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1 Address.hs

{−

gmndl −− Mandelbrot Set exp l o r e r
Copyright (C) 2010 ,2011 ,2014 Claude Heiland −Allen <claude@mathr . co . uk>

5

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 2 o f the License , or
( at your opt ion ) any l a t e r v e r s i on .

10

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 .

15

You should have r e c e i v ed a copy o f the GNU General Publ ic L i cense along
with t h i s program ; i f not , wr i t e to the Free Software Foundation , Inc . ,
51 Frankl in Street , F i f th Floor , Boston , MA 02110−1301 USA.

20 −}

module Address ( Address ( . . ) , ang ledInterna lAddress , externa lAng les , rayEnd , ⤦
Ç parameter , parse , p re t ty ) where

import Prelude h id ing ( isNaN )
25

import Control .Monad ( guard )
import Control .Monad . I d en t i t y ( I d en t i t y ( ) )
import Data . Char ( d i g i tTo In t )
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import Data . L i s t ( genericDrop , gener icLength , genericTake , un fo ld r )
30 import Data .Maybe ( listToMaybe )

import Data . Ratio ((%) , numerator , denominator )
import Data . Vec ( NearZero ( ) )
import Text . Parsec ( ParsecT ( ) , cho ice , d i g i t , eof , many , many1 , sepBy , s t r i ng , ⤦

Ç t ry )
import Text . Parsec . Prim ( runP )

35

import Complex (Complex ( ( :+) ) , mkPolar , Turbo )
import MuAtom ( r e f i n eNuc l eu s )

isNaN x = not (x == x)
40

double : : Rat iona l −> Rat iona l
double ang le = wrap (2 ∗ ang le )

wrap : : Rat iona l −> Rat iona l
45 wrap ang le

| f r a c < 0 = f r a c + 1
| otherwi s e = f r a c
where

i : : I n t eg e r
50 ( i , f r a c ) = properFract ion ang le

data Knead = Zero | One | Star
de r i v i ng (Eq , Show)

55 knead : : Rat iona l −> [ Knead ]
knead ang le

| ang le == 0 | | ang le == 1 = [ Star ]
| otherwi s e = (++[Star ] ) . takeWhile (/= Star ) . map k . i t e r a t e double $ ⤦

Ç ang le
where

60 k a
| a ‘ elem ‘ [ ang le / 2 , ( ang le + 1) / 2 ] = Star
| ang le / 2 < a && a < ( ang le + 1) / 2 = One
| a < ang le / 2 | | ( ang le + 1) / 2 < a = Zero

65 per iod : : Rat iona l −> I n t eg e r
per iod ang le = gener icLength ( knead ang le )

in t e rna lAddre s s : : [ Knead ] −> [ I n t eg e r ]
i n t e rna lAddre s s v = iA 1 [ Star ]

70 where
iA sk vk

| sk == gener icLength v = [ ]
| otherw i s e = sk ’ : iA sk ’ vk ’
where

75 sk ’ = (+) 1 . gener icLength . takeWhile id $ zipWith (==) ( cy c l e v ) (⤦
Ç cy c l e vk )

vk ’ = gener icTake sk ’ v

o rb i t : : Eq a => ( a −> Maybe a ) −> a −> [ a ]
o r b i t f x = x : un fo ld r ( fmap both . f ) x

80 where
both z = ( z , z )
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rho : : [ Knead ] −> I n t eg e r −> Maybe In t eg e r
rho v r = listToMaybe . concat $ zipWith3 f [ r+1 . . 1000000] ( zipWith ( f l i p ⤦

Ç const ) v ( gener icDrop r ( cy c l e v ) ) ) v
85 where

f k a b
| a /= b = [ k ]
| otherw i s e = [ ]

90 denominators : : [ Knead ] −> [ I n t eg e r ]
denominators v = zipWith f a ( t a i l a )

where
a = inte rna lAddre s s v
f sk sk1

95 | sk ‘ elem ‘ o rb i t ( rho v ) r = ( sk1 − r ) ‘ div ‘ sk + 1
| otherw i s e = ( sk1 − r ) ‘ div ‘ sk + 2
where

r | sk1 ‘mod ‘ sk == 0 = sk
| otherwi s e = sk1 ‘mod ‘ sk

100

numerators : : Rat iona l −> [ I n t eg e r ] −> [ I n t eg e r ] −> [ I n t eg e r ]
numerators ang le = zipWith f

where
f qk sk = gener icLength . f i l t e r (<= angle ) $ [ wrap $ 2ˆ( i ∗ sk ) ∗ ang le | ⤦

Ç i <− [ 0 . . qk − 2 ] ]
105

data Address = P In t eg e r | S In t eg e r Rat iona l Address
d e r i v i ng (Eq , Ord , Show)

ang l ed Inte rna lAddres s : : Rat iona l −> Address
110 ang l ed Inte rna lAddres s ang le = f o l d r (\ ( s , pq ) a −> S s pq a ) (P ( l a s t s s ) ) ( z ip ⤦

Ç s s r s )
where

r s = zipWith (%) ns ds
ns = numerators ang le ds s s
ds = denominators ks

115 s s = int e rna lAddre s s ks
ks = knead ang le

exte rna lAng l e s : : Address −> Maybe ( Rational , Rat iona l )
ex te rna lAng l e s = externa lAng les ’ 1 (0 , 1)

120

externa lAng les ’ : : I n t eg e r −> ( Rational , Rat iona l ) −> Address −> Maybe ( Rational⤦
Ç , Rat iona l )

externa lAng les ’ p0 l o h i a0@(P p)
| p0 /= p = case wakees l o h i p o f

[ lh ] −> externa lAng les ’ p lh a0
125 −> Nothing

| otherwi s e = Just l o h i
externa lAng les ’ p0 l o h i a0@(S p r a )

| p0 /= p = case wakees l o h i p o f
[ lh ] −> externa lAng les ’ p lh a0

130 −> Nothing
| otherwi s e = do

l e t num = numerator r
den = denominator r
q = p ∗ den

135 ws = wakees l o h i q
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nums = [ num’ | num’ <− [ 1 . . den − 1 ] , l e t r ’ = num’ % den , ⤦
Ç denominator r ’ == den ]

nws , nnums : : I n t eg e r
nws = gener icLength ws
nnums = gener icLength nums

140 guard (nws == nnums)
i <− gener icElemIndex num nums
lh <− sa f eGener i c Index ws ( i : : I n t eg e r )
externa lAng les ’ q lh a

145 wakees : : ( Rational , Rat iona l ) −> I n t eg e r −> [ ( Rational , Rat iona l ) ]
wakees ( lo , h i ) q =

l e t gaps ( l , h ) n
| n == 0 = [ ( l , h ) ]
| n > 0 = l e t gs = gaps ( l , h ) (n − 1)

150 cs = cand idates n gs
in accumulate cs gs

cand idate s n gs =
l e t den = 2 ˆ n − 1
in [ r

155 | ( l , h ) <− gs
, num <− [ c e i l i n g ( l ∗ f romInteger den )

. . f l o o r (h ∗ f romInteger den ) ]
, l e t r = num % den
, l < r , r < h

160 , pe r iod r == n
]

accumulate [ ] ws = ws
accumulate ( l : h : l h s ) ws =

l e t ( l s , ms@( (ml , ) : ) ) = break ( l ‘ i n s i d e ‘ ) ws
165 ( s , ( , rh ) : r s ) = break (h ‘ i n s i d e ‘ ) ms

in l s ++ [ ( ml , l ) ] ++ accumulate l h s ( ( h , rh ) : r s )
i n s i d e x ( l , h ) = l < x && x < h

in chunk2 . cand idate s q . gaps ( lo , h i ) $ ( q − 1)

170 chunk2 : : [ t ] −> [ ( t , t ) ]
chunk2 [ ] = [ ]
chunk2 (x : y : z s ) = (x , y ) : chunk2 zs

gener icElemIndex : : (Eq a , I n t e g r a l b ) => a −> [ a ] −> Maybe b
175 gener icElemIndex [ ] = Nothing

gener icElemIndex e ( f : f s )
| e == f = Just 0
| otherwi s e = (1 +) ‘ fmap ‘ gener icElemIndex e f s

180 sa f eGener i c Index : : I n t e g r a l b => [ a ] −> b −> Maybe a
sa f eGener i c Index [ ] = Nothing
sa f eGener i c Index (x : xs ) i

| i < 0 = Nothing
| i > 0 = sa feGener i c Index xs ( i − 1)

185 | otherwi s e = Just x

sa f eLa s t : : [ a ] −> Maybe a
sa f eLa s t [ ] = Nothing
sa f eLa s t xs = Just ( l a s t xs )

190

rad iu s : : ( Real r , F loat ing r ) => r
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rad iu s = 2 ∗∗ 24

sharpness : : Int
195 sharpness = 4

l im i t : : Int
l im i t = 64

200 d i s t ance : : Int
d i s t ance = 64

ray : : ( Real r , F loat ing r , Turbo r ) => Rat iona l −> [ Complex r ]
ray ang le = map f s t . i t e r a t e ( s tep ang le ) $ (mkPolar rad iu s (2 ∗ pi ∗ ⤦

Ç f romRational ang le ) , (0 , 0) )
205

s tep : : ( Real r , F loat ing r , Turbo r ) => Rat iona l −> (Complex r , ( Int , Int ) ) −> ⤦

Ç (Complex r , ( Int , Int ) )
s tep ang le ( c , ( k0 , j 0 ) )

| j > sharpness = step ang le ( c , ( k0 + 1 , 0) )
| otherwi s e = ( c ’ , ( k0 , j 0 + 1) )

210 where
k = k0 + 1
j = j0 + 1
m = (k − 1) ∗ sharpness + j
r = rad iu s ∗∗ ( (1/2 ) ∗∗ ( f r omInteg ra l m / f romInteg ra l sharpness ) )

215 t = mkPolar ( r ∗∗ (2 ∗∗ f r omInteg ra l k0 ) ) ( (2 ∗∗ f r omInteg ra l k0 ) ∗ 2 ∗ pi ∗⤦
Ç f romRational ang le )

c ’ = i t e r a t e n c ! ! l im i t
n z = z − ( cc − t ) / dd
where
( cc , dd ) = ncnd k

220 ncnd 1 = ( z , 1)
ncnd i = l e t ( nc , nd ) = ncnd ( i − 1) in ( nc ∗ nc + z , 2 ∗ nc ∗ nd + 1)

rayEnd : : ( Real r , F loat ing r , Turbo r ) => Rat iona l −> Maybe (Complex r )
rayEnd = sa f eLa s t . takeWhile (\ ( r :+ i ) −> not ( isNaN r | | isNaN i ) ) . take (⤦

Ç sharpness ∗ d i s t ance ) . ray
225

parameter : : ( NearZero r , Real r , F loat ing r , Turbo r ) => Address −> Maybe ( r , r⤦
Ç , r )

parameter a = do
( lo , h i ) <− exte rna lAng l e s a
c1 <− rayEnd l o

230 c2 <− rayEnd hi
l e t c = 0 .5 ∗ ( c1 + c2 )
re turn $ r e f i n eNuc l eu s ( addressPer iod a ) c

addressPer iod : : Address −> I n t eg e r
235 addressPer iod (P p) = p

addressPer iod (S a ) = addressPer iod a

parse : : S t r ing −> Maybe Address
parse s = case runP par s e r ( ) ”” s o f

240 Le f t −> Nothing
Right a −> Just a

data Token = Number In t eg e r | Fract ion In t eg e r In t eg e r

6
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245 type Parse t = ParsecT St r ing ( ) I d en t i t y t

par s e r : : Parse Address
par s e r = do

t s <− pTokens
250 accum 1 t s

where
accum p [ ] = return $ P p
accum [Number n ] = return $ P n
accum (Number n : ts@ (Number : ) ) = do

255 a <− accum n t s
re turn $ S n (1%2) a

accum (Number n : Fract ion t b : t s ) = do
a <− accum (n ∗ b) t s
re turn $ S n ( t%b) a

260 accum p ( Fract ion t b : t s ) = do
a <− accum (p ∗ b) t s
re turn $ S p ( t % b) a

pTokens : : Parse [ Token ]
265 pTokens = do

<− pOptionalSpace
t s <− pToken ‘ sepBy ‘ pSpace

<− pOptionalSpace
eo f

270 re turn t s

pToken : : Parse Token
pToken = cho i c e [ t ry pFraction , pNumber ]

275 pFract ion : : Parse Token
pFract ion = do

Number top <− pNumber
<− pOptionalSpace
<− s t r i n g ”/”

280 <− pOptionalSpace
Number bottom <− pNumber
guard $ top < bottom
return $ Fract ion top bottom

285 pNumber : : Parse Token
pNumber = do

n <− f o l d l (\x y −> 10 ∗ x + y) 0 ‘ fmap ‘ map ( t o In t e g e r . d i g i tTo In t ) ‘ fmap ‘ ⤦
Ç many1 d i g i t

guard $ 0 < n
return $ Number n

290

pSpace : : Parse [ S t r ing ]
pSpace = many1 ( s t r i n g ” ”)

pOptionalSpace : : Parse [ S t r ing ]
295 pOptionalSpace = many ( s t r i n g ” ”)

pre t ty : : Address −> St r ing
pre t ty (P p) = show p
pre t ty (S p r a ) = show p ++ ” ” ++ show ( numerator r ) ++ ”/” ++ show (⤦

7
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Ç denominator r ) ++ ” ” ++ pret ty a

2 Calculate.hs

{−# LANGUAGE BangPatterns #−}
{−# LANGUAGE Flex ib l eContext s #−}

{−
5

gmndl −− Mandelbrot Set exp l o r e r
Copyright (C) 2010 ,2011 ,2014 ,2017 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
10 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 2 o f the License , or
( at your opt ion ) any l a t e r v e r s i on .

This program i s d i s t r i b u t e d in the hope that i t w i l l be use fu l ,
15 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 .

You should have r e c e i v ed a copy o f the GNU General Publ ic L i cense along
20 with t h i s program ; i f not , wr i t e to the Free Software Foundation , Inc . ,

51 Frankl in Street , F i f th Floor , Boston , MA 02110−1301 USA.

−}

25 module Ca l cu la t e ( convert , r ende re r ) where

−− s imple h e l p e r s
import Control .Monad (when)

30 −− concurrent r endere r with capab i l i t y − s p e c i f i c s chedu l ing
import Control . Concurrent (MVar, newEmptyMVar , takeMVar , tryTakeMVar , tryPutMVar⤦

Ç , threadDelay , forkIO , k i l lThread )
import GHC. Conc ( forkOn , numCapabi l i t i e s )

−− each worker uses a mutable unboxed array o f Bool to know which p i x e l s
35 −− i t has a l r eady s t a r t ed to render , to avoid p o i n t l e s s work dup l i c a t i on

import Data . Array . IO ( IOUArray , newArray , readArray , writeArray , inRange )

−− each worker thread keeps a queue o f p i x e l s that i t needs to render or
−− to cont inue render ing l a t e r

40 import Data . Pr ior i tyQueue ( Prior ityQueue , newPriorityQueue , enqueue , ⤦
Ç enqueueBatch , dequeue )

−− poking bytes i n to memory i s d i r ty , but i t ’ s quick and a l l ows use o f
−− other f a s t f unc t i on s l i k e memset and easy i n t e g r a t i o n with OpenGL
import Fore ign (Word8)

45

−− higher p r e c i s i o n a r i thmet i c us ing l i bqd
import Numeric .QD. DoubleDouble ( DoubleDouble ( ) )
import Numeric .QD. QuadDouble (QuadDouble ( ) )

50 import Complex (Complex ( ( :+) ) , Turbo ( sqr , twice ) , convert )

8
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−− some type a l i a s e s to shorten th ing s
type B = Word8
type N = Int

55 type R = Double

{−
−− co l our space conver s i on from HSV [ 0 . . 1 ] to RGB [ 0 . . 1 ]
−− HSV looks qu i t e ’ chemical ’ to my eyes , need to i n v e s t i g a t e something

60 −− be t t e r to make i t f e e l more ’ natura l ’
hsv2rgb : : R −> R −> R −> (R, R, R)
hsv2rgb ! h ! s ! v

| s == 0 = (v , v , v )
| h == 1 = hsv2rgb 0 s v

65 | otherwi s e =
l e t ! i = f l o o r (h ∗ 6) ‘mod ‘ 6 : : N

! f = (h ∗ 6) − f r omInteg ra l i
! p = v ∗ (1 − s )
! q = v ∗ (1 − s ∗ f )

70 ! t = v ∗ (1 − s ∗ (1 − f ) )
in case i o f

0 −> (v , t , p )
1 −> (q , v , p )
2 −> (p , v , t )

75 3 −> (p , q , v )
4 −> ( t , p , v )
5 −> (v , p , q )
−> (0 , 0 , 0)

−}
80

hsv2rgb ’ : : R −> R −> R −> (R, R, R)
hsv2rgb ’ ! h ! s ! l =

l e t ! a = 2 ∗ pi ∗ h
! ca = cos a

85 ! sa = s i n a
! y = l / 2
! u = s / 2 ∗ ca
! v = s / 2 ∗ sa
! r = y + 1.407 ∗ u

90 ! g = y − 0 .677 ∗ u − 0 .236 ∗ v
! b = y + 1.848 ∗ v

in ( r , g , b )

−− compute RGB [ 0 . . 2 5 5 ] bytes from the r e s u l t s o f the complex i t e r a t i o n s
95 −− don ’ t need very high p r e c i s i o n f o r th i s , as s p a t i a l a l i a s i n g w i l l be

−− much more o f a problem in i n t r i c a t e r e g i on s o f the f r a c t a l
co l our : : Complex Double −> Complex Double −> N −> (B, B, B)
co l our ! ( z r :+ z i ) ! ( dzr :+ dz i ) ! n =

l e t −− micro−opt imiza t i on − the re i s no log2 func t i on
100 ! i l 2 = 1 / log 2

! zd2 = sqr zr + sqr z i
! dzd2 = sqr dzr + sqr dz i
−− normal ized escape time
! d = ( f romInteg ra l n : : R) − l og ( l og zd2 / log escapeR2 ) ∗ i l 2

105 ! dwe l l = f romInteg ra l ( f l o o r d : : N)
−− f i n a l ang le o f the i t e r a t e
! f i n a l a = atan2 z i z r
−− d i s t ance es t imate

9
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! de = ( log zd2 ∗ i l 2 ) ∗ s q r t ( zd2 / dzd2 )
110 ! d s c a l e = − l og de ∗ i l 2

−− HSV i s based on escape time , d i s t anc e est imate , and ang le
! hue = log ((− l og de ∗ i l 2 ) ‘max ‘ 1) ∗ i l 2 / 16 + log d ∗ i l 2
! s a tu ra t i on = 0 ‘max ‘ ( l og d ∗ i l 2 / 8) ‘min ‘ 1
! va lue = 0 ‘max ‘ (1 − ds ca l e / 256) ‘min ‘ 1

115 ! h = hue − f r omInteg ra l ( f l o o r hue : : N)
−− ad jus t s a tu ra t i on to g ive conc en t r i c s t r i p ed pattern
! k = dwel l / 2
! s a t f = i f k − f r omInteg ra l ( f l o o r k : : N) >= (0 . 5 : : R) then 0 .9 e l s e 1
−− ad jus t va lue to g ive t i l e d pattern

120 ! v a l f = i f f i n a l a < 0 then 0 .9 e l s e 1
−− convert to RGB
( ! r , ! g , ! b ) = hsv2rgb ’ h ( s a t f ∗ s a tu r a t i on ) ( v a l f ∗ value )
−− convert to bytes
! r r = f l o o r $ 0 ‘max ‘ (255 ∗ r ) ‘min ‘ 255

125 ! gg = f l o o r $ 0 ‘max ‘ (255 ∗ g ) ‘min ‘ 255
! bb = f l o o r $ 0 ‘max ‘ (255 ∗ b) ‘min ‘ 255

in ( rr , gg , bb )

−− a Job s t o r e s a p i x e l undergoing i t e r a t i o n s
130 data Job c = Job !N !N ! ( Complex c ) ! ( Complex c ) ! ( Complex c ) !N

−− the p r i o r i t y o f a Job i s how many i t e r a t i o n s have been computed :
−− so ’ f r e sh e r ’ p i x e l s drop to the f r on t o f the queue in the hope o f
−− avo id ing too much work i t e r a t i n g p i x e l s that w i l l never escape

135 p r i o r i t y : : Job c −> N
p r i o r i t y ! ( Job n) = n

−− add a job to a work queue , tak ing care not to dup l i c a t e work
−− the re i s no race cond i t i on here as each worker has i t s own queue

140 addJob : : ( Real c , F loat ing c , Turbo c ) => N −> N −> Complex c −> c −> ⤦

Ç Prior i tyQueue IO ( Job c ) −> IOUArray (N,N) Bool −> N −> N −> IO ( )
addJob !w ! h ! c ! z rad ius ’ todo sync ! i ! j = do

a l ready <− readArray sync ( j , i )
when ( not a l r eady ) $ do

writeArray sync ( j , i ) True
145 enqueue todo $ ! Job i j ( coords w h c zrad ius ’ i j ) 0 0 0

−− spawns a new batch o f workers to render an image
−− r e tu rn s an ac t i on that s tops the render ing
renderer ’ : : (Turbo c , Real c , F loat ing c ) => MVar ( ) −> ( (N,N) , (N,N) ) −> (N −> ⤦

Ç N −> B −> B −> B −> IO ( ) ) −> Complex c −> c −> IO ( IO ( ) )
150 renderer ’ done rng output ! c ! z rad ius ’ = do

wdog <− newEmptyMVar
workerts <− mapM (\w −> forkOn w $ worker wdog rng c zrad ius ’ output w) [ 0 . .⤦

Ç workers − 1 ]
watcher <− forkIO $ do

( ) <− takeMVar wdog
155 l e t loop = do

threadDelay 10000000 −− 10 seconds
m <− tryTakeMVar wdog
case m o f

Nothing −> mapM ki l lThread workerts >> tryPutMVar done ( ) >> re turn⤦
Ç ( )

160 Just ( ) −> loop
loop

10
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re turn $ k i l lThread watcher >> mapM ki l lThread workerts

−− compute the Complex ’ c ’ coo rd inate f o r a p i x e l in the image
165 coords : : ( Real c , F loat ing c , Turbo c ) => N −> N −> Complex c −> c −> N −> N −>⤦

Ç Complex c
coords !w ! h ! c ! z rad ius ’ ! i ! j = c + ( ( f r omInteg ra l ( i − w‘ div ‘ 2 ) ∗ k )

:+( f r omInteg ra l (h ‘ div ‘ 2 − j ) ∗ k ) )
where ! k = zrad ius ’ / ( f r omInteg ra l $ (w ‘ div ‘ 2) ‘min ‘ (h ‘ div ‘ 2) )

170 −− the worker thread enqueues i t s border and s t a r t s computing i t e r a t i o n s
worker : : (Turbo c , Real c , F loat ing c ) => MVar ( ) −> ( (N,N) , (N,N) ) −> Complex c⤦

Ç −> c −> (N −> N −> B −> B −> B −> IO ( ) ) −> N −> IO ( )
worker wdog rng@ ( ( y0 , x0 ) , ( y1 , x1 ) ) ! c ! z rad ius ’ output !me = do

sync <− newArray rng Fal se
queue <− newPriorityQueue p r i o r i t y

175 l e t addJ = addJob w h c zrad ius ’ queue sync
j s = f i l t e r mine ( border w h)
w = x1 − x0 + 1
h = y1 − y0 + 1

mapM ( f l i p ( writeArray sync ) True ) j s
180 enqueueBatch queue (map (\ ( j , i ) −> Job i j ( coords w h c zrad ius ’ i j ) 0 0 0) ⤦

Ç j s )
compute wdog rng addJ output queue
where mine ( , i ) = i ‘mod ‘ workers == me −− another dependency on spread

−− the compute eng ine pu l l s p i x e l s from the queue un t i l the re are no
185 −− more , and c a l c u l a t e s a batch o f i t e r a t i o n s f o r each

compute : : (Turbo c , Real c , F loat ing c ) => MVar ( ) −> ( (N,N) , (N,N) ) −> (N −> N ⤦
Ç −> IO ( ) ) −> (N −> N −> B −> B −> B −> IO ( ) ) −> Prior i tyQueue IO ( Job c ) ⤦
Ç −> IO ( )

compute wdog rng addJ output queue = do
mjob <− dequeue queue
case mjob o f

190 Just ( Job i j c z dz n) −> do
l e t −− c a l l e d when the p i x e l e s capes

done ’ ! ( z r :+ z i ) ! ( dzr :+ dz i ) ! n ’ = {−# SCC ”done” #−} do
<− tryPutMVar wdog ( )

l e t ( r , g , b ) = co lour ( convert zr :+ convert z i ) ( convert dzr :+ ⤦

Ç convert dz i ) n ’
195 output i j r g b

−− a wavefront o f computation spreads to ne ighbour ing p i x e l s
sequence

[ addJ x y
| u <− spreadX

200 , v <− spreadY
, l e t x = i + u
, l e t y = j + v
, inRange rng (y , x )
]

205 −− c a l l e d when the p i x e l doesn ’ t escape yet
todo ’ ! z ’ ! dz ’ ! n ’ = {−# SCC ”todo” #−} {− output i j 255 0 0 >> −} ⤦

Ç enqueue queue $ ! Job i j c z ’ dz ’ n ’
c a l c u l a t e c l im i t z dz n done ’ todo ’
compute wdog rng addJ output queue

Nothing −> re turn ( ) −− no p i x e l s l e f t to render , so f i n i s h qu i e t l y
210

−− the raw z−>zˆ2+c c a l c u l a t i o n engine

11
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−− a l s o computes the d e r i v a t i v e f o r d i s t ance e s t imat i on c a l c u l a t i o n s
−− t h i s f unc t i on i s c r u c i a l f o r speed , too much a l l o c a t i o n w i l l s looow
−− everyth ing down s e v e r e l y

215 c a l c u l a t e : : (Turbo c , Real c , F loat ing c ) => Complex c −> N −> Complex c −> ⤦

Ç Complex c −> N −> (Complex c −> Complex c −> N −> IO ( ) ) −> (Complex c −> ⤦

Ç Complex c −> N −> IO ( ) ) −> IO ( )
c a l c u l a t e ! c !m0 ! z0 ! dz0 ! n0 done todo = go m0 z0 dz0 n0

where
go !m ! z@( zr :+ z i ) ! dz ! n

| not ( sqr zr + sqr z i < er2 ) = done z dz n
220 | m <= 0 = todo z dz n

| otherwi s e = go (m − 1) ( sqr z + c ) ( l e t ! zdz = z ∗ dz in twice zdz + 1) ⤦
Ç (n + 1)

! er2 = convert escapeR2

−− d i spatch to d i f f e r e n t i n s t an c e s o f r endere r depending on requ i r ed p r e c i s i o n
225 −− i f zoom i s low , s i n g l e p r e c i s i o n Float i s ok , but as soon as p i x e l spac ing

−− ge t s r e a l l y small , i t ’ s nece s sa ry to i n c r e a s e i t
−− i t ’ s probably not even worth us ing Float − worth benchmarking t h i s and
−− a l s o the DD and QD types ( which cause a mass ive ly no t i c e ab l e slowdown )
rendere r : : ( Real c , F loat ing c ) => MVar ( ) −> ( (N,N) , (N,N) ) −> (N −> N −> B −> ⤦

Ç B −> B −> IO ( ) ) −> Complex c −> c −> IO ( IO ( ) )
230 r ende re r done rng output ! c ! z rad ius ’

| zoom ’ < 20 = {−# SCC ”rF” #−} renderer ’ done rng output ( f c : : Complex ⤦
Ç Float ) ( g zrad ius ’ )

| zoom ’ < 50 = {−# SCC ”rD” #−} renderer ’ done rng output ( f c : : Complex ⤦
Ç Double ) ( g zrad ius ’ )

| zoom ’ < 100 = {−# SCC ”rDD” #−} renderer ’ done rng output ( f c : : Complex ⤦
Ç DoubleDouble ) ( g zrad ius ’ )

| otherwi s e = {−# SCC ”rQD” #−} renderer ’ done rng output ( f c : : Complex ⤦
Ç QuadDouble ) ( g zrad ius ’ )

235 where f ! ( c r :+ c i ) = convert cr :+ convert c i
g ! x = convert x
zoom ’ = − logBase 2 ( zrad ius ’ / ( f r omInteg ra l $ w ‘min ‘ h) )
( ( x0 , y0 ) , ( x1 , y1 ) ) = rng
w = x1 − x0 + 1

240 h = y1 − y0 + 1

−− s t a r t r ender ing p i x e l s from the edge o f the image
−− the Mandelbrot Set and i t s complement are both simply −connected
−− d i s count ing s p a t i a l a l i a s i n g any po int i n s i d e the boundary that i s

245 −− in the complement i s ’ reachable ’ from a point on the boundary that
−− i s a l s o in the complement − probably some heavy math invo lved to
−− prove t h i s though
−− note : t h i s imp l i c i t l y depends on the spread va lue s below − i t ’ s
−− nece s sa ry f o r each i n t e r l a c e d subimage ( one per worker ) to have

250 −− at l e a s t a one p i x e l deep border
border : : N −> N −> [ (N, N) ]
border !w ! h = concat $

[ [ ( j , i ) | i <− [ 0 . . w − 1 ] , j <− [ 0 ] ]
, [ ( j , i ) | j <− [ 0 . . h − 1 ] , i <− [ 0 . . workers − 1 ] ]

255 , [ ( j , i ) | j <− [ 0 . . h − 1 ] , i <− [ w − workers . . w − 1 ] ]
, [ ( j , i ) | i <− [ 0 . . w − 1 ] , j <− [ h − 1 ] ]
]

−− which ne ighbours to a c t i v a t e once a p i x e l has escaped
260 −− the re are e s s e n t i a l l y two cho i ce s , with x<−>y swapped

12
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−− choose g r e a t e r X spread because images are o f t en wider than t a l l
−− other schemes wherein the spread i s s p l i t in both d i r e c t i o n s
−− might b en e f i t appearance with l a r g e worker count , but too compl icated
spreadX , spreadY : : [ N ]

265 spreadX = [ −workers , 0 , workers ]
spreadY = [ −1 , 0 , 1 ]

−− number o f worker threads
−− use as many worker threads as c a p a b i l i t i e s , with the workers

270 −− d i s t r i b u t e d 1−1 onto c a p a b i l i t i e s to maximize CPU u t i l i z a t i o n
workers : : N
workers = numCapabi l i t i e s

−− i t e r a t i o n l im i t per p i x e l
275 −− at most t h i s many i t e r a t i o n s are performed on each p i x e l b e f o r e i t

−− i s shunted to the back o f the work queue
−− t h i s should be tuneable to balance d i sp l ay updates aga in s t overheads
l im i t : : N
l im i t = ( 2 ˆ ( 1 3 : :N) −1)

280

−− escape rad iu s f o r f r a c t a l i t e r a t i o n c a l c u l a t i o n s
−− once the complex i t e r a t e exceeds th i s , i t ’ s never coming back
−− t h e o r e t i c a l l y escapeR = 2 would work
−− but h igher va lue s l i k e t h i s g ive a s i g n i f i c a n t l y smoother p i c tu r e

285 escapeR , escapeR2 : : R
escapeR = 65536
escapeR2 = escapeR ∗ escapeR

3 Complex.hs

{−# LANGUAGE BangPatterns , F l ex ib l eContext s #−}

{−

5 gmndl −− Mandelbrot Set exp l o r e r
Copyright (C) 2010 ,2011 ,2014 Claude Heiland −Allen <claude@mathr . co . uk>

This program i s f r e e so f tware ; you can r e d i s t r i b u t e i t and/ or modify
i t under the terms o f the GNU General Publ ic L i cense as publ i shed by

10 the Free Software Foundation ; e i t h e r v e r s i on 2 o f the License , or
( at your opt ion ) any l a t e r v e r s i on .

This program i s d i s t r i b u t e d in the hope that i t w i l l be use fu l ,
but WITHOUT ANY WARRANTY; without even the impl i ed warranty o f

15 MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Publ ic L i cense f o r more d e t a i l s .

You should have r e c e i v ed a copy o f the GNU General Publ ic L i cense along
with t h i s program ; i f not , wr i t e to the Free Software Foundation , Inc . ,

20 51 Frankl in Street , F i f th Floor , Boston , MA 02110−1301 USA.

−}

module Complex where
25

import Prelude h id ing ( atan2 )

13
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import Fore ign .C (CDouble )

30 −− higher p r e c i s i o n a r i thmet i c us ing l i bqd
import Numeric .QD. DoubleDouble ( DoubleDouble ( DoubleDouble ) )
import Numeric .QD. QuadDouble (QuadDouble (QuadDouble ) )
import q u a l i f i e d Numeric .QD. DoubleDouble as DD
import q u a l i f i e d Numeric .QD. QuadDouble as QD

35 import Numeric .AD.Mode . Reverse ( Reverse )
import Data . Re f l e c t i o n ( R e i f i e s )
import Numeric .AD. I n t e r na l . Reverse (Tape )

−− ugly ! but the d e f au l t realToFrac : : (C)Double −> (C)Double i s s looow
40 import Unsafe . Coerce ( unsafeCoerce )

−− don ’ t look ! t h i s i s r e a l l y r e a l l y ugly , and should be benchmarked
−− to see how r e a l l y nece s sa ry i t i s , or at l e a s t made in to a type c l a s s
convert : : ( Real a , F rac t i ona l b) => a −> b

45 convert = realToFrac
{−# NOINLINE convert #−}
convertDouble2CDouble : : Double −> CDouble
convertDouble2CDouble ! x = unsafeCoerce x
convertCDouble2Double : : CDouble −> Double

50 convertCDouble2Double ! x = unsafeCoerce x
convertDouble2DoubleDouble : : Double −> DoubleDouble
convertDouble2DoubleDouble ! x = convertCDouble2DoubleDouble . ⤦

Ç convertDouble2CDouble $ x
convertCDouble2DoubleDouble : : CDouble −> DoubleDouble
convertCDouble2DoubleDouble ! x = DoubleDouble x 0

55 convertDoubleDouble2Double : : DoubleDouble −> Double
convertDoubleDouble2Double ! ( DoubleDouble x ) = convertCDouble2Double x
convertDoubleDouble2CDouble : : DoubleDouble −> CDouble
convertDoubleDouble2CDouble ! ( DoubleDouble x ) = x
{−# RULES ” convert /Double2CDouble” convert = convertDouble2CDouble #−}

60 {−# RULES ” convert /CDouble2Double” convert = convertCDouble2Double #−}
{−# RULES ” convert /Double2DoubleDouble” convert = convertDouble2DoubleDouble #−}
{−# RULES ” convert /CDouble2DoubleDouble” convert = convertCDouble2DoubleDouble ⤦

Ç #−}
{−# RULES ” convert /DoubleDouble2Double” convert = convertDoubleDouble2Double #−}
{−# RULES ” convert /DoubleDouble2CDouble” convert = convertDoubleDouble2CDouble ⤦

Ç #−}
65

{−
−− t h i s i s ugly too : can ’ t use Data . Complex because the qd b ind ings do
−− not implement some low− l e v e l f un c t i on s proper ly , l e ad ing to obscure
−− c ra she s i n s i d e var i ous Data . Complex func t i on s . . .

70 data Complex c = {−# UNPACK #−} ! c :+ {−# UNPACK #−} ! c d e r i v i ng (Read , Show , Eq⤦
Ç )

−− complex number ar i thmet i c , with extra s t r i c t n e s s and cost − c en t r e s
i n s t ance Num c => Num (Complex c ) where

( ! ( a :+ b) ) + ( ! ( c :+ d) ) = {−# SCC ”C+” #−} ( ( a + c ) :+ (b + d) )
75 ( ! ( a :+ b) ) − ( ! ( c :+ d) ) = {−# SCC ”C−” #−} ( ( a − c ) :+ (b − d) )

( ! ( a :+ b) ) ∗ ( ! ( c :+ d) ) = {−# SCC ”C∗” #−} ( ( a ∗ c − b ∗ d) :+ ( a ∗ d + b ∗ ⤦
Ç c ) )

negate ! ( a :+ b) = (−a ) :+ (−b)
abs x = e r r o r $ ”Complex . abs : ” ++ show x
signum x = e r r o r $ ”Complex . signum : ” ++ show x

14
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80 f romInteger ! x = fromInteger x :+ 0
−}

−− an extra c l a s s f o r some ope ra t i on s that can be made f a s t e r f o r th ing s
−− l i k e DoubleDouble : probably should have g iven t h i s a be t t e r name

85 c l a s s Num c => Turbo c where
sqr : : c −> c
sqr ! x = x ∗ x
twice : : c −> c
twice ! x = x + x

90

−− the d e f au l t methods are f i n e f o r s imple p r im i t i v e types . . .
i n s t ance Turbo Float where
in s t ance Turbo Double where
in s t ance Turbo CDouble where

95

−− . . . and complex numbers
i n s t ance ( Real c , F loat ing c , Turbo c ) => Turbo (Complex c ) where

sqr ! ( r :+ i ) = ( sqr r − sqr i ) :+ ( twice ( r ∗ i ) )
twice ! ( r :+ i ) = ( twice r ) :+ ( twice i )

100

−− use the s p e c i f i c implementat ions f o r the h igher p r e c i s i o n types
i n s t ance Turbo DoubleDouble where

sqr ! x = DD. sqr x
twice ! ( DoubleDouble a b) = DoubleDouble ( twice a ) ( twice b)

105

i n s t ance Turbo QuadDouble where
sqr ! x = QD. sqr x
twice ! ( QuadDouble a b c d) = QuadDouble ( twice a ) ( twice b) ( twice c ) ( twice ⤦

Ç d)

110 i n s t ance ( R e i f i e s s Tape , Num r ) => Turbo ( Reverse s r ) where

data Complex r = ! r :+ ! r
d e r i v i ng (Read , Show , Eq)

115

i n s t ance ( Real r , F loat ing r , Turbo r ) => Num (Complex r ) where
( a :+ b) + (x :+ y ) = ( a + x) :+ (b + y)
( a :+ b) − ( x :+ y ) = ( a − x ) :+ (b − y )
( a :+ b) ∗ ( x :+ y ) = ( a ∗ x − b ∗ y ) :+ ( a ∗ y + b ∗ x )

120 negate ( a :+ b) = negate a :+ negate b
abs c = magnitude c :+ 0
signum = normal ize
f romInteger n = fromInteger n :+ 0

125 i n s t ance ( Real r , F loat ing r , Turbo r ) => Frac t i ona l (Complex r ) where
( a:+b) / ( c :+d) = ( ( a ∗ c + b ∗ d) /m2) :+ ( ( b ∗ c − a ∗ d) /m2) where m2 = sqr ⤦

Ç c + sqr d
fromRational r = fromRational r :+ 0

magnitude : : ( Real c , F loat ing c , Turbo c ) => Complex c −> c
130 magnitude ( re :+im) = sq r t $ sqr re + sqr im

c i s : : ( Real c , F loat ing c ) => c −> Complex c
c i s a = cos a :+ s i n a

15
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135 mkPolar : : ( Real c , F loat ing c ) => c −> c −> Complex c
mkPolar r a = ( r ∗ cos a ) :+ ( r ∗ s i n a )

phase : : ( Real c , F loat ing c ) => Complex c −> c
phase ( re :+im) = atan2 im re

140

normal ize : : ( Real c , F loat ing c , Turbo c ) => Complex c −> Complex c
normal ize z@( re :+im) = l e t m = magnitude z in ( re / m) :+ ( im / m)

atan2 : : ( Real c , F loat ing c ) => c −> c −> c
145 atan2 y x

| x > 0 = atan (y/x )
| x == 0 && y > 0 = pi /2
| x < 0 && y > 0 = pi + atan (y/x )
| x <= 0 && y < 0 = −atan2 (−y ) x

150 | y == 0 && x < 0 = pi −− must be a f t e r the prev ious t e s t on zero y
| x == 0 && y == 0 = y −− must be a f t e r the other double zero t e s t s
| otherw i s e = x + y −− x or y i s a NaN, re turn a NaN ( v ia +)

4 .gitignore

. cabal −sandbox
caba l . sandbox . c on f i g
d i s t

5 gmndl.cabal

Name : gmndl
Vers ion : 0 . 4 . 0 . 4
Synops is : Mandelbrot Set exp l o r e r us ing GTK

5 Desc r ip t i on :
A Mandelbrot Set exp l o r e r . Mult ip l e render threads
use h igher p r e c i s i o n maths at h igher zoom l e v e l s .
Suggested usage :
.

10 @gmndl +RTS −N −qa −RTS −−width=640 −−he ight=480@
.
Left − c l i c k to zoom in , r i ght − c l i c k to zoom out . The
s t a tu s bar shows where you are , and the entry f i e l d
takes an angled i n t e r n a l address , t ry f o r example :

15 .
@1\/3 1\/2 5 7@

Cabal−ve r s i on : >=1.6
L icense : GPL−2

20 License − f i l e : LICENSE
Author : Claude Heiland −Allen
Maintainer : claude@mathr . co . uk
Category : Graphics
Build−type : Simple

25

Executable gmndl
Main− i s : gmndl . hs
Other−modules : Address

Ca l cu la te
30 Complex

16
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Image
MuAtom
Roots

Build−depends : base >= 4 && < 5 ,
35 array >= 0.5 && < 0 . 6 ,

gtk >= 0.12 && < 0 . 15 ,
g tkg l ex t >= 0.12 && < 0 . 14 ,
mtl >= 2.2 && < 2 . 3 ,
OpenGL >= 3.0 && < 3 . 1 ,

40 OpenGLRaw >= 3.2 && < 3 . 3 ,
par sec >= 3.1 && < 3 . 2 ,
p r i o r i t y −queue >= 0.2 && < 0 . 3 ,
qd >= 1.0 && < 1 . 1 ,
ad >= 4.2 && < 4 . 4 ,

45 r e f l e c t i o n >= 1.5 && < 2 . 2 ,
Vec >= 1.0 && < 1 .1

GHC−opt ions : −O2 −Wall −threaded −fno−excess −p r e c i s i o n −funbox− s t r i c t −⤦
Ç f i e l d s − r t s op t s

source − r e po s i t o r y head
50 type : g i t

l o c a t i o n : https : // code . mathr . co . uk/gmndl . g i t

source − r e po s i t o r y t h i s
type : g i t

55 l o c a t i o n : https : // code . mathr . co . uk/gmndl . g i t
tag : v0 . 4 . 0 . 4

6 gmndl.hs

{−

gmndl −− Mandelbrot Set exp l o r e r
Copyright (C) 2010 ,2011 ,2014 Claude Heiland −Allen <claude@mathr . co . uk>

5

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 2 o f the License , or
( at your opt ion ) any l a t e r v e r s i on .

10

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 .

15

You should have r e c e i v ed a copy o f the GNU General Publ ic L i cense along
with t h i s program ; i f not , wr i t e to the Free Software Foundation , Inc . ,
51 Frankl in Street , F i f th Floor , Boston , MA 02110−1301 USA.

20 −}

module Main (main ) where

import Prelude h id ing ( isNaN )
25

import Control . Concurrent ( forkIO , newEmptyMVar , takeMVar , putMVar)
import Control .Monad ( f o r e v e r )

17
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−− some s imple h e l p e r s
30 import Data . L i s t ( i sP r e f i xO f )

−− the dependency on mtl i s j u s t f o r t h i s !
import Control .Monad . Trans ( l i f t I O )

35 −− the main program thread needs to s t o r e some thread − l o c a l s t a t e
import Data . IORef ( newIORef , readIORef , writeIORef )

−− bu i ld the i n t e r f a c e with GTK to a l low more fancy c on t r o l s l a t e r
import Graphics . UI . Gtk

40

−− use OpenGL to d i sp l ay f r e quen t l y update images on a textured quad
import Graphics . UI . Gtk .OpenGL
import q u a l i f i e d Graphics . Rendering .OpenGL as GL
import Graphics . Rendering .OpenGL ( ( $=))

45

−− need a hack to ensure c o r r e c t qd operat i on
import Numeric .QD. QuadDouble (QuadDouble ( ) )
import Fore ign ( nu l lPt r )

50 import Complex (Complex ( ( :+) ) )

−− mu−atom p r op e r t i e s
import Ca l cu la te
import q u a l i f i e d Image

55 import Address ( parse , parameter )

isNaN x = not (x == x)

−− the s t a t e we need f o r everyth ing
60 data GMNDL

= Inva l i d
| GMNDL

{ cente r : : Complex QuadDouble
, z r ad iu s : : QuadDouble

65 , image : : Image . Image
, stop : : IO ( )
}

−− command l i n e arguments : cu r r en t l y only i n i t i a l window dimensions
70 data Args = Args{ aWidth : : Int , aHeight : : Int , aOversample : : Int , aRe : : ⤦

Ç QuadDouble , aIm : : QuadDouble , aZr : : QuadDouble }

−− and the d e f a u l t s are s u i t a b l e f o r PAL DVD render ing , i f that should
−− come to pass in the fu tu r e
de fau l tArgs : : Args

75 de fau l tArgs = Args{ aWidth = 788 , aHeight = 576 , aOversample = 1 , aRe = 0 , aIm =⤦
Ç 0 , aZr = 2 }

−− braindead argument par s e r : l a t e s t argument takes p r i o r i t y
−− probably should use Monoid i n s t an c e s f o r t h i s s t u f f
combineArgs : : Args −> St r ing −> Args

80 combineArgs a0 s
| ”−−width=” ‘ i sPre f i xOf ‘ s = a0{ aWidth = read $ ”−−width=” ‘ dropPref ix ‘ s⤦

Ç }

18
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| ”−w=” ‘ i sPre f i xOf ‘ s = a0{ aWidth = read $ ”−w=” ‘ dropPref ix ‘ s⤦
Ç }

| ”−−he ight=” ‘ i sPre f i xOf ‘ s = a0{ aHeight = read $ ”−−he ight=” ‘ dropPref ix ‘ s⤦
Ç }

| ”−h=” ‘ i sPre f i xOf ‘ s = a0{ aHeight = read $ ”−h=” ‘ dropPref ix ‘ s⤦
Ç }

85 | ”−−aa=” ‘ i sPre f i xOf ‘ s = a0{ aOversample = read $ ”−−aa=” ‘ dropPref ix ‘ s⤦
Ç }

| ”−− re=” ‘ i sPre f i xOf ‘ s = a0{ aRe = read $ ”−− re=” ‘ dropPref ix ‘ s }
| ”−−im=” ‘ i sPre f i xOf ‘ s = a0{ aIm = read $ ”−−im=” ‘ dropPref ix ‘ s }
| ”−− zr=” ‘ i sPre f i xOf ‘ s = a0{ aZr = read $ ”−− zr=” ‘ dropPref ix ‘ s }
| otherw i s e = a0

90

−− t h i s i s a b i t s i l l y , e s p e c i a l l y with the dup l i ca t ed s t r i n g l i t e r a l s . .
d ropPre f ix : : S t r ing −> St r ing −> St r ing
dropPre f ix p s = drop ( l ength p) s

95 −− the main program !
main : : IO ( )
main = do

args <− f o l d l combineArgs de fau l tArgs ‘ fmap ‘ unsafeInitGUIForThreadedRTS
l e t width = aWidth args

100 he ight = aHeight args
oversample = aOversample args
rng = ( (0 , 0) , ( oversample ∗ he ight − 1 , oversample ∗ width − 1) )

<− initGL
g l c o n f i g <− glConfigNew [ GLModeRGBA, GLModeDouble ]

105 canvas <− glDrawingAreaNew g l c o n f i g
widgetSetS izeRequest canvas width he ight
window <− windowNew
eventb <− eventBoxNew
vbox <− vBoxNew False 0

110 s t a tu s <− vBoxNew False 0
statusRe <− entryNew
statusIm <− entryNew
sta tusZr <− entryNew
r a t i o s <− entryNew

115 boxPackStart vbox eventb PackGrow 0
boxPackStart vbox s t a tu s PackGrow 0
boxPackStart vbox r a t i o s PackGrow 0
boxPackStart s t a tu s statusRe PackGrow 0
boxPackStart s t a tu s statusIm PackGrow 0

120 boxPackStart s t a tu s s ta tusZr PackGrow 0
l e t −− update the s t a tu s bar

updateStatus re im zr = do
entrySetText statusRe ( show re )
entrySetText statusIm ( show im)

125 entrySetText s ta tusZr ( show zr )
s e t window [ containerBorderWidth := 0 , conta ine rCh i ld := vbox , ⤦

Ç windowResizable := Fal se ]
s e t eventb [ containerBorderWidth := 0 , conta ine rCh i ld := canvas ]
−− i n i t i a l s t a t e i s i n v a l i d because . . .
sR <− newIORef Inva l i d

130 done <− newEmptyMVar
l e t −− r e s t a r t the r endere r

r e s t a r t : : IO ( )
r e s t a r t = do
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g <− readIORef sR
135 stop g

Image . c l e a r ( image g )
stop ’ <− r ende re r done rng ( Image . p l o t ( image g ) ) ( c ent e r g ) ( z rad iu s g )
writeIORef sR $ ! g{ stop = stop ’ }
l e t re :+ im = cente r g

140 updateStatus re im ( z rad iu s g )
−− . . . need to i n i t i a l i z e OpenGL s t u f f e t c in t h i s c a l l b a ck

<− onRea l i ze canvas $ {−# SCC ”cbRz” #−} withGLDrawingArea canvas $ \ −> do
GL. matrixMode $= GL. Pro j e c t i on
GL. l o ad Id en t i t y

145 GL. ortho 0 .0 1 .0 0 .0 1 .0 ( −1 .0) 1 . 0
GL. drawBuffer $= GL. BackBuffers
GL. t ex ture GL. Texture2D $= GL. Enabled
i <− Image . new ( oversample ∗ width ) ( oversample ∗ he ight )
writeIORef sR $ ! GMNDL{ image = i , c en t e r = aRe args :+ aIm args , z r ad iu s = ⤦

Ç aZr args , stop = return ( ) }
150 r e s t a r t

−− when the mouse button i s pressed , c en te r and zoom in or out
<− eventb ‘ on ‘ buttonPressEvent $ {−# SCC ”cbEv” #−} tryEvent $ do
b <− eventButton
(x , y ) <− eventCoord inates

155 l i f t I O $ do
g <− readIORef sR
l e t w2 = f romInteg ra l width / 2

h2 = f romInteg ra l he ight / 2
p = convert x :+ convert (−y )

160 s = ( z rad iu s g / (w2 ‘min ‘ h2 ) ) :+ 0
c = cente r g + (p − (w2 :+ (−h2 ) ) ) ∗ s
zrad ius ’ = z rad iu s g ∗ de l t a
de l t a | b == LeftButton = 0 .5

| b == RightButton = 2
165 | otherwi s e = 1

writeIORef sR $ ! g{ cente r = c , z rad iu s = zrad ius ’ }
r e s t a r t

−− when typing in the coord ina te boxes , zoom to the new p lace
<− statusRe ‘ onEntryActivate ‘ do

170 s <− entryGetText statusRe
l i f t I O $ do

g <− readIORef sR
case safeRead s o f

Just re −> do
175 l e t :+ im = cente r g

writeIORef sR $ ! g{ cente r = re :+ im }
r e s t a r t

Nothing −> re turn ( )
<− statusIm ‘ onEntryActivate ‘ do

180 s <− entryGetText statusIm
l i f t I O $ do

g <− readIORef sR
case safeRead s o f

Just im −> do
185 l e t re :+ = cente r g

writeIORef sR $ ! g{ cente r = re :+ im }
r e s t a r t

Nothing −> re turn ( )
<− s ta tusZr ‘ onEntryActivate ‘ do
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190 s <− entryGetText s ta tusZr
l i f t I O $ do

g <− readIORef sR
case safeRead s o f

Just zrad ius ’ −> do
195 writeIORef sR $ ! g{ z rad iu s = zrad ius ’ }

r e s t a r t
Nothing −> re turn ( )

−− when p r e s s i n g re turn in the r a t i o s l i s t , zoom to that mu−atom
muQueue <− newEmptyMVar

200 <− forkIO . f o r e v e r $ do
qs <− takeMVar muQueue
case parameter =<< parse qs o f

Nothing −> postGUISync $ do
<− r a t i o s ‘ w idge tSe tSens i t i v e ‘ True

205 re turn ( )
Just ( cr , c i , r ad iu s ) −> do

l e t zrad ius ’ = rad iu s ∗ 3
cr ‘ seq ‘ c i ‘ seq ‘ zrad ius ’ ‘ seq ‘ postGUISync $ do

g <− readIORef sR
210 i f isNaN cr | | isNaN c i

then writeIORef sR $ ! g{ cente r = c0 , z rad iu s = zrad iu s0 }
e l s e writeIORef sR $ ! g{ cente r = cr :+ c i , z r ad iu s = zrad ius ’ }
<− r a t i o s ‘ w idge tSe tSens i t i v e ‘ True

r e s t a r t
215 <− r a t i o s ‘ onEntryActivate ‘ do

s <− entryGetText r a t i o s
<− r a t i o s ‘ w idge tSe tSens i t i v e ‘ Fa l se

g <− readIORef sR
stop g

220 putMVar muQueue s
−− time to draw the image : upload to the t ex ture and draw a quad

<− onExpose canvas $ {−# SCC ”cbEx” #−} \ −> do
withGLDrawingArea canvas $ \glwindow −> do

GMNDL{ image = i } <− readIORef sR
225 Image . upload i

Image . draw i
glDrawableSwapBuffers glwindow

return True
−− need an e x i t s t r a t e gy

230 <− onDestroy window mainQuit
−− make sure the expose c a l l b a ck ge t s c a l l e d r e g u l a r l y (5 fp s )

<− timeoutAdd (widgetQueueDraw canvas >> re turn True ) 200
−− and we ’ re o f f !
widgetShowAll window

235 mainGUI

−− i n i t i a l c en te r coo rd ina t e s
−− us ing the maximum p r e c i s i o n a v a i l a b l e from the s t a r t f o r t h i s makes
−− sure that nothing weird happens when p r e c i s i o n ge t s c l o s e to the edge

240 c0 : : Complex QuadDouble
c0 = 0

−− i n i t i a l zoom l e v e l
−− the i n i t i a l zoom l e v e l should probably depend on i n i t i a l image s i z e

245 z rad iu s0 : : QuadDouble
z rad iu s0 = 2
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safeRead : : Read a => St r ing −> Maybe a
safeRead s = case reads s o f

250 [ ( a , ””) ] −> Just a
−> Nothing

7 Image.hs

{−# LANGUAGE Fore i gnFunct i on In te r f a ce #−}
{−# LANGUAGE PatternSynonyms #−}

{−
5

gmndl −− Mandelbrot Set exp l o r e r
Copyright (C) 2010 ,2011 ,2014 ,2017 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
10 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 2 o f the License , or
( at your opt ion ) any l a t e r v e r s i on .

This program i s d i s t r i b u t e d in the hope that i t w i l l be use fu l ,
15 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 .

You should have r e c e i v ed a copy o f the GNU General Publ ic L i cense along
20 with t h i s program ; i f not , wr i t e to the Free Software Foundation , Inc . ,

51 Frankl in Street , F i f th Floor , Boston , MA 02110−1301 USA.

−}

25 module Image ( Image ( ) , new , c l e a r , p lot , upload , with , draw , putPPM, hPutPPM) ⤦
Ç where

−− poking bytes i n to memory i s d i r ty , but i t ’ s quick and a l l ows use o f
−− other f a s t f unc t i on s l i k e memset and easy i n t e g r a t i o n with OpenGL
import Fore ign ( castPtr , mallocBytes , nu l lPtr , plusPtr , pokeByteOff , Ptr , Word8)

30 import Fore ign .C ( CInt ( . . ) , CSize ( . . ) )
import q u a l i f i e d Graphics . Rendering .OpenGL as GL
import Graphics . Rendering .OpenGL ( ( $=))
import Graphics .GL ( glGenerateMipmap , pattern GL TEXTURE 2D)
import System . IO (Handle , hPutBuf , hPutStr , s tdout )

35

data Image
= Image

{ p i x e l s : : Ptr Word8
, width : : Int

40 , he ight : : Int
, s i z e : : Int
, t ex ture : : GL. TextureObject
}

45 −− the se images are RGB only
channe l s : : Int
channe l s = 3
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−− c r e a t e a new image
50 −− note : t h i s needs an OpenGL context

new : : Int −> Int −> IO Image
new w h = do

p <− mallocBytes $ w ∗ h ∗ channe l s
[ t ] <− GL. genObjectNames 1

55 l e t s = roundUp2 (w ‘max ‘ h)
i = Image{ p i x e l s = p , width = w, he ight = h , s i z e = s , t ex ture = t }
dim = GL. TextureSize2D ( f r omInteg ra l s ) ( f r omInteg ra l s )
img = GL. PixelData GL.RGB GL. UnsignedByte nu l lPt r

with i $ do
60 GL. texImage2D GL. Texture2D GL. NoProxy 0 GL.RGB’ dim 0 img

GL. t e x t u r eF i l t e r GL. Texture2D $= ((GL. Linear ’ , Just GL. Linear ’ ) , GL. Linear ’ )
GL. textureWrapMode GL. Texture2D GL. S $= (GL. Repeated , GL. ClampToEdge)
GL. textureWrapMode GL. Texture2D GL.T $= (GL. Repeated , GL. ClampToEdge)

c l e a r i
65 upload i

re turn i

−− c l e a r with white
c l e a r : : Image −> IO ( )

70 c l e a r i = do
l e t bytes = width i ∗ he ight i ∗ channe l s
<− memset ( cas tPtr ( p i x e l s i ) ) 255 ( f r omInteg ra l bytes )

re turn ( )

75 −− p lo t a p i x e l
p l o t : : Image −> Int −> Int −> Word8 −> Word8 −> Word8 −> IO ( )
p l o t i x y r g b = do

l e t p = p i x e l s i ‘ p lusPtr ‘ ( ( y ∗ width i + x) ∗ channe l s )
pokeByteOff p 0 r

80 pokeByteOff p 1 g
pokeByteOff p 2 b

−− upload an image to i t s t ex ture
upload : : Image −> IO ( )

85 upload i = do
l e t pos = GL. TexturePosit ion2D 0 0

dim = GL. TextureSize2D ( f romInteg ra l $ width i ) ( f r omInteg ra l $ he ight i )
img = GL. PixelData GL.RGB GL. UnsignedByte ( p i x e l s i )

with i $ do
90 GL. texSubImage2D GL. Texture2D 0 pos dim img

glGenerateMipmap GL TEXTURE 2D

−− use a t ex ture
−− FIXME TODO pre s e rve the prev ious t ex ture binding in s t ead o f c l e a r i n g

95 with : : Image −> IO a −> IO a
with i act = do

GL. textureBind ing GL. Texture2D $= Just ( t ex ture i )
r <− act
GL. textureBind ing GL. Texture2D $= Nothing

100 re turn r

−− draw textured un i t quad
draw : : Image −> IO ( )
draw i = do

105 l e t v : : GL. GLfloat −> GL. GLfloat −> GL. GLfloat −> GL. GLfloat −> IO ( )
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v tx ty vx vy = GL. texCoord (GL. TexCoord2 tx ty ) >> GL. ver tex (GL. Vertex2 ⤦
Ç vx vy )

sx = f romInteg ra l ( width i ) / f r omInteg ra l ( s i z e i )
sy = f romInteg ra l ( he ight i ) / f r omInteg ra l ( s i z e i )

with i $ GL. rende rPr imi t i v e GL. Quads $ do
110 v 0 sy 0 0

v 0 0 0 1
v sx 0 1 1
v sx sy 1 0

115 −− save as PPM
putPPM : : Image −> IO ( )
putPPM = hPutPPM stdout

hPutPPM : : Handle −> Image −> IO ( )
120 hPutPPM h i = do

hPutStr h (”P6\n” ++ show ( width i ) ++ ” ” ++ show ( he ight i ) ++ ” 255\n”)
hPutBuf h ( p i x e l s i ) ( width i ∗ he ight i ∗ channe l s )

−− round up to nea r e s t power o f two
125 −− t h i s w i l l probably explode when n ge t s la rge , but i t ’ s only used

−− f o r OpenGL texture dimensions so you ’ l l run out o f memory f i r s t
roundUp2 : : Int −> Int
roundUp2 n = head . dropWhile (< n) . i t e r a t e (2∗ ) $ 1

130 −− import standard C l i b r a r y memset f o r c l e a r i n g images e f f i c i e n t l y
−− prev ious implementation used pokeArray . . . ( r e p l i c a t e . . . ) . . .
−− which had a nasty habi t o f keeping the l i s t around in memory
f o r e i g n import c c a l l unsa fe ” s t r i n g . h memset”

c memset : : Ptr Word8 −> CInt −> CSize −> IO ( Ptr Word8)
135 memset : : Ptr Word8 −> Word8 −> CSize −> IO ( Ptr Word8)

memset p w s = c memset p ( f r omInteg ra l w) s

8 LICENSE

GNU GENERAL PUBLIC LICENSE
Vers ion 2 , June 1991

Copyright (C) 1989 , 1991 Free Software Foundation , Inc . ,
5 51 Frankl in Street , F i f th Floor , Boston , MA 02110−1301 USA

Everyone i s permitted to copy and d i s t r i b u t e verbatim cop i e s
o f t h i s l i c e n s e document , but changing i t i s not a l lowed .

Preamble
10

The l i c e n s e s f o r most so f tware are des igned to take away your
freedom to share and change i t . By contras t , the GNU General Publ ic
L i cense i s intended to guarantee your freedom to share and change f r e e
so ftware −−to make sure the so f tware i s f r e e f o r a l l i t s u s e r s . This

15 General Publ ic L i cense app l i e s to most o f the Free Software
Foundation ’ s so f tware and to any other program whose authors commit to
us ing i t . (Some other Free Software Foundation so f tware i s covered by
the GNU Lesse r General Publ ic L i cense in s t ead . ) You can apply i t to
your programs , too .

20

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
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have the freedom to d i s t r i b u t e cop i e s o f f r e e so f tware ( and charge f o r
t h i s s e r v i c e i f you wish ) , that you r e c e i v e source code or can get i t

25 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 f r e e programs ; and that you know you can do these th ing s .

To pro t e c t your r i gh t s , we need to make r e s t r i c t i o n s that f o rb i d
anyone to deny you these r i g h t s or to ask you to sur render the r i g h t s .

30 These r e s t r i c t i o n s t r a n s l a t e to c e r t a i n r e s p o n s i b i l i t i e s f o r you i f you
d i s t r i b u t e cop i e s o f the software , or i f you modify i t .

For example , i f you d i s t r i b u t e cop i e s o f such a program , whether
g r a t i s or f o r a fee , you must g ive the r e c i p i e n t s a l l the r i g h t s that

35 you have . You must make sure that they , too , r e c e i v e or can get the
source code . And you must show them these terms so they know th e i r
r i g h t s .

We pro t e c t your r i g h t s with two s t ep s : ( 1 ) copyr ight the software , and
40 (2 ) o f f e r you t h i s l i c e n s e which g i v e s you l e g a l permis s ion to copy ,

d i s t r i b u t e and/ or modify the so f tware .

Also , f o r each author ’ s p r o t e c t i on and ours , we want to make c e r t a i n
that everyone understands that the re i s no warranty f o r t h i s f r e e

45 so f tware . I f the so f tware i s modi f i ed by someone e l s e and passed on , we
want i t s r e c i p i e n t s to know that what they have i s not the o r i g i n a l , so
that any problems introduced by othe r s w i l l not r e f l e c t on the o r i g i n a l
authors ’ r epu ta t i on s .

50 Fina l ly , any f r e e program i s threatened cons tant ly by so f tware
patents . We wish to avoid the danger that r e d i s t r i b u t o r s o f a f r e e
program w i l l i n d i v i d u a l l y obta in patent l i c e n s e s , in e f f e c t making the
program prop r i e t a ry . To prevent th i s , we have made i t c l e a r that any
patent must be l i c e n s e d f o r everyone ’ s f r e e use or not l i c e n s e d at a l l .

55

The p r e c i s e terms and cond i t i on s f o r copying , d i s t r i b u t i o n and
mod i f i c a t i on f o l l ow .

GNU GENERAL PUBLIC LICENSE
60 TERMS AND CONDITIONS FOR COPYING, DISTRIBUTION AND MODIFICATION

0 . This L i cense app l i e s to any program or other work which conta in s
a no t i c e p laced by the copyr ight ho lder say ing i t may be d i s t r i b u t e d
under the terms o f t h i s General Publ ic L i cense . The ”Program” , below ,

65 r e f e r s to any such program or work , and a ”work based on the Program”
means e i t h e r the Program or any d e r i v a t i v e work under copyr ight law :
that i s to say , a work conta in ing the Program or a por t i on o f i t ,
e i t h e r verbatim or with mod i f i c a t i on s and/ or t r an s l a t ed in to another
language . ( Here ina f t e r , t r a n s l a t i o n i s inc luded without l im i t a t i o n in

70 the term ”mod i f i c a t i on ” . ) Each l i c e n s e e i s addressed as ”you ” .

A c t i v i t i e s other than copying , d i s t r i b u t i o n and mod i f i c a t i on are not
covered by t h i s L i cense ; they are out s id e i t s scope . The act o f
running the Program i s not r e s t r i c t e d , and the output from the Program

75 i s covered only i f i t s contents c on s t i t u t e a work based on the
Program ( independent o f having been made by running the Program ) .
Whether that i s t rue depends on what the Program does .

1 . You may copy and d i s t r i b u t e verbatim cop i e s o f the Program ’ s
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80 source code as you r e c e i v e i t , in any medium , provided that you
consp i cuous ly and approp r i a t e l y pub l i sh on each copy an appropr ia t e
copyr ight no t i c e and d i s c l a ime r o f warranty ; keep i n t a c t a l l the
no t i c e s that r e f e r to t h i s L i cense and to the absence o f any warranty ;
and g ive any other r e c i p i e n t s o f the Program a copy o f t h i s L i cense

85 along with the Program .

You may charge a f e e f o r the phy s i c a l act o f t r a n s f e r r i n g a copy , and
you may at your opt ion o f f e r warranty p ro t e c t i on in exchange f o r a f e e .

90 2 . You may modify your copy or cop i e s o f the Program or any por t i on
o f i t , thus forming a work based on the Program , and copy and
d i s t r i b u t e such mod i f i c a t i on s or work under the terms o f Sec t i on 1
above , provided that you a l s o meet a l l o f the se cond i t i on s :

95 a ) You must cause the modi f i ed f i l e s to car ry prominent no t i c e s
s t a t i n g that you changed the f i l e s and the date o f any change .

b) You must cause any work that you d i s t r i b u t e or publ i sh , that in
whole or in part conta in s or i s der ived from the Program or any

100 part the reo f , to be l i c e n s e d as a whole at no charge to a l l t h i rd
p a r t i e s under the terms o f t h i s L i cense .

c ) I f the modi f i ed program normally reads commands i n t e r a c t i v e l y
when run , you must cause i t , when s t a r t ed running f o r such

105 i n t e r a c t i v e use in the most ord inary way , to p r i n t or d i sp l ay an
announcement i n c l ud ing an appropr ia t e copyr ight no t i c e and a
no t i c e that the re i s no warranty ( or e l s e , say ing that you prov ide
a warranty ) and that u s e r s may r e d i s t r i b u t e the program under
these cond i t i ons , and t e l l i n g the user how to view a copy o f t h i s

110 License . ( Exception : i f the Program i t s e l f i s i n t e r a c t i v e but
does not normally p r i n t such an announcement , your work based on
the Program i s not r equ i r ed to p r i n t an announcement . )

These requ i rements apply to the modi f i ed work as a whole . I f
115 i d e n t i f i a b l e s e c t i o n s o f that work are not der ived from the Program ,

and can be reasonab ly cons ide r ed independent and separa te works in
themselves , then t h i s License , and i t s terms , do not apply to those
s e c t i o n s when you d i s t r i b u t e them as separa t e works . But when you
d i s t r i b u t e the same s e c t i o n s as part o f a whole which i s a work based

120 on the Program , the d i s t r i b u t i o n o f the whole must be on the terms o f
t h i s License , whose pe rmi s s i ons f o r other l i c e n s e e s extend to the
e n t i r e whole , and thus to each and every part r e g a r d l e s s o f who wrote i t .

Thus , i t i s not the i n t en t o f t h i s s e c t i o n to c la im r i g h t s or con t e s t
125 your r i g h t s to work wr i t t en e n t i r e l y by you ; rather , the i n t en t i s to

e x e r c i s e the r i g h t to c on t r o l the d i s t r i b u t i o n o f d e r i v a t i v e or
c o l l e c t i v e works based on the Program .

In addit ion , mere aggregat ion o f another work not based on the Program
130 with the Program ( or with a work based on the Program ) on a volume o f

a s to rage or d i s t r i b u t i o n medium does not br ing the other work under
the scope o f t h i s L i cense .

3 . You may copy and d i s t r i b u t e the Program ( or a work based on i t ,
135 under Sec t i on 2) in ob j e c t code or executab l e form under the terms o f

Se c t i on s 1 and 2 above provided that you a l s o do one o f the f o l l ow i ng :
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a ) Accompany i t with the complete cor re spond ing machine− r eadab le
source code , which must be d i s t r i b u t e d under the terms o f Se c t i on s

140 1 and 2 above on a medium customar i ly used f o r so f tware in te rchange ; or ,

b ) Accompany i t with 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 , to g ive any th i rd party , f o r a charge no more than your
co s t o f phy s i c a l l y per forming source d i s t r i bu t i on , a complete

145 machine− r eadab le copy o f the cor re spond ing source code , to be
d i s t r i b u t e d under the terms o f Se c t i on s 1 and 2 above on a medium
customar i ly used f o r so f tware in te rchange ; or ,

c ) Accompany i t with the in fo rmat ion you r e c e i v ed as to the o f f e r
150 to d i s t r i b u t e cor re spond ing source code . ( This a l t e r n a t i v e i s

a l lowed only f o r noncommercial d i s t r i b u t i o n and only i f you
r e c e i v ed the program in ob j e c t code or executab l e form with such
an o f f e r , in accord with Subsect ion b above . )

155 The source code f o r a work means the p r e f e r r e d form o f the work f o r
making mod i f i c a t i on s to i t . For an executab l e work , complete source
code means a l l the source code f o r a l l modules i t conta ins , p lus any
a s s o c i a t ed i n t e r f a c e d e f i n i t i o n f i l e s , p lus the s c r i p t s used to
con t r o l compi la t ion and i n s t a l l a t i o n o f the executab l e . However , as a

160 s p e c i a l except ion , the source code d i s t r i b u t e d need not in c lude
anything that i s normally d i s t r i b u t e d ( in e i t h e r source or binary
form ) with the major components ( compiler , kerne l , and so on ) o f the
operat ing system on which the executab l e runs , un l e s s that component
i t s e l f accompanies the executab l e .

165

I f d i s t r i b u t i o n o f executab l e or ob j e c t code i s made by o f f e r i n g
ac c e s s to copy from a des ignated place , then o f f e r i n g equ iva l en t
a c c e s s to copy the source code from the same p lace counts as
d i s t r i b u t i o n o f the source code , even though th i rd p a r t i e s are not

170 compel led to copy the source along with the ob j e c t code .

4 . You may not copy , modify , sub l i c en s e , or d i s t r i b u t e the Program
except as exp r e s s l y provided under t h i s L i cense . Any attempt
otherwi s e to copy , modify , s ub l i c e n s e or d i s t r i b u t e the Program i s

175 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 .
However , p a r t i e s who have r e c e i v ed cop ie s , or r i gh t s , from you under
t h i s L i cense w i l l not have t h e i r l i c e n s e s terminated so long as such
p a r t i e s remain in f u l l compliance .

180 5 . You are not r equ i r ed to accept t h i s License , s i n c e you have not
s igned i t . However , nothing e l s e grants you permis s ion to modify or
d i s t r i b u t e the Program or i t s d e r i v a t i v e works . These a c t i on s are
p roh ib i t ed by law i f you do not accept t h i s L i cense . Therefore , by
modifying or d i s t r i b u t i n g the Program ( or any work based on the

185 Program ) , you i nd i c a t e your acceptance o f t h i s L i cense to do so , and
a l l i t s terms and cond i t i on s f o r copying , d i s t r i b u t i n g or modifying
the Program or works based on i t .

6 . Each time you r e d i s t r i b u t e the Program ( or any work based on the
190 Program ) , the r e c i p i e n t automat i ca l l y 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 to copy , d i s t r i b u t e or modify the Program sub j e c t to
these terms and cond i t i on 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 r e c i p i e n t s ’ e x e r c i s e o f the r i g h t s granted he re in .
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You are not r e s p on s i b l e f o r en f o r c i ng compliance by th i rd p a r t i e s to
195 t h i s L i cense .

7 . I f , as a consequence o f a court judgment or a l l e g a t i o n o f patent
in f r ingement or f o r any other reason ( not l im i t ed to patent i s s u e s ) ,
c ond i t i on s are imposed on you ( whether by court order , agreement or

200 otherwi s e ) that con t r ad i c t the cond i t i on s o f t h i s License , they do not
excuse you from the cond i t i on s o f t h i s L i cense . I f you cannot
d i s t r i b u t e so as to s a t i s f y s imul taneous ly your o b l i g a t i o n s under t h i s
L i cense and any other pe r t i n en t ob l i g a t i on s , then as a consequence you
may not d i s t r i b u t e the Program at a l l . For example , i f a patent

205 l i c e n s e would not permit roya l ty − f r e e r e d i s t r i b u t i o n o f the Program by
a l l those who r e c e i v e cop i e s d i r e c t l y or i n d i r e c t l y through you , then
the only way you could s a t i s f y both i t 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 d i s t r i b u t i o n o f the Program .

210 I f any por t i on o f t h i s s e c t i o n i s he ld i n v a l i d or unen fo rceab l e under
any p a r t i c u l a r c ircumstance , the balance o f the s e c t i o n i s intended to
apply and the s e c t i o n as a whole i s intended to apply in other
c i r cumstances .

215 I t i s not the purpose o f t h i s s e c t i o n to induce you to i n f r i n g e any
patents or other property r i g h t c la ims or to cont e s t v a l i d i t y o f any
such c la ims ; t h i s s e c t i o n has the s o l e purpose o f p r o t e c t i ng the
i n t e g r i t y o f the f r e e so f tware d i s t r i b u t i o n system , which i s
implemented by pub l i c l i c e n s e p r a c t i c e s . Many people have made

220 generous c on t r i bu t i on s to the wide range o f so f tware d i s t r i b u t e d
through that system in r e l i a n c e on c on s i s t e n t app l i c a t i o n o f that
system ; i t i s up to the author /donor to dec ide i f he or she i s w i l l i n g
to d i s t r i b u t e so f tware through any other system and a l i c e n s e e cannot
impose that cho i c e .

225

This s e c t i o n i s intended to make thoroughly c l e a r what i s b e l i e v ed to
be a consequence o f the r e s t o f t h i s L i cense .

8 . I f the d i s t r i b u t i o n and/or use o f the Program i s r e s t r i c t e d in
230 c e r t a i n c oun t r i e s e i t h e r by patents or by copyr ighted i n t e r f a c e s , the

o r i g i n a l copyr ight ho lder who p l a c e s the Program under t h i s L i cense
may add an e x p l i c i t g eog raph i ca l d i s t r i b u t i o n l im i t a t i o n exc lud ing
those count r i e s , so that d i s t r i b u t i o n i s permitted only in or among
coun t r i e s not thus excluded . In such case , t h i s L i cense i n c o rpo r a t e s

235 the l im i t a t i o n as i f wr i t t en in the body o f t h i s L i cense .

9 . The Free Software Foundation may pub l i sh r e v i s ed and/or new ve r s i on s
o f the General Publ ic L i cense from time to time . Such new ve r s i on s w i l l
be s im i l a r in s p i r i t to the pre sent ver s ion , but may d i f f e r in d e t a i l to

240 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 a ve r s i on number o f t h i s L i cense which app l i e s to i t and ”any
l a t e r v e r s i on ” , you have the opt ion o f f o l l ow i n g the terms and cond i t i on s

245 e i t h e r o f that 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
t h i s License , you may choose any ve r s i on ever publ i shed by the Free Software
Foundation .

250 10 . I f you wish to in co rpo ra t e par t s o f the Program in to other f r e e
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programs whose d i s t r i b u t i o n cond i t i on s are d i f f e r e n t , wr i t e to the author
to ask f o r permis s ion . For so f tware which i s copyr ighted by the Free
Software Foundation , wr i t e to the Free Software Foundation ; we sometimes
make except i on s f o r t h i s . Our d e c i s i o n w i l l be guided by the two goa l s

255 o f p r e s e rv ing the f r e e s t a tu s o f a l l d e r i v a t i v e s o f our f r e e so f tware and
o f promoting the shar ing and reuse o f so f tware g en e r a l l y .

NO WARRANTY

260 11 . BECAUSE THE PROGRAM IS LICENSED FREE OF CHARGE, THERE IS NO WARRANTY
FOR THE PROGRAM, TO THE EXTENT PERMITTED BY APPLICABLE LAW. EXCEPT WHEN
OTHERWISE STATED IN WRITING THE COPYRIGHT 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

265 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 DEFECTIVE, YOU ASSUME THE COST OF ALL NECESSARY SERVICING,
REPAIR OR CORRECTION.

270 12 . IN NO EVENT UNLESS REQUIRED BY APPLICABLE LAW OR AGREED TO IN WRITING
WILL ANY COPYRIGHT HOLDER, OR ANY OTHER PARTY WHO MAY MODIFY AND/OR
REDISTRIBUTE 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 NOT LIMITED

275 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.

280 END OF TERMS AND CONDITIONS

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
285 po 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

f r e e so f tware which everyone can r e d i s t r i b u t e and change under these terms .

To do so , attach the f o l l ow i n g no t i c e s to the program . I t i s s a f e s t
to 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

290 convey the ex c l u s i on o f warranty ; and each f i l e should have at l e a s t
the ” copyr ight ” l i n e and a po in t e r to where the f u l l no t i c e i s found .

<one l i n e to g ive the program ’ s name and a b r i e f idea o f what i t does .>
Copyright (C) <year> <name o f author>

295

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 2 o f the License , or
( at your opt ion ) any l a t e r v e r s i on .

300

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 .

305

You should have r e c e i v ed a copy o f the GNU General Publ ic L i cense along
with t h i s program ; i f not , wr i t e to the Free Software Foundation , Inc . ,
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51 Frankl in Street , F i f th Floor , Boston , MA 02110−1301 USA.

310 Also add in fo rmat ion on how to contact you by e l e c t r o n i c and paper mail .

I f the program i s i n t e r a c t i v e , make i t output a shor t no t i c e l i k e t h i s
when i t s t a r t s in an i n t e r a c t i v e mode :

315 Gnomovision ve r s i on 69 , Copyright (C) year name o f author
Gnomovision comes with ABSOLUTELY NO WARRANTY; f o r d e t a i l s type ‘ show w’ .
This i s f r e e so f tware , and you are welcome to r e d i s t r i b u t e i t
under c e r t a i n cond i t i on s ; type ‘ show c ’ f o r d e t a i l s .

320 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 , the commands you use may
be c a l l e d something other than ‘ show w’ and ‘ show c ’ ; they could even be
mouse− c l i c k s or menu items −−whatever s u i t s your program .

325 You should a l s o get your employer ( i f you work as a programmer ) or your
school , i f any , to s i gn a ” copyr ight d i s c l a ime r ” f o r the program , i f
nece s sa ry . Here i s a sample ; a l t e r the names :

Yoyodyne , Inc . , hereby d i s c l a ims a l l copyr ight i n t e r e s t in the program
330 ‘ Gnomovision ’ ( which makes pas s e s at compi l e r s ) wr i t t en by James Hacker .

<s i gna tu r e o f Ty Coon>, 1 Apr i l 1989
Ty Coon , Pres ident o f Vice

335 This General Publ ic L i cense does not permit i n co rpo ra t i ng your program in to
p rop r i e t a ry programs . I f your program i s a subrout ine l i b r a ry , you may
cons id e r i t more u s e f u l to permit l i n k i n g p rop r i e t a ry app l i c a t i o n s with the
l i b r a r y . I f t h i s i s what you want to do , use the GNU Lesse r General
Publ ic L i cense in s t ead o f t h i s L i cense .

9 MuAtom.hs

{−# LANGUAGE BangPatterns , RecordWildCards , Rank2Types , F l ex ib l eContext s #−}

{−

5 gmndl −− Mandelbrot Set exp l o r e r
Copyright (C) 2010 ,2011 ,2014 Claude Heiland −Allen <claude@mathr . co . uk>

This program i s f r e e so f tware ; you can r e d i s t r i b u t e i t and/ or modify
i t under the terms o f the GNU General Publ ic L i cense as publ i shed by

10 the Free Software Foundation ; e i t h e r v e r s i on 2 o f the License , or
( at your opt ion ) any l a t e r v e r s i on .

This program i s d i s t r i b u t e d in the hope that i t w i l l be use fu l ,
but WITHOUT ANY WARRANTY; without even the impl i ed warranty o f

15 MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Publ ic L i cense f o r more d e t a i l s .

You should have r e c e i v ed a copy o f the GNU General Publ ic L i cense along
with t h i s program ; i f not , wr i t e to the Free Software Foundation , Inc . ,

20 51 Frankl in Street , F i f th Floor , Boston , MA 02110−1301 USA.

−}
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module MuAtom (muAtom, r e f i n eNuc l eu s ) where
25

import Data . Ratio ( numerator , denominator )
import Data . L i s t ( gener i c Index , g en e r i cSp l i tA t )
import Data . Vec ( NearZero ( ) )
import Numeric .QD (QuadDouble ( ) )

30 import Roots ( root2 , root4 , l i f t , FF)
import Complex (Complex ( ( :+) ) , magnitude , phase , c i s , mkPolar , normal ize , Turbo )

type N = Int eg e r
type Q = Rat iona l

35 type R = QuadDouble
type C = Complex R

−− a Mandelbrot Set mu−atom

40 data Atom = Atom{ nuc leus : : !C, per iod : : !N, root : : !C, c a rd i o i d : : ! Bool }
de r i v i ng Show

cont inent : : Atom
cont inent = Atom 0 1 1 True

45

−− f i n d i n g bond po in t s

f d f : : ( I n t e g r a l i , Num c ) => i −> c −> c −> ( c , c )
f d f ! n ! z ! c = l e t ( f z s , f z : ) = gene r i cSp l i tA t n $ i t e r a t e (\w −> w ∗ w + c ) z

50 in ( fz , 2 ˆ n ∗ product f z s ) −− [ f i z c | i <− [ 0 . . n − 1 ] ]

bondIter : : ( Real r , F loat ing r ) => I n t eg e r −> Complex r −> FF [ ] [ ] r
bondIter ! n ! ( br :+ bi ) [ x0 , x1 , x2 , x3 ] =

l e t ! z = x0:+x1
55 ! c = x2:+x3

! b = l i f t br :+ l i f t b i
( ! fz , ! d f z ) = f d f n z c
! ( y0 :+ y1 ) = f z − z −− f n z c − z
! ( y2 :+ y3 ) = dfz − b −− df n z c − ( l i f t br :+ l i f t b i )

60 in [ y0 , y1 , y2 , y3 ]
bondIter = e r r o r ”MuAtom. bondIter : i n t e r n a l e r r o r ”

−− f i n d i n g nuc leus

65 l : : ( I n t e g r a l i , Num c ) => i −> c −> c
l ! n ! c = ( ‘ gener i c Index ‘ n) . i t e r a t e (\ z −> z ∗ z + c ) $ 0

nu c l e u s I t e r : : ( Real r , F loat ing r ) => I n t eg e r −> FF [ ] [ ] r
nu c l e u s I t e r ! n [ x0 , x1 ] =

70 l e t ! c = x0 :+ x1
! ( y0 :+ y1 ) = l n c

in [ y0 , y1 ]
nu c l e u s I t e r = e r r o r ”MuAtom. nu c l e u s I t e r : i n t e r n a l e r r o r ”

75

r e f i n eNuc l eu s : : ( NearZero r , Real r , F loat ing r , Turbo r ) => I n t eg e r −> Complex⤦
Ç r −> ( r , r , r )

r e f i n eNuc l eu s p root@ ( gr :+ g i ) =
l e t eps = 1e−20 −− FIXME
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[ cr , c i ] = root2 eps ( nu c l e u s I t e r p) [ gr , g i ]
80 [ , , b0r , b0 i ] = root4 eps ( bondIter p ( 1) ) [ cr , c i , cr , c i ]

[ , , b1r , b1 i ] = root4 eps ( bondIter p (−1) ) [ cr , c i , cr , c i ]
bond0 = b0r :+ b0i
bond1 = b1r :+ b1i
r = magnitude ( bond1 − bond0 )

85 in ( cr , c i , r )

−− f i n d i n g descendants

muChild : : Atom −> Q −> Atom
90 muChild !Atom { . . } ! address =

l e t −− some p r op e r t i e s o f the parent and i t s r e l a t i o n to the ch i l d
! s i z e = magnitude ( root − nuc leus )
! address ’ = f romInteg ra l ( numerator address ) / f r omInteg ra l ( denominator ⤦

Ç address )
! ang le = 2 ∗ pi ∗ address ’

95 ! ( bar :+ bai ) = c i s ang le
! bondAngle = bar :+ bai
! c h i l d = per iod ∗ denominator address
−− perturb from the s t ab l e nuc leus to help ensure convergence to the bond ⤦

Ç point
! i n i t i a l @ ( i r :+ i i ) = nuc leus + mkPolar ( s i z e / 2) ( phase ( root − nuc leus⤦

Ç ) + ang le )
100 [ , , br , b i ] = {−# SCC ”bond” #−} root4 eps ( bondIter per iod bondAngle ) ⤦

Ç [ i r , i i , i r , i i ]
! bondPoint = br :+ bi
−− es t imate where the nuc leus w i l l be
! rad iusEst imate

| c a rd i o i d = s i z e / m2 ∗ s i n ( p i ∗ address ’ )
105 | otherwi s e = s i z e / m2

where m2 = f romInteg ra l ( denominator address ) ˆ (2 : : N)
! de l taEst imate = bondPoint − nuc leus
! guess@ ( gr :+ g i ) = bondPoint + ( rad iusEst imate :+ 0) ∗ normal ize ⤦

Ç de l taEst imate
−− r e f i n e the nuc leus e s t imate

110 [ cr , c i ] = {−# SCC ”nuc leus ” #−} root2 eps ( nu c l e u s I t e r c h i l d ) [ gr , g i ]
! ch i ldNuc l eus = cr :+ c i
eps = rad iusEst imate / 10000000

in Atom ch i ldNuc l eus ch i l d bondPoint Fa l se

115 muChildren : : Atom −> [Q] −> [Atom ]
muChildren ! a [ ] = [ a ]
muChildren ! a (q : qs ) = l e t b = muChild a q in a : muChildren b qs

−− i n t e r f a c e to the out s id e world
120

muAtom : : [Q] −> (R, R, R, N)
muAtom qs =

l e t Atom { . . } = l a s t $ muChildren cont inent qs
r :+ i = nuc leus

125 s = magnitude ( nuc leus − root )
p = per iod

in ( r , i , s , p )

10 Roots.hs
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{−# LANGUAGE BangPatterns , Rank2Types , ScopedTypeVariables , F lex ib l eContexts , ⤦
Ç NoMonomorphismRestriction #−}

{−

5 gmndl −− Mandelbrot Set exp l o r e r
Copyright (C) 2010 ,2011 ,2014 Claude Heiland −Allen <claude@mathr . co . uk>

This program i s f r e e so f tware ; you can r e d i s t r i b u t e i t and/ or modify
i t under the terms o f the GNU General Publ ic L i cense as publ i shed by

10 the Free Software Foundation ; e i t h e r v e r s i on 2 o f the License , or
( at your opt ion ) any l a t e r v e r s i on .

This program i s d i s t r i b u t e d in the hope that i t w i l l be use fu l ,
but WITHOUT ANY WARRANTY; without even the impl i ed warranty o f

15 MERCHANTABILITY or FITNESS FOR A PARTICULAR PURPOSE. See the
GNU General Publ ic L i cense f o r more d e t a i l s .

You should have r e c e i v ed a copy o f the GNU General Publ ic L i cense along
with t h i s program ; i f not , wr i t e to the Free Software Foundation , Inc . ,

20 51 Frankl in Street , F i f th Floor , Boston , MA 02110−1301 USA.

−}

module Roots ( root2 , root4 , FF, l i f t ) where
25

import Prelude h id ing ( zipWith )
import Data .Maybe ( fromJust )
import Data . Functor ((<$>) )
import Data . Vec ( toL i s t , so lve , fromList , matFromLists , zipWith , Vec2 , Mat22 , ⤦

Ç Vec4 , Mat44 , NearZero ( nearZero ) )
30 import Data . Re f l e c t i o n ( R e i f i e s )

import Numeric .AD ( jacobian ’ , auto )
import Numeric .AD.Mode . Reverse ( Reverse )
import Numeric .AD. I n t e r na l . Reverse (Tape )
import Numeric .QD (QuadDouble ( ) )

35

l i f t = auto
type FF f g a = f o r a l l s . R e i f i e s s Tape => f ( Reverse s a ) −> g ( Reverse s a )

root2 ’ : : f o r a l l r . ( F rac t i ona l r , NearZero r , Ord r ) => r −> FF [ ] [ ] r −> ⤦

Ç Vec2 r −> Vec2 r
40 root2 ’ eps f ! x = go x

where
j f = jacobian ’ f
go x0 =

l e t ( ys , j s ) = unzip $ j f ( t oL i s t x0 )
45 y = fromList ( negate <$> ys ) : : Vec2 r

j = matFromLists j s : : Mat22 r
dx = fromJust $ s o l v e j y
x1 = zipWith (+) x0 dx

in i f a l l ( not . (> eps ) ) ( abs <$> ys )
50 then x0

e l s e i f a l l ( not . (> eps ) ) ( abs <$> t oL i s t dx )
then x1
e l s e go x1
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55 root2 : : ( F rac t i ona l r , NearZero r , Ord r ) => r −> FF [ ] [ ] r −> [ r ] −> [ r ]
root2 eps f = toL i s t . root2 ’ eps f . f romList

root4 ’ : : f o r a l l r . ( F rac t i ona l r , NearZero r , Ord r ) => r −> FF [ ] [ ] r −> ⤦

Ç Vec4 r −> Vec4 r
root4 ’ eps f ! x = go x

60 where
j f = jacobian ’ f
go x0 =

l e t ( ys , j s ) = unzip $ j f ( t oL i s t x0 )
y = fromList ( negate <$> ys ) : : Vec4 r

65 j = matFromLists j s : : Mat44 r
dx = fromJust $ s o l v e j y
x1 = zipWith (+) x0 dx

in i f a l l ( not . (> eps ) ) ( abs <$> ys )
then x0

70 e l s e i f a l l ( not . (> eps ) ) ( abs <$> t oL i s t dx )
then x1
e l s e go x1

root4 : : ( F rac t i ona l r , NearZero r , Ord r ) => r −> FF [ ] [ ] r −> [ r ] −> [ r ]
75 root4 eps f = toL i s t . root4 ’ eps f . f romList

i n s t ance NearZero QuadDouble where
nearZero x = not ( abs x > 1e −60) −− NearZero Double has 1e−14

11 Setup.hs

import D i s t r i bu t i on . Simple
main = defaultMain
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