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raymond examples/Balls.frag

1 examples/Balls.frag

#v er s i on 330 c o m p a t i b i l i t y

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

#inc lude ”Raymond−sRGB. f r a g ”
10 #inc lude ”Raymond . f r a g ”

u int hash ( u int a )
{

re turn h a s h b u r t l e 9 ( a ) ;
15 }

Ray camera (Random PRNG, Camera C, vec2 coord , out f l o a t i n t e n s i t y )
{

re turn p inho l e (PRNG, C, −coord , p inho l e un i f o rms ( ) , i n t e n s i t y ) ;
20 }

f l o a t ray t race (Random PRNG, Ray V, out Hit h)
{

re turn ray t ra c e de (PRNG, V, ray t ra c e de un i f o rms ( ) , h ) ;
25 }

vec3 f i l m (Random PRNG, f l o a t wavelength , f l o a t i n t e n s i t y )
{

re turn xyz2rgb ( obse rve r ( wavelength ) ∗ i n t e n s i t y ) ;
30 }

f l o a t s c r e en ( vec4 tex , f l o a t wavelength )
{

re turn 0 . 0 ;
35 }

vec4 l i g h t (Random PRNG, vec3 from , vec3 d i r )
{

re turn vec4 ( 0 . 0 ) ;
40 }

#d e f i n e SCENE( hit , su r face , s c ene tag ) \
h i t scene ( s c ene tag tag , Random PRNG, Ray V) \

45 { \
s u r f a c e G = Plane ( tag , I d e n t i t y ( ) , V, Z , 0 . 0 ) ; \
re turn Union6 \

( Light ( Inve r t ( Sphere ( tag , Sca l e ( 5 0 . 0 ) , V) ) , V, \
D65(V. wavelength ) ∗ 5 .0 ∗ pow(V. o r i g i n . z / 50 . 0 , 8 . 0 ) ) \

50 , Glass ( srand (PRNG, 1) , Sphere ( tag , Trans late ( vec3 ( 0 . 0 , −4 . 5 , 1 . 0 ) ) , V) , V) ⤦
Ç \

, Quartz ( srand (PRNG, 2) , Sphere ( tag , Trans late ( vec3 ( 0 . 0 , −1 . 5 , 1 . 0 ) ) , V) , V) ⤦
Ç \

, Water ( srand (PRNG, 3) , Sphere ( tag , Trans late ( vec3 ( 0 . 0 , 1 . 5 , 1 . 0 ) ) , V) , V) ⤦
Ç \
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raymond examples/Bubbles.frag

, D i f f u s e ( srand (PRNG, 4) , Sphere ( tag , Trans late ( vec3 ( 0 . 0 , 4 . 5 , 1 . 0 ) ) , V) , V, ⤦
Ç 0 . 5 ) \

, Checkerboard \
55 ( V. o r i g i n \

, D i f f u s e ( srand (PRNG, 5) , G, V, 0 . 3 ) \
, D i f f u s e ( srand (PRNG, 6) , G, V, 0 . 7 ) \
) \

) ; \
60 }

SCENE( Hit , Surface , Scene HIT )
#i f 1
// f a s t

65 SCENE( f l o a t , f l o a t , Scene DE )
#e l s e
// slow
f l o a t scene ( Scene DE tag , Random PRNG, Ray V)
{

70 Scene HIT HIT ;
re turn scene (HIT , PRNG, V) . s u r f a c e . de ;

}
#e n d i f

75 #p r e s e t Defau l t
FOV = 0.575
Eye = 8 .703398 ,3 .894242 ,3 .333333
Target = 1 .140564 ,0 .6462541 ,0 .3816794
Up = −0.3986355 , −0.3137904 ,0 .7589191

80 Steps = 100
Depth = 25
Acne = −16.51064
Aperture = 0.0299999
S i z e = 35

85 Wavelengths = 300 ,780
Exposure = 2
#endpreset

2 examples/Bubbles.frag

#v er s i on 330 c o m p a t i b i l i t y

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

#inc lude ”Raymond−sRGB. f r a g ”
10 #inc lude ”Raymond . f r a g ”

#group Bubble
uniform f l o a t Thickness ; s l i d e r [ 1 0 0 . 0 , 1 0 0 0 . 0 , 1 0 0 0 0 . 0 ]

15 // render as l i g h t s i n s t ead o f bubbles
const bool DEBUG = f a l s e ;

u int hash ( u int a )
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raymond examples/Bubbles.frag

{
20 re turn h a s h b u r t l e 9 ( a ) ;

}

Ray camera (Random PRNG, Camera C, vec2 coord , out f l o a t i n t e n s i t y )
{

25 re turn p inho l e (PRNG, C, −coord , p inho l e un i f o rms ( ) , i n t e n s i t y ) ;
}

f l o a t ray t race (Random PRNG, Ray V, out Hit h)
{

30 re turn ray t ra c e de (PRNG, V, ray t ra c e de un i f o rms ( ) , h ) ;
}

vec3 f i l m (Random PRNG, f l o a t wavelength , f l o a t i n t e n s i t y )
{

35 re turn xyz2rgb ( obse rve r ( wavelength ) ∗ i n t e n s i t y ) ;
}

f l o a t s c r e en ( vec4 tex , f l o a t wavelength )
{

40 re turn CRT( sRGB2linear ( tex . rgb ) , wavelength ) ;
}

vec4 l i g h t (Random PRNG, vec3 from , vec3 d i r )
{

45 re turn vec4 ( 0 . 0 ) ;
}

vec4 bubble ( vec3 o r i g i n , i n t n)
50 {

vec3 l o = f l o o r ( o r i g i n ) ;
vec3 md = vec3 ( l o ) + vec3 ( ( i v e c3 (n) & ivec3 (1 , 2 , 4) ) >> i v e c3 (0 , 1 , 2) ) ;
// pseudo−random hash o f i n t e g e r g r id coo rd ina t e s
Random PRNG2;

55 PRNG2. seed = hash (md) ;
PRNG2. index = 0u ;
Random PRNG3;
PRNG3. seed = hash (md. xy ) ;
PRNG3. index = 0u ;

60 vec4 posr ;
posr . xyz = uniform3 (PRNG2) − vec3 ( 0 . 5 ) + md;
posr .w = uniform1 (PRNG3) ∗ 0 .125 ∗ ( 0 . 9 − smoothstep ( 4 . 0 , 6 . 0 , l ength ( posr . xyz⤦

Ç ) ) ) ;
r e turn posr ;

}
65

// https : // en . w ik iped ia . org / wik i / Cub ic Hermi te sp l ine#⤦
Ç I n t e r p o l a t i o n o n t h e u n i t i n t e r v a l w i t h m a t c h e d d e r i v a t i v e s a t e n d p o i n t s

vec4 bubble4 ( vec3 o r i g i n , i n t n , f l o a t t )
{

const mat4 M = mat4
70 ( 0 . 0 , 2 . 0 , 0 . 0 , 0 . 0

, −1.0 , 0 . 0 , 1 . 0 , 0 . 0
, 2 . 0 , −5.0 , 4 . 0 , −1.0
, −1.0 , 3 . 0 , −3.0 , 1 . 0
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) / 2 . 0 ;
75 vec4 u = vec4 ( 1 . 0 , t , t ∗ t , t ∗ t ∗ t ) ;

mat4 p = mat4
( bubble ( o r i g i n − Z , n)
, bubble ( o r i g i n , n )
, bubble ( o r i g i n + Z , n)

80 , bubble ( o r i g i n + Z ∗ 2 . 0 , n )
) ;

r e turn u ∗ t ranspose (M) ∗ t ranspose (p) ;
}

85 #d e f i n e SCENE( hit , su r face , s c ene tag ) \
h i t scene ( s c ene tag tag , Random PRNG, Ray V) \
{ \

f l o a t t = time / 5 . 0 ; \
f l o a t FPS = 2 5 . 0 ; \

90 f l o a t shut t e r = 0 .25 / FPS ; \
t += shut t e r ∗ halton1 ( srand (PRNG, 5) ) ; \
t −= f l o o r ( t ) ; \
h i t h = SkyBox ( tag , I d e n t i t y ( ) , V) ; \
f o r ( i n t n = 0 ; n < 8 ; ++n) \

95 { \
f o r ( i n t m = −1; m < 2 ; ++m) \
{ \

vec4 posr = bubble4 (V. o r i g i n − f l o a t (m) ∗ Z , n , t ) ; \
i f ( posr .w > 0 . 0 ) \

100 { \
f l o a t th i ck = Thickness ∗ clamp ( 1 . 0 − (V. o r i g i n . z − posr . z ) / posr .w, ⤦

Ç 0 . 01 , 1 . 9 9 ) ; \
vec2 nk = Water nk (V. wavelength ) ; \
s u r f a c e b a l l = Sphere ( tag , compose ( Sca l e ( posr .w) , Trans late ( posr . xyz ) ) , ⤦

Ç V) ; \
h = Union (h , DEBUG ? Light ( ba l l , V, D65(V. wavelength ) ) : SoapBubble \

105 ( srand (PRNG, 4 + n ∗ 3 + m + 1) \
, b a l l \
, V \
, t h i ck \
, nk \

110 ) ) ; \
} \

} \
} \
re turn h ; \

115 }

SCENE( Hit , Surface , Scene HIT )
#i f 1
// 16 fp s / 3 .8 fp s / 1 .9 fp s

120 // f a s t
SCENE( f l o a t , f l o a t , Scene DE )
#e l s e
// 15 fp s / 3 .8 fp s / 1 .9 fp s
// slow

125 f l o a t scene ( Scene DE tag , Random PRNG, Ray V)
{

Scene HIT HIT ;
re turn scene (HIT , PRNG, V) . s u r f a c e . de ;
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raymond examples/Cubism.frag

}
130 #e n d i f

#p r e s e t Defau l t
Exposure = 100
Steps = 100

135 FOV = 1
Eye = 0 ,0 ,0
Target = 0 ,1 ,1
Up = 0 ,0 ,1
Background = . . / images / Ber l i n . equ i . jpg

140 Distance = 100
Depth = 10
Acne = −16
Aperture = 0 . 0 3 5 , 0 . 0 2
S i z e = 35

145 Wavelengths = 300 ,780
Thickness = 1000
#endpreset

3 examples/Cubism.frag

#v er s i on 330 c o m p a t i b i l i t y

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

#inc lude ”Raymond−sRGB. f r a g ”
10 #inc lude ”Raymond . f r a g ”

// animation parameters
const f l o a t bpm = 1 3 0 . 0 ;
const f l o a t beats = 5 1 2 . 0 ;

15 const f l o a t seconds = beats / bpm ∗ 6 0 . 0 ;
const f l o a t fp s = 2 5 . 0 ;
const f l o a t shut t e r = 0 . 5 ;

s t r u c t Animation
20 {

Transform A, B, C, D;
f l o a t t1 , t2 ;

} ;

25 Animation animation (Random PRNG)
{

f l o a t t = ( time + shut t e r / fp s ∗ uniform1 (PRNG) ) / seconds ;
t −= f l o o r ( t ) ;
t ∗= 2 . 0 ;

30 // generate quant ized no i s e
Random r1 , r2 , r3 , r4 ;
r1 . seed = hash ( vec2 (mod( f l o o r ( t + 0 . 0 ) , 2 . 0 ) , 1 . 0 ) ) ; r1 . index = 0u ;
r2 . seed = hash ( vec2 (mod( f l o o r ( t + 1 . 0 ) , 2 . 0 ) , 1 . 0 ) ) ; r2 . index = 0u ;
r3 . seed = hash ( vec2 (mod( f l o o r ( t + 0 . 5 ) , 2 . 0 ) , 2 . 0 ) ) ; r3 . index = 0u ;

35 r4 . seed = hash ( vec2 (mod( f l o o r ( t + 1 . 5 ) , 2 . 0 ) , 2 . 0 ) ) ; r4 . index = 0u ;
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raymond examples/Cubism.frag

// random uni t quatern ions ( o r i e n t a t i o n s )
vec4 q1 , q2 , q3 , q4 ;
q1 = normal ize ( gauss ian4 ( r1 ) ) ;
q2 = normal ize ( gauss ian4 ( r2 ) ) ;

40 q3 = normal ize ( gauss ian4 ( r3 ) ) ;
q4 = normal ize ( gauss ian4 ( r4 ) ) ;
// i n t e r p o l a t e
vec4 p1 = s l e r p ( q1 , q2 , t − f l o o r ( t ) ) ;
vec4 p2 = s l e r p ( q3 , q4 , t + 0 .5 − f l o o r ( t + 0 . 5 ) ) ;

45 // f a s t e r l a y e r on top
t ∗= 4 . 0 ;
// generate quant ized no i s e
r1 . seed = hash ( vec2 (mod( f l o o r ( t + 0 . 0 ) , 8 . 0 ) , 3 . 0 ) ) ; r1 . index = 0u ;
r2 . seed = hash ( vec2 (mod( f l o o r ( t + 1 . 0 ) , 8 . 0 ) , 3 . 0 ) ) ; r2 . index = 0u ;

50 r3 . seed = hash ( vec2 (mod( f l o o r ( t + 0 . 5 ) , 8 . 0 ) , 4 . 0 ) ) ; r3 . index = 0u ;
r4 . seed = hash ( vec2 (mod( f l o o r ( t + 1 . 5 ) , 8 . 0 ) , 4 . 0 ) ) ; r4 . index = 0u ;
// random f i l m t h i c k n e s s e s
f l o a t t1 = mix ( 1 0 0 . 0 , 1000 .0 , uniform1 ( r1 ) ) ;
f l o a t t2 = mix ( 1 0 0 . 0 , 1000 .0 , uniform1 ( r2 ) ) ;

55 f l o a t t3 = mix ( 1 0 0 . 0 , 1000 .0 , uniform1 ( r3 ) ) ;
f l o a t t4 = mix ( 1 0 0 . 0 , 1000 .0 , uniform1 ( r4 ) ) ;
f l o a t a1 = mix ( t1 , t2 , t − f l o o r ( t ) ) ;
f l o a t a2 = mix ( t3 , t4 , t + 0 .5 − f l o o r ( t + 0 . 5 ) ) ;
// re turn

60 Animation a ;
a .A = Rotate ( p1 ) ;
a .B = Rotate ( p2 ) ;
a .C = Rotate (−p1 ) ;
a .D = Rotate (−p2 ) ;

65 a . t1 = a1 ;
a . t2 = a2 ;
re turn a ;

}

70 Animation Anim ;

u int hash ( u int a )
{

re turn h a s h b u r t l e 9 ( a ) ;
75 }

Ray camera (Random PRNG, Camera C, vec2 coord , out f l o a t i n t e n s i t y )
{

// i n i t i a l i z e animation once
80 Anim = animation ( srand (PRNG, 1) ) ;

r e turn p inho l e ( srand (PRNG, 2) , C, −coord , p inho l e un i f o rms ( ) , i n t e n s i t y ) ;
}

f l o a t ray t race (Random PRNG, Ray V, out Hit h)
85 {

re turn ray t ra c e de (PRNG, V, ray t ra c e de un i f o rms ( ) , h ) ;
}

vec3 f i l m (Random PRNG, f l o a t wavelength , f l o a t i n t e n s i t y )
90 {

re turn xyz2rgb ( obse rve r ( wavelength ) ∗ i n t e n s i t y ) ;
}

8
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f l o a t s c r e en ( vec4 tex , f l o a t wavelength )
95 {

re turn CRT( sRGB2linear ( tex . rgb ) , wavelength ) ;
}

vec4 l i g h t (Random PRNG, vec3 from , vec3 d i r )
100 {

re turn vec4 ( 0 . 0 ) ;
}

105 Hit scene ( Scene HIT tag , Random PRNG, Ray V)
{

// g l i t c h the ray t r a c i n g
Ray U;
U = V;

110 U. o r i g i n = forwardP (Anim .D, U. o r i g i n ) ;
U. d i r e c t i o n = forwardN (Anim .D, U. d i r e c t i o n ) ;
Hit h1 = ThinFilm ( MengerSponge ( tag , Anim .A, U, 3) , V, Anim . t1 , 1 . 0 ) ;
U = V;
U. o r i g i n = forwardP (Anim .C, U. o r i g i n ) ;

115 U. d i r e c t i o n = forwardN (Anim .C, U. d i r e c t i o n ) ;
Hit h2 = ThinFilm ( MengerSponge ( tag , Anim .B, U, 3) , V, Anim . t2 , 1 . 0 ) ;
r e turn Union3

( Light ( Inve r t ( Sphere ( tag , Sca l e ( 1 0 0 . 0 ) , V) ) , V, D65(V. wavelength ) )
, h1

120 , h2
) ;

}

f l o a t scene ( Scene DE tag , Random PRNG, Ray V)
125 {

Scene HIT HIT ;
re turn scene (HIT , PRNG, V) . s u r f a c e . de ;

}

130 #p r e s e t Defau l t
FOV = 0.4
Eye = 0 ,0 ,0
Target = 1 ,0 ,0
Up = 0 ,0 ,1

135 Exposure = 2
Steps = 3
Depth = 15
Acne = 0
Aperture = 0 . 1 , 0 . 1

140 S i z e = 35
Wavelengths = 300 ,780
#endpreset

4 examples/Lettuce.frag

#v er s i on 330 c o m p a t i b i l i t y

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium
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raymond examples/Lettuce.frag

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

#inc lude ”Raymond−sRGB. f r a g ”
10 #inc lude ”Raymond . f r a g ”

#inc lude ”Raymond−Lettuce . f r a g ”

uniform bool Colour ; checkbox [ t rue ]
15

// pseudo−random hash
u int hash ( u int a )
{

re turn h a s h b u r t l e 9 ( a ) ;
20 }

// p inho l e camera
Ray camera (Random PRNG, Camera C, vec2 coord , out f l o a t i n t e n s i t y )
{

25 re turn p inho l e (PRNG, C, −coord , p inho l e un i f o rms ( ) , i n t e n s i t y ) ;
}

// d i s t ance e s t imator r a y t r a c e r
f l o a t ray t race (Random PRNG, Ray V, out Hit h)

30 {
re turn ray t ra c e de (PRNG, V, ray t ra c e de un i f o rms ( ) , h ) ;

}

// CIE obse rver
35 vec3 f i l m (Random PRNG, f l o a t wavelength , f l o a t i n t e n s i t y )

{
i f ( Colour )

re turn xyz2rgb ( obse rve r ( wavelength ) ∗ i n t e n s i t y ) ;
e l s e

40 re turn xyz2rgb ( vec3 ( fp4p lu s ( wavelength ) ∗ i n t e n s i t y ) ) ;
}

// sRGB texture us ing CRT model
f l o a t s c r e en ( vec4 tex , f l o a t wavelength )

45 {
re turn CRT( sRGB2linear ( tex . rgb ) , wavelength ) ;

}

// scene d e f i n i t i o n
50 #d e f i n e SCENE( hit , su r face , s c ene tag ) \

h i t scene ( s c ene tag tag , Random PRNG, Ray V) \
{ \

re turn Union4 \
( Mirror ( Inve r t ( Sphere ( tag , Sca l e ( 8 . 0 ) , V) ) , V, Screen hump ( vec3 ( 4 0 0 . 0 , ⤦

Ç 300 .0 , 1 . 0 ) , V. wavelength ) ) \
55 , Light ( Sphere ( tag , Trans late ( vec3 ( 2 . 0 , 5 . 5 , 5 . 0 ) ) , V) , V, 500 .0 ∗ D65(V.⤦

Ç wavelength ) ) \
, D i f f u s e ( srand (PRNG, 2) , Plane ( tag , I d e n t i t y ( ) , V, Z , 0 . 0 ) , V, Screen hump (⤦

Ç vec3 ( 7 0 0 . 0 , 100 .0 , 1 . 0 ) , V. wavelength ) ) \
, D i f f u s e ( srand (PRNG, 3) , Lettuce ( tag , Trans late ( vec3 ( 0 . 0 , 0 . 0 , 2 . 0 ) ) , V, ⤦

Ç 16) , V, Screen hump ( vec3 ( 5 8 0 . 0 , 200 .0 , 1 . 0 ) , V. wavelength ) ) \

10
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) ; \
}

60 // , Light ( Plane ( tag , I d e n t i t y ( ) , V, −Z , −6.0) , V, 1 . 0 ∗ D65(V. wavelength ) ) \

vec4 l i g h t (Random PRNG, vec3 from , vec3 d i r )
{

vec3 lpo s = vec3 ( 2 . 0 , 5 . 5 , 5 . 0 ) ;
65 vec3 l d i r = lpo s − from ;

f l o a t t = cos ( a s in ( 1 . 0 / l ength ( l d i r ) ) ) ;
f l o a t s = dot ( normal ize ( l d i r ) , normal ize ( d i r ) ) ;
i f ( l ength ( from ) >= 7.999 )
{

70 i f ( s > t ) re turn vec4 ( normal ize ( d i r ) , 1 . 0 ) ; e l s e re turn vec4 ( 0 . 0 ) ;
}
vec3 to = normal ize ( gauss ian3 ( srand (PRNG, 5) ) ) + lpo s ;
r e turn vec4 ( normal ize ( to − from ) , ( 1 . 0 − t ) / 2 . 0 ) ;

}
75

// scene f o r DE with l i g h t i n g
SCENE( Hit , Surface , Scene HIT )

#i f n d e f DEBUG
80

// scene f o r DE only ( f a s t )
SCENE( f l o a t , f l o a t , Scene DE )

#e l s e
85

// reuse DE with l i g h t i n g ( slow )
f l o a t scene ( Scene DE tag , Random PRNG, Ray V)
{

Scene HIT HIT ;
90 re turn scene (HIT , PRNG, V) . s u r f a c e . de ;

}

#e n d i f

95

#p r e s e t Defau l t
Exposure = 1
FOV = 1
Eye = 4 ,2 ,4

100 Target = 0 .5 , 0 , 2
Up = 0 ,0 ,1
Background =
Distance = 100
Steps = 100

105 Depth = 10
MinDist = −16
Acne = −12
Aperture = 0 . 0 , 0 . 0
S i z e = 1000

110 Wavelengths = 300 ,780
Colour = true
#endpreset

11
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5 examples/Mandelbrot.frag

#v er s i on 330 c o m p a t i b i l i t y

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

#inc lude ”Raymond−sRGB. f r a g ”
10 #inc lude ”Raymond . f r a g ”

#group Mandelbrot
// maximum per iod f o r atoms and domains
uniform i n t Period ; s l i d e r [ 1 , 1 , 1 2 8 ]

15 // minimum s i z e o f atoms and domains
uniform f l o a t MinSize ; s l i d e r [ −24 , −10 ,1 ] ;
// maximum i t e r a t i o n count f o r e x t e r i o r
uniform i n t I t e r a t i o n s ; s l i d e r [ 1 , 1 , 1 0 0 0 ] ;
// t h i c k n e s s o f e x t e r i o r f r i n g e

20 uniform f l o a t Thickness ; s l i d e r [ −24 , −10 ,1 ] ;

// standard preamble

u int hash ( u int a )
25 {

re turn h a s h b u r t l e 9 ( a ) ;
}

Ray camera (Random PRNG, Camera C, vec2 coord , out f l o a t i n t e n s i t y )
30 {

re turn p inho l e (PRNG, C, −coord , p inho l e un i f o rms ( ) , i n t e n s i t y ) ;
}

f l o a t ray t race (Random PRNG, Ray V, out Hit h)
35 {

re turn ray t ra c e de (PRNG, V, ray t ra c e de un i f o rms ( ) , h ) ;
}

vec3 f i l m (Random PRNG, f l o a t wavelength , f l o a t i n t e n s i t y ) {
40 re turn xyz2rgb ( obse rve r ( wavelength ) ∗ i n t e n s i t y ) ;

}

f l o a t s c r e en ( vec4 tex , f l o a t wavelength )
{

45 re turn CRT( sRGB2linear ( tex . rgb ) , wavelength ) ;
}

vec4 l i g h t (Random PRNG, vec3 from , vec3 d i r )
{

50 re turn vec4 ( 0 . 0 ) ;
}

// Mandelbrot numerics

55 // https : // mathr . co . uk/ blog /2018−11−17 n e w t o n s m e t h o d f o r p e r i o d i c p o i n t s . html

12
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vec2 Mandelbrot nucleus ( vec2 c0 , i n t per iod )
{

vec2 c = c0 ;
f o r ( i n t j = 0 ; j < 16 ; ++j )

60 {
vec4 G = cConst ( 1 . 0 ) ;
vec4 z = cConst ( 0 . 0 ) ;
c0 = c ;
f o r ( i n t l = 1 ; l <= per iod ; ++l )

65 {
z = cSqr ( z ) + cVar ( c ) ;
i f ( l < per iod && per iod % l == 0)

G = cMul ( z , G) ;
}

70 G = cDiv ( z , G) ;
c = c0 − cDiv (G. xy , G. zw) ;
i f ( ! ( c != c0 ) ) break ;

}
re turn c ;

75 }

// https : // mathr . co . uk/ blog /2016−12−24 d e r i v i n g t h e s i z e e s t i m a t e . html
vec2 Mande lbrot s i ze ( vec2 c , i n t per iod )
{

80 vec2 l = vec2 ( 1 . 0 , 0 . 0 ) ;
vec2 b = vec2 ( 1 . 0 , 0 . 0 ) ;
vec2 z = vec2 ( 0 . 0 , 0 . 0 ) ;
f o r ( i n t i = 1 ; i < per iod ; ++i )
{

85 z = cSqr ( z ) + c ;
l = 2 .0 ∗ cMul ( z , l ) ;
b = b + cDiv ( vec2 ( 1 . 0 , 0 . 0 ) , l ) ;

}
re turn cDiv ( vec2 ( 1 . 0 , 0 . 0 ) , cMul (b , cSqr ( l ) ) ) ;

90 }

// https : // mathr . co . uk/ blog /2013−04−01⤦
Ç i n t e r i o r c o o r d i n a t e s i n t h e m a n d e l b r o t s e t . html

// https : // mathr . co . uk/ blog /2015−01−26 newtons method fo r mi s iu r ew i c z po in t s .⤦
Ç html

vec4 Mande lbrot at t rac tor ( vec2 c , vec2 z i n i t i a l , i n t per iod )
95 {

vec4 z = cVar ( z i n i t i a l ) ;
vec2 dz = vec2 ( 0 . 0 ) ;
f o r ( i n t j = 0 ; j < 16 ; ++j )
{

100 vec4 z0 = z ;
vec4 G = cConst ( 1 . 0 ) ;
f o r ( i n t l = 1 ; l <= per iod ; ++l )
{

z = cSqr ( z ) + cConst ( c ) ;
105 i f ( l < per iod && per iod % l == 0)

G = cMul ( z − z0 , G) ;
}
dz = z . zw ;
G = cDiv ( z − z0 , G) ;

110 z = cVar ( z0 . xy − cDiv (G. xy , G. zw) ) ;

13
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i f ( ! ( z != z0 ) ) break ;
}
re turn vec4 ( z . xy , dz ) ;

}
115

// t r a c e ray from a nucleus , more s t a b l e than t ry ing to do i t one jump
vec4 Mande lb ro t a t t rac to r ray ( vec2 nucleus , vec2 target , i n t per iod )
{

const i n t s t ep s = 16 ;
120 vec4 P = vec4 ( 0 . 0 ) ;

f o r ( i n t ray = 1 ; ray <= step s ; ++ray )
{

f l o a t t = f l o a t ( ray ) / f l o a t ( s t ep s ) ;
P = Mande lbrot at t rac tor ( mix ( nucleus , target , t ) , P . xy , per iod ) ;

125 }
re turn P;

}

// https : // mathr . co . uk/ blog /2013−12−10 atom doma in s i z e e s t imat ion . html
130 f l o a t Mandelbrot domain s ize ( vec2 c , i n t p)

{
vec4 z = cVar ( c ) ;
f l o a t abszq = length ( z . xy ) ;
f o r ( i n t q = 2 ; q <= p ; ++q ) {

135 z = cSqr ( z ) + cVar ( c ) ;
f l o a t abszp = length ( z . xy ) ;
i f ( abszp < abszq && q < p) {

abszq = abszp ;
}

140 }
re turn abszq / l ength ( z . zw) ;

}

// main DE func t i on
145

vec3 Mandelbrot ( vec3 object , f l o a t bg )
{

// FIXME should be ab le to take uni forms as arguments
i n t maxPeriod = Period ;

150 f l o a t minSize = pow ( 2 . 0 , MinSize ) ;
i n t maxIters = I t e r a t i o n s ;
f l o a t t h i c k n e s s = pow ( 2 . 0 , Thickness ) ;
// no t rans f o rmat i ons supported
vec2 c = ob j e c t . xy ;

155 vec2 z = vec2 ( 0 . 0 , 0 . 0 ) ;
// d e r i v a t i v e f o r e x t e r i o r d i s t anc e
vec2 dc = vec2 ( 0 . 0 , 0 . 0 ) ;
// minimums f o r atom domains
vec2 mz = vec2 ( 0 . 0 , 0 . 0 ) ;

160 f l o a t mr2 = 1 .0 / 0 . 0 ;
// c a l c u l a t e 3x (DE, mater ia l , b u b b l e t h i c k n e s s f a c t o r ) f o r CSG ope ra t i on s
vec3 back = vec3 ( bg , 0 . 0 , 0 . 0 ) ;
i f ( bg < 0 . 0 )

re turn back ;
165 vec3 f a r = vec3 ( 1 . 0 / 0 . 0 , 1 . 0 , 0 . 0 ) ;

vec3 de nuc l eus = f a r ;
vec3 de domain = f a r ;

14
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vec3 d e e x t e r i o r = f a r ;
i n t escaped = 0 ;

170 i n t per iod = 1 ;
f o r ( ; per iod <= maxPeriod ; ++per iod )
{

dc = 2 .0 ∗ cMul ( z , dc ) + vec2 ( 1 . 0 , 0 . 0 ) ;
z = cSqr ( z ) + c ;

175 f l o a t r2 = dot ( z , z ) ;
i f ( r2 < 1 .5 ∗ mr2)
{

vec2 nuc leus = Mandelbrot nucleus ( c , per iod ) ;
i f ( per iod > 1)

180 {
vec2 atom = cDiv ( z , mz) ;
f l o a t S = Mandelbrot domain s ize ( nucleus , per iod ) ;
i f (S > minSize )
{

185 // make a DE− t r a c e a b l e s h e l l out o f two s u r f a c e s i n s i d e each other
f l o a t a = length ( vec3 (atom , ob j e c t . z / S) ) ;
vec3 d1 = vec3 ( ( a − 1 . 0 1 ) ∗ S , 3 . 0 , clamp ( ob j e c t . z / S + 1 . 0 , 0 . 01 , ⤦

Ç 1 . 99 ) ) ;
vec3 d2 = vec3 (−( a − 0 . 9 9 ) ∗ S , 4 . 0 , 0 . 0 ) ;
f l o a t d = max( d1 . x , d2 . x ) ;

190 i f (d < de domain . x ) de domain = d1 . x > d2 . x ? d1 : d2 ;
}

}
i f ( t rue )
{

195 vec2 atom = Mande lb ro t a t t rac to r ray ( nucleus , c , per iod ) . zw ;
f l o a t S = 0 .5 ∗ l ength ( Mande lbrot s i ze ( nucleus , per iod ) ) ;
i f (S > minSize )
{

f l o a t d = ( length ( vec3 (atom , ob j e c t . z / S) ) − 1 . 0 ) ∗ S ;
200 i f (d < de nuc l eus . x ) de nuc l eus = vec3 (d , 2 . 0 , 0 . 0 ) ;

}
}
i f ( r2 < mr2)
{

205 mz = z ;
mr2 = r2 ;

}
i f ( de nuc l eus . x < 0 . 0 )
{

210 escaped = −1;
break ;

}
}
i f ( r2 > 65536 .0 )

215 {
escaped = 1 ;
break ;

}
}

220 i f ( escaped == 0)
{

f o r ( ; per iod <= maxIters ; ++per iod )
{

15
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dc = 2 .0 ∗ cMul ( z , dc ) + vec2 ( 1 . 0 , 0 . 0 ) ;
225 z = cSqr ( z ) + c ;

f l o a t r2 = dot ( z , z ) ;
i f ( r2 > 65536 .0 )
{

escaped = 1 ;
230 break ;

}
}

}
i f ( escaped == 1)

235 {
f l o a t d = length ( z ) ∗ l og ( l ength ( z ) ) / l ength ( dc ) ;
d = length ( vec2 (d , ob j e c t . z ) ) − t h i c k n e s s ;
i f (d < d e e x t e r i o r . x ) d e e x t e r i o r = vec3 (d , 1 . 0 , 0 . 0 ) ;

}
240 // d i s j o i n t union (b , a − b) = union (b , i n t e r s e c t i o n ( a , i n v e r t (b) ) )

// t h i s h o p e f u l l y f i x e s uns i gh t l y i s s u e s at atom/domain i n t e r s e c t i o n s
i f ( i snan ( d e e x t e r i o r . x ) ) d e e x t e r i o r = back ;
i f ( i snan ( de nuc l eus . x ) ) de nuc l eus = back ;
i f ( i snan ( de domain . x ) ) de domain = back ;

245 vec3 s o l i d = d e e x t e r i o r . x < de nuc l eus . x ? d e e x t e r i o r : de nuc l eus ;
vec3 bubble = − s o l i d . x > de domain . x ? vec3 (− s o l i d . x , s o l i d . y , s o l i d . z ) : ⤦

Ç de domain ;
vec3 mandel = s o l i d . x < bubble . x ? s o l i d : bubble ;
vec3 r e s u l t = mandel . x < back . x ? mandel : back ;
re turn r e s u l t ;

250 }

// d e l t a normal c a l c u l a t i o n

#d e f i n e DELTANORMAL(DE,E, p) normal ize ( vec3 \
255 ( DE(p + vec3 (E, 0 . 0 , 0 . 0 ) ) − DE(p − vec3 (E, 0 . 0 , 0 . 0 ) ) \

, DE(p + vec3 ( 0 . 0 ,E , 0 . 0 ) ) − DE(p − vec3 ( 0 . 0 ,E , 0 . 0 ) ) \
, DE(p + vec3 ( 0 . 0 , 0 . 0 ,E) ) − DE(p − vec3 ( 0 . 0 , 0 . 0 ,E) ) \
) )

260 // main entry po in t s

Hit scene ( Scene HIT tag , Random PRNG, Ray V)
{
// return Union ( Light ( Sphere ( tag , I d e n t i t y ( ) , V) , V, 1 . 0 ) , SkyBox ( tag , I d e n t i t y⤦

Ç ( ) , V) ) ;
265 Scene DE DE;

vec3 ob j e c t = V. o r i g i n ;
Transform T = I d e n t i t y ( ) ;
f l o a t bg = SkyBox (DE, T, V) ;
vec3 de = Mandelbrot ( object , bg ) ;

270 i f ( ! ( de . y > 0 . 0 ) ) re turn SkyBox ( tag , T, V) ;
const f l o a t e p s i l o n = 1 .0 e −3; // FIXME

#d e f i n e M(p) Mandelbrot (p , SkyBox (DE, T, Ray ( ( p) , V. d i r e c t i o n , V. wavelength , V.⤦
Ç index ) ) ) . x

vec3 normal = DELTANORMAL(M, eps i l on , ob j e c t ) ;
// s u r f a c e

275 Sur face S ;
S . p o s i t i o n = ob j e c t ;
S . normal = normal ;

16
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S . de = de . x ;
vec2 water = Water nk (V. wavelength ) ;

280 // FIXME the magic numbers to chose m a t e r i a l s from DE are annoyment
i f ( de . y == 1 . 0 ) re turn Light (S , V, 10 . 0 ) ;
i f ( de . y == 2 . 0 ) re turn Glass (PRNG, S , V) ;
i f ( de . y == 3 . 0 ) re turn SoapBubble (PRNG, S , V, 1000 .0 ∗ de . z , water ) ;
i f ( de . y == 4 . 0 ) re turn Transmit (S , V) ;

285 re turn SkyBox ( tag , T, V) ;
}

#i f 1

290 // f a s t
f l o a t scene ( Scene DE tag , Random PRNG, Ray V)
{

re turn Mandelbrot (V. o r i g i n , SkyBox ( tag , I d e n t i t y ( ) , V) ) . x ;
}

295

#e l s e

// slow
f l o a t scene ( Scene DE tag , Random PRNG, Ray V)

300 {
Scene HIT HIT ;
re turn scene (HIT , PRNG, V) . s u r f a c e . de ;

}

305 #e n d i f

#p r e s e t LQ
Exposure = 1
T r i g I t e r = 5

310 TrigLimit = 1 .1
FOV = 0.8
Eye = −1.5 ,−2 ,−1
Target = −0.75 ,0 ,0
Up = 0 ,0 ,1

315 Steps = 100
Depth = 3
MinDist = −16
Acne = −12
Aperture = 0 . 0 1 , 0 . 0 1

320 S i z e = 35
Wavelengths = 300 ,780
Background = . . / images / Ber l i n . equ i . jpg
Distance = 100
Period = 2

325 MinSize = −10
I t e r a t i o n s = 100
Thickness = −10
#endpreset

330 #p r e s e t Defau l t
FOV = 1
Eye = −1.5 ,−2 ,−1
Target = −0.75 ,0 ,0
Up = 0 ,0 ,1

17
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335 Exposure = 1
T r i g I t e r = 5
TrigLimit = 1 .1
DebugDepth = f a l s e
DebugNormal = f a l s e

340 DebugBounce = f a l s e
Background = . . / images / Ber l i n . equ i . jpg
Distance = 100
Steps = 100
Depth = 10

345 MinDist = −16
Acne = −12
Aperture = 0 . 0 1 , 0 . 0 1
S i z e = 35
Wavelengths = 300 ,780

350 Period = 12
MinSize = −10
I t e r a t i o n s = 100
Thickness = −10
#endpreset

355

#p r e s e t Card
T r i g I t e r = 5
TrigLimit = 1.10000000000000009
Exposure = 1

360 FOV = 1
Eye = −1.5 ,−2 ,−1
Target = −0.75 ,0 ,0
Up = 0 ,0 ,1
DebugDepth = f a l s e

365 DebugNormal = f a l s e
DebugBounce = f a l s e
Background = . . / images /Grid . equ i . png Locked
Distance = 100
Steps = 100

370 Depth = 3
MinDist = −16
Acne = −12
Aperture = 0 . 0 1 , 0 . 02 1
S i z e = 35

375 Wavelengths = 300 ,780
Period = 2
MinSize = −10
I t e r a t i o n s = 100
Thickness = −10

380 #endpreset

6 examples/SkyBox.frag

#v er s i on 330 c o m p a t i b i l i t y

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/
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#inc lude ”Raymond−sRGB. f r a g ”
10 #inc lude ”Raymond . f r a g ”

#group Bubble

// average t h i c k n e s s o f bubble ’ s soap f i l m in nm
15 uniform f l o a t Thickness ; s l i d e r [ 0 . 0 , 1 0 0 0 . 0 , 1 0 0 0 0 . 0 ]

// pseudo−random hash
u int hash ( u int a )
{

20 re turn h a s h b u r t l e 9 ( a ) ;
}

Transform Spin ;

25 // p inho l e camera
Ray camera (Random PRNG, Camera C, vec2 coord , out f l o a t i n t e n s i t y )
{

f l o a t t = pi − 2 .0 ∗ pi ∗ time / 1 5 . 0 ;
Spin = Rotate ( vec4 (Z ∗ s i n ( t /2 . 0 ) , cos ( t / 2 . 0 ) ) ) ;

30 re turn p inho l e (PRNG, C, −coord , p inho l e un i f o rms ( ) , i n t e n s i t y ) ;
}

// d i s t ance e s t imator r a y t r a c e r
f l o a t ray t race (Random PRNG, Ray V, out Hit h)

35 {
re turn ray t ra c e de (PRNG, V, ray t ra c e de un i f o rms ( ) , h ) ;

}

// CIE obse rver
40 vec3 f i l m (Random PRNG, f l o a t wavelength , f l o a t i n t e n s i t y )

{
re turn xyz2rgb ( obse rve r ( wavelength ) ∗ i n t e n s i t y ) ;

}

45 // skybox sRGB texture us ing CRT model
f l o a t s c r e en ( vec4 tex , f l o a t wavelength )
{

re turn CRT( sRGB2linear ( tex . rgb ) , wavelength ) ;
}

50

vec4 l i g h t (Random PRNG, vec3 from , vec3 d i r )
{

re turn vec4 ( 0 . 0 ) ;
}

55

// scene d e f i n i t i o n
#d e f i n e SCENE( hit , su r face , s c ene tag ) \
h i t scene ( s c ene tag tag , Random PRNG, Ray V) \

60 { \
re turn Union \

( SkyBox ( tag , Spin , V) \
, SoapBubble \

( PRNG \
65 , Sphere ( tag , I d e n t i t y ( ) , V) \

19
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, V \
, Thickness ∗ ( 1 . 0 − V. o r i g i n . z ) \
, Water nk (V. wavelength ) \
) \

70 ) ; \
}

// scene f o r DE with l i g h t i n g
SCENE( Hit , Surface , Scene HIT )

75

#i f n d e f DEBUG

// scene f o r DE only ( f a s t )
SCENE( f l o a t , f l o a t , Scene DE )

80

#e l s e

// reuse DE with l i g h t i n g ( slow )
f l o a t scene ( Scene DE tag , Random PRNG, Ray V)

85 {
Scene HIT HIT ;
re turn scene (HIT , PRNG, V) . s u r f a c e . de ;

}

90 #e n d i f

#p r e s e t Defau l t
FOV = 1

95 Eye = 0 ,2 . 5 , 0
Target = 0 ,0 ,0
Up = 0 ,0 ,1
Exposure = 10
Distance = 100

100 Steps = 100
Depth = 10
MinDist = −16
Acne = −16
S i z e = 120

105 Aperture = 0 .25 ,1
Wavelengths = 300 ,780
Thickness = 1000
#endpreset

110 #p r e s e t Be r l i n
Exposure = 1
Background = . . / images / Ber l i n . equ i . jpg
#endpreset

115 #p r e s e t Par i s
Exposure = 2
Background = . . / images / Par i s . equ i . jpg
#endpreset

120 #p r e s e t Grid
Exposure = 2
Background = . . / images /Grid . equ i . png

20
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#endpreset

7 examples/SoapBubble.frag

#v er s i on 330 c o m p a t i b i l i t y

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

#inc lude ”Raymond−sRGB. f r a g ”
10 #inc lude ”Raymond . f r a g ”

#group Soap
uniform f l o a t Thickness ; s l i d e r [ 1 0 0 . 0 , 1 0 0 0 . 0 , 1 0 0 0 0 . 0 ]

15 uint hash ( u int a )
{

re turn h a s h b u r t l e 9 ( a ) ;
}

20 Ray camera (Random PRNG, Camera C, vec2 coord , out f l o a t i n t e n s i t y )
{
// C. o r i g i n . z = 1 .0 + 0 .5 ∗ s i n ( 2 . 0 ∗ pi ∗ time / 4 . 0 ) ;

r e turn p inho l e (PRNG, C, −coord , p inho l e un i f o rms ( ) , i n t e n s i t y ) ;
}

25

f l o a t ray t race (Random PRNG, Ray V, out Hit h)
{

re turn ray t ra c e de (PRNG, V, ray t ra c e de un i f o rms ( ) , h ) ;
}

30

vec3 f i l m (Random PRNG, f l o a t wavelength , f l o a t i n t e n s i t y )
{

re turn xyz2rgb ( obse rve r ( wavelength ) ∗ i n t e n s i t y ) ;
}

35

f l o a t s c r e en ( vec4 tex , f l o a t wavelength )
{

re turn CRT( sRGB2linear ( tex . rgb ) , wavelength ) ;
}

40

vec4 l i g h t (Random PRNG, vec3 from , vec3 d i r )
{

re turn vec4 ( 0 . 0 ) ;
}

45

#d e f i n e SCENE( hit , su r face , s c ene tag ) \
h i t scene ( s c ene tag tag , Random PRNG, Ray V) \
{ \

50 s u r f a c e Ground = Plane ( tag , I d e n t i t y ( ) , V, Z , 0 . 0 ) ; \
re turn Union3 \

( Light ( Inve r t ( Sphere ( tag , Sca l e ( 8 . 0 ) , V) ) , V, D65(V. wavelength ) ∗ pow(V.⤦
Ç o r i g i n . z / 8 . 0 , 1 6 . 0 ) ∗ 3 2 . 0 ) \
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, SoapBubble ( srand (PRNG, 1) , Sphere ( tag , Trans late ( vec3 ( 0 . 0 , 0 . 0 , 1 . 0 ) ) , V) ,⤦
Ç V, Thickness ∗ ( 2 . 0 − V. o r i g i n . z ) , Water nk (V. wavelength ) ) \

, Checkerboard \
55 ( V. o r i g i n \

, D i f f u s e ( srand (PRNG, 2) , Ground , V, 0 . 5 ) \
, D i f f u s e ( srand (PRNG, 2) , Ground , V, 0 . 2 ) \
) \

) ; \
60 }

SCENE( Hit , Surface , Scene HIT )
#i f 1
// f a s t

65 SCENE( f l o a t , f l o a t , Scene DE )
#e l s e
// slow
f l o a t scene ( Scene DE tag , Random PRNG, Ray V)
{

70 Scene HIT HIT ;
re turn scene (HIT , PRNG, V) . s u r f a c e . de ;

}
#e n d i f

75

#p r e s e t Defau l t
Exposure = 1
FOV = 0.4
Eye = 0 ,6 , 0 . 25

80 Target = 0 ,0 ,1
Up = 0 ,0 ,1
Steps = 300
Depth = 10
Acne = −16

85 Aperture = 0.035
S i z e = 35
Wavelengths = 300 ,780
#endpreset

8 examples/SpongeAndBulb.frag

#v er s i on 330 c o m p a t i b i l i t y

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

#inc lude ”Raymond−sRGB. f r a g ”
10 #inc lude ”Raymond . f r a g ”

uniform bool Colour ; checkbox [ t rue ]

// pseudo−random hash
15 uint hash ( u int a )

{
re turn h a s h b u r t l e 9 ( a ) ;

22
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}

20 // p inho l e camera
Ray camera (Random PRNG, Camera C, vec2 coord , out f l o a t i n t e n s i t y )
{

re turn p inho l e (PRNG, C, −coord , p inho l e un i f o rms ( ) , i n t e n s i t y ) ;
}

25

// d i s t ance e s t imator r a y t r a c e r
f l o a t ray t race (Random PRNG, Ray V, out Hit h)
{

re turn ray t ra c e de (PRNG, V, ray t ra c e de un i f o rms ( ) , h ) ;
30 }

// CIE obse rver
vec3 f i l m (Random PRNG, f l o a t wavelength , f l o a t i n t e n s i t y )
{

35 i f ( Colour )
re turn xyz2rgb ( obse rve r ( wavelength ) ∗ i n t e n s i t y ) ;

e l s e
re turn xyz2rgb ( vec3 ( fp4p lu s ( wavelength ) ∗ i n t e n s i t y ) ) ;

}
40

// sRGB texture us ing CRT model
f l o a t s c r e en ( vec4 tex , f l o a t wavelength )
{

re turn CRT( sRGB2linear ( tex . rgb ) , wavelength ) ;
45 }

// scene d e f i n i t i o n
#d e f i n e SCENE( hit , su r face , s c ene tag ) \
h i t scene ( s c ene tag tag , Random PRNG, Ray V) \

50 { \
re turn Union5 \

( Mirror ( Inve r t ( Sphere ( tag , Sca l e ( 8 . 0 ) , V) ) , V, Screen hump ( vec3 ( 4 0 0 . 0 , ⤦
Ç 300 .0 , 1 . 0 ) , V. wavelength ) ) \

, Light ( Sphere ( tag , Trans late ( vec3 ( 2 . 0 , 5 . 5 , 5 . 0 ) ) , V) , V, 500 .0 ∗ D65(V.⤦
Ç wavelength ) ) \

, D i f f u s e ( srand (PRNG, 2) , Plane ( tag , I d e n t i t y ( ) , V, Z , 0 . 0 ) , V, Screen hump (⤦
Ç vec3 ( 7 0 0 . 0 , 100 .0 , 1 . 0 ) , V. wavelength ) ) \

55 , D i f f u s e ( srand (PRNG, 3) , MengerSponge ( tag , Trans late ( vec3 ( 0 . 0 , 0 . 0 , 1 . 0 ) ) , ⤦
Ç V, 6) , V, Screen hump ( vec3 ( 5 8 0 . 0 , 200 .0 , 1 . 0 ) , V. wavelength ) ) \

, D i f f u s e ( srand (PRNG, 4) , Mandelbulb ( tag , compose ( Rotate ( vec4 ( s i n ( p i / 4 . 0 ) ∗⤦
Ç normal ize ( vec3 ( 1 . 0 ) ) , cos ( p i / 4 . 0 ) ) ) , Trans late ( vec3 ( 0 . 0 , 0 . 0 , 2 . 0 + ⤦

Ç s q r t ( 8 . 0 ) / 3 . 0 ) ) ) , V, 8 , 10) , V, 1 . 0 ) \
) ; \

}
// , Light ( Plane ( tag , I d e n t i t y ( ) , V, −Z , −6.0) , V, 1 . 0 ∗ D65(V. wavelength ) ) \

60

vec4 l i g h t (Random PRNG, vec3 from , vec3 d i r )
{

vec3 lpo s = vec3 ( 2 . 0 , 5 . 5 , 5 . 0 ) ;
vec3 l d i r = lpo s − from ;

65 f l o a t t = cos ( a s in ( 1 . 0 / l ength ( l d i r ) ) ) ;
f l o a t s = dot ( normal ize ( l d i r ) , normal ize ( d i r ) ) ;
i f ( l ength ( from ) >= 7.999 )
{
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i f ( s > t ) re turn vec4 ( normal ize ( d i r ) , 1 . 0 ) ; e l s e re turn vec4 ( 0 . 0 ) ;
70 }

vec3 to = normal ize ( gauss ian3 ( srand (PRNG, 5) ) ) + lpo s ;
r e turn vec4 ( normal ize ( to − from ) , ( 1 . 0 − t ) / 2 . 0 ) ;

}

75 // scene f o r DE with l i g h t i n g
SCENE( Hit , Surface , Scene HIT )

#i f n d e f DEBUG

80 // scene f o r DE only ( f a s t )
SCENE( f l o a t , f l o a t , Scene DE )

#e l s e

85 // reuse DE with l i g h t i n g ( slow )
f l o a t scene ( Scene DE tag , Random PRNG, Ray V)
{

Scene HIT HIT ;
re turn scene (HIT , PRNG, V) . s u r f a c e . de ;

90 }

#e n d i f

95 #p r e s e t Defau l t
Exposure = 1
FOV = 1
Eye = 4 ,2 ,4
Target = 0 .5 , 0 , 2

100 Up = 0 ,0 ,1
Background =
Distance = 100
Steps = 100
Depth = 10

105 MinDist = −16
Acne = −12
Aperture = 0 . 0 , 0 . 0
S i z e = 1000
Wavelengths = 300 ,780

110 Colour = true
#endpreset

9 .gitignore

10 images/berlin.sh

#!/ bin / sh
# image page : <https : // commons . wikimedia . org / wik i / F i l e : Re i chs tagsu f e r , Be r l i n −⤦

Ç Mitte , 360x180 , 160401 , ako . jpg>
# author : Ansgar Koreng
# l i c e n s e : CC BY−SA 3 .0 (DE) <https : // creativecommons . org / l i c e n s e s /by−sa /3 .0/ de/⤦

Ç deed . de>
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5 wget −c https : // upload . wikimedia . org / wik iped ia /commons/7/71/ Re i ch s tag su f e r%2⤦
Ç C Berl in −Mitte%2C 360x180%2C 160401%2C ako . jpg

cp Reichstag ∗ . jpg Ber l i n . equ i . jpg

11 images/.gitignore

∗ . exr
∗ . jpg
∗ . png

12 images/grid.sh

#!/ bin / sh
# image page : <https : // dmswart . com/2016/06/28/ drawing−a−panorama/>
# author : D. M. Swart
# l i c e n s e : unknown

5 wget −c https : // c2 . s t a t i c f l i c k r . com/2/1482/26363697850 53505495a2 o d . png
cp 26363697850 53505495a2 o d . png Grid . equ i . png

13 images/paris.sh

#!/ bin / sh
# image page : https : // commons . wikimedia . org / wik i / F i l e : P a r i s s%27%C3%⤦

Ç A9ve i l l e equ i r e c tangu la r panorama . jpg
# author : Alexandre Duret−Lutz <https : //www. f l i c k r . com/ photos / gadl /456185667/>
# l i c e n s e : CC−BY−SA

5 wget −c https : // upload . wikimedia . org / wik iped ia /commons/c/c6/ P a r i s s%27%C3%⤦
Ç A9ve i l l e equ i r e c tangu la r panorama . jpg

cp P a r i s s \ ’ é v e i l l e e q u i r e c t a n g u l a r p a n o r a m a . jpg Par i s . equ i . jpg
#convert Par i s . equ i . jpg Par i s . equ i . exr
#exrenvmap −c −w 2048 Par i s . equ i . exr Par i s . cube . exr
#convert Par i s . cube . exr Par i s . cube . png

14 include/Raymond-Core.frag

#donotrun

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

// s imple 3D camera , API de f ined by FragM
10 #camera 3D

#vertex
#group Camera
uniform f l o a t FOV; s l i d e r [ 0 . 0 , 0 . 4 , 2 . 0 ] NotLockable
uniform vec3 Eye ; s l i d e r [( −50 , −50 , −50) , (0 ,0 , −10) , ( 50 , 50 , 50 ) ] NotLockable

15 uniform vec3 Target ; s l i d e r [( −50 , −50 , −50) , ( 0 , 0 , 0 ) , ( 50 , 50 , 50 ) ] NotLockable
uniform vec3 Up; s l i d e r [ ( 0 , 0 , 0 ) , ( 0 , 1 , 0 ) , ( 0 , 0 , 0 ) ] NotLockable

uniform vec2 p i x e l S i z e ;

20 varying vec3 Forward ;

25
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varying vec3 UpOrtho ;
vary ing vec3 Right ;
vary ing vec2 coord ;
vary ing vec2 texCoord ;

25

void main ( void )
{

Forward = normal ize ( Target − Eye ) ;
UpOrtho = normal ize (Up − dot ( Forward , Up) ∗ Forward ) ;

30 Right = normal ize ( c r o s s ( Forward , UpOrtho ) ) ;
coord = ( g l Pr o j e c t i o nM at r i x ∗ g l Ver t ex ) . xy ;
coord . x ∗= p i x e l S i z e . y / p i x e l S i z e . x ;
texCoord = ( g l Ver t ex . xy + vec2 ( 1 . 0 ) ) ∗ 0 . 5 ;
g l P o s i t i o n = g l Ver t ex ;

35 }

#endvertex

vary ing vec3 Forward ;
40 varying vec3 UpOrtho ;

vary ing vec3 Right ;
vary ing vec2 coord ;
vary ing vec2 texCoord ;

45 uniform f l o a t FOV;
uniform vec3 Eye ;
uniform vec2 p i x e l S i z e ;

uniform sampler2D backbu f f e r ;
50 uniform i n t subframe ;

uniform f l o a t time ;

#group Debug
uniform bool DebugDepth ; checkbox [ f a l s e ]

55 uniform bool DebugNormal ; checkbox [ f a l s e ]
uniform bool DebugBounce ; checkbox [ f a l s e ]

void main ( void )
{

60 // seed pseudo−random number genera to r based on coo rd ina t e s
Random PRNG;
PRNG. seed = hash ( vec4 ( coord , time , subframe ) ) ;
PRNG. index = uint ( subframe ) ;
// encapsu la te camera parameters from uniform v a r i a b l e s

65 Camera C;
C. o r i g i n = Eye ;
C.X = Right ;
C.Y = UpOrtho ;
C. Z = Forward ;

70 C. f i e ldOfView = FOV;
// render image
f l o a t f a c t o r = 1 . 0 ;
Ray V = camera ( srand (PRNG, 1) , C, coord , f a c t o r ) ;
Hit H;

75 f l o a t I = ray t race ( srand (PRNG, 2) , V, H) ;
vec3 rgb = f i l m ( srand (PRNG, 3) , V. wavelength , I ∗ f a c t o r ) ;
// accumulate l i n e a r RGB va lues

26
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vec4 next = vec4 ( rgb , 1 . 0 ) ;
i f ( DebugDepth ) next . xyz = vec3 ( d i s t ance (V. o r i g i n , H. s u r f a c e . p o s i t i o n ) ) ;

80 i f ( DebugNormal ) next . xyz = vec3 ( 0 . 5 + 0 .5 ∗ H. s u r f a c e . normal ) ;
i f ( DebugBounce ) next . xyz = vec3 ( 0 . 5 + 0 .5 ∗ H. ray . d i r e c t i o n ) ;
i f ( ! ( next == next ) ) next = vec4 ( 0 . 0 ) ; // NaN check
i f ( ! ( dot ( next , next ) < 1 . 0 / 0 . 0 ) ) next = vec4 ( 0 . 0 ) ; // I n f i n i t y check
vec4 prev = texture ( backbuf fer , texCoord ) ;

85 g l FragCo lor = prev + next ;
}

15 include/Raymond-D65.frag

#donotrun

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

// standard i l l um inant D65
10

f l o a t D65( f l o a t nm)
{
const f l o a t d65 min = 3 0 0 . 0 ;
const f l o a t d65 max = 7 8 0 . 0 ;

15 const f l o a t d65 step = 5 . 0 ;
#d e f i n e d65 count 97
const f l o a t d65 v [ d65 count ] = f l o a t [ d65 count ]
( 0 .034100
, 1 .664300

20 , 3 .294500
, 11.765200
, 20.236000
, 28.644700
, 37.053500

25 , 38 .501100
, 39.948800
, 42.430200
, 44.911700
, 45.775000

30 , 46 .638300
, 49.363700
, 52.089100
, 51.032300
, 49.975500

35 , 52 .311800
, 54.648200
, 68.701500
, 82.754900
, 87.120400

40 , 91 .486000
, 92.458900
, 93.431800
, 90.057000
, 86.682300

45 , 95 .773600
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, 104.865000
, 110.936000
, 117.008000
, 117.410000

50 , 117.812000
, 116.336000
, 114.861000
, 115.392000
, 115.923000

55 , 112.367000
, 108.811000
, 109.082000
, 109.354000
, 108.578000

60 , 107.802000
, 106.296000
, 104.790000
, 106.239000
, 107.689000

65 , 106.047000
, 104.405000
, 104.225000
, 104.046000
, 102.023000

70 , 100.000000
, 98.167100
, 96.334200
, 96.061100
, 95.788000

75 , 92 .236800
, 88.685600
, 89.345900
, 90.006200
, 89.802600

80 , 89 .599100
, 88.648900
, 87.698700
, 85.493600
, 83.288600

85 , 83 .493900
, 83.699200
, 81.863000
, 80.026800
, 80.120700

90 , 80 .214600
, 81.246200
, 82.277800
, 80.281000
, 78.284200

95 , 74 .002700
, 69.721300
, 70.665200
, 71.609100
, 72.979000

100 , 74 .349000
, 67.976500
, 61.604000
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, 65 .744800
, 69.885600

105 , 72 .486300
, 75.087000
, 69.339800
, 63.592700
, 55.005400

110 , 46 .418200
, 56.611800
, 66.805400
, 65.094100
, 63.382800

115 ) ;
f l o a t f = (nm − d65 min ) / d65 step ;
i n t i 0 = i n t ( f l o o r ( f ) ) ;
i n t i 1 = i 0 + 1 ;
f l o a t f 1 = f − f l o a t ( i 0 ) ;

120 i f ( i 0 < 0) re turn 0 . 0 ;
i f ( i 1 > d65 count − 1) re turn 0 . 0 ;
r e turn mix ( d65 v [ i 0 ] , d65 v [ i 1 ] , f 1 ) ∗ 0 . 0 1 ;

#undef d65 count
}

16 include/Raymond-Defs.frag

#donotrun

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

s t r u c t Random { uint seed , index ; } ;
10 s t r u c t Camera { vec3 o r i g i n , X, Y, Z ; f l o a t f i e ldOfView ; } ;

s t r u c t Ray { vec3 o r i g i n , d i r e c t i o n ; f l o a t wavelength ; vec2 index ; } ;
s t r u c t Sur face { vec3 p o s i t i o n ; vec3 normal ; f l o a t de ; } ;
s t r u c t Hit { Sur face s u r f a c e ; Ray ray ; f l o a t f a c t o r ; f l o a t emit ; } ;

15 // implement these
u int hash ( u int n) ;
Ray camera (Random PRNG, Camera C, vec2 coord , out f l o a t i n t e n s i t y ) ;
f l o a t /∗ i n t e n s i t y ∗/ ray t race (Random PRNG, Ray V, out Hit h) ;
vec3 /∗ l i n e a r RGB ∗/ f i l m (Random PRNG, f l o a t wavelength , f l o a t i n t e n s i t y ) ;

20 vec4 /∗ d i r e c t i o n , weight ∗/ l i g h t (Random PRNG, vec3 from , vec3 d i r ) ;

// perturb a random number genera to r
Random srand (Random PRNG, i n t seed )
{

25 PRNG. seed = hash ( vec2 ( hash (PRNG. seed ) , hash ( u int ( seed ) ) ) ) ;
r e turn PRNG;

}

// scene d e f i n i t i o n
30

s t r u c t Scene DE { i n t dummy; } ;
s t r u c t Scene HIT { i n t dummy; } ;

29
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f l o a t scene ( Scene DE tag , Random PRNG, Ray V) ;
35 Hit scene ( Scene HIT tag , Random PRNG, Ray V) ;

17 include/Raymond-FP4Plus.frag

#donotrun

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

// I l f o r d FP4 Plus black and white f i l m
10

f l o a t fp4p lu s ( f l o a t wavelength )
{
const i n t fp4p lu s u [ 3 5 0 ] = i n t [ 3 5 0 ]
( 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00

15 , 0x00 , 0x00 , 0x00 , 0x00 , 0x0d , 0x22 , 0x35 , 0x42 , 0 x4f , 0x5a
, 0x62 , 0x68 , 0x6d , 0x71 , 0x75 , 0x78 , 0x7c , 0 x7f , 0x81 , 0x83
, 0x86 , 0x87 , 0x89 , 0x8b , 0x8d , 0 x8f , 0x91 , 0x94 , 0x95 , 0x98
, 0x9b , 0x9c , 0 x9f , 0xa1 , 0xa3 , 0xa5 , 0xa7 , 0xa9 , 0xab , 0xac
, 0xad , 0 xaf , 0xb0 , 0xb1 , 0xb2 , 0xb3 , 0xb4 , 0xb4 , 0xb5 , 0xb5

20 , 0xb6 , 0xb6 , 0xb6 , 0xb7 , 0xb7 , 0xb7 , 0xb8 , 0xb8 , 0xb9 , 0xb9
, 0xba , 0xbb , 0xbb , 0xbc , 0xbd , 0xbd , 0xbe , 0xbe , 0xc0 , 0xc0
, 0xc2 , 0xc2 , 0xc3 , 0xc4 , 0xc5 , 0xc6 , 0xc7 , 0xc8 , 0xca , 0xcb
, 0xcc , 0xcd , 0xce , 0 xcf , 0xd0 , 0xd1 , 0xd2 , 0xd2 , 0xd3 , 0xd4
, 0xd4 , 0xd5 , 0xd5 , 0xd6 , 0xd6 , 0xd7 , 0xd7 , 0xd7 , 0xd8 , 0xd8

25 , 0xd8 , 0xd8 , 0xd9 , 0xd9 , 0xda , 0xda , 0xda , 0xda , 0xda , 0xda
, 0xda , 0xda , 0xda , 0xda , 0xda , 0xda , 0xda , 0xda , 0xda , 0xda
, 0xda , 0xda , 0xda , 0xda , 0xda , 0xda , 0xda , 0xd9 , 0xd9 , 0xd9
, 0xd9 , 0xd8 , 0xd8 , 0xd8 , 0xd8 , 0xd7 , 0xd7 , 0xd7 , 0xd7 , 0xd6
, 0xd6 , 0xd6 , 0xd6 , 0xd5 , 0xd5 , 0xd5 , 0xd5 , 0xd5 , 0xd5 , 0xd5

30 , 0xd6 , 0xd6 , 0xd6 , 0xd7 , 0xd7 , 0xd8 , 0xd8 , 0xda , 0xda , 0xdb
, 0xdc , 0xdd , 0xde , 0xde , 0xdf , 0xe0 , 0xe0 , 0xe0 , 0xe1 , 0xe2
, 0xe2 , 0xe2 , 0xe3 , 0xe3 , 0xe3 , 0xe3 , 0xe3 , 0xe3 , 0xe3 , 0xe3
, 0xe3 , 0xe3 , 0xe3 , 0xe3 , 0xe2 , 0xe2 , 0xe3 , 0xe3 , 0xe3 , 0xe3
, 0xe3 , 0xe4 , 0xe4 , 0xe5 , 0xe6 , 0xe6 , 0xe7 , 0xe7 , 0xe8 , 0xe9

35 , 0xe9 , 0xea , 0xea , 0xeb , 0xec , 0xec , 0xed , 0xee , 0xee , 0 xe f
, 0 xef , 0 xf0 , 0 xf1 , 0 xf1 , 0 xf2 , 0 xf3 , 0 xf4 , 0 xf5 , 0 xf5 , 0 xf6
, 0 xf6 , 0 xf7 , 0 xf8 , 0 xf8 , 0 xf9 , 0 xf9 , 0 xfa , 0 xfa , 0xfb , 0 xfb
, 0xfb , 0 xfc , 0 xfc , 0 xfc , 0xfd , 0xfd , 0xfd , 0 xfe , 0 xfe , 0 x f e
, 0 xfe , 0 xfe , 0 xfe , 0 xfe , 0 xfe , 0 xfe , 0 xfe , 0 xfe , 0 xfe , 0 x f e

40 , 0xfd , 0xfd , 0xfd , 0 xfc , 0 xfc , 0xfb , 0xfb , 0xfb , 0 xfa , 0 xfa
, 0 xfa , 0 xfa , 0 xfa , 0 xfa , 0 xfa , 0 xfa , 0 xfa , 0 xfa , 0 xfa , 0 xfa
, 0 xfa , 0 xf9 , 0 xf8 , 0 xf6 , 0 xf4 , 0 xf1 , 0xee , 0xeb , 0xe8 , 0xe5
, 0xe2 , 0xde , 0xdb , 0xd7 , 0xd3 , 0 xcf , 0xcb , 0xc7 , 0xc2 , 0xbd
, 0xb8 , 0xb2 , 0xad , 0xa7 , 0xa1 , 0x9b , 0x94 , 0x8c , 0x84 , 0x7c

45 , 0x72 , 0x68 , 0x5c , 0 x4f , 0x3d , 0x2e , 0x1c , 0x0d , 0x00 , 0x00
, 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00
, 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00
, 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00 , 0x00
) ;

50 f l o a t f = wavelength − 3 5 0 . 0 ;
i n t i 0 = i n t ( f l o o r ( f ) ) ;

30
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i n t i 1 = i 0 + 1 ;
f l o a t f 1 = f − f l o a t ( i 0 ) ;
i f ( i 0 < 0) re turn 0 . 0 ;

55 i f ( i 1 > 350 − 1) re turn 0 . 0 ;
r e turn mix ( f l o a t ( fp4p lu s u [ i 0 ] ) , f l o a t ( fp4p lu s u [ i 1 ] ) , f 1 ) / f l o a t (0 x f e ) ;

}

18 include/Raymond-Fractal.frag

#donotrun

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

#i f 0
10

#d e f i n e MengerSponge ( type ) \
MengerSponge ( type tag , Transform T, Ray V, i n t depth ) \
{ \

vec3 p = backwardP (T, V. o r i g i n ) ; \
15 vec3 q0 = vec3 ( 0 . 0 ) ; \

f l o a t r = 1 . 5 ; \
f o r ( i n t i = 0 ; i < depth ; ++i ) \
{ \

vec3 q1 = vec3 ( 0 . 0 ) ; \
20 f l o a t d = 1 .0 / 0 . 0 ; \

f o r ( i n t x = −1; x <= 1 ; ++x ) \
f o r ( i n t y = −1; y <= 1 ; ++y ) \
f o r ( i n t z = −1; z <= 1 ; ++z ) \
{ \

25 i f ( i n t ( x == 0) + i n t ( y == 0) + i n t ( z == 0) > 1) cont inue ; \
vec3 q = q0 + vec3 (x , y , z ) / r ; \
f l o a t de = length (p − q ) ; \
i f ( de < d) { d = de ; q1 = q ; } \

} \
30 q0 = q1 ; \

r ∗= 3 . 0 ; \
} \
re turn Cube( tag , compose ( Trans late ( q0 ) , T) , V, 1 . 5 / r ) ; \

}
35 f l o a t MengerSponge ( Scene DE )

Sur face MengerSponge ( Scene HIT )
#undef MengerSponge

40

#e n d i f

// d e l t a normal c a l c u l a t i o n
#d e f i n e DELTANORMAL(DE,E, p) normal ize ( vec3 \

45 ( DE(p + vec3 (E, 0 . 0 , 0 . 0 ) ) − DE(p − vec3 (E, 0 . 0 , 0 . 0 ) ) \
, DE(p + vec3 ( 0 . 0 ,E , 0 . 0 ) ) − DE(p − vec3 ( 0 . 0 ,E , 0 . 0 ) ) \
, DE(p + vec3 ( 0 . 0 , 0 . 0 ,E) ) − DE(p − vec3 ( 0 . 0 , 0 . 0 ,E) ) \
) )
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50 f l o a t MengerSponge ( Scene DE tag , Transform T, Ray V, i n t depth )
{

const f l o a t Sca l e = 3 . 0 ;
const vec3 O f f s e t = vec3 ( 1 . 0 ) ;
vec3 z = backwardP (T, V. o r i g i n ) ;

55 i n t n = 0 ;
whi l e (n < depth ) {

z = abs ( z ) ;
i f ( z . x<z . y ) { z . xy = z . yx ;}
i f ( z . x< z . z ) { z . xz = z . zx ;}

60 i f ( z . y<z . z ) { z . yz = z . zy ;}
z = Sca l e ∗z−O f f s e t ∗( Scale −1 .0) ;
i f ( z . z<−0.5∗ O f f s e t . z ∗( Scale −1 .0) ) z . z+=O f f s e t . z ∗( Scale −1 .0) ;
n++;

}
65 vec3 d = abs ( z ) − vec3 ( 1 . 0 ) ;

f l o a t de = length (max(d , 0 . 0 ) ) + min (max(d . x , max(d . y , d . z ) ) , 0 . 0 ) ;
r e turn forwardD (T, de ∗ pow( Scale , f l o a t (−n) ) ) ;

}

70 Sur face MengerSponge ( Scene HIT tag , Transform T, Ray V, i n t depth )
{

Scene DE DE;
f l o a t de = MengerSponge (DE, T, V, depth ) ;
const f l o a t e p s i l o n = 1 .0 e −3; // FIXME

75 #d e f i n e M(p) MengerSponge (DE, T, Ray ( ( p) , V. d i r e c t i o n , V. wavelength , V. index ) , ⤦
Ç depth )

vec3 normal = DELTANORMAL(M, eps i l on , V. o r i g i n ) ;
#undef M

// s u r f a c e
re turn Sur face (V. o r i g i n , normal , de ) ;

80 }

f l o a t Mandelbulb ( Scene DE tag , Transform T, Ray V, i n t Power , i n t depth )
{

vec3 pos = backwardP (T, V. o r i g i n ) ;
85 vec3 z = pos ;

const f l o a t Ba i lout = 2 5 . 0 ;
f l o a t dr =1.0 ;
f l o a t r=length ( z ) ;

i n t n = 0 ;
90 whi le (n < depth && r < Bai lout ) {

// This i s a power func t i on taken from the implementation by Enforcer :
// http ://www. f r a c t a l f o r u m s . com/mandelbulb− implementation / rea l t ime −⤦

Ç r e n d e r i n g o p t i m i s a t i o n s /
//
// I cannot f o l l o w i t s d e r i v a t i o n from s p h e r i c a l coord inate s ,

95 // but i t does g ive a n i c e mandelbrot l i k e ob j e c t f o r Power=2
// z=abs ( z ) ;
// void powN2( inout vec3 z , f l o a t zr0 , inout f l o a t dr , f l o a t Power ) {

f l o a t zr0 = r ;
f l o a t zo0 = as in ( z . z/ zr0 ) ;

100 f l o a t z i 0 = atan ( z . y , z . x ) ;
f l o a t zr = pow( zr0 , Power−1.0 ) ;
f l o a t zo = zo0 ∗ Power ;
f l o a t z i = z i 0 ∗ Power ;

32



raymond include/Raymond.frag

// mermelada ’ s tweak
105 // http ://www. f r a c t a l f o r u m s . com/new− t h e o r i e s −and− r e s ea r ch / er ror −⤦

Ç est imat ion −of −di s tance − e s t imato r s /msg102670 /? t o p i c s e e n#msg102670
const f l o a t Der iva t iveB ia s = 1 . 0 ;
dr = max( dr∗ Der ivat iveBias , z r ∗dr∗Power + 1 . 0 ) ;
z r ∗= zr0 ;
z = zr ∗vec3 ( cos ( zo ) ∗ cos ( z i ) , cos ( zo ) ∗ s i n ( z i ) , s i n ( zo ) ) ;

110 //}
z += pos ;
r = length ( z ) ;

n++;
}

115 f l o a t de = 0.5∗ l og ( r ) ∗ r /dr ;
r e turn forwardD (T, de ) ;

}

Sur face Mandelbulb ( Scene HIT tag , Transform T, Ray V, i n t power , i n t depth )
120 {

Scene DE DE;
f l o a t de = Mandelbulb (DE, T, V, power , depth ) ;
const f l o a t e p s i l o n = 1 .0 e −5; // FIXME

#d e f i n e M(p) Mandelbulb (DE, T, Ray ( ( p) , V. d i r e c t i o n , V. wavelength , V. index ) , ⤦
Ç power , depth )

125 vec3 normal = DELTANORMAL(M, eps i l on , V. o r i g i n ) ;
#undef M

// s u r f a c e
re turn Sur face (V. o r i g i n , normal , de ) ;

}
130

#undef DELTANORMAL

19 include/Raymond.frag

#donotrun
#i n f o Raymond − a phys ics − i n s p i r e d ray t r a c e r (C) 2018 Claude Heiland −Allen (⤦

Ç License GPL3+)

/∗
5 Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

10 const f l o a t p i = 3.141592653589793 ;
const vec3 X = vec3 ( 1 . 0 , 0 . 0 , 0 . 0 ) ;
const vec3 Y = vec3 ( 0 . 0 , 1 . 0 , 0 . 0 ) ;
const vec3 Z = vec3 ( 0 . 0 , 0 . 0 , 1 . 0 ) ;

15 #inc lude ”Complex . f r a g ”

#inc lude ”Raymond−Hash . f r a g ”
#inc lude ”Raymond−Defs . f r a g ”
#i f n d e f RaymondNoMain

20 #inc lude ”Raymond−Core . f r a g ”
#e n d i f
#inc lude ”Raymond−Random . f r a g ”
#inc lude ”Raymond−Halton . f r a g ”
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#inc lude ”Raymond−Quaternion . f r a g ”
25 #inc lude ”Raymond−Transform . f r a g ”

#inc lude ”Raymond−Sur face . f r a g ”
#inc lude ”Raymond−Frac ta l . f r a g ”
#inc lude ”Raymond−Mater ia l . f r a g ”
#inc lude ”Raymond−D65 . f r a g ”

30 #inc lude ”Raymond−Glass . f r a g ”
#inc lude ”Raymond−Quartz . f r a g ”
#inc lude ”Raymond−Water . f r a g ”
#inc lude ”Raymond−Observer . f r a g ”
#inc lude ”Raymond−FP4Plus . f r a g ”

35 #inc lude ”Raymond−Screen . f r a g ”
#inc lude ”Raymond−SkyBox . f r a g ”
#inc lude ”Raymond−Trace . f r a g ”
#inc lude ”Raymond−Pinhole . f r a g ”

20 include/Raymond-Glass.frag

#donotrun

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium
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// database / g l a s s / s chot t /F2 . yml
10

f l o a t Glass n ( f l o a t wavelength ) {
f l o a t l 2 = 1 .0 e−6 ∗ wavelength ∗ wavelength ;
re turn s q r t ( 1 . 0 + l 2 ∗

( 1 .34533359 / ( l 2 − 0.00997743871)
15 + 0.209073176 / ( l 2 − 0 .0470450767)

+ 0.937357162 / ( l 2 − 111 .886764)
) ) ;

}

20 f l o a t Glass k ( f l o a t wavelength ) {
const vec2 g l a s s l k [ 1 3 ] = vec2 [ 1 3 ]

( vec2 (1000 .0 ∗ 0 .390 , 2 .8886 e −8)
, vec2 (1000 .0 ∗ 0 .400 , 1 .9243 e −8)
, vec2 (1000 .0 ∗ 0 .405 , 1 .6869 e −8)

25 , vec2 (1000 .0 ∗ 0 .420 , 1 .2087 e −8)
, vec2 (1000 .0 ∗ 0 .436 , 9 .7490 e −9)
, vec2 (1000 .0 ∗ 0 .460 , 8 .8118 e −9)
, vec2 (1000 .0 ∗ 0 .500 , 4 .7818 e −9)
, vec2 (1000 .0 ∗ 0 .546 , 3 .4794 e −9)

30 , vec2 (1000 .0 ∗ 0 .580 , 3 .6961 e −9)
, vec2 (1000 .0 ∗ 0 .620 , 3 .9510 e −9)
, vec2 (1000 .0 ∗ 0 .660 , 6 .3120 e −9)
, vec2 (1000 .0 ∗ 0 .700 , 4 .4608 e −9)
, vec2 (1000 .0 ∗ 1 .060 , 6 .7549 e −9)

35 ) ;
i f ( wavelength < g l a s s l k [ 0 ] [ 0 ] ) r e turn g l a s s l k [ 0 ] [ 1 ] ;
f o r ( i n t i 0 = 0 ; i 0 < 12 ; ++i 0 ) {

i n t i 1 = i 0 + 1 ;
f l o a t l 0 = g l a s s l k [ i 0 ] [ 0 ] ;
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40 f l o a t l 1 = g l a s s l k [ i 1 ] [ 0 ] ;
i f ( l 0 <= wavelength && wavelength <= l 1 ) {

f l o a t f 1 = ( wavelength − l 0 ) / ( l 1 − l 0 ) ;
f l o a t k0 = g l a s s l k [ i 0 ] [ 1 ] ;
f l o a t k1 = g l a s s l k [ i 1 ] [ 1 ] ;

45 re turn mix ( k0 , k1 , f 1 ) ;
}

}
re turn g l a s s l k [ 1 2 ] [ 1 ] ;

}
50

vec2 Glass nk ( f l o a t wavelength )
{

re turn vec2 ( Glass n ( wavelength ) , Glass k ( wavelength ) ) ;
}

55

f l o a t Glass (Random PRNG, f l o a t S , Ray V)
{

re turn S ;
}

60

Hit Glass (Random PRNG, Sur face S , Ray V)
{

re turn Transparent (PRNG, S , V, Glass nk (V. wavelength ) ) ;
}

21 include/Raymond-Halton.frag

#donotrun
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// https : // en . w ik iped ia . org / wik i / Halton sequence
10

f l o a t ha l ton ( u int b , u int i )
{

f l o a t f = 1 . 0 ;
f l o a t r = 0 . 0 ;

15 i f (b > 1u)
whi l e ( i > 0u)
{

f /= f l o a t (b) ;
r += f ∗ f l o a t ( i % b) ;

20 i /= b ;
}

re turn r ;
}

25 vec2 hal ton ( uvec2 b , u int i )
{

re turn vec2 ( ha l ton (b . x , i ) , ha l ton (b . y , i ) ) ;
}
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30 vec3 hal ton ( uvec3 b , u int i )
{

re turn vec3 ( ha l ton (b . x , i ) , ha l ton (b . y , i ) , ha l ton (b . z , i ) ) ;
}

35 vec4 hal ton ( uvec4 b , u int i )
{

re turn vec4 ( ha l ton (b . x , i ) , ha l ton (b . y , i ) , ha l ton (b . z , i ) , ha l ton (b .w, i ) ) ;
}

40 f l o a t ha l ton (Random PRNG, i n t b1 )
{

f l o a t h = halton ( u int ( b1 ) , PRNG. index ) + uniform1 (PRNG) ;
re turn h − f l o o r (h) ;

}
45

vec2 hal ton (Random PRNG, i n t b1 , i n t b2 )
{

f l o a t theta = 2 .0 ∗ pi ∗ uniform1 ( srand (PRNG, 1) ) ;
f l o a t c = cos ( theta ) ;

50 f l o a t s = s i n ( theta ) ;
f l o a t r = 1 .0 / ( abs ( c ) + abs ( s ) ) ;
mat2 m = mat2 ( c , s , −s , c ) / r ;
vec2 h = m ∗ halton ( uvec2 ( b1 , b2 ) , PRNG. index ) + uniform2 ( srand (PRNG, 2) ) ;
r e turn h − f l o o r (h) ;

55 }

vec3 hal ton (Random PRNG, i n t b1 , i n t b2 , i n t b3 )
{

vec3 h = halton ( uvec3 ( b1 , b2 , b3 ) , PRNG. index ) + uniform3 (PRNG) ;
60 re turn h − f l o o r (h) ;

}

vec4 hal ton (Random PRNG, i n t b1 , i n t b2 , i n t b3 , i n t b4 )
{

65 vec4 h = halton ( uvec4 ( b1 , b2 , b3 , b4 ) , PRNG. index ) + uniform4 (PRNG) ;
re turn h − f l o o r (h) ;

}

f l o a t halton1 (Random PRNG) { re turn halton (PRNG, 2) ; }
70 vec2 halton2 (Random PRNG) { re turn hal ton (PRNG, 2 , 3) ; }

vec3 halton3 (Random PRNG) { re turn hal ton (PRNG, 2 , 3 , 5) ; }
vec4 halton4 (Random PRNG) { re turn hal ton (PRNG, 2 , 3 , 5 , 7) ; }

vec2 ha l tonDisc (Random PRNG)
75 {

re turn uni formDisc ( ha lton2 (PRNG) ) ;
}

22 include/Raymond-Hash.frag

#donotrun
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// implement t h i s
10

uint hash ( u int a ) ;

// s c a l i n g from uint to [ 0 , 1 )

15 f l o a t uniform01 ( u int a ) { re turn f l o a t ( a ) / 4294967296 .0 ; }

// hashes o f other / l a r g e r o b j e c t s

u int hash ( i n t a ) { re turn hash ( u int ( a ) ) ; }
20 uint hash ( f l o a t a ) { re turn hash ( f l oa tB i t sToUint ( a ) ) ; }

uint hash ( uvec2 a ) { re turn hash ( a . x ˆ hash ( a . y ) ) ; }
uint hash ( uvec3 a ) { re turn hash ( a . x ˆ hash ( a . yz ) ) ; }
uint hash ( uvec4 a ) { re turn hash ( a . x ˆ hash ( a . yzw) ) ; }
uint hash ( iv e c2 a ) { re turn hash ( u int ( a . x ) ˆ hash ( a . y ) ) ; }

25 uint hash ( iv e c3 a ) { re turn hash ( u int ( a . x ) ˆ hash ( a . yz ) ) ; }
uint hash ( i v e c4 a ) { re turn hash ( u int ( a . x ) ˆ hash ( a . yzw) ) ; }
uint hash ( vec2 a ) { re turn hash ( f l oa tB i t sToUint ( a . x ) ˆ hash ( a . y ) ) ; }
uint hash ( vec3 a ) { re turn hash ( f l oa tB i t sToUint ( a . x ) ˆ hash ( a . yz ) ) ; }
uint hash ( vec4 a ) { re turn hash ( f l oa tB i t sToUint ( a . x ) ˆ hash ( a . yzw) ) ; }

30

// http ://www. b u r t l e b u r t l e . net /bob/hash/ i n t e g e r . html

u int h a s h b u r t l e 1 ( u int a )
{

35 a = ( a ˆ 61u) ˆ ( a >> 16u) ;
a = a + ( a << 3u) ;
a = a ˆ ( a >> 4u) ;
a = a ∗ 0x27d4eb2du ;
a = a ˆ ( a >> 15u) ;

40 re turn a ;
}

uint h a s h b u r t l e 2 ( u int a )
{

45 a = ( a+0x7ed55d16u ) + ( a<<12u) ;
a = ( aˆ0 xc761c23cu ) ˆ ( a>>19u) ;
a = ( a+0x165667b1u ) + (a<<5u) ;
a = ( a+0xd3a2646cu ) ˆ ( a<<9u) ;
a = ( a+0xfd7046c5u ) + (a<<3u) ;

50 a = ( aˆ0 xb55a4f09u ) ˆ (a>>16u) ;
r e turn a ;

}

uint h a s h b u r t l e 3 ( u int a )
55 {

a −= ( a<<6u) ;
a ˆ= ( a>>17u) ;
a −= ( a<<9u) ;
a ˆ= ( a<<4u) ;

60 a −= ( a<<3u) ;
a ˆ= ( a<<10u) ;
a ˆ= ( a>>15u) ;
r e turn a ;
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}
65

uint h a s h b u r t l e 4 ( u int a )
{

a += ˜(a<<15u) ;
a ˆ= ( a>>10u) ;

70 a += ( a<<3u) ;
a ˆ= ( a>>6u) ;
a += ˜(a<<11u) ;
a ˆ= ( a>>16u) ;
r e turn a ;

75 }

uint h a s h b u r t l e 5 ( u int a )
{

a = ( a+0x479ab41du ) + (a<<8u) ;
80 a = ( aˆ0 xe4aa10ceu ) ˆ ( a>>5u) ;

a = ( a+0x9942f0a6u ) − ( a<<14u) ;
a = ( aˆ0 x5aedd67du ) ˆ ( a>>3u) ;
a = ( a+0x17bea992u ) + ( a<<7u) ;
r e turn a ;

85 }

uint h a s h b u r t l e 6 ( u int a )
{

a = ( aˆ0 xdeadbeefu ) + ( a<<4u) ;
90 a = a ˆ ( a>>10u) ;

a = a + ( a<<7u) ;
a = a ˆ ( a>>13u) ;
r e turn a ;

}
95

uint h a s h b u r t l e 7 ( u int a )
{

a = a ˆ ( a>>4u) ;
a = ( aˆ0 xdeadbeefu ) + ( a<<5u) ;

100 a = a ˆ ( a>>11u) ;
r e turn a ;

}

uint h a s h b u r t l e 8 ( u int a )
105 {

a = ( a+0x479ab41du ) + (a<<8u) ;
a = ( aˆ0 xe4aa10ceu ) ˆ ( a>>5u) ;
a = ( a+0x9942f0a6u ) − ( a<<14u) ;
a = ( aˆ0 x5aedd67du ) ˆ ( a>>3u) ;

110 a = ( a+0x17bea992u ) + ( a<<7u) ;
r e turn a ;

}

uint h a s h b u r t l e 9 ( u int a )
115 {

a = ( a+0x7ed55d16u ) + ( a<<12u) ;
a = ( aˆ0 xc761c23cu ) ˆ ( a>>19u) ;
a = ( a+0x165667b1u ) + (a<<5u) ;
a = ( a+0xd3a2646cu ) ˆ ( a<<9u) ;

120 a = ( a+0xfd7046c5u ) + (a<<3u) ;

38



raymond include/Raymond-Lettuce.frag

a = ( aˆ0 xb55a4f09u ) ˆ (a>>16u) ;
r e turn a ;

}

125 uint ha sh bur t l e 10 ( u int a )
{

a = ( a+0x7fb9b1eeu ) + ( a<<12u) ;
a = ( aˆ0xab35dd63u ) ˆ (a>>19u) ;
a = ( a+0x41ed960du ) + ( a<<5u) ;

130 a = ( a+0xc7d0125eu ) ˆ ( a<<9u) ;
a = ( a+0x071 f 9 f 8 fu ) + (a<<3u) ;
a = ( aˆ0 x55ab55b9u ) ˆ (a>>16u) ;
r e turn a ;

}
135

uint ha sh bur t l e 11 ( u int a )
{

a −= ( a<<6u) ;
a ˆ= ( a>>17u) ;

140 a −= ( a<<9u) ;
a ˆ= ( a<<4u) ;
a −= ( a<<3u) ;
a ˆ= ( a<<10u) ;
a ˆ= ( a>>15u) ;

145 re turn a ;
}

uint ha sh bur t l e 12 ( u int a )
{

150 a += ˜(a<<15u) ;
a ˆ= ( a>>10u) ;
a += ( a<<3u) ;
a ˆ= ( a>>6u) ;
a += ˜(a<<11u) ;

155 a ˆ= ( a>>16u) ;
r e turn a ;

}

23 include/Raymond-Lettuce.frag

#donotrun
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10

#d e f i n e DELTA(N,E, p) vec3 \
( N(p + vec3 (E, 0 . 0 , 0 . 0 ) ) − N(p − vec3 (E, 0 . 0 , 0 . 0 ) ) \
, N(p + vec3 ( 0 . 0 ,E , 0 . 0 ) ) − N(p − vec3 ( 0 . 0 ,E , 0 . 0 ) ) \
, N(p + vec3 ( 0 . 0 , 0 . 0 ,E) ) − N(p − vec3 ( 0 . 0 , 0 . 0 ,E) ) \

15 )

f l o a t Lettuce ( vec3 p , i n t maxiter )
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{
f l o a t a = p . x ;

20 f l o a t b = p . y ;
f l o a t c = p . z ;
f l o a t l en2 = dot (p , p) ;
f l o a t r l e n ;
i n t i = 0 ;

25 whi le ( ( l en2 < 1 6 . 0 ) && ( i < maxiter ) ) {
i ++;
r l e n = 1.0/ s q r t ( l en2 ) ;
p ∗= r l e n ; // normal ize vec to r to un i t l ength => p r o j e c t onto sphere
// f i n d X− r e l a t e d i so −plane : po la r p r o j e c t i o n onto un i t c i r c l e

30 f l o a t Kx = 2.0∗p . x ∗ ( 1 . 0 − p . y ) / ( ( p . y − 2 . 0 ) ∗p . y + p . x∗p . x + 1 . 0 ) ;
f l o a t Ky = 1 .0 − 2 . 0∗ ( ( p . y − 2 . 0 ) ∗p . y + 1 . 0 ) /

( ( p . y − 2 . 0 ) ∗p . y + p . x∗p . x + 1 . 0 ) ;
// doubled po int
f l o a t K2x = −2.0∗Kx∗Ky;

35 f l o a t K2y = −(Ky∗Ky − Kx∗Kx) ;
// two more doubl ings ( f o r t o t a l power e i g h t )
Kx = −2.0∗K2x∗K2y ;
Ky = −(K2y∗K2y − K2x∗K2x) ;
K2x = −2.0∗Kx∗Ky;

40 K2y = −(Ky∗Ky − Kx∗Kx) ;
// ( r e l e v a n t ) normal vec to r coo rd ina t e s o f doubled po int plane
f l o a t n1x = K2y − 1 . 0 ;
f l o a t n1y = −K2x ;
// f i n d Z− r e l a t e d i so −plane : po la r p r o j e c t i o n onto un i t c i r c l e

45 f l o a t Kz = 2.0∗p . z ∗ ( 1 . 0 − p . y ) / ( ( p . y − 2 . 0 ) ∗p . y + p . z∗p . z + 1 . 0 ) ;
Ky = 1 .0 − 2 . 0∗ ( ( p . y − 2 . 0 ) ∗p . y + 1 . 0 ) / ( ( p . y − 2 . 0 ) ∗p . y + p . z∗p . z + 1 . 0 ) ;
// doubled po int
f l o a t K2z = −2.0∗Kz∗Ky;
K2y = −(Ky∗Ky − Kz∗Kz) ;

50 // two more doubl ings ( f o r t o t a l power e i g h t )
Kz = −2.0∗K2z∗K2y ;
Ky = −(K2y∗K2y − K2z∗K2z) ;
K2z = −2.0∗Kz∗Ky;
K2y = −(Ky∗Ky − Kz∗Kz) ;

55 // ( r e l e v a n t ) normal vec to r coo rd ina t e s o f doubled po int plane
f l o a t n2y = −K2z ;
f l o a t n2z = K2y − 1 . 0 ;
// compute p o s i t i o n o f doubled po int as i n t e r s e c t i o n o f p lanes and sphere
// so lved ray parameter

60 f l o a t nt = 2 . 0∗ ( n1x∗n1x∗n2z∗n2z ) / ( ( n1x∗n1x + n1y∗n1y ) ∗n2z∗n2z
+ n1x∗n1x∗n2y∗n2y ) ;

// doubled po int p o s i t i o n
p . y = 1 .0 − nt ;
p . x = n1y ∗ ( 1 . 0 − p . y ) /n1x ;

65 p . z = n2y ∗ ( 1 . 0 − p . y ) /n2z ;
// r a i s e o r i g i n a l l ength to the power , then add constant
// p ∗= len2 ;
p ∗= len2 ∗ l en2 ∗ l en2 ∗ l en2 ; // f o r 8 th power
p += vec3 (a , b , c ) ;

70 l en2 = dot (p , p) ;
}
i f ( l en2 < 1 6 . 0 ) {

re turn f l o a t ( maxiter ) ;
}
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75 re turn f l o a t ( i ) + 1 .0 − l og ( s q r t ( l en2 ) ) / l og ( 8 . 0 ) ;
}

f l o a t Lettuce ( Scene DE tag , Transform T, Ray V, i n t maxiter )
{

80 vec3 o r i g i n = backwardP (T, V. o r i g i n ) ;
const f l o a t e p s i l o n = 1 .0 e −4; // FIXME

#d e f i n e M(p) Lettuce (p , maxiter )
vec3 g rad i ent = DELTA(M, eps i l on , o r i g i n ) / ( 2 . 0 ∗ e p s i l o n ) ;

#undef M
85 f l o a t de = 0.25 ∗ 1 .0 / ( l og ( 8 . 0 ) ∗ l ength ( g rad i en t ) ) ;

r e turn forwardD (T, de ) ;
}

Sur face Lettuce ( Scene HIT tag , Transform T, Ray V, i n t maxiter )
90 {

vec3 o r i g i n = backwardP (T, V. o r i g i n ) ;
const f l o a t e p s i l o n = 1 .0 e −4; // FIXME

#d e f i n e M(p) Lettuce (p , maxiter )
vec3 g rad i ent = DELTA(M, eps i l on , o r i g i n ) / ( 2 . 0 ∗ e p s i l o n ) ;

95 #undef M
f l o a t de = 0.25 ∗ 1 .0 / ( l og ( 8 . 0 ) ∗ l ength ( g rad i en t ) ) ;
vec3 normal = normal ize (− grad i ent ) ; // FIXME normal o f escape f i e l d , not o f ⤦

Ç d i s t ance ?
// s u r f a c e
re turn Sur face ( forwardP (T, o r i g i n ) , forwardN (T, normal ) , forwardD (T, de ) ) ;

100 }

#undef DELTA

24 include/Raymond-Material.frag

#donotrun

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

// CSG union : minimum by de
10

Hit Union ( in Hit a )
{

re turn a ;
}

15

Hit Union ( in Hit a , in Hit b)
{

i f ( a . s u r f a c e . de < b . s u r f a c e . de ) re turn a ; e l s e re turn b ;
}

20

Hit Union ( in Hit a , in Hit b , in Hit c )
{

re turn Union ( Union (a , b ) , c ) ;
}

25

41



raymond include/Raymond-Material.frag

Hit Union ( in Hit a , in Hit b , in Hit c , in Hit d)
{

re turn Union ( Union ( Union (a , b) , c ) , d ) ;
}

30

Hit Union ( in Hit a , in Hit b , in Hit c , in Hit d , in Hit e )
{

re turn Union ( Union ( Union ( Union ( a , b) , c ) , d ) , e ) ;
}

35

Hit Union ( in Hit a , in Hit b , in Hit c , in Hit d , in Hit e , in Hit f )
{

re turn Union ( Union ( Union ( Union ( Union ( a , b) , c ) , d ) , e ) , f ) ;
}

40

Hit Union ( in Hit a , in Hit b , in Hit c , in Hit d , in Hit e , in Hit f , in Hit g )
{

re turn Union ( Union ( Union ( Union ( Union ( Union ( a , b ) , c ) , d ) , e ) , f ) , g ) ;
}

45

// CSG i n t e r s e c t i o n : maximum by de

Hit I n t e r s e c t i o n ( in Hit a , in Hit b)
{

50 i f ( a . s u r f a c e . de > b . s u r f a c e . de ) re turn a ; e l s e re turn b ;
}

Hit I n t e r s e c t i o n ( in Hit a , in Hit b , in Hit c )
{

55 re turn I n t e r s e c t i o n ( I n t e r s e c t i o n ( a , b ) , c ) ;
}

Hit I n t e r s e c t i o n ( in Hit a , in Hit b , in Hit c , in Hit d)
{

60 re turn I n t e r s e c t i o n ( I n t e r s e c t i o n ( I n t e r s e c t i o n ( a , b) , c ) , d ) ;
}

Hit I n t e r s e c t i o n ( in Hit a , in Hit b , in Hit c , in Hit d , in Hit e )
{

65 re turn I n t e r s e c t i o n ( I n t e r s e c t i o n ( I n t e r s e c t i o n ( I n t e r s e c t i o n ( a , b ) , c ) , d ) , e ) ;
}

Hit I n t e r s e c t i o n ( in Hit a , in Hit b , in Hit c , in Hit d , in Hit e , in Hit f )
{

70 re turn I n t e r s e c t i o n ( I n t e r s e c t i o n ( I n t e r s e c t i o n ( I n t e r s e c t i o n ( I n t e r s e c t i o n ( a , b) ,⤦
Ç c ) , d ) , e ) , f ) ;

}

// v i r t u a l s u r f a c e ( t ransmi t s everyth ing )

75 f l o a t Transmit ( f l o a t S , Ray V)
{

re turn S ;
}

80 Hit Transmit ( Sur face S , Ray V)
{
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V. o r i g i n = S . p o s i t i o n ;
Hit h ;
h . s u r f a c e = S ;

85 h . ray = V;
h . f a c t o r = 1 . 0 ;
h . emit = 0 . 0 ;
r e turn h ;

}
90

// opaque emi s s i v e mate r i a l

f l o a t Light ( f l o a t S , Ray V, f l o a t b r i g h t n e s s )
{

95 re turn S ;
}

Hit Light ( Sur face S , Ray V, f l o a t b r i g h t n e s s )
{

100 V. o r i g i n = S . p o s i t i o n ;
V. d i r e c t i o n = vec3 ( 0 . 0 ) ;
Hit h ;
h . s u r f a c e = S ;
h . ray = V;

105 h . f a c t o r = 0 . 0 ;
h . emit = b r i g h t n e s s ; // S . de < 1 .0 e−4 ? b r i g h t n e s s : 0 . 0 ;
r e turn h ;

}

110 // p e r f e c t l y r e f l e c t i v e mate r i a l

f l o a t Mirror ( f l o a t S , Ray V, f l o a t albedo )
{

re turn S ;
115 }

Hit Mirror ( Sur face S , Ray V, f l o a t albedo )
{

V. o r i g i n = S . p o s i t i o n ;
120 V. d i r e c t i o n = r e f l e c t (V. d i r e c t i o n , S . normal ) ;

r e turn Hit (S , V, albedo , 0 . 0 ) ;
}

// opaque d i f f u s e mate r i a l
125

f l o a t D i f f u s e (Random PRNG, f l o a t S , Ray V, f l o a t albedo )
{

re turn S ;
}

130

Hit D i f f u s e (Random PRNG, Sur face S , Ray V, f l o a t albedo )
{

V. o r i g i n = S . p o s i t i o n ;
V. d i r e c t i o n = cosHemisphere ( ha l tonDisc (PRNG) , S . normal ) ;

135 Hit h ;
h . s u r f a c e = S ;
h . ray = V;
h . emit = 0 . 0 ;
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h . f a c t o r = albedo / p i ;
140 re turn h ;

}

// opaque g l o s s y mate r i a l

145 f l o a t CookTorrance ( vec3 I , vec3 O, vec3 N, f l o a t albedo , f l o a t shine , f l o a t ⤦
Ç roughness , f l o a t eta )

{
f l o a t d i f f u s e = albedo / p i ;
vec3 H = normal ize (O + I ) ; // h a l f vec to r
f l o a t a2 = roughness ∗ roughness ;

150 // d i s t r i b u t i o n term ( m i c r o f a c e t s )
f l o a t D = 0 . 0 ;
f l o a t HN = dot (H, N) ;
i f (HN > 0 . 0 )
{

155 f l o a t HN2 = HN ∗ HN;
f l o a t den = HN2 ∗ a2 + ( 1 . 0 − HN2) ;
D = a2 / ( p i ∗ den ∗ den ) ;

}
// f r e s n e l term ( approximation )

160 f l o a t e = ( eta − 1 . 0 ) / ( eta + 1 . 0 ) ;
f l o a t F = mix (pow ( 1 . 0 − dot (H, O) , 5 . 0 ) , 1 . 0 , e ∗ e ) ;
// geometry term ( s e l f −occu lu s i on )
f l o a t G = 1 . 0 ;
f l o a t IH = dot ( I , H) ;

165 f l o a t OH = dot (O, H) ;
i f ( ( dot ( I , N) > 0 . 0 ) == ( IH > 0 . 0 ) ) G ∗= 2.0 / ( 1 . 0 + s q r t ( 1 . 0 + a2 ∗ ( 1 . 0 − ⤦

Ç IH ∗ IH) / ( IH ∗ IH) ) ) ;
i f ( ( dot (O, N) > 0 . 0 ) == (OH > 0 . 0 ) ) G ∗= 2.0 / ( 1 . 0 + s q r t ( 1 . 0 + a2 ∗ ( 1 . 0 − ⤦

Ç OH ∗ OH) / (OH ∗ OH) ) ) ;
// combined
f l o a t spe cu l a r = D ∗ F ∗ G / ( 4 . 0 ∗ dot ( I , N) ∗ dot (O, N) ) ;

170 // s u r f a c e
re turn mix ( d i f f u s e , specu lar , sh ine ) ;

}

f l o a t CookTorrance (Random PRNG, f l o a t S , Ray V, f l o a t albedo , f l o a t shine , f l o a t⤦
Ç roughness , vec2 index )

175 {
re turn S ;

}

Hit CookTorrance (Random PRNG, Sur face S , Ray I , f l o a t albedo , f l o a t shine , f l o a t⤦
Ç roughness , vec2 index )

180 {
Ray O = I ;
O. o r i g i n = S . p o s i t i o n ;
O. d i r e c t i o n = cosHemisphere ( ha l tonDisc (PRNG) , S . normal ) ;
f l o a t eta = I . index . x / index . x ;

185 Hit h ;
h . s u r f a c e = S ;
h . ray = O;
h . emit = 0 . 0 ;
h . f a c t o r = CookTorrance ( I . d i r e c t i o n , O. d i r e c t i o n , S . normal , albedo , shine , ⤦

Ç roughness , eta ) ;
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190 re turn h ;
}

// Fre sne l equat ions

195 s t r u c t Fre sne l { f l o a t Rs , Rp, Ts , Tp ; } ;

F re sne l f r e s n e l ( vec3 inc ident , vec3 normal , f l o a t n1 , f l o a t n2 )
{

f l o a t dotNI = dot ( inc ident , normal ) ;
200 f l o a t eta = n1 / n2 ;

f l o a t c1 = −dotNI ;
f l o a t c2 = 1 .0 − ( 1 . 0 − c1 ∗ c1 ) ∗ ( eta ∗ eta ) ;
Fre sne l f ;
i f ( c2 < 0 . 0 )

205 {
// t o t a l i n t e r n a l r e f l e c t i o n
f . Rs = 1 . 0 ;
f .Rp = 1 . 0 ;
f . Ts = 0 . 0 ;

210 f .Tp = 0 . 0 ;
}
e l s e
{

c2 = s q r t ( c2 ) ;
215 f l o a t r s = ( eta ∗ c1 − c2 ) / ( eta ∗ c1 + c2 ) ;

f l o a t rp = ( eta ∗ c2 − c1 ) / ( eta ∗ c2 + c1 ) ;
f l o a t t s = 2 .0 ∗ eta ∗ c1 / ( eta ∗ c1 + c2 ) ;
f l o a t tp = 2 .0 ∗ eta ∗ c1 / ( eta ∗ c2 + c1 ) ;
f . Rs = r s ∗ r s ;

220 f .Rp = rp ∗ rp ;
f . Ts = t s ∗ t s ;
f .Tp = tp ∗ tp ;

}
re turn f ;

225 }

// r e f r a c t i v e m a t e r i a l s

f l o a t Transparent (Random PRNG, f l o a t S , Ray V, vec2 index )
230 {

re turn S ;
}

Hit Transparent (Random PRNG, Sur face S , Ray V, vec2 index )
235 {

V. o r i g i n = S . p o s i t i o n ;
vec2 nk1 = V. index ;
vec2 nk2 = index ;
bool i n s i d e = f a l s e ;

240 i f ( dot (−V. d i r e c t i o n , S . normal ) < 0 . 0 )
{

nk1 = nk2 ;
nk2 = vec2 ( 1 . 0 , 0 . 0 ) ; // vacuum
S = Inve r t (S) ;

245 i n s i d e = true ;
}
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Fresne l F = f r e s n e l (V. d i r e c t i o n , S . normal , nk1 . x , nk2 . x ) ;
// FIXME p o l a r i z a t i o n
f l o a t R = 0 .5 ∗ (F . Rs + F.Rp) ;

250 f l o a t T = 0 .5 ∗ (F . Ts + F.Tp) ;
f l o a t RT = R + T;
f l o a t hRT = halton1 (PRNG) ;
i f ( mix ( 0 . 0 , RT, hRT) <= R)
{

255 V. d i r e c t i o n = normal ize ( r e f l e c t (V. d i r e c t i o n , S . normal ) ) ;
V. index = nk1 ;

}
e l s e
{

260 V. d i r e c t i o n = normal ize ( r e f r a c t (V. d i r e c t i o n , S . normal , nk1 . x / nk2 . x ) ) ;
V. index = nk2 ;

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

265 S = Inve r t (S) ;
}
Hit h ;
h . s u r f a c e = S ;
h . ray = V;

270 h . f a c t o r = 1 . 0 ;
h . emit = 0 . 0 ;
r e turn h ;

}

275 // th in f i l m soap bubble

f l o a t SoapBubble (Random PRNG, f l o a t S , Ray V, f l o a t th i cknes s , vec2 index )
{

re turn S ;
280 }

Hit SoapBubble (Random PRNG, Sur face S , Ray V, f l o a t th i cknes s , vec2 index )
{

V. o r i g i n = S . p o s i t i o n ;
285 vec2 n k a i r = V. index ;

vec2 nk f i lm = index ;
bool i n s i d e = f a l s e ;
i f ( dot (−V. d i r e c t i o n , S . normal ) < 0 . 0 )
{

290 S = Inve r t (S) ;
i n s i d e = true ;

}
vec3 r e f r a c t e d = normal ize ( r e f r a c t (V. d i r e c t i o n , S . normal , n k a i r . x / nk f i lm . x⤦

Ç ) ) ;
Fre sne l F in = f r e s n e l (V. d i r e c t i o n , S . normal , n k a i r . x , nk f i lm . x ) ;

295 Fresne l F out = f r e s n e l ( r e f r a c t e d , S . normal , nk f i lm . x , n k a i r . x ) ;
// FIXME p o l a r i z a t i o n , absorpt ion
f l o a t T in = 0 .5 ∗ ( F in . Ts + F in .Tp) ;
f l o a t T out = 0 .5 ∗ ( F out . Ts + F out .Tp) ;
f l o a t R in = 0 .5 ∗ ( F in . Rs + F in .Rp) ;

300 f l o a t R f i lm = 0 .5 ∗ ( F out . Rs + F out .Rp) ;
f l o a t d = 2 .0 ∗ pi ∗ t h i c k n e s s / V. wavelength / abs ( dot ( r e f r a c t e d , S . normal ) ) ;
vec2 D = vec2 ( cos (d) , s i n (d) ) ;
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vec2 D2 = cSqr (D) ;
vec2 one = vec2 ( 1 . 0 , 0 . 0 ) ;

305 f l o a t T = length ( cDiv ( T in ∗ T out ∗ D, one − R fi lm ∗ R fi lm ∗ D2) ) ;
f l o a t R = length ( cDiv ( T in ∗ T out ∗ R fi lm ∗ D2, one − R fi lm ∗ R fi lm ∗ D2) ⤦

Ç − vec2 ( R in , 0 . 0 ) ) ;
f l o a t hRT = halton1 (PRNG) ∗ (R + T) ;
i f (hRT < R)
{

310 V. d i r e c t i o n = normal ize ( r e f l e c t (V. d i r e c t i o n , S . normal ) ) ;
}
// otherw i s e ray cont inues in same d i r e c t i o n
i f ( i n s i d e )
{

315 S = Inve r t (S) ;
}
Hit h ;
h . s u r f a c e = S ;
h . ray = V;

320 h . f a c t o r = 1 . 0 ;
h . emit = 0 . 0 ;
r e turn h ;

}

325 // r e f l e c t i v e th in f i l m

f l o a t ThinFilm ( f l o a t S , Ray V, f l o a t th i cknes s , f l o a t f a c t o r )
{

re turn S ;
330 }

Hit ThinFilm ( Sur face S , Ray V, f l o a t th i cknes s , f l o a t f a c t o r )
{

f l o a t t = 4 .0 ∗ pi ∗ (−dot (V. d i r e c t i o n , S . normal ) ) ∗ t h i c k n e s s / V. wavelength ;
335 f l o a t f = 0 .5 ∗ l ength ( vec2 ( cos ( t ) + 1 . 0 , s i n ( t ) ) ) ;

V. d i r e c t i o n = r e f l e c t (V. d i r e c t i o n , S . normal ) ;
Hit h ;
h . s u r f a c e = S ;
h . ray = V;

340 h . f a c t o r = f a c t o r ∗ f ;
h . emit = 0 . 0 ;
r e turn h ;

}

345 f l o a t Checkerboard ( vec3 x , f l o a t a , f l o a t b)
{

x −= f l o o r ( x ) ;
bool c = ( x . x > 0 . 5 ) != ( x . y > 0 . 5 ) != ( x . z > 0 . 5 ) ;
r e turn c ? a : b ;

350 }

Hit Checkerboard ( vec3 x , Hit a , Hit b)
{

x −= f l o o r ( x ) ;
355 bool c = ( x . x > 0 . 5 ) != ( x . y > 0 . 5 ) != ( x . z > 0 . 5 ) ;

r e turn c ? a : b ;
}
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f l o a t absorpt ion ( f l o a t k , f l o a t nm, f l o a t d i s t )
360 {

re turn exp ( −4.0 ∗ pi ∗ k ∗ d i s t / ( 1 . 0 e−9 ∗ nm) ) ;
}

25 include/Raymond-Observer.frag

#donotrun

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

// l i n e a r XYZ to l i n e a r RGB
10 // https : // en . w ik iped ia . org / wik i /SRGB#The forward t rans fo rmat ion (⤦

Ç CIE XYZ to sRGB )
vec3 xyz2rgb ( in vec3 l )
{

const vec3 whitePoint = vec3 (0 . 9505 , 1 .0000 , 1 . 0890) ;
const mat3 matrix = mat3

15 ( 3 .2406 , −1.5372 , −0.4986
, −0.9689 , 1 .8758 , 0 .0415
, 0 .0557 , −0.2040 , 1 .0570
) ;

r e turn ( whitePoint ∗ l ) ∗ matrix ;
20 }

// l i n e a r RGB to l i n e a r XYZ
// https : // en . w ik iped ia . org / wik i /SRGB#The reve r s e t r an s f o rmat i on
vec3 rgb2xyz ( in vec3 l )

25 {
const vec3 whitePoint = vec3 (0 . 9505 , 1 .0000 , 1 . 0890) ;
const mat3 matrix = mat3

( 0 .4124 , 0 .3576 , 0 .1805
, 0 .2126 , 0 .7152 , 0 .0722

30 , 0 . 0193 , 0 .1192 , 0 .9505
) ;

r e turn ( l ∗ matrix ) / whitePoint ;
}

35 // CIE standard obse rve r
// https : // en . w ik iped ia . org / wik i / CIE 1931 co lo r space#CIE standard observer
vec3 obse rve r ( in f l o a t wavelength )
{
const i n t wavelength min = 390 ;

40 const i n t wavelength max = 830 ;
#d e f i n e wavelength count 441
const vec3 t r i s t i m u l u s c u r v e [ wavelength count ] = vec3 [ wavelength count ]

( vec3 (3 .769647 e −3 , 4 .146161 e −4 , 1 .847260 e −2)
, vec3 (4 .532416 e −3 , 5 .028333 e −4 , 2 .221101 e −2)

45 , vec3 (5 .446553 e −3 , 6 .084991 e −4 , 2 .669819 e −2)
, vec3 (6 .538868 e −3 , 7 .344436 e −4 , 3 .206937 e −2)
, vec3 (7 .839699 e −3 , 8 .837389 e −4 , 3 .847832 e −2)
, vec3 (9 .382967 e −3 , 1 .059646 e −3 , 4 .609784 e −2)
, vec3 (1 .120608 e −2 , 1 .265532 e −3 , 5 .511953 e −2)

48



raymond include/Raymond-Observer.frag

50 , vec3 (1 .334965 e −2 , 1 .504753 e −3 , 6 .575257 e −2)
, vec3 (1 .585690 e −2 , 1 .780493 e −3 , 7 .822113 e −2)
, vec3 (1 .877286 e −2 , 2 .095572 e −3 , 9 .276013 e −2)
, vec3 (2 .214302 e −2 , 2 .452194 e −3 , 1 .096090 e −1)
, vec3 (2 .601285 e −2 , 2 .852216 e −3 , 1 .290077 e −1)

55 , vec3 (3 .043036 e −2 , 3 .299115 e −3 , 1 .512047 e −1)
, vec3 (3 .544325 e −2 , 3 .797466 e −3 , 1 .764441 e −1)
, vec3 (4 .109640 e −2 , 4 .352768 e −3 , 2 .049517 e −1)
, vec3 (4 .742986 e −2 , 4 .971717 e −3 , 2 .369246 e −1)
, vec3 (5 .447394 e −2 , 5 .661014 e −3 , 2 .725123 e −1)

60 , vec3 (6 .223612 e −2 , 6 .421615 e −3 , 3 .117820 e −1)
, vec3 (7 .070048 e −2 , 7 .250312 e −3 , 3 .547064 e −1)
, vec3 (7 .982513 e −2 , 8 .140173 e −3 , 4 .011473 e −1)
, vec3 (8 .953803 e −2 , 9 .079860 e −3 , 4 .508369 e −1)
, vec3 (9 .974848 e −2 , 1 .005608 e −2 , 5 .034164 e −1)

65 , vec3 (1 .104019 e −1 , 1 .106456 e −2 , 5 .586361 e −1)
, vec3 (1 .214566 e −1 , 1 .210522 e −2 , 6 .162734 e −1)
, vec3 (1 .328741 e −1 , 1 .318014 e −2 , 6 .760982 e −1)
, vec3 (1 .446214 e −1 , 1 .429377 e −2 , 7 .378822 e −1)
, vec3 (1 .566468 e −1 , 1 .545004 e −2 , 8 .013019 e −1)

70 , vec3 (1 .687901 e −1 , 1 .664093 e −2 , 8 .655573 e −1)
, vec3 (1 .808328 e −1 , 1 .785302 e −2 , 9 .295791 e −1)
, vec3 (1 .925216 e −1 , 1 .907018 e −2 , 9 .921293 e −1)
, vec3 (2 .035729 e −1 , 2 .027369 e −2 , 1 .051821)
, vec3 (2 .137531 e −1 , 2 .144805 e −2 , 1 .107509)

75 , vec3 (2 .231348 e −1 , 2 .260041 e −2 , 1 .159527)
, vec3 (2 .319245 e −1 , 2 .374789 e −2 , 1 .208869)
, vec3 (2 .403892 e −1 , 2 .491247 e −2 , 1 .256834)
, vec3 (2 .488523 e −1 , 2 .612106 e −2 , 1 .305008)
, vec3 (2 .575896 e −1 , 2 .739923 e −2 , 1 .354758)

80 , vec3 (2 .664991 e −1 , 2 .874993 e −2 , 1 .405594)
, vec3 (2 .753532 e −1 , 3 .016909 e −2 , 1 .456414)
, vec3 (2 .838921 e −1 , 3 .165145 e −2 , 1 .505960)
, vec3 (2 .918246 e −1 , 3 .319038 e −2 , 1 .552826)
, vec3 (2 .989200 e −1 , 3 .477912 e −2 , 1 .595902)

85 , vec3 (3 .052993 e −1 , 3 .641495 e −2 , 1 .635768)
, vec3 (3 .112031 e −1 , 3 .809569 e −2 , 1 .673573)
, vec3 (3 .169047 e −1 , 3 .981843 e −2 , 1 .710604)
, vec3 (3 .227087 e −1 , 4 .157940 e −2 , 1 .748280)
, vec3 (3 .288194 e −1 , 4 .337098 e −2 , 1 .787504)

90 , vec3 (3 .349242 e −1 , 4 .517180 e −2 , 1 .826609)
, vec3 (3 .405452 e −1 , 4 .695420 e −2 , 1 .863108)
, vec3 (3 .451688 e −1 , 4 .868718 e −2 , 1 .894332)
, vec3 (3 .482554 e −1 , 5 .033657 e −2 , 1 .917479)
, vec3 (3 .494153 e −1 , 5 .187611 e −2 , 1 .930529)

95 , vec3 (3 .489075 e −1 , 5 .332218 e −2 , 1 .934819)
, vec3 (3 .471746 e −1 , 5 .470603 e −2 , 1 .932650)
, vec3 (3 .446705 e −1 , 5 .606335 e −2 , 1 .926395)
, vec3 (3 .418483 e −1 , 5 .743393 e −2 , 1 .918437)
, vec3 (3 .390240 e −1 , 5 .885107 e −2 , 1 .910430)

100 , vec3 (3 .359926 e −1 , 6 .030809 e −2 , 1 .901224)
, vec3 (3 .324276 e −1 , 6 .178644 e −2 , 1 .889000)
, vec3 (3 .280157 e −1 , 6 .326570 e −2 , 1 .871996)
, vec3 (3 .224637 e −1 , 6 .472352 e −2 , 1 .848545)
, vec3 (3 .156225 e −1 , 6 .614749 e −2 , 1 .817792)

105 , vec3 (3 .078201 e −1 , 6 .757256 e −2 , 1 .781627)
, vec3 (2 .994771 e −1 , 6 .904928 e −2 , 1 .742514)
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, vec3 (2 .909776 e −1 , 7 .063280 e −2 , 1 .702749)
, vec3 (2 .826646 e −1 , 7 .238339 e −2 , 1 .664439)
, vec3 (2 .747962 e −1 , 7 .435960 e −2 , 1 .629207)

110 , vec3 (2 .674312 e −1 , 7 .659383 e −2 , 1 .597360)
, vec3 (2 .605847 e −1 , 7 .911436 e −2 , 1 .568896)
, vec3 (2 .542749 e −1 , 8 .195345 e −2 , 1 .543823)
, vec3 (2 .485254 e −1 , 8 .514816 e −2 , 1 .522157)
, vec3 (2 .433039 e −1 , 8 .872657 e −2 , 1 .503611)

115 , vec3 (2 .383414 e −1 , 9 .266008 e −2 , 1 .486673)
, vec3 (2 .333253 e −1 , 9 .689723 e −2 , 1 .469595)
, vec3 (2 .279619 e −1 , 1 .013746 e −1 , 1 .450709)
, vec3 (2 .219781 e −1 , 1 .060145 e −1 , 1 .428440)
, vec3 (2 .151735 e −1 , 1 .107377 e −1 , 1 .401587)

120 , vec3 (2 .075619 e −1 , 1 .155111 e −1 , 1 .370094)
, vec3 (1 .992183 e −1 , 1 .203122 e −1 , 1 .334220)
, vec3 (1 .902290 e −1 , 1 .251161 e −1 , 1 .294275)
, vec3 (1 .806905 e −1 , 1 .298957 e −1 , 1 .250610)
, vec3 (1 .707154 e −1 , 1 .346299 e −1 , 1 .203696)

125 , vec3 (1 .604471 e −1 , 1 .393309 e −1 , 1 .154316)
, vec3 (1 .500244 e −1 , 1 .440235 e −1 , 1 .103284)
, vec3 (1 .395705 e −1 , 1 .487372 e −1 , 1 .051347)
, vec3 (1 .291920 e −1 , 1 .535066 e −1 , 9 .991789 e −1)
, vec3 (1 .189859 e −1 , 1 .583644 e −1 , 9 .473958 e −1)

130 , vec3 (1 .090615 e −1 , 1 .633199 e −1 , 8 .966222 e −1)
, vec3 (9 .951424 e −2 , 1 .683761 e −1 , 8 .473981 e −1)
, vec3 (9 .041850 e −2 , 1 .735365 e −1 , 8 .001576 e −1)
, vec3 (8 .182895 e −2 , 1 .788048 e −1 , 7 .552379 e −1)
, vec3 (7 .376817 e −2 , 1 .841819 e −1 , 7 .127879 e −1)

135 , vec3 (6 .619477 e −2 , 1 .896559 e −1 , 6 .725198 e −1)
, vec3 (5 .906380 e −2 , 1 .952101 e −1 , 6 .340976 e −1)
, vec3 (5 .234242 e −2 , 2 .008259 e −1 , 5 .972433 e −1)
, vec3 (4 .600865 e −2 , 2 .064828 e −1 , 5 .617313 e −1)
, vec3 (4 .006154 e −2 , 2 .121826 e −1 , 5 .274921 e −1)

140 , vec3 (3 .454373 e −2 , 2 .180279 e −1 , 4 .948809 e −1)
, vec3 (2 .949091 e −2 , 2 .241586 e −1 , 4 .642586 e −1)
, vec3 (2 .492140 e −2 , 2 .307302 e −1 , 4 .358841 e −1)
, vec3 (2 .083981 e −2 , 2 .379160 e −1 , 4 .099313 e −1)
, vec3 (1 .723591 e −2 , 2 .458706 e −1 , 3 .864261 e −1)

145 , vec3 (1 .407924 e −2 , 2 .546023 e −1 , 3 .650566 e −1)
, vec3 (1 .134516 e −2 , 2 .640760 e −1 , 3 .454812 e −1)
, vec3 (9 .019658 e −3 , 2 .742490 e −1 , 3 .274095 e −1)
, vec3 (7 .097731 e −3 , 2 .850680 e −1 , 3 .105939 e −1)
, vec3 (5 .571145 e −3 , 2 .964837 e −1 , 2 .948102 e −1)

150 , vec3 (4 .394566 e −3 , 3 .085010 e −1 , 2 .798194 e −1)
, vec3 (3 .516303 e −3 , 3 .211393 e −1 , 2 .654100 e −1)
, vec3 (2 .887638 e −3 , 3 .344175 e −1 , 2 .514084 e −1)
, vec3 (2 .461588 e −3 , 3 .483536 e −1 , 2 .376753 e −1)
, vec3 (2 .206348 e −3 , 3 .629601 e −1 , 2 .241211 e −1)

155 , vec3 (2 .149559 e −3 , 3 .782275 e −1 , 2 .107484 e −1)
, vec3 (2 .337091 e −3 , 3 .941359 e −1 , 1 .975839 e −1)
, vec3 (2 .818931 e −3 , 4 .106582 e −1 , 1 .846574 e −1)
, vec3 (3 .649178 e −3 , 4 .277595 e −1 , 1 .720018 e −1)
, vec3 (4 .891359 e −3 , 4 .453993 e −1 , 1 .596918 e −1)

160 , vec3 (6 .629364 e −3 , 4 .635396 e −1 , 1 .479415 e −1)
, vec3 (8 .942902 e −3 , 4 .821376 e −1 , 1 .369428 e −1)
, vec3 (1 .190224 e −2 , 5 .011430 e −1 , 1 .268279 e −1)
, vec3 (1 .556989 e −2 , 5 .204972 e −1 , 1 .176796 e −1)
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, vec3 (1 .997668 e −2 , 5 .401387 e −1 , 1 .094970 e −1)
165 , vec3 (2 .504698 e −2 , 5 .600208 e −1 , 1 .020943 e −1)

, vec3 (3 .067530 e −2 , 5 .800972 e −1 , 9 .527993 e −2)
, vec3 (3 .674999 e −2 , 6 .003172 e −1 , 8 .890075 e −2)
, vec3 (4 .315171 e −2 , 6 .206256 e −1 , 8 .283548 e −2)
, vec3 (4 .978584 e −2 , 6 .409398 e −1 , 7 .700982 e −2)

170 , vec3 (5 .668554 e −2 , 6 .610772 e −1 , 7 .144001 e −2)
, vec3 (6 .391651 e −2 , 6 .808134 e −1 , 6 .615436 e −2)
, vec3 (7 .154352 e −2 , 6 .999044 e −1 , 6 .117199 e −2)
, vec3 (7 .962917 e −2 , 7 .180890 e −1 , 5 .650407 e −2)
, vec3 (8 .821473 e −2 , 7 .351593 e −1 , 5 .215121 e −2)

175 , vec3 (9 .726978 e −2 , 7 .511821 e −1 , 4 .809566 e −2)
, vec3 (1 .067504 e −1 , 7 .663143 e −1 , 4 .431720 e −2)
, vec3 (1 .166192 e −1 , 7 .807352 e −1 , 4 .079734 e −2)
, vec3 (1 .268468 e −1 , 7 .946448 e −1 , 3 .751912 e −2)
, vec3 (1 .374060 e −1 , 8 .082074 e −1 , 3 .446846 e −2)

180 , vec3 (1 .482471 e −1 , 8 .213817 e −1 , 3 .163764 e −2)
, vec3 (1 .593076 e −1 , 8 .340701 e −1 , 2 .901901 e −2)
, vec3 (1 .705181 e −1 , 8 .461711 e −1 , 2 .660364 e −2)
, vec3 (1 .818026 e −1 , 8 .575799 e −1 , 2 .438164 e −2)
, vec3 (1 .931090 e −1 , 8 .682408 e −1 , 2 .234097 e −2)

185 , vec3 (2 .045085 e −1 , 8 .783061 e −1 , 2 .046415 e −2)
, vec3 (2 .161166 e −1 , 8 .879907 e −1 , 1 .873456 e −2)
, vec3 (2 .280650 e −1 , 8 .975211 e −1 , 1 .713788 e −2)
, vec3 (2 .405015 e −1 , 9 .071347 e −1 , 1 .566174 e −2)
, vec3 (2 .535441 e −1 , 9 .169947 e −1 , 1 .429644 e −2)

190 , vec3 (2 .671300 e −1 , 9 .269295 e −1 , 1 .303702 e −2)
, vec3 (2 .811351 e −1 , 9 .366731 e −1 , 1 .187897 e −2)
, vec3 (2 .954164 e −1 , 9 .459482 e −1 , 1 .081725 e −2)
, vec3 (3 .098117 e −1 , 9 .544675 e −1 , 9 .846470 e −3)
, vec3 (3 .241678 e −1 , 9 .619834 e −1 , 8 .960687 e −3)

195 , vec3 (3 .384319 e −1 , 9 .684390 e −1 , 8 .152811 e −3)
, vec3 (3 .525786 e −1 , 9 .738289 e −1 , 7 .416025 e −3)
, vec3 (3 .665839 e −1 , 9 .781519 e −1 , 6 .744115 e −3)
, vec3 (3 .804244 e −1 , 9 .814106 e −1 , 6 .131421 e −3)
, vec3 (3 .940988 e −1 , 9 .836669 e −1 , 5 .572778 e −3)

200 , vec3 (4 .076972 e −1 , 9 .852081 e −1 , 5 .063463 e −3)
, vec3 (4 .213484 e −1 , 9 .863813 e −1 , 4 .599169 e −3)
, vec3 (4 .352003 e −1 , 9 .875357 e −1 , 4 .175971 e −3)
, vec3 (4 .494206 e −1 , 9 .890228 e −1 , 3 .790291 e −3)
, vec3 (4 .641616 e −1 , 9 .910811 e −1 , 3 .438952 e −3)

205 , vec3 (4 .794395 e −1 , 9 .934913 e −1 , 3 .119341 e −3)
, vec3 (4 .952180 e −1 , 9 .959172 e −1 , 2 .829038 e −3)
, vec3 (5 .114395 e −1 , 9 .980205 e −1 , 2 .565722 e −3)
, vec3 (5 .280233 e −1 , 9 .994608 e −1 , 2 .327186 e −3)
, vec3 (5 .448696 e −1 , 9 .999930 e −1 , 2 .111280 e −3)

210 , vec3 (5 .618898 e −1 , 9 .997557 e −1 , 1 .915766 e −3)
, vec3 (5 .790137 e −1 , 9 .989839 e −1 , 1 .738589 e −3)
, vec3 (5 .961882 e −1 , 9 .979123 e −1 , 1 .577920 e −3)
, vec3 (6 .133784 e −1 , 9 .967737 e −1 , 1 .432128 e −3)
, vec3 (6 .305897 e −1 , 9 .957356 e −1 , 1 .299781 e −3)

215 , vec3 (6 .479223 e −1 , 9 .947115 e −1 , 1 .179667 e −3)
, vec3 (6 .654866 e −1 , 9 .935534 e −1 , 1 .070694 e −3)
, vec3 (6 .833782 e −1 , 9 .921156 e −1 , 9 .718623 e −4)
, vec3 (7 .016774 e −1 , 9 .902549 e −1 , 8 .822531 e −4)
, vec3 (7 .204110 e −1 , 9 .878596 e −1 , 8 .010231 e −4)

220 , vec3 (7 .394495 e −1 , 9 .849324 e −1 , 7 .273884 e −4)
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, vec3 (7 .586285 e −1 , 9 .815036 e −1 , 6 .606347 e −4)
, vec3 (7 .777885 e −1 , 9 .776035 e −1 , 6 .001146 e −4)
, vec3 (7 .967750 e −1 , 9 .732611 e −1 , 5 .452416 e −4)
, vec3 (8 .154530 e −1 , 9 .684764 e −1 , 4 .954847 e −4)

225 , vec3 (8 .337389 e −1 , 9 .631369 e −1 , 4 .503642 e −4)
, vec3 (8 .515493 e −1 , 9 .571062 e −1 , 4 .094455 e −4)
, vec3 (8 .687862 e −1 , 9 .502540 e −1 , 3 .723345 e −4)
, vec3 (8 .853376 e −1 , 9 .424569 e −1 , 3 .386739 e −4)
, vec3 (9 .011588 e −1 , 9 .336897 e −1 , 3 .081396 e −4)

230 , vec3 (9 .165278 e −1 , 9 .242893 e −1 , 2 .804370 e −4)
, vec3 (9 .318245 e −1 , 9 .146707 e −1 , 2 .552996 e −4)
, vec3 (9 .474524 e −1 , 9 .052333 e −1 , 2 .324859 e −4)
, vec3 (9 .638388 e −1 , 8 .963613 e −1 , 2 .117772 e −4)
, vec3 (9 .812596 e −1 , 8 .883069 e −1 , 1 .929758 e −4)

235 , vec3 (9 .992953 e −1 , 8 .808462 e −1 , 1 .759024 e −4)
, vec3 (1 .017343 , 8 .736445 e −1 , 1 .603947 e −4)
, vec3 (1 .034790 , 8 .663755 e −1 , 1 .463059 e −4)
, vec3 (1 .051011 , 8 .587203 e −1 , 1 .335031 e −4)
, vec3 (1 .065522 , 8 .504295 e −1 , 1 .218660 e −4)

240 , vec3 (1 .078421 , 8 .415047 e −1 , 1 .112857 e −4)
, vec3 (1 .089944 , 8 .320109 e −1 , 1 .016634 e −4)
, vec3 (1 .100320 , 8 .220154 e −1 , 9 .291003 e −5)
, vec3 (1 .109767 , 8 .115868 e −1 , 8 .494468 e −5)
, vec3 (1 .118438 , 8 .007874 e −1 , 7 .769425 e −5)

245 , vec3 (1 .126266 , 7 .896515 e −1 , 7 .109247 e −5)
, vec3 (1 .133138 , 7 .782053 e −1 , 6 .507936 e −5)
, vec3 (1 .138952 , 7 .664733 e −1 , 5 .960061 e −5)
, vec3 (1 .143620 , 7 .544785 e −1 , 5 .460706 e −5)
, vec3 (1 .147095 , 7 .422473 e −1 , 5 .005417 e −5)

250 , vec3 (1 .149464 , 7 .298229 e −1 , 4 .590157 e −5)
, vec3 (1 .150838 , 7 .172525 e −1 , 4 .211268 e −5)
, vec3 (1 .151326 , 7 .045818 e −1 , 3 .865437 e −5)
, vec3 (1 .151033 , 6 .918553 e −1 , 3 .549661 e −5)
, vec3 (1 .150002 , 6 .791009 e −1 , 3 .261220 e −5)

255 , vec3 (1 .148061 , 6 .662846 e −1 , 2 .997643 e −5)
, vec3 (1 .144998 , 6 .533595 e −1 , 2 .756693 e −5)
, vec3 (1 .140622 , 6 .402807 e −1 , 2 .536339 e −5)
, vec3 (1 .134757 , 6 .270066 e −1 , 2 .334738 e −5)
, vec3 (1 .127298 , 6 .135148 e −1 , 2 .150221 e −5)

260 , vec3 (1 .118342 , 5 .998494 e −1 , 1 .981268 e −5)
, vec3 (1 .108033 , 5 .860682 e −1 , 1 .826500 e −5)
, vec3 (1 .096515 , 5 .722261 e −1 , 1 .684667 e −5)
, vec3 (1 .083928 , 5 .583746 e −1 , 1 .554631 e −5)
, vec3 (1 .070387 , 5 .445535 e −1 , 1 .435360 e −5)

265 , vec3 (1 .055934 , 5 .307673 e −1 , 1 .325915 e −5)
, vec3 (1 .040592 , 5 .170130 e −1 , 1 .225443 e −5)
, vec3 (1 .024385 , 5 .032889 e −1 , 1 .133169 e −5)
, vec3 (1 .007344 , 4 .895950 e −1 , 1 .048387 e −5)
, vec3 (9 .895268 e −1 , 4 .759442 e −1 , 0 .000000)

270 , vec3 (9 .711213 e −1 , 4 .623958 e −1 , 0 .000000)
, vec3 (9 .523257 e −1 , 4 .490154 e −1 , 0 .000000)
, vec3 (9 .333248 e −1 , 4 .358622 e −1 , 0 .000000)
, vec3 (9 .142877 e −1 , 4 .229897 e −1 , 0 .000000)
, vec3 (8 .952798 e −1 , 4 .104152 e −1 , 0 .000000)

275 , vec3 (8 .760157 e −1 , 3 .980356 e −1 , 0 .000000)
, vec3 (8 .561607 e −1 , 3 .857300 e −1 , 0 .000000)
, vec3 (8 .354235 e −1 , 3 .733907 e −1 , 0 .000000)
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, vec3 (8 .135565 e −1 , 3 .609245 e −1 , 0 .000000)
, vec3 (7 .904565 e −1 , 3 .482860 e −1 , 0 .000000)

280 , vec3 (7 .664364 e −1 , 3 .355702 e −1 , 0 .000000)
, vec3 (7 .418777 e −1 , 3 .228963 e −1 , 0 .000000)
, vec3 (7 .171219 e −1 , 3 .103704 e −1 , 0 .000000)
, vec3 (6 .924717 e −1 , 2 .980865 e −1 , 0 .000000)
, vec3 (6 .681600 e −1 , 2 .861160 e −1 , 0 .000000)

285 , vec3 (6 .442697 e −1 , 2 .744822 e −1 , 0 .000000)
, vec3 (6 .208450 e −1 , 2 .631953 e −1 , 0 .000000)
, vec3 (5 .979243 e −1 , 2 .522628 e −1 , 0 .000000)
, vec3 (5 .755410 e −1 , 2 .416902 e −1 , 0 .000000)
, vec3 (5 .537296 e −1 , 2 .314809 e −1 , 0 .000000)

290 , vec3 (5 .325412 e −1 , 2 .216378 e −1 , 0 .000000)
, vec3 (5 .120218 e −1 , 2 .121622 e −1 , 0 .000000)
, vec3 (4 .922070 e −1 , 2 .030542 e −1 , 0 .000000)
, vec3 (4 .731224 e −1 , 1 .943124 e −1 , 0 .000000)
, vec3 (4 .547417 e −1 , 1 .859227 e −1 , 0 .000000)

295 , vec3 (4 .368719 e −1 , 1 .778274 e −1 , 0 .000000)
, vec3 (4 .193121 e −1 , 1 .699654 e −1 , 0 .000000)
, vec3 (4 .018980 e −1 , 1 .622841 e −1 , 0 .000000)
, vec3 (3 .844986 e −1 , 1 .547397 e −1 , 0 .000000)
, vec3 (3 .670592 e −1 , 1 .473081 e −1 , 0 .000000)

300 , vec3 (3 .497167 e −1 , 1 .400169 e −1 , 0 .000000)
, vec3 (3 .326305 e −1 , 1 .329013 e −1 , 0 .000000)
, vec3 (3 .159341 e −1 , 1 .259913 e −1 , 0 .000000)
, vec3 (2 .997374 e −1 , 1 .193120 e −1 , 0 .000000)
, vec3 (2 .841189 e −1 , 1 .128820 e −1 , 0 .000000)

305 , vec3 (2 .691053 e −1 , 1 .067113 e −1 , 0 .000000)
, vec3 (2 .547077 e −1 , 1 .008052 e −1 , 0 .000000)
, vec3 (2 .409319 e −1 , 9 .516653 e −2 , 0 .000000)
, vec3 (2 .277792 e −1 , 8 .979594 e −2 , 0 .000000)
, vec3 (2 .152431 e −1 , 8 .469044 e −2 , 0 .000000)

310 , vec3 (2 .033010 e −1 , 7 .984009 e −2 , 0 .000000)
, vec3 (1 .919276 e −1 , 7 .523372 e −2 , 0 .000000)
, vec3 (1 .810987 e −1 , 7 .086061 e −2 , 0 .000000)
, vec3 (1 .707914 e −1 , 6 .671045 e −2 , 0 .000000)
, vec3 (1 .609842 e −1 , 6 .277360 e −2 , 0 .000000)

315 , vec3 (1 .516577 e −1 , 5 .904179 e −2 , 0 .000000)
, vec3 (1 .427936 e −1 , 5 .550703 e −2 , 0 .000000)
, vec3 (1 .343737 e −1 , 5 .216139 e −2 , 0 .000000)
, vec3 (1 .263808 e −1 , 4 .899699 e −2 , 0 .000000)
, vec3 (1 .187979 e −1 , 4 .600578 e −2 , 0 .000000)

320 , vec3 (1 .116088 e −1 , 4 .317885 e −2 , 0 .000000)
, vec3 (1 .047975 e −1 , 4 .050755 e −2 , 0 .000000)
, vec3 (9 .834835 e −2 , 3 .798376 e −2 , 0 .000000)
, vec3 (9 .224597 e −2 , 3 .559982 e −2 , 0 .000000)
, vec3 (8 .647506 e −2 , 3 .334856 e −2 , 0 .000000)

325 , vec3 (8 .101986 e −2 , 3 .122332 e −2 , 0 .000000)
, vec3 (7 .586514 e −2 , 2 .921780 e −2 , 0 .000000)
, vec3 (7 .099633 e −2 , 2 .732601 e −2 , 0 .000000)
, vec3 (6 .639960 e −2 , 2 .554223 e −2 , 0 .000000)
, vec3 (6 .206225 e −2 , 2 .386121 e −2 , 0 .000000)

330 , vec3 (5 .797409 e −2 , 2 .227859 e −2 , 0 .000000)
, vec3 (5 .412533 e −2 , 2 .079020 e −2 , 0 .000000)
, vec3 (5 .050600 e −2 , 1 .939185 e −2 , 0 .000000)
, vec3 (4 .710606 e −2 , 1 .807939 e −2 , 0 .000000)
, vec3 (4 .391411 e −2 , 1 .684817 e −2 , 0 .000000)
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335 , vec3 (4 .091411 e −2 , 1 .569188 e −2 , 0 .000000)
, vec3 (3 .809067 e −2 , 1 .460446 e −2 , 0 .000000)
, vec3 (3 .543034 e −2 , 1 .358062 e −2 , 0 .000000)
, vec3 (3 .292138 e −2 , 1 .261573 e −2 , 0 .000000)
, vec3 (3 .055672 e −2 , 1 .170696 e −2 , 0 .000000)

340 , vec3 (2 .834146 e −2 , 1 .085608 e −2 , 0 .000000)
, vec3 (2 .628033 e −2 , 1 .006476 e −2 , 0 .000000)
, vec3 (2 .437465 e −2 , 9 .333376 e −3 , 0 .000000)
, vec3 (2 .262306 e −2 , 8 .661284 e −3 , 0 .000000)
, vec3 (2 .101935 e −2 , 8 .046048 e −3 , 0 .000000)

345 , vec3 (1 .954647 e −2 , 7 .481130 e −3 , 0 .000000)
, vec3 (1 .818727 e −2 , 6 .959987 e −3 , 0 .000000)
, vec3 (1 .692727 e −2 , 6 .477070 e −3 , 0 .000000)
, vec3 (1 .575417 e −2 , 6 .027677 e −3 , 0 .000000)
, vec3 (1 .465854 e −2 , 5 .608169 e −3 , 0 .000000)

350 , vec3 (1 .363571 e −2 , 5 .216691 e −3 , 0 .000000)
, vec3 (1 .268205 e −2 , 4 .851785 e −3 , 0 .000000)
, vec3 (1 .179394 e −2 , 4 .512008 e −3 , 0 .000000)
, vec3 (1 .096778 e −2 , 4 .195941 e −3 , 0 .000000)
, vec3 (1 .019964 e −2 , 3 .902057 e −3 , 0 .000000)

355 , vec3 (9 .484317 e −3 , 3 .628371 e −3 , 0 .000000)
, vec3 (8 .816851 e −3 , 3 .373005 e −3 , 0 .000000)
, vec3 (8 .192921 e −3 , 3 .134315 e −3 , 0 .000000)
, vec3 (7 .608750 e −3 , 2 .910864 e −3 , 0 .000000)
, vec3 (7 .061391 e −3 , 2 .701528 e −3 , 0 .000000)

360 , vec3 (6 .549509 e −3 , 2 .505796 e −3 , 0 .000000)
, vec3 (6 .071970 e −3 , 2 .323231 e −3 , 0 .000000)
, vec3 (5 .627476 e −3 , 2 .153333 e −3 , 0 .000000)
, vec3 (5 .214608 e −3 , 1 .995557 e −3 , 0 .000000)
, vec3 (4 .831848 e −3 , 1 .849316 e −3 , 0 .000000)

365 , vec3 (4 .477579 e −3 , 1 .713976 e −3 , 0 .000000)
, vec3 (4 .150166 e −3 , 1 .588899 e −3 , 0 .000000)
, vec3 (3 .847988 e −3 , 1 .473453 e −3 , 0 .000000)
, vec3 (3 .569452 e −3 , 1 .367022 e −3 , 0 .000000)
, vec3 (3 .312857 e −3 , 1 .268954 e −3 , 0 .000000)

370 , vec3 (3 .076022 e −3 , 1 .178421 e −3 , 0 .000000)
, vec3 (2 .856894 e −3 , 1 .094644 e −3 , 0 .000000)
, vec3 (2 .653681 e −3 , 1 .016943 e −3 , 0 .000000)
, vec3 (2 .464821 e −3 , 9 .447269 e −4 , 0 .000000)
, vec3 (2 .289060 e −3 , 8 .775171 e −4 , 0 .000000)

375 , vec3 (2 .125694 e −3 , 8 .150438 e −4 , 0 .000000)
, vec3 (1 .974121 e −3 , 7 .570755 e −4 , 0 .000000)
, vec3 (1 .833723 e −3 , 7 .033755 e −4 , 0 .000000)
, vec3 (1 .703876 e −3 , 6 .537050 e −4 , 0 .000000)
, vec3 (1 .583904 e −3 , 6 .078048 e −4 , 0 .000000)

380 , vec3 (1 .472939 e −3 , 5 .653435 e −4 , 0 .000000)
, vec3 (1 .370151 e −3 , 5 .260046 e −4 , 0 .000000)
, vec3 (1 .274803 e −3 , 4 .895061 e −4 , 0 .000000)
, vec3 (1 .186238 e −3 , 4 .555970 e −4 , 0 .000000)
, vec3 (1 .103871 e −3 , 4 .240548 e −4 , 0 .000000)

385 , vec3 (1 .027194 e −3 , 3 .946860 e −4 , 0 .000000)
, vec3 (9 .557493 e −4 , 3 .673178 e −4 , 0 .000000)
, vec3 (8 .891262 e −4 , 3 .417941 e −4 , 0 .000000)
, vec3 (8 .269535 e −4 , 3 .179738 e −4 , 0 .000000)
, vec3 (7 .689351 e −4 , 2 .957441 e −4 , 0 .000000)

390 , vec3 (7 .149425 e −4 , 2 .750558 e −4 , 0 .000000)
, vec3 (6 .648590 e −4 , 2 .558640 e −4 , 0 .000000)
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, vec3 (6 .185421 e −4 , 2 .381142 e −4 , 0 .000000)
, vec3 (5 .758303 e −4 , 2 .217445 e −4 , 0 .000000)
, vec3 (5 .365046 e −4 , 2 .066711 e −4 , 0 .000000)

395 , vec3 (5 .001842 e −4 , 1 .927474 e −4 , 0 .000000)
, vec3 (4 .665005 e −4 , 1 .798315 e −4 , 0 .000000)
, vec3 (4 .351386 e −4 , 1 .678023 e −4 , 0 .000000)
, vec3 (4 .058303 e −4 , 1 .565566 e −4 , 0 .000000)
, vec3 (3 .783733 e −4 , 1 .460168 e −4 , 0 .000000)

400 , vec3 (3 .526892 e −4 , 1 .361535 e −4 , 0 .000000)
, vec3 (3 .287199 e −4 , 1 .269451 e −4 , 0 .000000)
, vec3 (3 .063998 e −4 , 1 .183671 e −4 , 0 .000000)
, vec3 (2 .856577 e −4 , 1 .103928 e −4 , 0 .000000)
, vec3 (2 .664108 e −4 , 1 .029908 e −4 , 0 .000000)

405 , vec3 (2 .485462 e −4 , 9 .611836 e −5 , 0 .000000)
, vec3 (2 .319529 e −4 , 8 .973323 e −5 , 0 .000000)
, vec3 (2 .165300 e −4 , 8 .379694 e −5 , 0 .000000)
, vec3 (2 .021853 e −4 , 7 .827442 e −5 , 0 .000000)
, vec3 (1 .888338 e −4 , 7 .313312 e −5 , 0 .000000)

410 , vec3 (1 .763935 e −4 , 6 .834142 e −5 , 0 .000000)
, vec3 (1 .647895 e −4 , 6 .387035 e −5 , 0 .000000)
, vec3 (1 .539542 e −4 , 5 .969389 e −5 , 0 .000000)
, vec3 (1 .438270 e −4 , 5 .578862 e −5 , 0 .000000)
, vec3 (1 .343572 e −4 , 5 .213509 e −5 , 0 .000000)

415 , vec3 (1 .255141 e −4 , 4 .872179 e −5 , 0 .000000)
, vec3 (1 .172706 e −4 , 4 .553845 e −5 , 0 .000000)
, vec3 (1 .095983 e −4 , 4 .257443 e −5 , 0 .000000)
, vec3 (1 .024685 e −4 , 3 .981884 e −5 , 0 .000000)
, vec3 (9 .584715 e −5 , 3 .725877 e −5 , 0 .000000)

420 , vec3 (8 .968316 e −5 , 3 .487467 e −5 , 0 .000000)
, vec3 (8 .392734 e −5 , 3 .264765 e −5 , 0 .000000)
, vec3 (7 .853708 e −5 , 3 .056140 e −5 , 0 .000000)
, vec3 (7 .347551 e −5 , 2 .860175 e −5 , 0 .000000)
, vec3 (6 .871576 e −5 , 2 .675841 e −5 , 0 .000000)

425 , vec3 (6 .425257 e −5 , 2 .502943 e −5 , 0 .000000)
, vec3 (6 .008292 e −5 , 2 .341373 e −5 , 0 .000000)
, vec3 (5 .620098 e −5 , 2 .190914 e −5 , 0 .000000)
, vec3 (5 .259870 e −5 , 2 .051259 e −5 , 0 .000000)
, vec3 (4 .926279 e −5 , 1 .921902 e −5 , 0 .000000)

430 , vec3 (4 .616623 e −5 , 1 .801796 e −5 , 0 .000000)
, vec3 (4 .328212 e −5 , 1 .689899 e −5 , 0 .000000)
, vec3 (4 .058715 e −5 , 1 .585309 e −5 , 0 .000000)
, vec3 (3 .806114 e −5 , 1 .487243 e −5 , 0 .000000)
, vec3 (3 .568818 e −5 , 1 .395085 e −5 , 0 .000000)

435 , vec3 (3 .346023 e −5 , 1 .308528 e −5 , 0 .000000)
, vec3 (3 .137090 e −5 , 1 .227327 e −5 , 0 .000000)
, vec3 (2 .941371 e −5 , 1 .151233 e −5 , 0 .000000)
, vec3 (2 .758222 e −5 , 1 .080001 e −5 , 0 .000000)
, vec3 (2 .586951 e −5 , 1 .013364 e −5 , 0 .000000)

440 , vec3 (2 .426701 e −5 , 9 .509919 e −6 , 0 .000000)
, vec3 (2 .276639 e −5 , 8 .925630 e −6 , 0 .000000)
, vec3 (2 .136009 e −5 , 8 .377852 e −6 , 0 .000000)
, vec3 (2 .004122 e −5 , 7 .863920 e −6 , 0 .000000)
, vec3 (1 .880380 e −5 , 7 .381539 e −6 , 0 .000000)

445 , vec3 (1 .764358 e −5 , 6 .929096 e −6 , 0 .000000)
, vec3 (1 .655671 e −5 , 6 .505136 e −6 , 0 .000000)
, vec3 (1 .553939 e −5 , 6 .108221 e −6 , 0 .000000)
, vec3 (1 .458792 e −5 , 5 .736935 e −6 , 0 .000000)
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, vec3 (1 .369853 e −5 , 5 .389831 e −6 , 0 .000000)
450 , vec3 (1 .286705 e −5 , 5 .065269 e −6 , 0 .000000)

, vec3 (1 .208947 e −5 , 4 .761667 e −6 , 0 .000000)
, vec3 (1 .136207 e −5 , 4 .477561 e −6 , 0 .000000)
, vec3 (1 .068141 e −5 , 4 .211597 e −6 , 0 .000000)
, vec3 (1 .004411 e −5 , 3 .962457 e −6 , 0 .000000)

455 , vec3 (9 .446399 e −6 , 3 .728674 e −6 , 0 .000000)
, vec3 (8 .884754 e −6 , 3 .508881 e −6 , 0 .000000)
, vec3 (8 .356050 e −6 , 3 .301868 e −6 , 0 .000000)
, vec3 (7 .857521 e −6 , 3 .106561 e −6 , 0 .000000)
, vec3 (7 .386996 e −6 , 2 .922119 e −6 , 0 .000000)

460 , vec3 (6 .943576 e −6 , 2 .748208 e −6 , 0 .000000)
, vec3 (6 .526548 e −6 , 2 .584560 e −6 , 0 .000000)
, vec3 (6 .135087 e −6 , 2 .430867 e −6 , 0 .000000)
, vec3 (5 .768284 e −6 , 2 .286786 e −6 , 0 .000000)
, vec3 (5 .425069 e −6 , 2 .151905 e −6 , 0 .000000)

465 , vec3 (5 .103974 e −6 , 2 .025656 e −6 , 0 .000000)
, vec3 (4 .803525 e −6 , 1 .907464 e −6 , 0 .000000)
, vec3 (4 .522350 e −6 , 1 .796794 e −6 , 0 .000000)
, vec3 (4 .259166 e −6 , 1 .693147 e −6 , 0 .000000)
, vec3 (4 .012715 e −6 , 1 .596032 e −6 , 0 .000000)

470 , vec3 (3 .781597 e −6 , 1 .504903 e −6 , 0 .000000)
, vec3 (3 .564496 e −6 , 1 .419245 e −6 , 0 .000000)
, vec3 (3 .360236 e −6 , 1 .338600 e −6 , 0 .000000)
, vec3 (3 .167765 e −6 , 1 .262556 e −6 , 0 .000000)
, vec3 (2 .986206 e −6 , 1 .190771 e −6 , 0 .000000)

475 , vec3 (2 .814999 e −6 , 1 .123031 e −6 , 0 .000000)
, vec3 (2 .653663 e −6 , 1 .059151 e −6 , 0 .000000)
, vec3 (2 .501725 e −6 , 9 .989507 e −7 , 0 .000000)
, vec3 (2 .358723 e −6 , 9 .422514 e −7 , 0 .000000)
, vec3 (2 .224206 e −6 , 8 .888804 e −7 , 0 .000000)

480 , vec3 (2 .097737 e −6 , 8 .386690 e −7 , 0 .000000)
, vec3 (1 .978894 e −6 , 7 .914539 e −7 , 0 .000000)
, vec3 (1 .867268 e −6 , 7 .470770 e −7 , 0 .000000)
, vec3 (1 .762465 e −6 , 7 .053860 e −7 , 0 .000000)
) ;

485 f l o a t l = wavelength − wavelength min ;
i n t i 0 = i n t ( f l o o r ( l ) ) ;
i n t i 1 = i 0 + 1 ;
f l o a t f 1 = l − f l o a t ( i 0 ) ;
i f ( i 0 < 0) re turn vec3 ( 0 . 0 ) ;

490 i f ( i 1 > wavelength count − 1) re turn vec3 ( 0 . 0 ) ;
r e turn mix ( t r i s t i m u l u s c u r v e [ i 0 ] , t r i s t i m u l u s c u r v e [ i 1 ] , f 1 ) ;

#undef wavelength count
}

26 include/Raymond-Pinhole.frag

#donotrun

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

#group Pinhole
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10

// Pinhole aper ture rad iu s and depth (mm)
uniform vec2 Aperture ; s l i d e r [ ( 0 , 0 ) , ( 0 . 1 , 0 . 0 1 ) , ( 1 0 . 0 , 1 0 . 0 ) ]

// S i z e o f f i l m plane o f camera (mm)
15 uniform f l o a t S i z e ; s l i d e r [ 0 . 0 , 3 5 . 0 , 1 0 0 0 . 0 ]

// Range o f l i g h t wavelengths to t r a c e (nm)
uniform vec2 Wavelengths ; s l i d e r [ ( 0 . 0 , 0 . 0 ) , ( 3 0 0 . 0 , 7 8 0 . 0 ) , ( 1 0 0 0 . 0 , 1 0 0 0 . 0 ) ]

20 s t r u c t Pinhole
{

vec2 aper ture ; // m
f l o a t s i z e ; // m
vec2 wavelengths ; // nm

25 } ;

P inhole p inho l e un i f o rms ( )
{

Pinhole P;
30 P. aper ture = Aperture / 1 0 0 0 . 0 ;

P . s i z e = S i z e / 1 0 0 0 . 0 ;
P . wavelengths = Wavelengths ;
r e turn P;

}
35

Ray p inho l e (Random PRNG, Camera C, vec2 p ixe l , Pinhole P, out f l o a t i n t e n s i t y )
{

vec2 r e c t = halton2 ( srand (PRNG, 1) ) ;
vec2 d i s c = hal tonDisc ( srand (PRNG, 2) ) ;

40 f l o a t wave = halton1 ( srand (PRNG, 3) ) ;
f l o a t d i s t = P. s i z e / 2 .0 / tan (C. f i e ldOfView / 2 . 0 ) ;
vec2 p = p i x e l + dFdx( p i x e l ) ∗ r e c t . x + dFdy( p i x e l ) ∗ r e c t . y ;
vec3 from = C. o r i g i n − d i s t ∗ C. Z + P. s i z e / 2 .0 ∗ (p . x ∗ C.X + p . y ∗ C.Y) ;
vec3 to = C. o r i g i n + P. aper ture . x ∗ ( d i s c . x ∗ C.X + d i s c . y ∗ C.Y) ;

45 Ray V;
V. o r i g i n = to ;
V. d i r e c t i o n = normal ize ( to − from ) ;
V. wavelength = mix (P. wavelengths . x , P . wavelengths . y , wave ) ;
V. index = vec2 ( 1 . 0 , 0 . 0 ) ; // vacuum

50 // v i g n e t t e
// <http ://www. g a l e r i e −photo . com/ stenope − c e r c l e −image− t h e o r i e . html>
f l o a t a = acos ( clamp ( dot (C. Z , V. d i r e c t i o n ) , 0 . 0 , 1 . 0 ) ) ;
f l o a t t = tan ( a ) ;
f l o a t d = P. aper ture . x ∗ 2 . 0 ;

55 f l o a t e = P. aper ture . y ;
f l o a t ted = clamp ( t ∗ e / d , 0 . 0 , 1 . 0 ) ;
i n t e n s i t y = acos ( ted ) − t ∗ e ∗ d ∗ s q r t ( 1 . 0 − ted ∗ ted ) ;
r e turn V;

}

27 include/Raymond-Quartz.frag

#donotrun

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium
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5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

vec2 Quartz nk ( f l o a t wavelength ) {
10 const f l o a t quartz min = 390 ;

const f l o a t qua r t z s t ep = 2 ;
#d e f i n e quartz count 221

const vec2 quartz nk [ quartz count ] = vec2 [ quartz count ]
( vec2 (1 .490867 , 0 .000009)

15 , vec2 (1 .490629 , 0 .000007)
, vec2 (1 .490396 , 0 .000005)
, vec2 (1 .490165 , 0 .000003)
, vec2 (1 .489938 , 0 .000002)
, vec2 (1 .489714 , 0 .000001)

20 , vec2 (1 .489494 , 0 .000001)
, vec2 (1 .489276 , 0 .000000)
, vec2 (1 .489062 , 0 .000000)
, vec2 (1 .488850 , 0 .000000)
, vec2 (1 .488641 , 0 .000000)

25 , vec2 (1 .488435 , 0 .000000)
, vec2 (1 .488231 , 0 .000000)
, vec2 (1 .488031 , 0 .000000)
, vec2 (1 .487833 , 0 .000000)
, vec2 (1 .487638 , 0 .000000)

30 , vec2 (1 .487446 , 0 .000000)
, vec2 (1 .487256 , 0 .000000)
, vec2 (1 .487069 , 0 .000000)
, vec2 (1 .486884 , 0 .000000)
, vec2 (1 .486702 , 0 .000000)

35 , vec2 (1 .486522 , 0 .000000)
, vec2 (1 .486345 , 0 .000000)
, vec2 (1 .486170 , 0 .000000)
, vec2 (1 .485997 , 0 .000000)
, vec2 (1 .485827 , 0 .000000)

40 , vec2 (1 .485659 , 0 .000000)
, vec2 (1 .485493 , 0 .000000)
, vec2 (1 .485329 , 0 .000000)
, vec2 (1 .485167 , 0 .000000)
, vec2 (1 .485008 , 0 .000000)

45 , vec2 (1 .484851 , 0 .000000)
, vec2 (1 .484695 , 0 .000000)
, vec2 (1 .484542 , 0 .000000)
, vec2 (1 .484390 , 0 .000000)
, vec2 (1 .484241 , 0 .000000)

50 , vec2 (1 .484094 , 0 .000000)
, vec2 (1 .483948 , 0 .000000)
, vec2 (1 .483804 , 0 .000000)
, vec2 (1 .483662 , 0 .000000)
, vec2 (1 .483522 , 0 .000000)

55 , vec2 (1 .483383 , 0 .000000)
, vec2 (1 .483247 , 0 .000000)
, vec2 (1 .483111 , 0 .000000)
, vec2 (1 .482978 , 0 .000000)
, vec2 (1 .482846 , 0 .000000)

60 , vec2 (1 .482716 , 0 .000000)
, vec2 (1 .482588 , 0 .000000)
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, vec2 (1 .482461 , 0 .000000)
, vec2 (1 .482335 , 0 .000000)
, vec2 (1 .482211 , 0 .000000)

65 , vec2 (1 .482089 , 0 .000000)
, vec2 (1 .481968 , 0 .000000)
, vec2 (1 .481848 , 0 .000000)
, vec2 (1 .481730 , 0 .000000)
, vec2 (1 .481613 , 0 .000000)

70 , vec2 (1 .481498 , 0 .000000)
, vec2 (1 .481384 , 0 .000000)
, vec2 (1 .481271 , 0 .000000)
, vec2 (1 .481160 , 0 .000000)
, vec2 (1 .481050 , 0 .000000)

75 , vec2 (1 .480941 , 0 .000000)
, vec2 (1 .480834 , 0 .000000)
, vec2 (1 .480727 , 0 .000000)
, vec2 (1 .480622 , 0 .000000)
, vec2 (1 .480518 , 0 .000000)

80 , vec2 (1 .480416 , 0 .000000)
, vec2 (1 .480314 , 0 .000000)
, vec2 (1 .480214 , 0 .000000)
, vec2 (1 .480115 , 0 .000000)
, vec2 (1 .480016 , 0 .000000)

85 , vec2 (1 .479919 , 0 .000000)
, vec2 (1 .479823 , 0 .000000)
, vec2 (1 .479729 , 0 .000000)
, vec2 (1 .479635 , 0 .000000)
, vec2 (1 .479542 , 0 .000000)

90 , vec2 (1 .479450 , 0 .000000)
, vec2 (1 .479359 , 0 .000000)
, vec2 (1 .479269 , 0 .000000)
, vec2 (1 .479181 , 0 .000000)
, vec2 (1 .479093 , 0 .000000)

95 , vec2 (1 .479006 , 0 .000000)
, vec2 (1 .478920 , 0 .000000)
, vec2 (1 .478835 , 0 .000000)
, vec2 (1 .478751 , 0 .000000)
, vec2 (1 .478667 , 0 .000000)

100 , vec2 (1 .478585 , 0 .000000)
, vec2 (1 .478503 , 0 .000000)
, vec2 (1 .478423 , 0 .000000)
, vec2 (1 .478343 , 0 .000000)
, vec2 (1 .478264 , 0 .000000)

105 , vec2 (1 .478186 , 0 .000000)
, vec2 (1 .478108 , 0 .000000)
, vec2 (1 .478032 , 0 .000000)
, vec2 (1 .477956 , 0 .000000)
, vec2 (1 .477881 , 0 .000000)

110 , vec2 (1 .477807 , 0 .000000)
, vec2 (1 .477733 , 0 .000000)
, vec2 (1 .477660 , 0 .000000)
, vec2 (1 .477588 , 0 .000000)
, vec2 (1 .477517 , 0 .000000)

115 , vec2 (1 .477447 , 0 .000000)
, vec2 (1 .477377 , 0 .000000)
, vec2 (1 .477308 , 0 .000000)
, vec2 (1 .477239 , 0 .000000)
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, vec2 (1 .477171 , 0 .000000)
120 , vec2 (1 .477104 , 0 .000000)

, vec2 (1 .477038 , 0 .000000)
, vec2 (1 .476972 , 0 .000000)
, vec2 (1 .476907 , 0 .000000)
, vec2 (1 .476842 , 0 .000000)

125 , vec2 (1 .476778 , 0 .000000)
, vec2 (1 .476715 , 0 .000000)
, vec2 (1 .476652 , 0 .000000)
, vec2 (1 .476590 , 0 .000000)
, vec2 (1 .476529 , 0 .000000)

130 , vec2 (1 .476468 , 0 .000000)
, vec2 (1 .476408 , 0 .000000)
, vec2 (1 .476348 , 0 .000000)
, vec2 (1 .476289 , 0 .000000)
, vec2 (1 .476230 , 0 .000000)

135 , vec2 (1 .476172 , 0 .000000)
, vec2 (1 .476115 , 0 .000000)
, vec2 (1 .476058 , 0 .000000)
, vec2 (1 .476001 , 0 .000000)
, vec2 (1 .475946 , 0 .000000)

140 , vec2 (1 .475890 , 0 .000000)
, vec2 (1 .475835 , 0 .000000)
, vec2 (1 .475781 , 0 .000000)
, vec2 (1 .475727 , 0 .000000)
, vec2 (1 .475674 , 0 .000000)

145 , vec2 (1 .475621 , 0 .000000)
, vec2 (1 .475568 , 0 .000000)
, vec2 (1 .475517 , 0 .000000)
, vec2 (1 .475465 , 0 .000000)
, vec2 (1 .475414 , 0 .000000)

150 , vec2 (1 .475364 , 0 .000000)
, vec2 (1 .475314 , 0 .000000)
, vec2 (1 .475264 , 0 .000000)
, vec2 (1 .475215 , 0 .000000)
, vec2 (1 .475166 , 0 .000000)

155 , vec2 (1 .475118 , 0 .000000)
, vec2 (1 .475070 , 0 .000000)
, vec2 (1 .475022 , 0 .000000)
, vec2 (1 .474975 , 0 .000000)
, vec2 (1 .474929 , 0 .000000)

160 , vec2 (1 .474883 , 0 .000000)
, vec2 (1 .474837 , 0 .000000)
, vec2 (1 .474791 , 0 .000000)
, vec2 (1 .474746 , 0 .000000)
, vec2 (1 .474702 , 0 .000000)

165 , vec2 (1 .474657 , 0 .000000)
, vec2 (1 .474614 , 0 .000000)
, vec2 (1 .474570 , 0 .000000)
, vec2 (1 .474527 , 0 .000000)
, vec2 (1 .474484 , 0 .000000)

170 , vec2 (1 .474442 , 0 .000000)
, vec2 (1 .474400 , 0 .000000)
, vec2 (1 .474358 , 0 .000000)
, vec2 (1 .474317 , 0 .000000)
, vec2 (1 .474276 , 0 .000000)

175 , vec2 (1 .474235 , 0 .000000)
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, vec2 (1 .474195 , 0 .000000)
, vec2 (1 .474155 , 0 .000000)
, vec2 (1 .474115 , 0 .000000)
, vec2 (1 .474076 , 0 .000000)

180 , vec2 (1 .474037 , 0 .000000)
, vec2 (1 .473998 , 0 .000000)
, vec2 (1 .473960 , 0 .000000)
, vec2 (1 .473922 , 0 .000000)
, vec2 (1 .473884 , 0 .000000)

185 , vec2 (1 .473847 , 0 .000000)
, vec2 (1 .473810 , 0 .000000)
, vec2 (1 .473773 , 0 .000000)
, vec2 (1 .473737 , 0 .000000)
, vec2 (1 .473700 , 0 .000000)

190 , vec2 (1 .473665 , 0 .000000)
, vec2 (1 .473629 , 0 .000000)
, vec2 (1 .473594 , 0 .000000)
, vec2 (1 .473559 , 0 .000000)
, vec2 (1 .473524 , 0 .000000)

195 , vec2 (1 .473489 , 0 .000000)
, vec2 (1 .473455 , 0 .000000)
, vec2 (1 .473421 , 0 .000000)
, vec2 (1 .473387 , 0 .000000)
, vec2 (1 .473354 , 0 .000000)

200 , vec2 (1 .473321 , 0 .000000)
, vec2 (1 .473288 , 0 .000000)
, vec2 (1 .473255 , 0 .000000)
, vec2 (1 .473223 , 0 .000000)
, vec2 (1 .473191 , 0 .000000)

205 , vec2 (1 .473159 , 0 .000000)
, vec2 (1 .473127 , 0 .000000)
, vec2 (1 .473096 , 0 .000000)
, vec2 (1 .473065 , 0 .000000)
, vec2 (1 .473034 , 0 .000000)

210 , vec2 (1 .473003 , 0 .000000)
, vec2 (1 .472973 , 0 .000000)
, vec2 (1 .472942 , 0 .000000)
, vec2 (1 .472912 , 0 .000000)
, vec2 (1 .472883 , 0 .000000)

215 , vec2 (1 .472853 , 0 .000000)
, vec2 (1 .472824 , 0 .000000)
, vec2 (1 .472795 , 0 .000000)
, vec2 (1 .472766 , 0 .000000)
, vec2 (1 .472737 , 0 .000000)

220 , vec2 (1 .472709 , 0 .000000)
, vec2 (1 .472680 , 0 .000000)
, vec2 (1 .472652 , 0 .000000)
, vec2 (1 .472625 , 0 .000000)
, vec2 (1 .472597 , 0 .000000)

225 , vec2 (1 .472570 , 0 .000000)
, vec2 (1 .472542 , 0 .000000)
, vec2 (1 .472515 , 0 .000000)
, vec2 (1 .472489 , 0 .000000)
, vec2 (1 .472462 , 0 .000000)

230 , vec2 (1 .472436 , 0 .000000)
, vec2 (1 .472409 , 0 .000000)
, vec2 (1 .472383 , 0 .000000)
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, vec2 (1 .472357 , 0 .000000)
, vec2 (1 .472332 , 0 .000000)

235 ) ;
f l o a t x = ( wavelength − quartz min ) / qua r t z s t ep ;
i n t i 0 = i n t ( f l o o r ( x ) ) ;
i n t i 1 = i 0 + 1 ;
f l o a t f 1 = x − f l o a t ( i 0 ) ;

240 i f ( i 0 < 0) re turn quartz nk [ 0 ] ;
i f ( i 1 > quartz count − 1) re turn quartz nk [ quartz count − 1 ] ;
vec2 y0 = quartz nk [ i 0 ] ;
vec2 y1 = quartz nk [ i 1 ] ;
r e turn mix ( y0 , y1 , f 1 ) ;

245 #undef quartz count
}

f l o a t Quartz (Random PRNG, f l o a t S , Ray V)
{

250 re turn S ;
}

Hit Quartz (Random PRNG, Sur face S , Ray V)
{

255 re turn Transparent (PRNG, S , V, Quartz nk (V. wavelength ) ) ;
}

28 include/Raymond-Quaternion.frag

#donotrun
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vec4 s l e r p ( vec4 v0 , vec4 v1 , f l o a t t )
10 {

f l o a t d = dot ( v0 , v1 ) ;
i f (d < 0 . 0 )
{

v1 = −v1 ;
15 d = −d ;

}
i f (d > 0 .9995)
{

re turn normal ize ( mix ( v0 , v1 , t ) ) ;
20 }

f l o a t the ta 0 = acos (d) ;
f l o a t theta = the ta 0 ∗ t ;
f l o a t s i n t h e t a = s i n ( theta ) ;
f l o a t s i n t h e t a 0 = s i n ( the ta 0 ) ;

25 f l o a t s0 = cos ( theta ) − d ∗ s i n t h e t a / s i n t h e t a 0 ;
f l o a t s1 = s i n t h e t a / s i n t h e t a 0 ;
re turn s0 ∗ v0 + s1 ∗ v1 ;

}

30 vec3 qMul ( vec4 q , vec3 v )
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{
vec3 t = 2 .0 ∗ c r o s s ( q . xyz , v ) ;
r e turn v + q .w ∗ t + c r o s s ( q . xyz , t ) ;

}
35

vec4 qInv ( vec4 q )
{

re turn vec4 (−q . xyz , q .w) / dot (q , q ) ;
}

29 include/Raymond-Random.frag

#donotrun
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// uni forms in [ 0 , 1 ) ˆn
10

f l o a t uniform01 (Random PRNG)
{

re turn uniform01 (PRNG. seed ) ;
}

15

f l o a t uniform01 (Random PRNG, i n t i )
{

re turn uniform01 ( srand (PRNG, i ) ) ;
}

20

f l o a t uniform1 (Random PRNG)
{

re turn uniform01 (PRNG, 1) ;
}

25

vec2 uniform2 (Random PRNG)
{

re turn vec2 ( uniform01 (PRNG, 1) , uniform01 (PRNG, 2) ) ;
}

30

vec3 uniform3 (Random PRNG)
{

re turn vec3 ( uniform01 (PRNG, 1) , uniform01 (PRNG, 2) , uniform01 (PRNG, 3) ) ;
}

35

vec4 uniform4 (Random PRNG)
{

re turn vec4 ( uniform01 (PRNG, 1) , uniform01 (PRNG, 2) , uniform01 (PRNG, 3) , ⤦
Ç uniform01 (PRNG, 4) ) ;

}
40

// uniform d i s c

vec2 uniformDiscNaive ( vec2 u01 )
{
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45 f l o a t r = s q r t ( u01 . x ) ;
f l o a t t = 2 .0 ∗ pi ∗ u01 . y ;
r e turn r ∗ vec2 ( cos ( t ) , s i n ( t ) ) ;

}

50 // http ://www. pbr−book . org /3ed−2018/ Monte Car lo Integrat ion /2⤦
Ç D Sampl ing with Mult id imens iona l Trans format ions . html#SamplingaUnitDisk

vec2 uni formDisc ( vec2 u01 )
{

vec2 u11 = 2 .0 ∗ u01 − vec2 ( 1 . 0 ) ;
i f ( u11 == vec2 ( 0 . 0 ) ) re turn u11 ;

55 f l o a t r , t ;
i f ( abs ( u11 . x ) > abs ( u11 . y ) )
{

r = u11 . x ;
t = pi / 4 .0 ∗ ( u11 . y / u11 . x ) ;

60 }
e l s e
{

r = u11 . y ;
t = pi / 2 .0 − pi / 4 .0 ∗ ( u11 . x / u11 . y ) ;

65 }
re turn r ∗ vec2 ( cos ( t ) , s i n ( t ) ) ;

}

vec2 uni formDisc (Random PRNG)
70 {

re turn uni formDisc ( uniform2 (PRNG) ) ;
}

// Box−Muller trans form
75

vec2 gauss ian ( vec2 u01 )
{

f l o a t s = u01 . x ;
f l o a t t = 2 .0 ∗ pi ∗ u01 . y ;

80 i f ( s > 0 . 0 )
re turn vec2 ( cos ( t ) , s i n ( t ) ) ∗ s q r t ( −2.0 ∗ l og ( s ) / s ) ;

e l s e
re turn vec2 ( 0 . 0 ) ;

}
85

vec2 gauss ian2 (Random PRNG)
{

re turn gauss ian ( uniform2 (PRNG) ) ;
}

90

f l o a t gauss ian1 (Random PRNG)
{

re turn gauss ian2 (PRNG) . x ;
}

95

vec4 gauss ian4 (Random PRNG)
{

vec4 u = uniform4 (PRNG) ;
re turn vec4 ( gauss ian (u . xy ) , gauss ian (u . zw) ) ;

100 }
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vec3 gauss ian3 (Random PRNG)
{

re turn gauss ian4 (PRNG) . xyz ;
105 }

// a r o t a t i o n matrix that makes Z po int along the normal

mat3 l o c a l C o o r d i n a t e s ( vec3 normal )
110 {

vec3 w = X;
i f ( abs ( dot (Y, normal ) ) < abs ( dot (w, normal ) ) ) w = Y;
i f ( abs ( dot (Z , normal ) ) < abs ( dot (w, normal ) ) ) w = Z ;
vec3 a = normal ize ( c r o s s (w, normal ) ) ;

115 vec3 b = normal ize ( c r o s s ( a , normal ) ) ;
i f ( dot ( normal , c r o s s ( a , b ) ) < 0 . 0 ) { vec3 t = a ; a = b ; b = t ; }
re turn mat3 ( a , b , normal ) ;

}

120 // c o s i n e weighted hemisphere from uniform d i s c and normal

vec3 cosHemisphere ( vec2 uDisc , vec3 normal )
{

mat3 m = l o c a l C o o r d i n a t e s ( normal ) ;
125 vec3 w = vec3 ( uDisc , s q r t (max( 0 . 0 , 1 . 0 − dot ( uDisc , uDisc ) ) ) ) ;

r e turn m ∗ w;
}

30 include/Raymond-Screen.frag

#donotrun
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f l o a t Screen hump ( vec3 spec , f l o a t wavelength )
10 {

f l o a t de l t a = ( wavelength − spec [ 0 ] ) / spec [ 1 ] ;
r e turn spec [ 2 ] / ( 1 . 0 + 4 .0 ∗ d e l t a ∗ d e l t a ) ;

}

15 // <http ://www. marcelpatek . com/LCD. html> ( Figure 2)
f l o a t CRT( vec3 linearRGB , f l o a t wavelength )
{

const vec3 r [ 2 ] = vec3 [ 2 ]
( vec3 ( 7 1 0 . 0 , 25 . 0 , 0 . 5 )

20 , vec3 ( 6 2 5 . 0 , 25 . 0 , 1 . 0 )
) ;

const vec3 g =
vec3 ( 5 4 0 . 0 , 100 .0 , 0 . 5 ) ;

const vec3 b =
25 vec3 ( 4 5 0 . 0 , 100 .0 , 0 . 5 ) ;

f l o a t v = 0 . 0 ;
v += linearRGB . r ∗ Screen hump ( r [ 0 ] , wavelength ) ;
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v += linearRGB . r ∗ Screen hump ( r [ 1 ] , wavelength ) ;
v += linearRGB . g ∗ Screen hump ( g , wavelength ) ;

30 v += linearRGB . b ∗ Screen hump (b , wavelength ) ;
r e turn v ;

}

// <http ://www. marcelpatek . com/LCD. html> ( Figure 3)
35 f l o a t LCD( vec3 linearRGB , f l o a t wavelength )

{
const vec3 r [ 2 ] = vec3 [ 2 ]

( vec3 ( 7 1 0 . 0 , 25 . 0 , 0 . 1 ∗ 0 . 8 )
, vec3 ( 6 1 0 . 0 , 15 . 0 , 1 . 0 ∗ 0 . 8 )

40 ) ;
const vec3 g [ 3 ] = vec3 [ 3 ]

( vec3 ( 5 8 5 . 0 , 25 . 0 , 0 . 2 )
, vec3 ( 5 4 5 . 0 , 15 . 0 , 1 . 0 )
, vec3 ( 4 9 0 . 0 , 20 . 0 , 0 . 3 )

45 ) ;
const vec3 b [ 3 ] = vec3 [ 3 ]

( vec3 ( 5 5 0 . 0 , 25 . 0 , 0 . 1 ∗ 0 . 5 )
, vec3 ( 5 9 0 . 0 , 40 . 0 , 0 . 9 ∗ 0 . 5 )
, vec3 ( 4 5 0 . 0 , 50 . 0 , 1 . 0 ∗ 0 . 5 )

50 ) ;
f l o a t v = 0 . 0 ;
v += linearRGB . r ∗ Screen hump ( r [ 0 ] , wavelength ) ;
v += linearRGB . r ∗ Screen hump ( r [ 1 ] , wavelength ) ;
v += linearRGB . g ∗ Screen hump ( g [ 0 ] , wavelength ) ;

55 v += linearRGB . g ∗ Screen hump ( g [ 1 ] , wavelength ) ;
v += linearRGB . g ∗ Screen hump ( g [ 2 ] , wavelength ) ;
v += linearRGB . b ∗ Screen hump (b [ 0 ] , wavelength ) ;
v += linearRGB . b ∗ Screen hump (b [ 1 ] , wavelength ) ;
v += linearRGB . b ∗ Screen hump (b [ 2 ] , wavelength ) ;

60 re turn v ;
}

31 include/Raymond-SkyBox.frag

#donotrun
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// implement t h i s
10 f l o a t s c r e en ( vec4 tex , f l o a t wavelength ) ;

#group SkyBox

// e q u i r e c t a n g u l a r (360 x180 degree s ) t ex ture f o r background
15 uniform sampler2D Background ; f i l e [ ]

// d i s t ance from o r i g i n at which the cube map i s drawn
uniform f l o a t Distance ; s l i d e r [ 0 , 1 0 0 , 1 0 0 0 ]

20 // no s t r u c t SkyBox as samplers can only be uni forms or func t i on arguments
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vec4 textureEqui ( sampler2D sampler , vec3 d i r )
{

d i r = normal ize ( d i r ) ;
25 vec2 coord = vec2 ( atan ( d i r . y , −d i r . x ) / ( 2 . 0 ∗ pi ) , acos (− d i r . z ) / p i ) ;

r e turn tex ture ( sampler , coord ) ;
}

vec4 SkyBox texture ( Transform T, Ray V)
30 {

re turn textureEqui ( Background , backwardN (T, V. d i r e c t i o n ) ) ;
}

f l o a t SkyBox intens i ty ( Transform T, Ray V)
35 {

re turn sc r een ( SkyBox texture (T, V) , V. wavelength ) ;
}

f l o a t SkyBox ( Scene DE tag , Transform T, Ray V)
40 {

re turn Distance − l ength ( backwardP (T, V. o r i g i n ) ) ;
}

Hit SkyBox ( Scene HIT tag , Transform T, Ray V)
45 {

Scene DE DE;
Sur face S ;
S . p o s i t i o n = V. o r i g i n ;
S . normal = −normal ize (V. o r i g i n ) ;

50 S . de = SkyBox (DE, T, V) ;
Hit h ;
h . s u r f a c e = S ;
h . ray = V;
h . f a c t o r = 0 . 0 ;

55 h . emit = SkyBox intens i ty (T, V) ;
re turn h ;

}

32 include/Raymond-sRGB-Buffer.frag

#donotrun
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#vertex
10

varying vec2 coord ;

void main ( void )
{

15 g l P o s i t i o n = g l Ver t ex ;
coord = ( ( g l P r o j e c t i o nM at r i x ∗ g l Ver t ex ) . xy + vec2 ( 1 . 0 ) ) ∗ 0 . 5 ;

}
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#endvertex
20

varying vec2 coord ;

uniform sampler2D f r o n t b u f f e r ;

25 #group Post

uniform f l o a t Exposure ; s l i d e r [ 0 . 0 , 1 . 0 , 1 0 0 . 0 ]

f l o a t sRGB( f l o a t c )
30 {

c = clamp ( c , 0 . 0 , 1 . 0 ) ;
const f l o a t a = 0 . 0 5 5 ;
i f ( c <= 0.0031308)

re turn 12 .92 ∗ c ;
35 e l s e

re turn ( 1 . 0 + a ) ∗ pow( c , 1 . 0 / 2 . 4 ) − a ;
}

vec3 sRGB( vec3 c )
40 {

re turn vec3 (sRGB( c . x ) , sRGB( c . y ) , sRGB( c . z ) ) ;
}

void main ( void )
45 {

vec4 tex = texture2D ( f r o n t b u f f e r , coord ) ;
vec3 c = sRGB( Exposure ∗ tex . xyz / tex . a ) ;
g l FragCo lor = vec4 ( c , 1 . 0 ) ;

}

33 include/Raymond-sRGB.frag

#donotrun
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// accumulate l i n e a r RGBW and output as sRGB with exposure c o n t r o l
10 #b u f f e r RGBA32F

#b u f f e r s had e r ”Raymond−sRGB−Buf f e r . f r a g ”
#group Post
uniform f l o a t Exposure ; s l i d e r [ 0 . 0 , 1 . 0 , 1 0 0 . 0 ]

15 // https : // en . w ik iped ia . org / wik i /SRGB#The forward t rans fo rmat ion (⤦
Ç CIE XYZ to sRGB )

f l o a t linear2sRGB ( f l o a t c )
{

c = clamp ( c , 0 . 0 , 1 . 0 ) ;
const f l o a t a = 0 . 0 5 5 ;

20 i f ( c <= 0.0031308)
re turn 12 .92 ∗ c ;

68



raymond include/Raymond-StdDev-Buffer.frag

e l s e
re turn ( 1 . 0 + a ) ∗ pow( c , 1 . 0 / 2 . 4 ) − a ;

}
25

vec3 linear2sRGB ( vec3 c )
{

re turn vec3 ( linear2sRGB ( c . x ) , linear2sRGB ( c . y ) , linear2sRGB ( c . z ) ) ;
}

30

// https : // en . w ik iped ia . org / wik i /SRGB#The reve r s e t r an s f o rmat i on
f l o a t sRGB2linear ( f l o a t c )
{

c = clamp ( c , 0 . 0 , 1 . 0 ) ;
35 const f l o a t a = 0 . 0 5 5 ;

i f ( c <= 0.04045)
re turn c / 1 2 . 9 2 ;

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

40 }

vec3 sRGB2linear ( vec3 c )
{

re turn vec3 ( sRGB2linear ( c . x ) , sRGB2linear ( c . y ) , sRGB2linear ( c . z ) ) ;
45 }

34 include/Raymond-StdDev-Buffer.frag

#donotrun
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#vertex
10

varying vec2 coord ;

void main ( void )
{

15 g l P o s i t i o n = g l Ver t ex ;
coord = ( ( g l P r o j e c t i o nM at r i x ∗ g l Ver t ex ) . xy + vec2 ( 1 . 0 ) ) ∗ 0 . 5 ;

}

#endvertex
20

varying vec2 coord ;

uniform sampler2D f r o n t b u f f e r ;

25 vec3 stddev ( vec3 v )
{

f l o a t m = v [ 1 ] / v [ 0 ] ;
f l o a t s = s q r t ( v [ 0 ] ∗ v [ 2 ] − v [ 1 ] ∗ v [ 1 ] ) / v [ 0 ] ;
r e turn vec3 ( s ) ;

30 }
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void main ( void )
{

vec4 tex = texture2D ( f r o n t b u f f e r , coord ) ;
35 vec3 c = stddev ( tex . xyz / tex . a ) ;

g l FragCo lor = vec4 ( c , 1 . 0 ) ;
}

35 include/Raymond-StdDev.frag

#donotrun
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#b u f f e r RGBA32F
10 #b uf f e r s had e r ”Raymond−StdDev−Buf f e r . f r a g ”

vec3 f i l m s t d d e v (Random PRNG, f l o a t wavelength , f l o a t i n t e n s i t y )
{

re turn vec3 ( 1 . 0 , i n t e n s i t y , i n t e n s i t y ∗ i n t e n s i t y ) ;
15 }

36 include/Raymond-Surface.frag

#donotrun
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// CSG i n v e r t
10

f l o a t Inve r t ( f l o a t de )
{

re turn −de ;
}

15

Sur face Inve r t ( Sur face s )
{

s . normal = − s . normal ;
s . de = − s . de ;

20 re turn s ;
}

// CSG union : minimum by de

25 f l o a t Union ( f l o a t a , f l o a t b)
{

i f ( a < b) re turn a ; e l s e re turn b ;
}

70



raymond include/Raymond-Surface.frag

30 Sur face Union ( Sur face a , Sur face b)
{

i f ( a . de < b . de ) re turn a ; e l s e re turn b ;
}

35 #d e f i n e Union3 ( a , b , c ) Union ( Union ( a , b) , c )
#d e f i n e Union4 ( a , b , c , d ) Union ( Union ( Union ( a , b) , c ) , d )
#d e f i n e Union5 ( a , b , c , d , e ) Union ( Union ( Union ( Union ( a , b) , c ) , d ) , e )
#d e f i n e Union6 ( a , b , c , d , e , f ) Union ( Union ( Union ( Union ( Union ( a , b) , c ) , d ) , e ) , f )

40 // CSG i n t e r s e c t i o n : maximum by de

f l o a t I n t e r s e c t i o n ( f l o a t a , f l o a t b)
{

i f ( a > b) re turn a ; e l s e re turn b ;
45 }

Sur face I n t e r s e c t i o n ( Sur face a , Sur face b)
{

i f ( a . de > b . de ) re turn a ; e l s e re turn b ;
50 }

#d e f i n e I n t e r s e c t i o n 3 (a , b , c ) I n t e r s e c t i o n ( I n t e r s e c t i o n ( a , b) , c )
#d e f i n e I n t e r s e c t i o n 4 (a , b , c , d ) I n t e r s e c t i o n ( I n t e r s e c t i o n ( I n t e r s e c t i o n (a , b) , c ) ,⤦

Ç d)
#d e f i n e I n t e r s e c t i o n 5 (a , b , c , d , e ) I n t e r s e c t i o n ( I n t e r s e c t i o n ( I n t e r s e c t i o n (⤦

Ç I n t e r s e c t i o n ( a , b) , c ) , d ) , e )
55 #d e f i n e I n t e r s e c t i o n 6 (a , b , c , d , e , f ) I n t e r s e c t i o n ( I n t e r s e c t i o n ( I n t e r s e c t i o n (⤦

Ç I n t e r s e c t i o n ( I n t e r s e c t i o n ( a , b ) , c ) , d ) , e ) , f )

// p r i m i t i v e s

f l o a t Sphere ( Scene DE tag , Transform T, Ray V)
60 {

re turn forwardD (T, l ength ( backwardP (T, V. o r i g i n ) ) − 1 . 0 ) ;
}

Sur face Sphere ( Scene HIT tag , Transform T, Ray V)
65 {

vec3 world = V. o r i g i n ;
vec3 ob j e c t = backwardP (T, world ) ;
vec3 normal = normal ize ( ob j e c t ) ;
f l o a t de = length ( ob j e c t ) − 1 . 0 ;

70 Sur face s ;
s . p o s i t i o n = forwardP (T, ob j e c t ) ;
s . normal = forwardN (T, normal ) ;
s . de = forwardD (T, de ) ;
r e turn s ;

75 }

f l o a t Plane ( Scene DE tag , Transform T, Ray V, vec3 normal , f l o a t d i s t )
{

re turn forwardD (T, dot ( backwardP (T, V. o r i g i n ) , normal ize ( normal ) ) − d i s t ) ;
80 }

Sur face Plane ( Scene HIT tag , Transform T, Ray V, vec3 normal , f l o a t d i s t )
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{
normal = normal ize ( normal ) ;

85 vec3 world = V. o r i g i n ;
vec3 ob j e c t = backwardP (T, world ) ;
f l o a t d = dot ( object , normal ) − d i s t ;
vec3 nea r e s t = ob j e c t − d ∗ normal ;
Sur face s ;

90 s . p o s i t i o n = forwardP (T, ob j e c t ) ;
s . normal = forwardN (T, normal ) ;
n ea r e s t = forwardP (T, nea r e s t ) ;
s . de = d i s t ance ( s . po s i t i on , nea r e s t ) ;
i f (d < 0 . 0 )

95 s . de = − s . de ;
r e turn s ;

}

// https : // i q u i l e z l e s . org /www/ a r t i c l e s / d i s t f u n c t i o n s / d i s t f u n c t i o n s . htm
100 f l o a t sdBox ( vec3 p , vec3 b )

{
vec3 d = abs (p) − b ;
re turn l ength (max(d , 0 . 0 ) )

+ min (max(d . x , max(d . y , d . z ) ) , 0 . 0 ) ; // remove t h i s l i n e f o r an only ⤦
Ç p a r t i a l l y s igned sd f

105 }

f l o a t Cuboid ( Scene DE tag , Transform T, Ray V, vec3 s i z e )
{

re turn forwardD (T, sdBox ( backwardP (T, V. o r i g i n ) , s i z e ) ) ;
110 }

Sur face Cuboid ( Scene HIT tag , Transform T, Ray V, vec3 s i z e )
{

vec3 p = backwardP (T, V. o r i g i n ) ;
115 f l o a t d = sdBox (p , s i z e ) ;

f l o a t e = max(d , 1 . 0 e−5 ∗ l ength ( s i z e ) ) ;
vec3 n = vec3

( sdBox (p + e ∗ X, s i z e ) − sdBox (p − e ∗ X, s i z e )
, sdBox (p + e ∗ Y, s i z e ) − sdBox (p − e ∗ Y, s i z e )

120 , sdBox (p + e ∗ Z , s i z e ) − sdBox (p − e ∗ Z , s i z e )
) ;

Sur face s ;
s . p o s i t i o n = forwardP (T, p) ;
s . normal = forwardN (T, normal ize (n) ) ;

125 s . de = forwardD (T, d) ;
r e turn s ;

}

f l o a t Cube( Scene DE tag , Transform T, Ray V, f l o a t s i z e )
130 {

re turn Cuboid ( tag , T, V, vec3 ( s i z e ) ) ;
}

Sur face Cube( Scene HIT tag , Transform T, Ray V, f l o a t s i z e )
135 {

re turn Cuboid ( tag , T, V, vec3 ( s i z e ) ) ;
}
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f l o a t Cube( Scene DE tag , Transform T, Ray V)
140 {

re turn Cube( tag , T, V, 1 . 0 ) ;
}

Sur face Cube( Scene HIT tag , Transform T, Ray V)
145 {

re turn Cube( tag , T, V, 1 . 0 ) ;
}

37 include/Raymond-Trace.frag

#donotrun

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

#group Raytrace
10

// Number o f s t ep s to march along each ray .
uniform i n t Steps ; s l i d e r [ 0 , 1 0 0 , 1 0 0 0 ]

// Maximum number o f s u r f a c e i n t e r s e c t i o n s per p i x e l .
15 uniform i n t Depth ; s l i d e r [ 0 , 1 0 , 1 0 0 ]

// Stop t r a c i n g rays at t h i s e p s i l o n ( in b i t s ) to stop e a r l y .
uniform f l o a t MinDist ; s l i d e r [ −2 4 . 0 , −1 6 . 0 , 8 . 0 ]

20 // Advance rays by t h i s e p s i l o n ( in b i t s ) to avoid repeated s u r f a c e ⤦
Ç i n t e r s e c t i o n s .

uniform f l o a t Acne ; s l i d e r [ −2 4 . 0 , −1 2 . 0 , 8 . 0 ]

// Trace towards l i g h t s from each s u r f a c e .
uniform bool SampleLights ; checkbox [ t rue ]

25

s t r u c t Raytrace
{

i n t s t ep s ;
i n t depth ;

30 f l o a t mindist ;
f l o a t acne ;
bool s am p l e l i gh t s ;

} ;

35 Raytrace ray t ra c e de un i f o rms ( )
{

Raytrace R;
R. s t ep s = Steps ;
R. depth = Depth ;

40 R. mindist = pow ( 2 . 0 , MinDist ) ;
R. acne = pow ( 2 . 0 , Acne ) ;
R. s amp l e l i gh t s = SampleLights ;
r e turn R;

}
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45

Hit r a y t r a c e d e 1 (Random PRNG, Ray V, Raytrace R, f l o a t s )
{

Scene DE DE;
i n t i = 0 ;

50 f l o a t d = scene (DE, srand (PRNG, i ) , V) ;
f o r ( ; i < R. s t ep s ; ++i )
{

d = scene (DE, srand (PRNG, i ) , V) ;
V. o r i g i n += s ∗ d ∗ V. d i r e c t i o n ;

55 // i f ( s ∗ d < R. mindist ) break ;
}
Scene HIT HIT ;
re turn scene (HIT , srand (PRNG, i ) , V) ;

}
60

f l o a t r ay t r a c e de (Random PRNG, Ray V, Raytrace R, out Hit D)
{

f l o a t I = 0 . 0 ;
f l o a t f = 1 . 0 ;

65 f l o a t s = 1 . 0 ;
f o r ( i n t i = 0 ; i < R. depth ; ++i )
{

// t r a c e to s u r f a c e
Hit h = r a y t r a c e d e 1 ( srand (PRNG, i ) , V, R, s ) ;

70 i f ( i == 0) D = h ;
f ∗= absorpt ion (V. index . y , V. wavelength , d i s t ance (V. o r i g i n , h . ray . o r i g i n ) ) ;
i f (R. s am p l e l i gh t s )
{

// ignore l i g h t s from organ i c rays
75 i f (h . emit > 0 . 0 )

{
i f ( i == 0)
{

I += f ∗ h . emit ;
80 f ∗= h . f a c t o r ;

}
break ;

}
f ∗= h . f a c t o r ;

85 // t r a c e from s u r f a c e to l i g h t s
Ray U = h . ray ;
vec4 L = l i g h t ( srand (PRNG, i ) , U. o r i g i n , U. d i r e c t i o n ) ;
i f (L .w > 0 . 0 )
{

90 U. d i r e c t i o n = normal ize (L . xyz ) ;
U. o r i g i n += R. acne ∗ U. d i r e c t i o n ;
Hit l = r a y t r a c e d e 1 ( srand (PRNG, i ) , U, R, s ) ;
i f ( l . emit > 0 . 0 )
{

95 I += L .w ∗ f ∗ absorpt ion (U. index . y , U. wavelength , d i s t ance (U. o r i g i n , ⤦
Ç l . ray . o r i g i n ) ) ∗ l . emit ;

}
}
f ∗= ( 1 . 0 − L .w) ;

}
100 e l s e
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{
I += f ∗ h . emit ;
f ∗= h . f a c t o r ;

}
105 // bounce

V = h . ray ;
V. o r i g i n += R. acne ∗ V. d i r e c t i o n ;
Scene HIT HIT ;
Sur face S = scene (HIT , srand (PRNG, i + 1) , V) . s u r f a c e ;

110 f l o a t s2 = s i gn (S . de ) ;
f l o a t s3 = s i gn ( dot (V. d i r e c t i o n , S . normal ) ) ;
s = s2 ;
i f ( ! ( f > 0) ) break ;

}
115 re turn I ;

}

38 include/Raymond-Transform.frag

#donotrun

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

// t rans f o rmat i ons
10

s t r u c t Transform
{

mat4 forward ; // ob j e c t to world
mat4 backward ; // world to ob j e c t

15 f l o a t s c a l e ; // forward
} ;

// compos i t ion o f t rans f o rmat i ons

20 Transform compose ( Transform S , Transform T)
{

Transform R;
R. forward = S . forward ∗ T. forward ;
R. backward = T. backward ∗ S . backward ;

25 R. s c a l e = S . s c a l e ∗ T. s c a l e ;
r e turn R;

}

Transform compose ( Transform A, Transform B, Transform C)
30 {

re turn compose ( compose (A, B) , C) ;
}

Transform compose ( Transform A, Transform B, Transform C, Transform D)
35 {

re turn compose ( compose ( compose (A, B) , C) , D) ;
}
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// t rans fo rmat ion o f d i s t a n c e s
40

f l o a t forwardD ( Transform T, f l o a t d)
{

re turn d ∗ T. s c a l e ;
}

45

f l o a t backwardD ( Transform T, f l o a t d)
{

re turn d / T. s c a l e ;
}

50

// t rans fo rmat ion o f po in t s

vec3 forwardP ( Transform T, vec3 p)
55 {

vec4 q = vec4 (p , 1 . 0 ) ∗ T. forward ;
re turn q . xyz / q .w;

}

60 vec3 backwardP ( Transform T, vec3 p)
{

vec4 q = vec4 (p , 1 . 0 ) ∗ T. backward ;
re turn q . xyz / q .w;

}
65

// t rans fo rmat ion o f normals

vec3 forwardN ( Transform T, vec3 n)
{

70 re turn normal ize (n ∗ i n v e r s e ( t ranspose ( mat3 (T. forward ) ) ) ) ;
}

vec3 backwardN ( Transform T, vec3 n)
{

75 re turn normal ize (n ∗ i n v e r s e ( t ranspose ( mat3 (T. backward ) ) ) ) ;
}

// uniform s c a l i n g

80 Transform Sca l e ( f l o a t s )
{

Transform T;
T. s c a l e = s ;
T. forward = mat4

85 ( s , 0 . 0 , 0 . 0 , 0 . 0
, 0 . 0 , s , 0 . 0 , 0 . 0
, 0 . 0 , 0 . 0 , s , 0 . 0
, 0 . 0 , 0 . 0 , 0 . 0 , 1 . 0
) ;

90 s = 1 .0 / s ;
T. backward = mat4

( s , 0 . 0 , 0 . 0 , 0 . 0
, 0 . 0 , s , 0 . 0 , 0 . 0
, 0 . 0 , 0 . 0 , s , 0 . 0

95 , 0 . 0 , 0 . 0 , 0 . 0 , 1 . 0
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) ;
r e turn T;

}

100 // i d e n t i t y t rans fo rmat ion

Transform I d e n t i t y ( )
{

re turn Sca l e ( 1 . 0 ) ;
105 }

// non−uniform s c a l i n g

Transform Sca l e ( vec3 s )
110 {

Transform T;
T. forward = mat4

( s . x , 0 . 0 , 0 . 0 , 0 . 0
, 0 . 0 , s . y , 0 . 0 , 0 . 0

115 , 0 . 0 , 0 . 0 , s . z , 0 . 0
, 0 . 0 , 0 . 0 , 0 . 0 , 1 . 0
) ;

s = 1 .0 / s ;
T. backward = mat4

120 ( s . x , 0 . 0 , 0 . 0 , 0 . 0
, 0 . 0 , s . y , 0 . 0 , 0 . 0
, 0 . 0 , 0 . 0 , s . z , 0 . 0
, 0 . 0 , 0 . 0 , 0 . 0 , 1 . 0
) ;

125 T. s c a l e = determinant ( mat3 (T. forward ) ) ; // FIXME
return T;

}

// t r a n s l a t i o n
130

Transform Trans late ( vec3 v )
{

Transform T;
T. s c a l e = 1 . 0 ;

135 T. forward = ( mat4
( 1 . 0 , 0 . 0 , 0 . 0 , v . x
, 0 . 0 , 1 . 0 , 0 . 0 , v . y
, 0 . 0 , 0 . 0 , 1 . 0 , v . z
, 0 . 0 , 0 . 0 , 0 . 0 , 1 . 0

140 ) ) ;
v = −v ;
T. backward = ( mat4

( 1 . 0 , 0 . 0 , 0 . 0 , v . x
, 0 . 0 , 1 . 0 , 0 . 0 , v . y

145 , 0 . 0 , 0 . 0 , 1 . 0 , v . z
, 0 . 0 , 0 . 0 , 0 . 0 , 1 . 0
) ) ;

r e turn T;
}

150

// r o t a t i o n from quatern ion
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Transform Rotate ( vec4 q )
{

155 q = normal ize ( q ) ;
f l o a t i = q . x ;
f l o a t j = q . y ;
f l o a t k = q . z ;
f l o a t r = q .w;

160 Transform T;
T. s c a l e = 1 . 0 ;
T. forward = mat4

( 1 .0 − 2 .0 ∗ ( j ∗ j + k ∗ k ) , 2 . 0 ∗ ( i ∗ j − k ∗ r ) , 2 . 0 ∗ ( i ∗ k + j ∗ r ) ,⤦
Ç 0 .0

, 2 . 0 ∗ ( i ∗ j + k ∗ r ) , 1 . 0 − 2 .0 ∗ ( i ∗ i + k ∗ k ) , 2 . 0 ∗ ( j ∗ k − i ∗ r ) ,⤦
Ç 0 .0

165 , 2 . 0 ∗ ( i ∗ k − j ∗ r ) , 2 . 0 ∗ ( j ∗ k + i ∗ r ) , 1 . 0 − 2 .0 ∗ ( i ∗ i + j ∗ j ) ,⤦
Ç 0 .0

, 0 . 0 , 0 . 0 , 0 . 0 , 1 . 0
) ;

T. backward = transpose (T. forward ) ;
r e turn T;

170 }

39 include/Raymond-Water.frag

#donotrun

/∗
Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

5 Copyright (C) 2018 Claude Heiland −Allen
L icense GPL3+ <http ://www. gnu . org / l i c e n s e s />
∗/

vec2 Water nk ( f l o a t wavelength )
10 {

const f l o a t water min = 375 ;
const f l o a t wate r s t ep = 25 ;

#d e f i n e water count 20
const vec2 water nk [ water count ] = vec2 [ water count ]

15 ( vec2 ( 1 . 3 4 1 , 3 .50E−9)
, vec2 ( 1 . 3 3 9 , 1 .86E−9)
, vec2 ( 1 . 3 3 8 , 1 .30E−9)
, vec2 ( 1 . 3 3 7 , 1 .02E−9)
, vec2 ( 1 . 3 3 6 , 9 .35E−10)

20 , vec2 ( 1 . 3 3 5 , 1 .00E−9)
, vec2 ( 1 . 3 3 4 , 1 .32E−9)
, vec2 ( 1 . 3 3 3 , 1 .96E−9)
, vec2 ( 1 . 3 3 3 , 3 .60E−9)
, vec2 ( 1 . 3 3 2 , 1 .09E−8)

25 , vec2 ( 1 . 3 3 2 , 1 .39E−8)
, vec2 ( 1 . 3 3 1 , 1 .64E−8)
, vec2 ( 1 . 3 3 1 , 2 .23E−8)
, vec2 ( 1 . 3 3 1 , 3 .35E−8)
, vec2 ( 1 . 3 3 0 , 9 .15E−8)

30 , vec2 ( 1 . 3 3 0 , 1 .56E−7)
, vec2 ( 1 . 3 3 0 , 1 .48E−7)
, vec2 ( 1 . 3 2 9 , 1 .25E−7)
, vec2 ( 1 . 3 2 9 , 1 .82E−7)
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, vec2 ( 1 . 3 2 9 , 2 .93E−7)
35 ) ;

f l o a t x = ( wavelength − water min ) / wate r s t ep ;
i n t i 0 = i n t ( f l o o r ( x ) ) ;
i n t i 1 = i 0 + 1 ;
f l o a t f 1 = x − f l o a t ( i 0 ) ;

40 i f ( i 0 < 0) re turn water nk [ 0 ] ;
i f ( i 1 > water count − 1) re turn water nk [ water count − 1 ] ;
vec2 y0 = water nk [ i 0 ] ;
vec2 y1 = water nk [ i 1 ] ;
r e turn mix ( y0 , y1 , f 1 ) ;

45 #undef water count
}

f l o a t Water (Random PRNG, f l o a t S , Ray V)
{

50 re turn S ;
}

Hit Water (Random PRNG, Sur face S , Ray V)
{

55 re turn Transparent (PRNG, S , V, Water nk (V. wavelength ) ) ;
}

40 LICENSE.md

### GNU GENERAL PUBLIC LICENSE

Vers ion 3 , 29 June 2007

5 Copyright (C) 2007 Free Software Foundation , Inc .
<https : // f s f . org/>

Everyone i s permitted to copy and d i s t r i b u t e verbatim c o p i e s o f t h i s
l i c e n s e document , but changing i t i s not a l lowed .

10

### Preamble

The GNU General Publ ic L i cense i s a f r e e , c o p y l e f t l i c e n s e f o r
so f tware and other k inds o f works .

15

The l i c e n s e s f o r most so f tware and other p r a c t i c a l works are des igned
to take away your freedom to share and change the works . By contras t ,
the GNU General Publ ic L i cense i s intended to guarantee your freedom
to share and change a l l v e r s i o n s o f a program−−to make sure i t remains

20 f r e e so f tware f o r a l l i t s u s e r s . We, the Free Software Foundation , use
the GNU General Publ ic L i cense f o r most o f our so f tware ; i t a p p l i e s
a l s o to any other work r e l e a s e d t h i s way by i t s authors . You can apply
i t to your programs , too .

25 When we speak o f f r e e so ftware , we are r e f e r r i n g to freedom , not
p r i c e . Our General Publ ic L i c en s e s are des igned to make sure that you
have the freedom to d i s t r i b u t e c o p i e s o f f r e e so f tware ( and charge f o r
them i f you wish ) , that you r e c e i v e source code or can get i t i f you
want i t , that you can change the so f tware or use p i e c e s o f i t in new

30 f r e e programs , and that you know you can do these th ing s .
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To pro t e c t your r i gh t s , we need to prevent o the r s from denying you
these r i g h t s or ask ing you to sur render the r i g h t s . Therefore , you
have c e r t a i n r e s p o n s i b i l i t i e s i f you d i s t r i b u t e c o p i e s o f the

35 so f tware , or i f you modify i t : r e s p o n s i b i l i t i e s to r e s p e c t the freedom
of o the r s .

For example , i f you d i s t r i b u t e c o p i e s o f such a program , whether
g r a t i s or f o r a fee , you must pass on to the r e c i p i e n t s the same

40 freedoms that you r e c e i v e d . You must make sure that they , too , r e c e i v e
or can get the source code . And you must show them these terms so they
know t h e i r r i g h t s .

Deve lopers that use the GNU GPL pro t e c t your r i g h t s with two s t ep s :
45 (1 ) a s s e r t copyr ight on the software , and (2 ) o f f e r you t h i s L i cense

g i v i ng you l e g a l permis s ion to copy , d i s t r i b u t e and/ or modify i t .

For the deve lopers ’ and authors ’ p ro tec t i on , the GPL c l e a r l y e x p l a i n s
that the re i s no warranty f o r t h i s f r e e so f tware . For both users ’ and

50 authors ’ sake , the GPL r e q u i r e s that modi f i ed v e r s i o n s be marked as
changed , so that t h e i r problems w i l l not be a t t r i b u t e d e r roneous ly to
authors o f prev ious v e r s i o n s .

Some de v i c e s are des igned to deny us e r s a c c e s s to i n s t a l l or run
55 modi f i ed v e r s i o n s o f the so f tware i n s i d e them , although the

manufacturer can do so . This i s fundamental ly incompat ib l e with the
aim o f p r o t e c t i n g users ’ freedom to change the so f tware . The
sys temat i c pattern o f such abuse occurs in the area o f products f o r
i n d i v i d u a l s to use , which i s p r e c i s e l y where i t i s most unacceptable .

60 Therefore , we have des igned t h i s v e r s i o n o f the GPL to p r o h i b i t the
p r a c t i c e f o r those products . I f such problems a r i s e s u b s t a n t i a l l y in
other domains , we stand ready to extend t h i s p r o v i s i o n to those
domains in fu tu r e v e r s i o n s o f the GPL, as needed to p ro t e c t the
freedom of u s e r s .

65

Fina l ly , every program i s threatened cons tant ly by so f tware patents .
S ta t e s should not a l low patents to r e s t r i c t development and use o f
so f tware on genera l −purpose computers , but in those that do , we wish
to avoid the s p e c i a l danger that patents app l i ed to a f r e e program

70 could make i t e f f e c t i v e l y p r o p r i e t a r y . To prevent th i s , the GPL
a s s u r e s that patents cannot be used to render the program non− f r e e .

The p r e c i s e terms and c o n d i t i o n s f o r copying , d i s t r i b u t i o n and
mod i f i c a t i on f o l l o w .

75

### TERMS AND CONDITIONS

#### 0 . D e f i n i t i o n s .

80 ” This L i cense ” r e f e r s to ve r s i on 3 o f the GNU General Publ ic L i cense .

” Copyright ” a l s o means copyr ight − l i k e laws that apply to other k inds
o f works , such as semiconductor masks .

85 ”The Program” r e f e r s to any copyr i gh tab l e work l i c e n s e d under t h i s
L i cense . Each l i c e n s e e i s addressed as ”you ” . ” L i c en s e e s ” and
” r e c i p i e n t s ” may be i n d i v i d u a l s or o r g a n i z a t i o n s .
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To ”modify” a work means to copy from or adapt a l l or part o f the work
90 in a f a sh i o n r e q u i r i n g copyr ight permiss ion , other than the making o f

an exact copy . The r e s u l t i n g work i s c a l l e d a ” modi f i ed v e r s i o n ” o f
the e a r l i e r work or a work ” based on” the e a r l i e r work .

A ” covered work” means e i t h e r the unmodif ied Program or a work based
95 on the Program .

To ” propagate ” a work means to do anything with i t that , without
permiss ion , would make you d i r e c t l y or s e c o n d a r i l y l i a b l e f o r
in f r ingement under a p p l i c a b l e copyr ight law , except execut ing i t on a

100 computer or modifying a p r i v a t e copy . Propagation i n c l u d e s copying ,
d i s t r i b u t i o n ( with or without mod i f i c a t i on ) , making a v a i l a b l e to the
publ ic , and in some c o u n t r i e s other a c t i v i t i e s as we l l .

To ”convey” a work means any kind o f propagat ion that enab l e s other
105 p a r t i e s to make or r e c e i v e c o p i e s . Mere i n t e r a c t i o n with a user

through a computer network , with no t r a n s f e r o f a copy , i s not
conveying .

An i n t e r a c t i v e user i n t e r f a c e d i s p l a y s ” Appropriate Legal Not i ce s ” to
110 the extent that i t i n c l u d e s a convenient and prominently v i s i b l e

f e a t u r e that (1 ) d i s p l a y s an appropr ia t e copyr ight not i ce , and (2 )
t e l l s the user that the re i s no warranty f o r the work ( except to the
extent that war rant i e s are provided ) , that l i c e n s e e s may convey the
work under t h i s License , and how to view a copy o f t h i s L i cense . I f

115 the i n t e r f a c e p r e s en t s a l i s t o f user commands or opt ions , such as a
menu , a prominent item in the l i s t meets t h i s c r i t e r i o n .

#### 1 . Source Code .

120 The ” source code ” f o r a work means the p r e f e r r e d form o f the work f o r
making m o d i f i c a t i o n s to i t . ” Object code ” means any non− source form o f
a work .

A ”Standard I n t e r f a c e ” means an i n t e r f a c e that e i t h e r i s an o f f i c i a l
125 standard de f ined by a recogn i z ed standards body , or , in the case o f

i n t e r f a c e s s p e c i f i e d f o r a p a r t i c u l a r programming language , one that
i s wide ly used among deve l ope r s working in that language .

The ”System L i b r a r i e s ” o f an executab l e work inc lude anything , other
130 than the work as a whole , that ( a ) i s inc luded in the normal form o f

packaging a Major Component , but which i s not part o f that Major
Component , and (b) s e r v e s only to enable use o f the work with that
Major Component , or to implement a Standard I n t e r f a c e f o r which an
implementation i s a v a i l a b l e to the pub l i c in source code form . A

135 ”Major Component ” , in t h i s context , means a major e s s e n t i a l component
( kerne l , window system , and so on ) o f the s p e c i f i c opera t ing system
( i f any ) on which the executab l e work runs , or a compi le r used to
produce the work , or an ob j e c t code i n t e r p r e t e r used to run i t .

140 The ” Corresponding Source ” f o r a work in ob j e c t code form means a l l
the source code needed to generate , i n s t a l l , and ( f o r an executab l e
work ) run the ob j e c t code and to modify the work , i n c l u d i n g s c r i p t s to
c o n t r o l those a c t i v i t i e s . However , i t does not in c lude the work ’ s
System L i b r a r i e s , or genera l −purpose t o o l s or g e n e r a l l y a v a i l a b l e f r e e

145 programs which are used unmodif ied in per forming those a c t i v i t i e s but
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which are not part o f the work . For example , Corresponding Source
i n c l u d e s i n t e r f a c e d e f i n i t i o n f i l e s a s s o c i a t e d with source f i l e s f o r
the work , and the source code f o r shared l i b r a r i e s and dynamical ly
l i nked subprograms that the work i s s p e c i f i c a l l y des igned to requ i r e ,

150 such as by int imate data communication or c o n t r o l f low between those
subprograms and other par t s o f the work .

The Corresponding Source need not in c lude anything that u s e r s can
r egene ra t e automat i ca l l y from other par t s o f the Corresponding Source .

155

The Corresponding Source f o r a work in source code form i s that same
work .

#### 2 . Basic Permiss ions .
160

Al l r i g h t s granted under t h i s L i cense are granted f o r the term o f
copyr ight on the Program , and are i r r e v o c a b l e provided the s ta t ed
c o n d i t i o n s are met . This L i cense e x p l i c i t l y a f f i r m s your un l imi ted
permis s ion to run the unmodif ied Program . The output from running a

165 covered work i s covered by t h i s L i cense only i f the output , g iven i t s
content , c o n s t i t u t e s a covered work . This L i cense acknowledges your
r i g h t s o f f a i r use or other equ iva l ent , as provided by copyr ight law .

You may make , run and propagate covered works that you do not convey ,
170 without c o n d i t i o n s so long as your l i c e n s e otherw i se remains in f o r c e .

You may convey covered works to o the r s f o r the s o l e purpose o f having
them make m o d i f i c a t i o n s e x c l u s i v e l y f o r you , or prov ide you with
f a c i l i t i e s f o r running those works , provided that you comply with the
terms o f t h i s L i cense in conveying a l l mate r i a l f o r which you do not

175 c o n t r o l copyr ight . Those thus making or running the covered works f o r
you must do so e x c l u s i v e l y on your beha l f , under your d i r e c t i o n and
cont ro l , on terms that p r o h i b i t them from making any c o p i e s o f your
copyr ighted mate r i a l ou t s id e t h e i r r e l a t i o n s h i p with you .

180 Conveying under any other c i r cumstances i s permitted s o l e l y under the
c o n d i t i o n s s ta t ed below . Su b l i c e n s i ng i s not a l lowed ; s e c t i o n 10 makes
i t unnecessary .

#### 3 . Protec t ing Users ’ Legal Rights From Anti−Circumvention Law .
185

No covered work s h a l l be deemed part o f an e f f e c t i v e t e c h n o l o g i c a l
measure under any a p p l i c a b l e law f u l f i l l i n g o b l i g a t i o n s under a r t i c l e
11 o f the WIPO copyr ight t r ea ty adopted on 20 December 1996 , or
s i m i l a r laws p r o h i b i t i n g or r e s t r i c t i n g c ircumvent ion o f such

190 measures .

When you convey a covered work , you waive any l e g a l power to f o r b i d
c i rcumvent ion o f t e c h n o l o g i c a l measures to the extent such
c ircumvent ion i s e f f e c t e d by e x e r c i s i n g r i g h t s under t h i s L i cense with

195 r e s p e c t to the covered work , and you d i s c l a im any i n t e n t i o n to l i m i t
opera t i on or mod i f i c a t i on o f the work as a means o f en fo rc ing , aga in s t
the work ’ s users , your or th i rd pa r t i e s ’ l e g a l r i g h t s to f o r b i d
c i rcumvent ion o f t e c h n o l o g i c a l measures .

200 #### 4 . Conveying Verbatim Copies .

You may convey verbatim c o p i e s o f the Program ’ s source code as you
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r e c e i v e i t , in any medium , provided that you consp i cuous ly and
approp r i a t e l y pub l i sh on each copy an appropr ia t e copyr ight n o t i c e ;

205 keep i n t a c t a l l n o t i c e s s t a t i n g that t h i s L i cense and any
non−permi s s i v e terms added in accord with s e c t i o n 7 apply to the code ;
keep i n t a c t a l l n o t i c e s o f the absence o f any warranty ; and g ive a l l
r e c i p i e n t s a copy o f t h i s L i cense along with the Program .

210 You may charge any p r i c e or no p r i c e f o r each copy that you convey ,
and you may o f f e r support or warranty p r o t e c t i o n f o r a f e e .

#### 5 . Conveying Modif ied Source Vers ions .

215 You may convey a work based on the Program , or the m o d i f i c a t i o n s to
produce i t from the Program , in the form o f source code under the
terms o f s e c t i o n 4 , provided that you a l s o meet a l l o f the se
c o n d i t i o n s :

220 − a ) The work must car ry prominent n o t i c e s s t a t i n g that you modi f i ed
i t , and g iv ing a r e l e v a n t date .

− b) The work must car ry prominent n o t i c e s s t a t i n g that i t i s
r e l e a s e d under t h i s L i cense and any c o n d i t i o n s added under
s e c t i o n 7 . This requirement mod i f i e s the requirement in s e c t i o n 4

225 to ”keep i n t a c t a l l n o t i c e s ” .
− c ) You must l i c e n s e the e n t i r e work , as a whole , under t h i s

L i cense to anyone who comes in to p o s s e s s i o n o f a copy . This
L i cense w i l l t h e r e f o r e apply , a long with any a p p l i c a b l e s e c t i o n 7
a d d i t i o n a l terms , to the whole o f the work , and a l l i t s parts ,

230 r e g a r d l e s s o f how they are packaged . This L i cense g i v e s no
permis s ion to l i c e n s e the work in any other way , but i t does not
i n v a l i d a t e such permis s ion i f you have s e p a r a t e l y r e c e i v e d i t .

− d) I f the work has i n t e r a c t i v e user i n t e r f a c e s , each must d i s p l ay
Appropriate Legal Not i ce s ; however , i f the Program has i n t e r a c t i v e

235 i n t e r f a c e s that do not d i s p l a y Appropriate Legal Not ices , your
work need not make them do so .

A compi la t ion o f a covered work with other s epara t e and independent
works , which are not by t h e i r nature ex t en s i on s o f the covered work ,

240 and which are not combined with i t such as to form a l a r g e r program ,
in or on a volume o f a s to rage or d i s t r i b u t i o n medium , i s c a l l e d an
” aggregate ” i f the compi la t ion and i t s r e s u l t i n g copyr ight are not
used to l i m i t the a c c e s s or l e g a l r i g h t s o f the compi lat ion ’ s u s e r s
beyond what the i n d i v i d u a l works permit . I n c l u s i o n o f a covered work

245 in an aggregate does not cause t h i s L i cense to apply to the other
par t s o f the aggregate .

#### 6 . Conveying Non−Source Forms .

250 You may convey a covered work in ob j e c t code form under the terms o f
s e c t i o n s 4 and 5 , provided that you a l s o convey the machine− r eadab le
Corresponding Source under the terms o f t h i s License , in one o f the se
ways :

255 − a ) Convey the ob j e c t code in , or embodied in , a p h y s i c a l product
( i n c l u d i n g a p h y s i c a l d i s t r i b u t i o n medium) , accompanied by the
Corresponding Source f i x e d on a durable p h y s i c a l medium
customar i ly used f o r so f tware in te rchange .

− b) Convey the ob j e c t code in , or embodied in , a p h y s i c a l product

83



raymond LICENSE.md

260 ( i n c l u d i n g a p h y s i c a l d i s t r i b u t i o n medium) , accompanied by a
wr i t t en o f f e r , v a l i d f o r at l e a s t three years and v a l i d f o r as
long as you o f f e r spare par t s or customer support f o r that product
model , to g ive anyone who p o s s e s s e s the ob j e c t code e i t h e r (1 ) a
copy o f the Corresponding Source f o r a l l the so f tware in the

265 product that i s covered by t h i s License , on a durable p h y s i c a l
medium customar i ly used f o r so f tware interchange , f o r a p r i c e no
more than your rea sonab l e co s t o f p h y s i c a l l y per forming t h i s
conveying o f source , or (2 ) a c c e s s to copy the Corresponding
Source from a network s e r v e r at no charge .

270 − c ) Convey i n d i v i d u a l c o p i e s o f the ob j e c t code with a copy o f the
wr i t t en o f f e r to prov ide the Corresponding Source . This
a l t e r n a t i v e i s a l lowed only o c c a s i o n a l l y and noncommercial ly , and
only i f you r e c e i v e d the ob j e c t code with such an o f f e r , in accord
with subs e c t i on 6b .

275 − d) Convey the ob j e c t code by o f f e r i n g a c c e s s from a des ignated
p lace ( g r a t i s or f o r a charge ) , and o f f e r equ iva l en t a c c e s s to the
Corresponding Source in the same way through the same p lace at no
f u r t h e r charge . You need not r e q u i r e r e c i p i e n t s to copy the
Corresponding Source along with the ob j e c t code . I f the p lace to

280 copy the ob j e c t code i s a network se rver , the Corresponding Source
may be on a d i f f e r e n t s e r v e r ( operated by you or a t h i r d party )
that supports equ iva l en t copying f a c i l i t i e s , provided you maintain
c l e a r d i r e c t i o n s next to the ob j e c t code say ing where to f i n d the
Corresponding Source . Regard le s s o f what s e r v e r hos t s the

285 Corresponding Source , you remain o b l i g a t e d to ensure that i t i s
a v a i l a b l e f o r as long as needed to s a t i s f y these requ i rements .

− e ) Convey the ob j e c t code us ing peer −to−peer t ransmis s ion ,
provided you inform other pee r s where the ob j e c t code and
Corresponding Source o f the work are being o f f e r e d to the gene ra l

290 pub l i c at no charge under subse c t i on 6d .

A separab l e por t i on o f the ob j e c t code , whose source code i s excluded
from the Corresponding Source as a System Library , need not be
inc luded in conveying the ob j e c t code work .

295

A ”User Product” i s e i t h e r (1 ) a ”consumer product ” , which means any
t a n g i b l e pe r sona l property which i s normally used f o r persona l ,
fami ly , or household purposes , or (2 ) anything des igned or so ld f o r
i n c o r p o r a t i o n in to a dwe l l i ng . In determining whether a product i s a

300 consumer product , doubt fu l c a s e s s h a l l be r e s o l v e d in favor o f
coverage . For a p a r t i c u l a r product r e c e i v e d by a p a r t i c u l a r user ,
” normally used ” r e f e r s to a t y p i c a l or common use o f that c l a s s o f
product , r e g a r d l e s s o f the s t a t u s o f the p a r t i c u l a r user or o f the way
in which the p a r t i c u l a r user a c t u a l l y uses , or expect s or i s expected

305 to use , the product . A product i s a consumer product r e g a r d l e s s o f
whether the product has s u b s t a n t i a l commercial , i n d u s t r i a l or
non−consumer uses , u n l e s s such uses r e p r e s e n t the only s i g n i f i c a n t
mode o f use o f the product .

310 ” I n s t a l l a t i o n In format ion ” f o r a User Product means any methods ,
procedures , a u t h o r i z a t i o n keys , or other in fo rmat ion r equ i r ed to
i n s t a l l and execute modi f i ed v e r s i o n s o f a covered work in that User
Product from a modi f i ed ve r s i on o f i t s Corresponding Source . The
in fo rmat ion must s u f f i c e to ensure that the cont inued f u n c t i o n i n g o f

315 the modi f i ed ob j e c t code i s in no case prevented or i n t e r f e r e d with
s o l e l y because mod i f i c a t i on has been made .
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I f you convey an ob j e c t code work under t h i s s e c t i o n in , or with , or
s p e c i f i c a l l y f o r use in , a User Product , and the conveying occurs as

320 part o f a t r a n s a c t i o n in which the r i g h t o f p o s s e s s i o n and use o f the
User Product i s t r a n s f e r r e d to the r e c i p i e n t in pe rpe tu i ty or f o r a
f i x e d term ( r e g a r d l e s s o f how the t r a n s a c t i o n i s c h a r a c t e r i z e d ) , the
Corresponding Source conveyed under t h i s s e c t i o n must be accompanied
by the I n s t a l l a t i o n In format ion . But t h i s requirement does not apply

325 i f n e i t h e r you nor any th i rd party r e t a i n s the a b i l i t y to i n s t a l l
modi f i ed ob j e c t code on the User Product ( f o r example , the work has
been i n s t a l l e d in ROM) .

The requirement to prov ide I n s t a l l a t i o n In format ion does not in c lude a
330 requirement to cont inue to prov ide support s e r v i c e , warranty , or

updates f o r a work that has been modi f i ed or i n s t a l l e d by the
r e c i p i e n t , or f o r the User Product in which i t has been modi f i ed or
i n s t a l l e d . Access to a network may be denied when the mod i f i c a t i on
i t s e l f m a t e r i a l l y and adve r s e l y a f f e c t s the opera t i on o f the network

335 or v i o l a t e s the r u l e s and p r o t o c o l s f o r communication a c r o s s the
network .

Corresponding Source conveyed , and I n s t a l l a t i o n In format ion provided ,
in accord with t h i s s e c t i o n must be in a format that i s p u b l i c l y

340 documented ( and with an implementation a v a i l a b l e to the pub l i c in
source code form ) , and must r e q u i r e no s p e c i a l password or key f o r
unpacking , read ing or copying .

#### 7 . Addi t iona l Terms .
345

” Addi t iona l pe rmi s s i ons ” are terms that supplement the terms o f t h i s
L i cense by making except i on s from one or more o f i t s c o n d i t i o n s .
Addi t iona l pe rmi s s i ons that are a p p l i c a b l e to the e n t i r e Program s h a l l
be t r ea t ed as though they were inc luded in t h i s License , to the extent

350 that they are v a l i d under a p p l i c a b l e law . I f a d d i t i o n a l pe rmi s s i ons
apply only to part o f the Program , that part may be used s e p a r a t e l y
under those permiss ions , but the e n t i r e Program remains governed by
t h i s L i cense without regard to the a d d i t i o n a l pe rmi s s i ons .

355 When you convey a copy o f a covered work , you may at your opt ion
remove any a d d i t i o n a l pe rmi s s i ons from that copy , or from any part o f
i t . ( Addi t iona l pe rmi s s i ons may be wr i t t en to r e q u i r e t h e i r own
removal in c e r t a i n ca s e s when you modify the work . ) You may p lace
a d d i t i o n a l pe rmi s s i ons on mater ia l , added by you to a covered work ,

360 f o r which you have or can g ive appropr ia t e copyr ight permis s ion .

Notwithstanding any other p r o v i s i o n o f t h i s License , f o r mate r i a l you
add to a covered work , you may ( i f author i zed by the copyr ight ho lde r s
o f that mate r i a l ) supplement the terms o f t h i s L i cense with terms :

365

− a ) Disc la iming warranty or l i m i t i n g l i a b i l i t y d i f f e r e n t l y from the
terms o f s e c t i o n s 15 and 16 o f t h i s L i cense ; or

− b) Requir ing p r e s e r v a t i o n o f s p e c i f i e d rea sonab l e l e g a l n o t i c e s or
author a t t r i b u t i o n s in that mate r i a l or in the Appropriate Legal

370 Not ice s d i sp l ayed by works conta in ing i t ; or
− c ) Proh ib i t i ng mi s r ep r e s en ta t i on o f the o r i g i n o f that mater ia l ,

or r e q u i r i n g that modi f i ed v e r s i o n s o f such mate r i a l be marked in
rea sonab l e ways as d i f f e r e n t from the o r i g i n a l v e r s i o n ; or
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− d) Limit ing the use f o r p u b l i c i t y purposes o f names o f l i c e n s o r s
375 or authors o f the mate r i a l ; or

− e ) Dec l in ing to grant r i g h t s under trademark law f o r use o f some
trade names , trademarks , or s e r v i c e marks ; or

− f ) Requir ing i n d e m n i f i c a t i o n o f l i c e n s o r s and authors o f that
mate r i a l by anyone who conveys the mate r i a l ( or modi f i ed v e r s i o n s

380 o f i t ) with con t ra c tua l assumptions o f l i a b i l i t y to the r e c i p i e n t ,
f o r any l i a b i l i t y that these con t ra c tua l assumptions d i r e c t l y
impose on those l i c e n s o r s and authors .

Al l other non−permi s s i v e a d d i t i o n a l terms are cons ide r ed ” f u r t h e r
385 r e s t r i c t i o n s ” with in the meaning o f s e c t i o n 10 . I f the Program as you

r e c e i v e d i t , or any part o f i t , conta in s a n o t i c e s t a t i n g that i t i s
governed by t h i s L i cense along with a term that i s a f u r t h e r
r e s t r i c t i o n , you may remove that term . I f a l i c e n s e document conta in s
a f u r t h e r r e s t r i c t i o n but permits r e l i c e n s i n g or conveying under t h i s

390 License , you may add to a covered work mate r i a l governed by the terms
o f that l i c e n s e document , provided that the f u r t h e r r e s t r i c t i o n does
not su rv iv e such r e l i c e n s i n g or conveying .

I f you add terms to a covered work in accord with t h i s s e c t i on , you
395 must place , in the r e l e v a n t source f i l e s , a statement o f the

a d d i t i o n a l terms that apply to those f i l e s , or a n o t i c e i n d i c a t i n g
where to f i n d the a p p l i c a b l e terms .

Addi t iona l terms , pe rmi s s i v e or non−permiss ive , may be s ta t ed in the
400 form o f a s e p a r a t e l y wr i t t en l i c e n s e , or s ta t ed as except i on s ; the

above requi rements apply e i t h e r way .

#### 8 . Termination .

405 You may not propagate or modify a covered work except as e x p r e s s l y
provided under t h i s L i cense . Any attempt otherw i s e to propagate or
modify i t i s void , and w i l l automat i ca l l y terminate your r i g h t s under
t h i s L i cense ( i n c l u d i n g any patent l i c e n s e s granted under the t h i r d
paragraph o f s e c t i o n 11) .

410

However , i f you cease a l l v i o l a t i o n o f t h i s License , then your l i c e n s e
from a p a r t i c u l a r copyr ight ho lder i s r e i n s t a t e d ( a ) p r o v i s i o n a l l y ,
u n l e s s and u n t i l the copyr ight ho lder e x p l i c i t l y and f i n a l l y
te rminates your l i c e n s e , and (b) permanently , i f the copyr ight ho lder

415 f a i l s to n o t i f y you o f the v i o l a t i o n by some reasonab l e means p r i o r to
60 days a f t e r the c e s s a t i o n .

Moreover , your l i c e n s e from a p a r t i c u l a r copyr ight ho lder i s
r e i n s t a t e d permanently i f the copyr ight ho lder n o t i f i e s you o f the

420 v i o l a t i o n by some reasonab l e means , t h i s i s the f i r s t time you have
r e c e i v e d n o t i c e o f v i o l a t i o n o f t h i s L i cense ( f o r any work ) from that
copyr ight holder , and you cure the v i o l a t i o n p r i o r to 30 days a f t e r
your r e c e i p t o f the n o t i c e .

425 Termination o f your r i g h t s under t h i s s e c t i o n does not terminate the
l i c e n s e s o f p a r t i e s who have r e c e i v e d c o p i e s or r i g h t s from you under
t h i s L i cense . I f your r i g h t s have been terminated and not permanently
r e i n s t a t ed , you do not q u a l i f y to r e c e i v e new l i c e n s e s f o r the same
mate r i a l under s e c t i o n 10 .

430
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#### 9 . Acceptance Not Required f o r Having Copies .

You are not r equ i r ed to accept t h i s L i cense in order to r e c e i v e or run
a copy o f the Program . A n c i l l a r y propagat ion o f a covered work

435 occur r ing s o l e l y as a consequence o f us ing peer −to−peer t ransmi s s i on
to r e c e i v e a copy l i k e w i s e does not r e q u i r e acceptance . However ,
nothing other than t h i s L i cense grants you permis s ion to propagate or
modify any covered work . These a c t i o n s i n f r i n g e copyr ight i f you do
not accept t h i s L i cense . Therefore , by modifying or propagat ing a

440 covered work , you i n d i c a t e your acceptance o f t h i s L i cense to do so .

#### 10 . Automatic L i c ens ing o f Downstream Rec ip i en t s .

Each time you convey a covered work , the r e c i p i e n t automat i ca l l y
445 r e c e i v e s a l i c e n s e from the o r i g i n a l l i c e n s o r s , to run , modify and

propagate that work , s u b j e c t to t h i s L i cense . You are not r e s p o n s i b l e
f o r e n f o r c i n g compliance by t h i r d p a r t i e s with t h i s L i cense .

An ” e n t i t y t r a n s a c t i o n ” i s a t r a n s a c t i o n t r a n s f e r r i n g c o n t r o l o f an
450 organ i za t i on , or s u b s t a n t i a l l y a l l a s s e t s o f one , or subd iv id ing an

organ i za t i on , or merging o r g a n i z a t i o n s . I f propagat ion o f a covered
work r e s u l t s from an e n t i t y t ransac t i on , each party to that
t r a n s a c t i o n who r e c e i v e s a copy o f the work a l s o r e c e i v e s whatever
l i c e n s e s to the work the party ’ s p r edec e s s o r in i n t e r e s t had or could

455 g ive under the prev ious paragraph , p lus a r i g h t to p o s s e s s i o n o f the
Corresponding Source o f the work from the pr edec e s so r in i n t e r e s t , i f
the p r edec e s s o r has i t or can get i t with rea sonab l e e f f o r t s .

You may not impose any f u r t h e r r e s t r i c t i o n s on the e x e r c i s e o f the
460 r i g h t s granted or a f f i rmed under t h i s L i cense . For example , you may

not impose a l i c e n s e fee , roya l ty , or other charge f o r e x e r c i s e o f
r i g h t s granted under t h i s License , and you may not i n i t i a t e l i t i g a t i o n
( i n c l u d i n g a cros s −c la im or counterc la im in a l awsu i t ) a l l e g i n g that
any patent c la im i s i n f r i n g e d by making , using , s e l l i n g , o f f e r i n g f o r

465 sa l e , or import ing the Program or any por t i on o f i t .

#### 11 . Patents .

A ” con t r i bu to r ” i s a copyr ight ho lder who a u t h o r i z e s use under t h i s
470 License o f the Program or a work on which the Program i s based . The

work thus l i c e n s e d i s c a l l e d the contr ibutor ’ s ” con t r i bu to r v e r s i on ” .

A contr ibutor ’ s ” e s s e n t i a l patent c la ims ” are a l l patent c la ims owned
or c o n t r o l l e d by the contr ibutor , whether a l r eady acqu i red or

475 h e r e a f t e r acquired , that would be i n f r i n g e d by some manner , permitted
by t h i s License , o f making , using , or s e l l i n g i t s con t r i bu to r ver s ion ,
but do not in c lude c la ims that would be i n f r i n g e d only as a
consequence o f f u r t h e r mod i f i c a t i on o f the con t r i bu to r ve r s i on . For
purposes o f t h i s d e f i n i t i o n , ” c o n t r o l ” i n c l u d e s the r i g h t to grant

480 patent s u b l i c e n s e s in a manner c o n s i s t e n t with the requi rements o f
t h i s L i cense .

Each con t r i bu to r grants you a non− exc lu s i v e , worldwide , roya l ty − f r e e
patent l i c e n s e under the cont r ibutor ’ s e s s e n t i a l patent c la ims , to

485 make , use , s e l l , o f f e r f o r sa l e , import and otherw i s e run , modify and
propagate the contents o f i t s c on t r i bu to r ve r s i on .
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In the f o l l o w i n g three paragraphs , a ” patent l i c e n s e ” i s any expre s s
agreement or commitment , however denominated , not to e n f o r c e a patent

490 ( such as an expre s s permis s ion to p r a c t i c e a patent or covenant not to
sue f o r patent in f r ingement ) . To ” grant ” such a patent l i c e n s e to a
party means to make such an agreement or commitment not to e n f o r c e a
patent aga in s t the party .

495 I f you convey a covered work , knowingly r e l y i n g on a patent l i c e n s e ,
and the Corresponding Source o f the work i s not a v a i l a b l e f o r anyone
to copy , f r e e o f charge and under the terms o f t h i s License , through a
p u b l i c l y a v a i l a b l e network s e r v e r or other r e a d i l y a c c e s s i b l e means ,
then you must e i t h e r (1 ) cause the Corresponding Source to be so

500 a v a i l a b l e , or (2 ) arrange to depr ive y o u r s e l f o f the b e n e f i t o f the
patent l i c e n s e f o r t h i s p a r t i c u l a r work , or (3 ) arrange , in a manner
c o n s i s t e n t with the requi rements o f t h i s License , to extend the patent
l i c e n s e to downstream r e c i p i e n t s . ”Knowingly r e l y i n g ” means you have
ac tua l knowledge that , but f o r the patent l i c e n s e , your conveying the

505 covered work in a country , or your r e c i p i e n t ’ s use o f the covered work
in a country , would i n f r i n g e one or more i d e n t i f i a b l e patents in that
country that you have reason to b e l i e v e are v a l i d .

I f , pursuant to or in connect ion with a s i n g l e t r a n s a c t i o n or
510 arrangement , you convey , or propagate by procur ing conveyance of , a

covered work , and grant a patent l i c e n s e to some o f the p a r t i e s
r e c e i v i n g the covered work autho r i z i ng them to use , propagate , modify
or convey a s p e c i f i c copy o f the covered work , then the patent l i c e n s e
you grant i s automat i ca l l y extended to a l l r e c i p i e n t s o f the covered

515 work and works based on i t .

A patent l i c e n s e i s ” d i s c r i m i n a t o r y ” i f i t does not in c lude with in the
scope o f i t s coverage , p r o h i b i t s the e x e r c i s e of , or i s cond i t i oned on
the non− e x e r c i s e o f one or more o f the r i g h t s that are s p e c i f i c a l l y

520 granted under t h i s L i cense . You may not convey a covered work i f you
are a party to an arrangement with a th i rd party that i s in the
bus in e s s o f d i s t r i b u t i n g software , under which you make payment to the
th i rd party based on the extent o f your a c t i v i t y o f conveying the
work , and under which the th i rd party grants , to any o f the p a r t i e s

525 who would r e c e i v e the covered work from you , a d i s c r i m i n a t o r y patent
l i c e n s e ( a ) in connect ion with c o p i e s o f the covered work conveyed by
you ( or c o p i e s made from those c o p i e s ) , or (b) p r imar i l y f o r and in
connect ion with s p e c i f i c products or compi l a t i ons that conta in the
covered work , u n l e s s you entered in to that arrangement , or that patent

530 l i c e n s e was granted , p r i o r to 28 March 2007 .

Nothing in t h i s L i cense s h a l l be construed as exc lud ing or l i m i t i n g
any impl i ed l i c e n s e or other d e f e n s e s to in f r ingement that may
otherwi s e be a v a i l a b l e to you under a p p l i c a b l e patent law .

535

#### 12 . No Surrender o f Others ’ Freedom .

I f c o n d i t i o n s are imposed on you ( whether by court order , agreement or
otherwi s e ) that c o n t r a d i c t the c o n d i t i o n s o f t h i s License , they do not

540 excuse you from the c o n d i t i o n s o f t h i s L i cense . I f you cannot convey a
covered work so as to s a t i s f y s imul taneous ly your o b l i g a t i o n s under
t h i s L i cense and any other p e r t i n e n t o b l i g a t i o n s , then as a
consequence you may not convey i t at a l l . For example , i f you agree to
terms that o b l i g a t e you to c o l l e c t a roya l ty f o r f u r t h e r conveying
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545 from those to whom you convey the Program , the only way you could
s a t i s f y both those terms and t h i s L i cense would be to r e f r a i n e n t i r e l y
from conveying the Program .

#### 13 . Use with the GNU Af f e ro General Publ ic L i cense .
550

Notwithstanding any other p r o v i s i o n o f t h i s License , you have
permis s ion to l i n k or combine any covered work with a work l i c e n s e d
under ve r s i on 3 o f the GNU Af f e ro General Publ ic L i cense in to a s i n g l e
combined work , and to convey the r e s u l t i n g work . The terms o f t h i s

555 License w i l l cont inue to apply to the part which i s the covered work ,
but the s p e c i a l requ i rements o f the GNU Af fe ro General Publ ic License ,
s e c t i o n 13 , concern ing i n t e r a c t i o n through a network w i l l apply to the
combination as such .

560 #### 14 . Revised Vers ions o f t h i s L i cense .

The Free Software Foundation may pub l i sh r e v i s e d and/ or new v e r s i o n s
o f the GNU General Publ ic L i cense from time to time . Such new v e r s i o n s
w i l l be s i m i l a r in s p i r i t to the pre sent vers ion , but may d i f f e r in

565 d e t a i l to address new problems or concerns .

Each ve r s i on i s g iven a d i s t i n g u i s h i n g ve r s i on number . I f the Program
s p e c i f i e s that a c e r t a i n numbered ve r s i on o f the GNU General Publ ic
L i cense ” or any l a t e r v e r s i o n ” a p p l i e s to i t , you have the opt ion o f

570 f o l l o w i n g the terms and c o n d i t i o n s e i t h e r o f that numbered ve r s i on or
o f any l a t e r v e r s i on publ i shed by the Free Software Foundation . I f the
Program does not s p e c i f y a ve r s i on number o f the GNU General Publ ic
License , you may choose any ve r s i on ever pub l i shed by the Free
Software Foundation .

575

I f the Program s p e c i f i e s that a proxy can dec ide which fu tu r e v e r s i o n s
o f the GNU General Publ ic L i cense can be used , that proxy ’ s pub l i c
statement o f acceptance o f a ve r s i on permanently a u t h o r i z e s you to
choose that v e r s i o n f o r the Program .

580

Later l i c e n s e v e r s i o n s may g ive you a d d i t i o n a l or d i f f e r e n t
pe rmi s s i ons . However , no a d d i t i o n a l o b l i g a t i o n s are imposed on any
author or copyr ight ho lder as a r e s u l t o f your choos ing to f o l l o w a
l a t e r v e r s i o n .

585

#### 15 . Di sc la imer o f Warranty .

THERE IS NO WARRANTY FOR THE PROGRAM, TO THE EXTENT PERMITTED BY
APPLICABLE LAW. EXCEPT WHEN OTHERWISE STATED IN WRITING THE COPYRIGHT

590 HOLDERS AND/OR OTHER PARTIES PROVIDE THE PROGRAM ”AS IS ” WITHOUT
WARRANTY OF ANY KIND, EITHER EXPRESSED OR IMPLIED, INCLUDING, BUT NOT
LIMITED TO, THE IMPLIED WARRANTIES OF MERCHANTABILITY AND FITNESS FOR
A PARTICULAR PURPOSE. THE ENTIRE RISK AS TO THE QUALITY AND
PERFORMANCE OF THE PROGRAM IS WITH YOU. SHOULD THE PROGRAM PROVE

595 DEFECTIVE, YOU ASSUME THE COST OF ALL NECESSARY SERVICING, REPAIR OR
CORRECTION.

#### 16 . L imi tat ion o f L i a b i l i t y .

600 IN NO EVENT UNLESS REQUIRED BY APPLICABLE LAW OR AGREED TO IN WRITING
WILL ANY COPYRIGHT HOLDER, OR ANY OTHER PARTY WHO MODIFIES AND/OR
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CONVEYS THE PROGRAM AS PERMITTED ABOVE, BE LIABLE TO YOU FOR DAMAGES,
INCLUDING ANY GENERAL, SPECIAL, INCIDENTAL OR CONSEQUENTIAL DAMAGES
ARISING OUT OF THE USE OR INABILITY TO USE THE PROGRAM (INCLUDING BUT

605 NOT LIMITED TO LOSS OF DATA OR DATA BEING RENDERED INACCURATE OR
LOSSES SUSTAINED BY YOU OR THIRD PARTIES OR A FAILURE OF THE PROGRAM
TO OPERATE WITH ANY OTHER PROGRAMS) , EVEN IF SUCH HOLDER OR OTHER
PARTY HAS BEEN ADVISED OF THE POSSIBILITY OF SUCH DAMAGES.

610 #### 17 . I n t e r p r e t a t i o n o f Se c t i on s 15 and 16 .

I f the d i s c l a i m e r o f warranty and l i m i t a t i o n o f l i a b i l i t y provided
above cannot be g iven l o c a l l e g a l e f f e c t accord ing to t h e i r terms ,
r ev i ewing cour t s s h a l l apply l o c a l law that most c l o s e l y approximates

615 an abso lu t e waiver o f a l l c i v i l l i a b i l i t y in connect ion with the
Program , u n l e s s a warranty or assumption o f l i a b i l i t y accompanies a
copy o f the Program in return f o r a f e e .

END OF TERMS AND CONDITIONS
620

### How to Apply These Terms to Your New Programs

I f you develop a new program , and you want i t to be o f the g r e a t e s t
p o s s i b l e use to the publ ic , the bes t way to ach ieve t h i s i s to make i t

625 f r e e so f tware which everyone can r e d i s t r i b u t e and change under these
terms .

To do so , attach the f o l l o w i n g n o t i c e s to the program . I t i s s a f e s t to
attach them to the s t a r t o f each source f i l e to most e f f e c t i v e l y s t a t e

630 the e x c l u s i o n o f warranty ; and each f i l e should have at l e a s t the
” copyr ight ” l i n e and a po in t e r to where the f u l l n o t i c e i s found .

<one l i n e to g ive the program ’ s name and a b r i e f idea o f what i t does .>
Copyright (C) <year> <name o f author>

635

This program i s f r e e so f tware : you can r e d i s t r i b u t e i t and/ or modify
i t under the terms o f the GNU General Publ ic L i cense as publ i shed by
the Free Software Foundation , e i t h e r v e r s i on 3 o f the License , or
( at your opt ion ) any l a t e r v e r s i o n .

640

This program i s d i s t r i b u t e d in the hope that i t w i l l be use fu l ,
but WITHOUT ANY WARRANTY; without even the impl i ed warranty o f
MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Publ ic L i cense f o r more d e t a i l s .

645

You should have r e c e i v e d a copy o f the GNU General Publ ic L i cense
along with t h i s program . I f not , s e e <https : //www. gnu . org / l i c e n s e s />.

Also add in fo rmat ion on how to contact you by e l e c t r o n i c and paper
650 mail .

I f the program does te rmina l i n t e r a c t i o n , make i t output a shor t
n o t i c e l i k e t h i s when i t s t a r t s in an i n t e r a c t i v e mode :

655 <program> Copyright (C) <year> <name o f author>
This program comes with ABSOLUTELY NO WARRANTY; f o r d e t a i l s type ‘ show w⤦

Ç ’ .
This i s f r e e so f tware , and you are welcome to r e d i s t r i b u t e i t
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under c e r t a i n c o n d i t i o n s ; type ‘ show c ’ f o r d e t a i l s .

660 The hypo the t i c a l commands \ ‘ show w’ and \ ‘ show c ’ should show the
appropr ia t e par t s o f the General Publ ic L i cense . Of course , your
program ’ s commands might be d i f f e r e n t ; f o r a GUI i n t e r f a c e , you would
use an ”about box ” .

665 You should a l s o get your employer ( i f you work as a programmer ) or
school , i f any , to s i gn a ” copyr ight d i s c l a i m e r ” f o r the program , i f
nece s sa ry . For more in fo rmat ion on th i s , and how to apply and f o l l o w
the GNU GPL, see <https : //www. gnu . org / l i c e n s e s />.

670 The GNU General Publ ic L i cense does not permit i n c o r p o r a t i n g your
program in to p r o p r i e t a r y programs . I f your program i s a subrout ine
l i b r a r y , you may cons id e r i t more u s e f u l to permit l i n k i n g p r o p r i e t a r y
a p p l i c a t i o n s with the l i b r a r y . I f t h i s i s what you want to do , use the
GNU Lesse r General Publ ic L i cense in s t ead o f t h i s L i cense . But f i r s t ,

675 p l e a s e read <https : //www. gnu . org / l i c e n s e s /why−not− l g p l . html>.
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# Raymond

A phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium .

5 ## Quick Star t

I n s t a l l g i t , i n s t a l l Fragmentarium .

Get the source code :
10

mkdir −p ˜/ opt / s r c
cd ˜/ opt / s r c
g i t c l one https : // code . mathr . co . uk/raymond . g i t

15 Conf igure Fragmentarium : menu Edit Pre f e r ences , s e t Inc lude Path to

Examples/ Inc lude ; / home/$USER/ opt / s r c /raymond/ inc lude

r e p l a c i n g ‘$USER‘ with your username .
20

Load ‘˜/ opt / s r c /raymond/ examples / B a l l s . f rag ‘ to s ee some shiny .

## Legal

25 Raymond − a phys ics − i n s p i r e d ray t r a c e r f o r Fragmentarium

Copyright (C) 2018 Claude Heiland −Allen <claude@mathr . co . uk>

This program i s f r e e so f tware : you can r e d i s t r i b u t e i t and/ or modify
30 i t under the terms o f the GNU General Publ ic L i cense as publ i shed by

the Free Software Foundation , e i t h e r v e r s i on 3 o f the License , or
( at your opt ion ) any l a t e r v e r s i o n .

This program i s d i s t r i b u t e d in the hope that i t w i l l be use fu l ,
35 but WITHOUT ANY WARRANTY; without even the impl i ed warranty o f

MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
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GNU General Publ ic L i cense f o r more d e t a i l s .

You should have r e c e i v e d a copy o f the GNU General Publ ic L i cense
40 along with t h i s program . I f not , s e e <https : //www. gnu . org / l i c e n s e s />.
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