;
GLsync syncs [ p i p e l i n e ] ;
GLuint pbo [ p i p e l i n e ] ;
g lGenBuf fers ( p i p e l i n e , &pbo [ 0 ] ) ;

1010 f o r ( i n t i = 0 ; i < p i p e l i n e ; ++i ) {
g lB indBuf f e r (GL PIXEL PACK BUFFER, pbo [ i ] ) ;
g lBu f f e rS to r ag e (GL PIXEL PACK BUFFER, ppmbytes , 0 , GL MAP READ BIT) ;

}

1015 gl fwSetKeyCal lback (GL. window , key handler ) ;
g l fwPo l lEvents ( ) ;
ZZ frame = 0 ;
const i n t speed = 65 ∗ 16 ;
whi l e ( ! glfwWindowShouldClose (GL. window) )

1020 {
i f ( ( frame + p i p e l i n e ) / speed >= 8) break ;
GLint e = glGetError ( ) ;
i f ( e ) f p r i n t f ( s tde r r , ”E: %d\n” , e ) ;
f o r (Z q = 0 ; q < 2 ; ++q)

1025 {
i f ( frame % speed == 0)
{

random unit quatern ion(& ta rg e t [ q ] ) ;
}

1030 q s l e r p (&pq [ q ] , &pq [ q ] , &ta r g e t [ q ] , 1e −3) ;
}
M55 cente r =

{ { { 1 , 0 , 0 , 0 , −v0 . x [ 0 ] }
, { 0 , 1 , 0 , 0 , −v0 . x [ 1 ] }

1035 , { 0 , 0 , 1 , 0 , −v0 . x [ 2 ] }
, { 0 , 0 , 0 , 1 , −v0 . x [ 3 ] }
, { 0 , 0 , 0 , 0 , 1 }
}

} ;
1040 s t r u c t matrix4 ro ta t e0 ;

mquat2(&rotate0 , &pq [ 0 ] , &pq [ 1 ] ) ;
M55 ro ta t e1 =

{ { { 1 , 0 , 0 , 0 , 0 }
, { 0 , 1 , 0 , 0 , 0 }

1045 , { 0 , 0 , 1 , 0 , 0 }
, { 0 , 0 , 0 , 1 , 0 }
, { 0 , 0 , 0 , 0 , 1 }
}

} ;
1050 M55 rotate1T =

{ { { 1 , 0 , 0 , 0 , 0 }
, { 0 , 1 , 0 , 0 , 0 }
, { 0 , 0 , 1 , 0 , 0 }
, { 0 , 0 , 0 , 1 , 0 }

1055 , { 0 , 0 , 0 , 0 , 1 }
}

} ;
Z c = 0 ;
f o r (Z a = 0 ; a < 4 ; ++a )

1060 f o r (Z b = 0 ; b < 4 ; ++b)
{
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r o ta t e1 . x [ a ] [ b ] = ro ta t e0 .m[ c ] ;
rotate1T . x [ b ] [ a ] = ro ta t e0 .m[ c ] ;
++c ;

1065 }
R focus = (4 ∗ f abs ( ( ( frame % speed ) + 0 . 5 ) / speed − 0 . 5 ) − 1) ∗ 2 + 6 ;
M55 o f f s e t =

{ { { 1 , 0 , 0 , 0 , 0 }
, { 0 , 1 , 0 , 0 , 0 }

1070 , { 0 , 0 , 1 , 0 , 0 }
, { 0 , 0 , 0 , 1 , −6 }
, { 0 , 0 , 0 , 0 , 1 }
}

} ;
1075 R depth = 32 .0 / speed ;

near = focus − depth ;
f a r = focus + depth ;
M55 frustum =

{ { { 2 ∗ near / (zoom ∗ ( r i g h t − l e f t ) ) , 0 , 0 , ( r i g h t + l e f t ) / ( r i g h t − ⤦
Ç l e f t ) , 0 }

1080 , { 0 , 2 ∗ near / (zoom ∗ ( top − bottom ) ) , 0 , ( top + bottom ) / ( top − ⤦
Ç bottom ) , 0 }

, { 0 , 0 , 2 ∗ near / (zoom ∗ ( in − out ) ) , ( in + out ) / ( in − out ) , 0 }
, { 0 , 0 , 0 , −( f a r + near ) / ( f a r − near ) , −2 ∗ f a r ∗ near / ( f a r − near⤦

Ç ) }
, { 0 , 0 , 0 , −1 , 0 }
}

1085 } ;
M55 ortho =

{ { { 2 / ( r i g h t − l e f t ) , 0 , 0 , − ( r i g h t + l e f t ) / ( r i g h t − l e f t ) }
, { 0 , 2 / ( top − bottom ) , 0 , 0 , − ( top + bottom ) / ( top − bottom ) }
, { 0 , 0 , 2 / ( out − in ) , 0 , − ( out + in ) / ( out − in ) }

1090 , { 0 , 0 , 0 , −2 / ( f a r − near ) , − ( f a r + near ) / ( f a r − near ) }
, { 0 , 0 , 0 , 0 , 1 }
}

} ;
M55 m = mul m55 m55(&rotate1 , &cente r ) ;

1095 m = mul m55 m55(& o f f s e t , &m) ;
m = mul m55 m55(&ortho , &m) ;
V5 eye = { { 0 , 0 , 0 , 6 , 1 } } ;
eye = mul m55 v5(&rotate1T , &eye ) ;
M55 T1 = m;

1100

#i f 0
accum clear (A) ;
ZZ t o t a l = accum from cloud (A, K, &T1 , &T2) ;

1105 // f p r i n t f ( s tde r r , ”%l l d \n” , t o t a l ) ;
image from accum (G, A, t o t a l ) ;

#end i f
g r aph i c s b e g i n p l o t (&GL) ;
g r aph i c s s e t t r an s f o rms (&GL, &T1 , &T2 , &eye ) ;

1110 g r a ph i c s p l o t p o i n t s (&GL, Q) ;
g r aph i c s end p l o t (&GL) ;
i n t k = frame % p i p e l i n e ;
g lB indBuf f e r (GL PIXEL PACK BUFFER, pbo [ k ] ) ;
GLsync s = glFenceSync (GL SYNCGPUCOMMANDSCOMPLETE, 0) ;

1115 i f ( frame − p i p e l i n e >= 0) {
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glWaitSync ( syncs [ k ] , 0 , GL TIMEOUT IGNORED) ;
void ∗buf = glMapBufferRange (GL PIXEL PACK BUFFER, 0 , ppmbytes , ⤦

Ç GL MAP READ BIT) ;
f p r i n t f ( stdout , ”P6\n%d %d\n%d\n” , WIDTH, HEIGHT, 255) ;
fw r i t e ( buf , ppmbytes , 1 , s tdout ) ;

1120 glUnmapBuffer (GL PIXEL PACK BUFFER) ;
}
syncs [ k ] = s ;
g lReadPixe l s (0 , 0 , WIDTH, HEIGHT, GL RGB, GL UNSIGNED BYTE, 0) ;
g l fwSwapBuffers (GL. window) ;

1125 frame++;
g l fwPol lEvents ( ) ;

}
#i f 0

accum free (A) ;
1130 image f r e e (G) ;

#end i f
r e turn 0 ;

}

62 ultimate-anti-buddha/UltimateAntiBuddhagram.frag

#ver s i on 400 compa t i b i l i t y
#in f o Ult imate Anti−Buddhagram ( c ) 2019 Claude Heiland −Allen
#in f o <https : //mathr . co . uk/ blog .2019−11−20 u l t ima t e an t i −buddhagram . html>

5 #de f i n e p r o v i d e s I n i t
#de f i n e prov idesCo lor
#de f i n e WANGHASH
#inc lude ”MathUtils . f r a g ”
#inc lude ”DE−Raytracer . f r a g ”

10 #inc lude ”Complex . f r a g ”

#group Buddhagram

uniform in t MaxPeriod ; s l i d e r [ 1 , 1 0 , 1 000 ]
15 uniform f l o a t S l i c eBase ; s l i d e r [ −2 ,0 , 2 ]

uniform f l o a t S l i ceDepth ; s l i d e r [ 0 , 4 , 8 ]
f l o a t S l i c e ;
uniform f l o a t Thickness ; s l i d e r [ 1 e −5 ,1 e −2 ,1 ] Logar ithmic

20 uniform f l o a t Angle1 ; s l i d e r [ −1 ,0 , 1 ]
uniform vec3 Rotation1 ; s l i d e r [( −1 , −1 , −1) , ( 0 , 0 , 1 ) , ( 1 , 1 , 1 ) ]
uniform f l o a t Angle2 ; s l i d e r [ −1 ,0 , 1 ]
uniform vec3 Rotation2 ; s l i d e r [( −1 , −1 , −1) , ( 0 , 0 , 1 ) , ( 1 , 1 , 1 ) ]
uniform vec4 Center ; s l i d e r [( −2 , −2 , −2 , −2) , ( 0 , 0 , 0 , 0 ) , ( 2 , 2 , 2 , 2 ) ]

25 uniform f l o a t Zoom ; s l i d e r [ 1 e −5 ,1 ,1 e5 ] Logar ithmic

uniform f l o a t ColorSpeed ; s l i d e r [ 0 , 0 . 5 , 1 0 ]

uniform f l o a t time ;
30

const f l o a t p i = 3.141592653589793 ;

// quatern ion exponent i a l
vec4 qExp( vec4 q )

35 {
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f l o a t s = q [ 0 ] ;
f l o a t v0 = q [ 1 ] ;
f l o a t v1 = q [ 2 ] ;
f l o a t v2 = q [ 3 ] ;

40 f l o a t vn = sq r t ( v0∗v0 + v1∗v1 + v2∗v2 ) ;
f l o a t vnc = cos ( vn ) ;
f l o a t vns = vn > 0 .0 ? s i n ( vn ) / vn : 0 . 0 ;
f l o a t se = exp ( s ) ;
vec4 r ;

45 r [ 0 ] = se ∗ vnc ;
r [ 1 ] = v0 ∗ vns ;
r [ 2 ] = v1 ∗ vns ;
r [ 3 ] = v2 ∗ vns ;
r e turn r ;

50 }

// 4D ro t a t i on matrix from two quatern ions
mat4 qMatrix ( vec4 p , vec4 q )
{

55 mat4 m;
f l o a t q0 , q1 , q2 , q3 , p0 , p1 , p2 , p3 ;
q0 = q [ 0 ] ; q1 = q [ 1 ] ; q2 = q [ 2 ] ; q3 = q [ 3 ] ;
p0 = p [ 0 ] ; p1 = p [ 1 ] ; p2 = p [ 2 ] ; p3 = p [ 3 ] ;
m[ 0 ] [ 0 ] = q0∗p0 + q1∗p1 + q2∗p2 + q3∗p3 ;

60 m[ 0 ] [ 1 ] = q1∗p0 − q0∗p1 − q3∗p2 + q2∗p3 ;
m[ 0 ] [ 2 ] = q2∗p0 + q3∗p1 − q0∗p2 − q1∗p3 ;
m[ 0 ] [ 3 ] = q3∗p0 − q2∗p1 + q1∗p2 − q0∗p3 ;
m[ 1 ] [ 0 ] = − q1∗p0 + q0∗p1 − q3∗p2 + q2∗p3 ;
m[ 1 ] [ 1 ] = q0∗p0 + q1∗p1 − q2∗p2 − q3∗p3 ;

65 m[ 1 ] [ 2 ] = − q3∗p0 + q2∗p1 + q1∗p2 − q0∗p3 ;
m[ 1 ] [ 3 ] = q2∗p0 + q3∗p1 + q0∗p2 + q1∗p3 ;
m[ 2 ] [ 0 ] = − q2∗p0 + q3∗p1 + q0∗p2 − q1∗p3 ;
m[ 2 ] [ 1 ] = q3∗p0 + q2∗p1 + q1∗p2 + q0∗p3 ;
m[ 2 ] [ 2 ] = q0∗p0 − q1∗p1 + q2∗p2 − q3∗p3 ;

70 m[ 2 ] [ 3 ] = − q1∗p0 − q0∗p1 + q3∗p2 + q2∗p3 ;
m[ 3 ] [ 0 ] = − q3∗p0 − q2∗p1 + q1∗p2 + q0∗p3 ;
m[ 3 ] [ 1 ] = − q2∗p0 + q3∗p1 − q0∗p2 + q1∗p3 ;
m[ 3 ] [ 2 ] = q1∗p0 + q0∗p1 + q3∗p2 + q2∗p3 ;
m[ 3 ] [ 3 ] = q0∗p0 − q1∗p1 − q2∗p2 + q3∗p3 ;

75 re turn m;
}

mat4 M;
void i n i t ( void )

80 {
f l o a t phi1 = ( sq r t ( 5 . 0 ) − 1 . 0 ) / 2 . 0 ;
f l o a t random = rand ( time + rand ( gl FragCoord . x + rand ( gl FragCoord . y ) ) ) ;
f l o a t d i th e r = mod( phi1 ∗ ( f l o a t ( subframe ) + random) + 0 . 5 , 1 . 0 ) − 0 . 5 ;
S l i c e = S l i c eBase + Sl iceDepth ∗ d i th e r ;

85 M = qMatrix
( qExp( vec4 ( 0 . 0 , p i ∗ Angle1 ∗ normal ize ( Rotation1 ) ) )
, qExp( vec4 ( 0 . 0 , p i ∗ Angle2 ∗ normal ize ( Rotation2 ) ) )
) ;

}
90

f l o a t DE( vec4 cz )
{
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vec2 c = cz . xy ;
vec2 z0 = cz . zw ;

95 vec2 z = z0 ;
vec2 dz = vec2 ( 1 . 0 , 0 . 0 ) ;
f l o a t de = 1 .0 / 0 . 0 ;
f o r ( i n t p = 0 ; p < MaxPeriod ; ++p)
{

100 dz = 2 .0 ∗ cMul ( dz , z ) ;
z = cSqr ( z ) + c ;
i f ( dot ( z , z ) > 1000 .0 ) break ;
i f ( dot ( dz , dz ) > 1000 .0 ) break ;
f l o a t de1 = max( l ength ( z − z0 ) , l ength ( dz ) − 1 . 0 ) ;

105 de = min ( de , de1 ) ;
}
re turn 0 .25 ∗ ( de − Thickness ) ;

}

110 vec3 per iodColor ( i n t p)
{

vec3 ColorBase = vec3 ( 3 . 0 , 2 . 0 , 1 . 0 ) ∗ pi / 3 . 0 ;
vec3 adj = vec3 ( ColorSpeed ∗ f l o a t (p − 1) ) ;
r e turn ( vec3 ( 0 . 5 ) + 0 .5 ∗ cos ( ColorBase + adj ) ) / f l o a t (p) ;

115 }

vec3 baseColor ( vec3 pos , vec3 normal ) {
vec4 cz = vec4 ( pos , S l i c e ) ;
cz ∗= M;

120 cz ∗= Zoom ;
cz += Center ;
vec2 c = cz . xy ;
vec2 z0 = cz . zw ;
vec2 z = z0 ;

125 vec2 dz = vec2 ( 1 . 0 , 0 . 0 ) ;
vec4 c o l o r = vec4 ( 0 . 0 ) ;
f o r ( i n t p = 1 ; p <= MaxPeriod ; ++p)
{

dz = 2 .0 ∗ cMul ( dz , z ) ;
130 z = cSqr ( z ) + c ;

i f ( dot ( z , z ) > 1000 .0 ) break ;
i f ( dot ( dz , dz ) > 1000 .0 ) break ;
f l o a t de1 = max( l ength ( z − z0 ) , l ength ( dz ) − 1 . 0 ) − Thickness ;
c o l o r += clamp ( vec4 ( per iodColor (p) , 1 . 0 ) / (1 e−10 + abs ( de1 ) ) , 0 . 0 , 1 e20 ) ;

135 }
re turn c o l o r . rgb / c o l o r . a ∗ 2 0 . 0 ;

}

f l o a t DE( vec3 pos ) {
140 vec4 cz = vec4 ( pos , S l i c e ) ;

cz ∗= M;
cz ∗= Zoom ;
cz += Center ;
r e turn DE( cz ) ;

145 }

#pre s e t Mandelbrot
FOV = 0.4
Eye = 0 ,0 , −4
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150 Target = 0 ,0 ,0
Up = 0 ,1 ,0
EquiRectangular = f a l s e
AutoFocus = f a l s e
FocalPlane = 1.025

155 Aperture = 0
Gamma = 2
ToneMapping = 4
Exposure = 3
Br ightnes s = 5

160 Contrast = 1
AvgLumin = 0 . 5 , 0 . 5 , 0 . 5
Saturat ion = 1
LumCoeff = 0.212500006 ,0 .715399981 ,0 .0720999986
Hue = 0

165 GaussianWeight = 1
Ant iA l i a sSca l e = 2
DepthToAlpha = f a l s e
ShowDepth = f a l s e
DepthMagnitude = 1

170 Deta i l = −5
DetailAO = −4
FudgeFactor = 1
MaxDistance = 1000
MaxRaySteps = 256

175 Dither = 0 .5 Locked
NormalBackStep = 1
AO = 0 ,0 ,0 ,0 .64795919
Specu lar = 0 .4
SpecularExp = 41.884817

180 SpecularMax = 10
SpotLight = 1 ,1 ,1 ,0 .400000006
SpotLightDir = 0.100000001 ,0 .34476846
CamLight = 1 ,1 ,1 ,1
CamLightMin = 0

185 Glow = 1 ,1 ,1 ,0
GlowMax = 20
Fog = 0
HardShadow = 0
ShadowSoft = 2

190 QualityShadows = f a l s e
Re f l e c t i o n = 0
DebugSun = f a l s e
BaseColor = 1 ,1 ,1
OrbitStrength = 1

195 X = 0.5 ,0 .600000024 ,0 .600000024 ,0 .699999988
Y = 1 ,0 .600000024 ,0 ,0 .400000006
Z = 0.800000012 ,0 .779999971 ,1 ,0 . 5
R = 0.400000006 ,0 .699999988 ,1 ,0 .119999997
BackgroundColor = 0 ,0 ,0

200 GradientBackground = 0 .3
CycleColors = f a l s e
Cycles = 1 .1
EnableFloor = f a l s e
FloorNormal = 0 ,0 ,1

205 FloorHeight = 0
FloorColor = 1 ,1 ,1
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Tr i g I t e r = 5
TrigLimit = 1.10000000000000009
MaxPeriod = 60

210 Sl iceDepth = 4
S l i c eBase = 0
Thick = 0.01
Angle1 = −1
Rotation1 = 0 ,0 ,1

215 Angle2 = 0
Rotation2 = 0 ,0 ,1
Center = −0.400000006 ,0 , −0.400000006 ,0
Zoom = 1
#endpreset

220

#pre s e t Lobster
FOV = 0.4

225 Eye = −0.316849924 , −2.01670454 ,1 .52978143
Target = −0.23872563 ,0 .857424268 , −1.25109615
Up = −0.203022354 , −0.678014877 , −0.706454352
EquiRectangular = f a l s e
Gamma = 2

230 ToneMapping = 4
Exposure = 3
Br ightnes s = 5
Contrast = 1
Saturat ion = 1

235 GaussianWeight = 1
Ant iA l i a sSca l e = 2
DepthToAlpha = f a l s e
ShowDepth = f a l s e
DepthMagnitude = 1

240 Deta i l = −5
FudgeFactor = 1
NormalBackStep = 1
CamLight = 1 ,1 ,1 ,2
BaseColor = 1 ,1 ,1

245 OrbitStrength = 1
X = 0.5 ,0 .600000024 ,0 .600000024 ,0 .699999988
Y = 1 ,0 .600000024 ,0 ,0 .400000006
Z = 0.800000012 ,0 .779999971 ,1 ,0 . 5
R = 0.400000006 ,0 .699999988 ,1 ,0 .119999997

250 BackgroundColor = 0 ,0 ,0
GradientBackground = 0 .3
CycleColors = f a l s e
Cycles = 1 .1
EnableFloor = f a l s e

255 FloorNormal = 0 ,0 ,1
FloorHeight = 0
FloorColor = 1 ,1 ,1
T r i g I t e r = 5
TrigLimit = 1.10000000000000009

260 MaxPeriod = 360
Sl iceDepth = 0 .5
S l i c eBase = −0.95254832
Thick = 0.01
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Angle1 = −0.0648464
265 Rotation1 = 0 , −0.54929578 ,0 .08450706

Angle2 = 0.2013652
Rotation2 = 0 ,0 ,1
Center = 0 ,0 ,0 ,0
Zoom = 1

270 AutoFocus = f a l s e
FocalPlane = 1
Aperture = 0
AvgLumin = 0 . 5 , 0 . 5 , 0 . 5
LumCoeff = 0.212500006 ,0 .715399981 ,0 .0720999986

275 Hue = 0
DetailAO = −4
MaxDistance = 1000
MaxRaySteps = 256
Dither = 0 .5 Locked

280 AO = 0 ,0 ,0 ,0 .699999988
Specu lar = 0 .4
SpecularExp = 29.62963
SpecularMax = 10
SpotLight = 1 ,1 ,1 ,0 .400000006

285 SpotLightDir = 0.100000001 ,0 .100000001
CamLightMin = 0
Glow = 1 ,1 ,1 ,0
GlowMax = 20
Fog = 0

290 HardShadow = 0
ShadowSoft = 2
QualityShadows = f a l s e
Re f l e c t i o n = 0
DebugSun = f a l s e

295 Angle11 : Linear : 0 : − 1 : 1 : 1 : 1 0 1 : 0 . 3 : 1 : 1 . 7 : 1 : 0
#endpreset

63 z-to-exp-z-plus-c/Makefile

z−to−exp−z−plus −c : z−to−exp−z−plus −c . c
gcc −std=c99 −Wall −Wextra −pedant ic −O3 −fopenmp −march=nat ive −o z−to−⤦

Ç exp−z−plus −c z−to−exp−z−plus −c . c −lm

z−to−exp−z−plus −c−henr iksen : z−to−exp−z−plus −c−henr iksen . c
5 gcc −std=c99 −Wall −Wextra −pedant ic −O3 −fopenmp −march=nat ive −o z−to−⤦

Ç exp−z−plus −c−henr iksen z−to−exp−z−plus −c−henr iksen . c −lm

z−to−exp−z−plus −c− lyapunov : z−to−exp−z−plus −c− lyapunov . c
gcc −std=c99 −Wall −Wextra −pedant ic −O3 −fopenmp −march=nat ive −o z−to−⤦

Ç exp−z−plus −c− lyapunov z−to−exp−z−plus −c− lyapunov . c −lm

64 z-to-exp-z-plus-c/z-to-exp-z-plus-c.c

// gcc −std=c99 −Wall −Wextra −pedant ic −O3 −fopenmp −march=nat ive −o z−to−exp−z⤦
Ç −plus −c z−to−exp−z−plus −c . c −lm

#inc lude <complex . h>
#inc lude <math . h>

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

10 i n t rand r ( unsigned i n t ∗ seedp ) ;

typede f f l o a t R;
typede f f l o a t Complex C;

15 #de f i n e c r e a l c r e a l f
#de f i n e cimag cimagf
#de f i n e cabs cabs f
#de f i n e cexp cexpf
#de f i n e f l o o r f l o o r f

20

s t a t i c R cnorm(C z )
{

re turn c r e a l ( z ) ∗ c r e a l ( z ) + cimag ( z ) ∗ cimag ( z ) ;
}

25

s t a t i c R c i snan (C z )
{

re turn i snan ( c r e a l ( z ) ) | | i snan ( cimag ( z ) ) ;
}

30

s t a t i c bool newton step (C ∗dz out , C ∗ z out , C z guess , C c , i n t per iod )
{

C z = z gue s s ;
C dz = 1 ;

35 f o r ( i n t i = 0 ; i < per iod ; ++i )
{

C e = cexp ( z ) ;
dz = e ∗ dz ;
z = e + c ;

40 }
∗dz out = dz ;
C z new = z gue s s − ( z − z gue s s ) / ( dz − 1) ;
∗ z out = c i snan ( z new ) ? z gue s s : z new ;
re turn ! c i snan ( z new ) ;

45 }

s t a t i c bool newton steps (C ∗dz out , C ∗ z out , C z guess , C c , i n t per iod , i n t ⤦
Ç nsteps )

{
C dz = 0 ;

50 C z = z gue s s ;
f o r ( i n t i = 0 ; i < nsteps ; ++i )
{

bool ok = newton step(&dz , &z , z , c , per iod ) ;
i f ( ! ok ) re turn f a l s e ;

55 }
∗dz out = dz ;
∗ z out = z ;
re turn true ;

}
60

s t a t i c bool i n t e r i o r d e (R ∗de out , C ∗dz out , C z , C c , i n t p , i n t s t ep s ) {
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C dz0 = 0 ;
C z0 = 0 ;
bool ok = newton steps (&dz0 , &z0 , z , c , p , s t ep s ) ;

65 i f ( ! ok ) re turn f a l s e ;
i f ( cnorm( dz0 ) <= 1) {
C z1 = z0 ;
C dz1 = 1 ;
C dzdz1 = 0 ;

70 C dc1 = 0 ;
C dcdz1 = 0 ;
f o r ( i n t j = 0 ; j < p ; ++j ) {

C e = cexp ( z1 ) ;
dcdz1 = e ∗ ( dcdz1 + dc1 ∗ dz1 ) ;

75 dc1 = e ∗ dc1 + 1 ;
dzdz1 = e ∗ ( dzdz1 + dz1 ∗ dz1 ) ;
dz1 = e ∗ dz1 ;
z1 = e + c ;

}
80 ∗de out = (1 − cnorm( dz1 ) ) / cabs ( dcdz1 + dzdz1 ∗ dc1 / (1 − dz1 ) ) ;

∗dz out = dz1 ;
re turn ∗de out > 0 ;

}
re turn f a l s e ;

85 }

s t a t i c void hsv2rgb (R h , R s , R v , R ∗ red , R ∗grn , R ∗blu )
{

h −= f l o o r (h) ;
90 R hue = h ∗ 6 ;

R sat = s ;
R b r i = v ;

i n t i = ( i n t ) f l o o r ( hue ) ;
R f = hue − i ;

95 i f ( ! ( i & 1) )
f = 1 − f ;

R m = br i ∗ (1 − sa t ) ;
R n = br i ∗ (1 − sa t ∗ f ) ;

R r = 0 , g = 0 , b = 0 ;
100 switch ( i )

{
case 6 :
case 0 : b = br i ;

g = n ;
105 r = m;

break ;
case 1 : b = n ;

g = br i ;
r = m;

110 break ;
case 2 : b = m;

g = br i ;
r = n ;
break ;

115 case 3 : b = m;
g = n ;
r = br i ;
break ;
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case 4 : b = n ;
120 g = m;

r = br i ;
break ;

case 5 : b = br i ;
g = m;

125 r = n ;
break ;

}
∗ red = b ;
∗grn = g ;

130 ∗blu = r ;
}

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

135 ( void ) argc ;
( void ) argv ;
srand ( time (0 ) ) ;
i n t sup = 1 ;
i n t sub = 1 ;

140 i n t width = 1920 ∗ sup / sub ;
i n t he ight = 1080 ∗ sup / sub ;
i n t bytes = width ∗ he ight ∗ 3 ;
unsigned char ∗ppm = malloc ( bytes ) ;
i n t maxiters = 6000 ;

145 C c0 = 0.75 + I ∗ 1 . 5 ;
C r0 = 0 . 0 5 ;
R phi = ( sq r t (5 ) + 1) / 2 ;
R px = r0 ∗ 2 / he ight ;
#pragma omp p a r a l l e l f o r schedu le ( s t a t i c , 1)

150 f o r ( i n t j = 0 ; j < he ight ; ++j )
{

unsigned i n t seed = rand ( ) ;
f o r ( i n t i = 0 ; i < width ; ++i )
{

155 R x = rand r (&seed ) / (R) RANDMAX − 0 . 5 ;
R y = rand r (&seed ) / (R) RANDMAX − 0 . 5 ;
i n t q = ( j ∗ width + i ) ∗ 3 ;
C c = c0 + r0 ∗ ( ( ( i + 0 .5 + x) / width − 0 . 5 ) ∗ width ∗ 2 .0 / he ight + I ⤦

Ç ∗ ( ( j + 0 .5 + y) / he ight − 0 . 5 ) ∗ 2 . 0 ) ;
C dz = 0 ;

160 R mz = 1.0 / 0 . 0 ;
i n t per iod = 0 ;
R de = 0 ;
C z1 = c ;
C z2 = c ;

165 f o r ( i n t k = 1 ; k < maxiters ; ++k)
{

z1 = cexp ( z1 ) + c ;
z2 = cexp ( z2 ) + c ;
z2 = cexp ( z2 ) + c ;

170 i f ( c i snan ( z2 ) )
{

break ;
}
R d = cnorm( z1 − z2 ) / cabs ( z1 ∗ z2 ) ;
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175 i f (d < mz)
{

mz = d ;
i f ( i n t e r i o r d e (&de , &dz , z2 , c , k , 64) )
{

180 per iod = k ;
break ;

}
}

}
185 R h = ( per iod − 1) ∗ phi / 24 ;

R s = per iod <= 0 ? 0 : 0 . 5 ;
R v = per iod <= 0 ? 0 : tanh (0 . 25 ∗ de / px ) ;
R r , g , b ;
hsv2rgb (h , s , v , &r , &g , &b) ;

190 ppm[ q++] = 255 ∗ r ;
ppm[ q++] = 255 ∗ g ;
ppm[ q++] = 255 ∗ b ;

}
}

195 p r i n t f (”P6\n%d %d\n255\n” , width , he ight ) ;
fw r i t e (ppm, bytes , 1 , s tdout ) ;
f r e e (ppm) ;
re turn 0 ;

}

65 z-to-exp-z-plus-c/z-to-exp-z-plus-c.frag

#ver s i on 130

#inc lude ”Progress ive2D . f r ag ”
#inc lude ”Complex . f r a g ”

5 #in f o Mandelbrot
#group Mandelbrot

// Number o f i t e r a t i o n s
uniform in t I t e r a t i o n s ; s l i d e r [ 10 , 200 , 1000 ]

10

bool c i snan ( vec2 z )
{

re turn i snan ( z . x ) | | i snan ( z . y ) ;
}

15

bool newton step ( out vec2 dz out , out vec2 z out , vec2 z guess , vec2 c , i n t ⤦
Ç per iod )

{
vec2 z = z gue s s ;
vec2 dz = vec2 ( 1 . 0 , 0 . 0 ) ;

20 f o r ( i n t i = 0 ; i < per iod ; ++i )
{

vec2 e = cExp ( z ) ;
dz = cMul ( e , dz ) ;
z = e + c ;

25 }
dz out = dz ;
vec2 z new = z gue s s − cDiv ( z − z guess , dz − vec2 ( 1 . 0 , 0 . 0 ) ) ;
z out = c i snan ( z new ) ? z gue s s : z new ;

252



fractal-bits z-to-exp-z-plus-c/z-to-exp-z-plus-c.frag

re turn ! c i snan ( z new ) ;
30 }

bool newton steps ( out vec2 dz out , out vec2 z out , vec2 z guess , vec2 c , i n t ⤦
Ç per iod , i n t nsteps )

{
vec2 dz = vec2 ( 0 . 0 , 0 . 0 ) ;

35 vec2 z = z gue s s ;
f o r ( i n t i = 0 ; i < nsteps ; ++i )
{

bool ok = newton step ( dz , z , z , c , pe r iod ) ;
i f ( ! ok ) re turn f a l s e ;

40 }
dz out = dz ;
z out = z ;
re turn true ;

}
45

bool i n t e r i o r d e ( out f l o a t de out , out vec2 dz out , vec2 z , vec2 c , i n t p , i n t ⤦
Ç s t ep s ) {

vec2 dz0 = vec2 ( 0 . 0 , 0 . 0 ) ;
vec2 z0 = vec2 ( 0 . 0 , 0 . 0 ) ;
bool ok = newton steps ( dz0 , z0 , z , c , p , s t ep s ) ;

50 i f ( ! ok ) re turn f a l s e ;
i f (cNorm( dz0 ) <= 1 . 0 ) {

vec2 z1 = z0 ;
vec2 dz1 = vec2 ( 1 . 0 , 0 . 0 ) ;
vec2 dzdz1 = vec2 ( 0 . 0 , 0 . 0 ) ;

55 vec2 dc1 = vec2 ( 0 . 0 , 0 . 0 ) ;
vec2 dcdz1 = vec2 ( 0 . 0 , 0 . 0 ) ;
f o r ( i n t j = 0 ; j < p ; ++j ) {

vec2 e = cExp ( z1 ) ;
dcdz1 = cMul ( e , dcdz1 + cMul ( dc1 , dz1 ) ) ;

60 dc1 = cMul ( e , dc1 ) + vec2 ( 1 . 0 , 0 . 0 ) ;
dzdz1 = cMul ( e , dzdz1 + cMul ( dz1 , dz1 ) ) ;
dz1 = cMul ( e , dz1 ) ;
z1 = e + c ;

}
65 de out = (1 . 0 − cNorm( dz1 ) ) / cAbs ( dcdz1 + cDiv ( cMul ( dzdz1 , dc1 ) , vec2 ( 1 . 0 , ⤦

Ç 0 . 0 ) − dz1 ) ) ;
dz out = dz1 ;
re turn de out > 0 . 0 ;

}
re turn f a l s e ;

70 }

void hsv2rgb ( f l o a t h , f l o a t s , f l o a t v , out f l o a t red , out f l o a t grn , out f l o a t ⤦
Ç blu )

{
h −= f l o o r (h) ;

75 f l o a t hue = h ∗ 6 . 0 ;
f l o a t sa t = s ;
f l o a t b r i = v ;
i n t i = in t ( f l o o r ( hue ) ) ;
f l o a t f = hue − f l o a t ( i ) ;

80 i f ( ! ( ( i & 1) == 1) ) f = 1 .0 − f ;
f l o a t m = br i ∗ ( 1 . 0 − sa t ) ;
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f l o a t n = br i ∗ ( 1 . 0 − sa t ∗ f ) ;
f l o a t r = 0 , g = 0 , b = 0 ;

switch ( i )
85 {

case 6 :
case 0 : b = br i ;

g = n ;
r = m;

90 break ;
case 1 : b = n ;

g = br i ;
r = m;
break ;

95 case 2 : b = m;
g = br i ;
r = n ;
break ;

case 3 : b = m;
100 g = n ;

r = br i ;
break ;

case 4 : b = n ;
g = m;

105 r = br i ;
break ;

case 5 : b = br i ;
g = m;
r = n ;

110 break ;
}

red = b ;
grn = g ;
blu = r ;

115 }

vec3 c o l o r ( vec2 c )
{

f l o a t phi = ( sq r t ( 5 . 0 ) + 1 . 0 ) / 2 . 0 ;
120 f l o a t px = length ( vec4 (dFdx( c ) , dFdy( c ) ) ) ;

vec2 dz = vec2 ( 0 . 0 , 0 . 0 ) ;
f l o a t mz = 1 .0 / 0 . 0 ;
i n t per iod = 0 ;
f l o a t de = 0 ;

125 vec2 z1 = c ;
vec2 z2 = c ;
i n t k ;
f o r ( k = 1 ; k < I t e r a t i o n s ; ++k)

{
130 z1 = cExp ( z1 ) + c ;

z2 = cExp ( z2 ) + c ;
z2 = cExp ( z2 ) + c ;
i f ( c i snan ( z2 ) ) break ;
f l o a t d = cNorm( z1 − z2 ) / cAbs ( cMul ( z1 , z2 ) ) ;

135 i f (d < mz)
{

mz = d ;
i f ( i n t e r i o r d e ( de , dz , z2 , c , k , 64) )
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{
140 per iod = k ;

break ;
}

}
}

145 f l o a t h = f l o a t ( per iod − 1) ∗ phi / 2 4 . 0 ;
f l o a t s = per iod <= 0 ? 0 .0 : 0 . 5 ;
f l o a t v = per iod <= 0 ? k == I t e r a t i o n s ? 1 .0 : 0 . 0 : tanh ( clamp ( de / px , ⤦

Ç 0 . 0 , 4 . 0 ) ) ;
f l o a t r , g , b ;
hsv2rgb (h , s , v , r , g , b ) ;

150 re turn vec3 ( r , g , b ) ;
}

66 z-to-exp-z-plus-c/z-to-exp-z-plus-c-henriksen.c

// gcc −std=c99 −Wall −Wextra −pedant ic −O3 −fopenmp −march=nat ive −o z−to−exp−z⤦
Ç −plus −c z−to−exp−z−plus −c . c −lm

#inc lude <complex . h>
#inc lude <math . h>

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

10 i n t rand r ( unsigned i n t ∗ seedp ) ;

long double cnorml ( long double Complex z )
{

re turn c r e a l l ( z ) ∗ c r e a l l ( z ) + cimagl ( z ) ∗ c imagl ( z ) ;
15 }

long double c i s n an l ( long double Complex z )
{

re turn i snan ( c r e a l l ( z ) ) | | i snan ( c imagl ( z ) ) ;
20 }

bool newton step ( long double Complex ∗dz out , long double Complex ∗ z out , long⤦
Ç double Complex z guess , long double Complex c , i n t per iod )

{
long double Complex z = z gue s s ;

25 long double Complex dz = 1 ;
f o r ( i n t i = 0 ; i < per iod ; ++i )
{

long double Complex e = cexp l ( z ) ;
dz = e ∗ dz ;

30 z = e + c ;
}
∗dz out = dz ;
long double Complex z new = z gue s s − ( z − z gue s s ) / ( dz − 1) ;
∗ z out = c i s n an l ( z new ) ? z gue s s : z new ;

35 re turn ! c i s n an l ( z new ) ;
}

bool newton steps ( long double Complex ∗dz out , long double Complex ∗ z out , ⤦
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Ç long double Complex z guess , long double Complex c , i n t per iod , i n t ⤦
Ç nsteps )

{
40 long double Complex dz = 0 ;

long double Complex z = z gue s s ;
f o r ( i n t i = 0 ; i < nsteps ; ++i )
{

bool ok = newton step(&dz , &z , z , c , per iod ) ;
45 i f ( ! ok ) re turn f a l s e ;

}
∗dz out = dz ;
∗ z out = z ;
re turn true ;

50 }

bool i n t e r i o r d e ( long double ∗de out , long double Complex ∗dz out , long double ⤦
Ç Complex z , long double Complex c , i n t p , i n t s t ep s ) {

long double Complex dz0 = 0 ;
long double Complex z0 = 0 ;

55 bool ok = newton steps (&dz0 , &z0 , z , c , p , s t ep s ) ;
i f ( ! ok ) re turn f a l s e ;
i f ( cnorml ( dz0 ) <= 1) {

long double Complex z1 = z0 ;
long double Complex dz1 = 1 ;

60 long double Complex dzdz1 = 0 ;
long double Complex dc1 = 0 ;
long double Complex dcdz1 = 0 ;
f o r ( i n t j = 0 ; j < p ; ++j ) {

long double Complex e = cexp l ( z1 ) ;
65 dcdz1 = e ∗ ( dcdz1 + dc1 ∗ dz1 ) ;

dc1 = e ∗ dc1 + 1 ;
dzdz1 = e ∗ ( dzdz1 + dz1 ∗ dz1 ) ;
dz1 = e ∗ dz1 ;
z1 = e + c ;

70 }
∗de out = (1 − cnorml ( dz1 ) ) / cab s l ( dcdz1 + dzdz1 ∗ dc1 / (1 − dz1 ) ) ;
∗dz out = dz1 ;
re turn ∗de out > 0 ;

}
75 re turn f a l s e ;

}

void hsv2rgb ( long double h , long double s , long double v , long double ∗ red , long⤦
Ç double ∗grn , long double ∗blu )

{
80 h −= f l o o r (h) ;

long double hue = h ∗ 6 ;
long double sa t = s ;
long double b r i = v ;

i n t i = ( i n t ) f l o o r l ( hue ) ;
85 long double f = hue − i ;

i f ( ! ( i & 1) )
f = 1 − f ;

long double m = br i ∗ (1 − sa t ) ;
long double n = br i ∗ (1 − sa t ∗ f ) ;

90 long double r = 0 , g = 0 , b = 0 ;
switch ( i )
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{
case 6 :
case 0 : b = br i ;

95 g = n ;
r = m;
break ;

case 1 : b = n ;
g = br i ;

100 r = m;
break ;

case 2 : b = m;
g = br i ;
r = n ;

105 break ;
case 3 : b = m;

g = n ;
r = br i ;
break ;

110 case 4 : b = n ;
g = m;
r = br i ;
break ;

case 5 : b = br i ;
115 g = m;

r = n ;
break ;

}
∗ red = b ;

120 ∗grn = g ;
∗blu = r ;

}

i n t main ( i n t argc , char ∗∗ argv )
125 {

( void ) argc ;
( void ) argv ;
srand ( time (0 ) ) ;
i n t sup = 1 ;

130 i n t sub = 1 ;
i n t width = 1920 ∗ sup / sub ;
i n t he ight = 1080 ∗ sup / sub ;
i n t bytes = width ∗ he ight ∗ 3 ;
unsigned char ∗ppm = malloc ( bytes ) ;

135 i n t maxiters = 100 ;
long double Complex c0 = 0.75 + I ∗ 1 . 5 ;
long double r0 = 0 . 0 5 ;
long double px = r0 ∗ 2 / he ight ;
#pragma omp p a r a l l e l f o r

140 f o r ( i n t j = 0 ; j < he ight ; ++j )
{

unsigned i n t seed = rand ( ) ;
f o r ( i n t i = 0 ; i < width ; ++i )
{

145 long double x = rand r (&seed ) / ( long double ) RANDMAX − 0 . 5 ;
long double y = rand r (&seed ) / ( long double ) RANDMAX − 0 . 5 ;
i n t q = ( j ∗ width + i ) ∗ 3 ;
long double Complex c = c0 + r0 ∗ ( ( ( i + 0 .5 + x) / width − 0 . 5 ) ∗ width ⤦
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Ç ∗ 2 .0 / he ight + I ∗ ( ( j + 0 .5 + y) / he ight − 0 . 5 ) ∗ 2 . 0 ) ;
long double Complex z = c ;

150 long double Complex dc = 1 ;
long double Complex dz = 1 ;
long double l = 0 ;
i n t k = 0 ;
f o r ( k = 0 ; k < maxiters ; ++k)

155 {
long double Complex e = cexp l ( z ) ;
l += l o g l ( cnorml ( e ) ) ;
dz = e ∗ dz ;

dc = e ∗ dc + 1 ;
160 z = e + c ;

i f ( cnorml ( dz ) < 1 .0 e−6L) { k = −1; break ; }
i f ( cnorml ( z + c ) < cnorml (px ∗ 0 .1 ∗ ( dc + 1) ) ) break ;

}
l ∗= 0.5L / (k + 1) ;

165 long double h = 0 ;
long double s = 0 ;
long double v = l < 0 ;
long double r , g , b ;
hsv2rgb (h , s , v , &r , &g , &b) ;

170 ppm[ q++] = 255 ∗ r ;
ppm[ q++] = 255 ∗ g ;
ppm[ q++] = 255 ∗ b ;

}
}

175 p r i n t f (”P6\n%d %d\n255\n” , width , he ight ) ;
fw r i t e (ppm, bytes , 1 , s tdout ) ;
f r e e (ppm) ;
re turn 0 ;

}

67 z-to-exp-z-plus-c/z-to-exp-z-plus-c-lyapunov.c

// gcc −std=c99 −Wall −Wextra −pedant ic −O3 −fopenmp −march=nat ive −o z−to−exp−z⤦
Ç −plus −c z−to−exp−z−plus −c . c −lm

#inc lude <complex . h>
#inc lude <math . h>

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

10 i n t rand r ( unsigned i n t ∗ seedp ) ;

long double cnorml ( long double Complex z )
{

re turn c r e a l l ( z ) ∗ c r e a l l ( z ) + cimagl ( z ) ∗ c imagl ( z ) ;
15 }

long double c i s n an l ( long double Complex z )
{

re turn i snan ( c r e a l l ( z ) ) | | i snan ( c imagl ( z ) ) ;
20 }
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bool newton step ( long double Complex ∗dz out , long double Complex ∗ z out , long⤦
Ç double Complex z guess , long double Complex c , i n t per iod )

{
long double Complex z = z gue s s ;

25 long double Complex dz = 1 ;
f o r ( i n t i = 0 ; i < per iod ; ++i )
{

long double Complex e = cexp l ( z ) ;
dz = e ∗ dz ;

30 z = e + c ;
}
∗dz out = dz ;
long double Complex z new = z gue s s − ( z − z gue s s ) / ( dz − 1) ;
∗ z out = c i s n an l ( z new ) ? z gue s s : z new ;

35 re turn ! c i s n an l ( z new ) ;
}

bool newton steps ( long double Complex ∗dz out , long double Complex ∗ z out , ⤦
Ç long double Complex z guess , long double Complex c , i n t per iod , i n t ⤦
Ç nsteps )

{
40 long double Complex dz = 0 ;

long double Complex z = z gue s s ;
f o r ( i n t i = 0 ; i < nsteps ; ++i )
{

bool ok = newton step(&dz , &z , z , c , per iod ) ;
45 i f ( ! ok ) re turn f a l s e ;

}
∗dz out = dz ;
∗ z out = z ;
re turn true ;

50 }

bool i n t e r i o r d e ( long double ∗de out , long double Complex ∗dz out , long double ⤦
Ç Complex z , long double Complex c , i n t p , i n t s t ep s ) {

long double Complex dz0 = 0 ;
long double Complex z0 = 0 ;

55 bool ok = newton steps (&dz0 , &z0 , z , c , p , s t ep s ) ;
i f ( ! ok ) re turn f a l s e ;
i f ( cnorml ( dz0 ) <= 1) {

long double Complex z1 = z0 ;
long double Complex dz1 = 1 ;

60 long double Complex dzdz1 = 0 ;
long double Complex dc1 = 0 ;
long double Complex dcdz1 = 0 ;
f o r ( i n t j = 0 ; j < p ; ++j ) {

long double Complex e = cexp l ( z1 ) ;
65 dcdz1 = e ∗ ( dcdz1 + dc1 ∗ dz1 ) ;

dc1 = e ∗ dc1 + 1 ;
dzdz1 = e ∗ ( dzdz1 + dz1 ∗ dz1 ) ;
dz1 = e ∗ dz1 ;
z1 = e + c ;

70 }
∗de out = (1 − cnorml ( dz1 ) ) / cab s l ( dcdz1 + dzdz1 ∗ dc1 / (1 − dz1 ) ) ;
∗dz out = dz1 ;
re turn ∗de out > 0 ;

}
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75 re turn f a l s e ;
}

void hsv2rgb ( long double h , long double s , long double v , long double ∗ red , long⤦
Ç double ∗grn , long double ∗blu )

{
80 h −= f l o o r (h) ;

long double hue = h ∗ 6 ;
long double sa t = s ;
long double b r i = v ;

i n t i = ( i n t ) f l o o r l ( hue ) ;
85 long double f = hue − i ;

i f ( ! ( i & 1) )
f = 1 − f ;

long double m = br i ∗ (1 − sa t ) ;
long double n = br i ∗ (1 − sa t ∗ f ) ;

90 long double r = 0 , g = 0 , b = 0 ;
switch ( i )
{
case 6 :
case 0 : b = br i ;

95 g = n ;
r = m;
break ;

case 1 : b = n ;
g = br i ;

100 r = m;
break ;

case 2 : b = m;
g = br i ;
r = n ;

105 break ;
case 3 : b = m;

g = n ;
r = br i ;
break ;

110 case 4 : b = n ;
g = m;
r = br i ;
break ;

case 5 : b = br i ;
115 g = m;

r = n ;
break ;

}
∗ red = b ;

120 ∗grn = g ;
∗blu = r ;

}

i n t main ( i n t argc , char ∗∗ argv )
125 {

( void ) argc ;
( void ) argv ;
srand ( time (0 ) ) ;
i n t sup = 1 ;

130 i n t sub = 1 ;
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i n t width = 1920 ∗ sup / sub ;
i n t he ight = 1080 ∗ sup / sub ;
i n t bytes = width ∗ he ight ∗ 3 ;
unsigned char ∗ppm = malloc ( bytes ) ;

135 i n t maxiters = 600 ;
long double Complex c0 = 0.75 + I ∗ 1 . 5 ;
long double Complex r0 = 0 . 0 5 ;
long double phi = ( s q r t l ( 5 ) + 1) / 2 ;
#pragma omp p a r a l l e l f o r

140 f o r ( i n t j = 0 ; j < he ight ; ++j )
{

unsigned i n t seed = rand ( ) ;
f o r ( i n t i = 0 ; i < width ; ++i )
{

145 long double x = rand r (&seed ) / ( long double ) RANDMAX − 0 . 5 ;
long double y = rand r (&seed ) / ( long double ) RANDMAX − 0 . 5 ;
i n t q = ( j ∗ width + i ) ∗ 3 ;
long double Complex c = c0 + r0 ∗ ( ( ( i + 0 .5 + x) / width − 0 . 5 ) ∗ width ⤦

Ç ∗ 2 .0 / he ight + I ∗ ( ( j + 0 .5 + y) / he ight − 0 . 5 ) ∗ 2 . 0 ) ;
long double Complex z = c ;

150 long double l = 0 ;
f o r ( i n t k = 0 ; k < maxiters ; ++k)
{

long double Complex e = cexp l ( z ) ;
l += l o g l ( c ab s l ( e ) ) ;

155 z = e + c ;
}
l /= maxiters ;
long double h = ( l > 0) ∗ phi ;
long double s = ( l > 0) ? 0 .25 : 0 . 7 5 ;

160 long double v = tanhl ( 0 . 1 ∗ f a b s l ( l ) ) ;
long double r , g , b ;
hsv2rgb (h , s , v , &r , &g , &b) ;
ppm[ q++] = 255 ∗ r ;
ppm[ q++] = 255 ∗ g ;

165 ppm[ q++] = 255 ∗ b ;
}

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

170 f r e e (ppm) ;
re turn 0 ;

}
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