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— Reverse.hs —
-> [t]

rev :: [t]
rev
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Array Indexing

Il'is included in the Prelude of Hugs
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Functional Arrays

— FunctionalArray.hs —

nodul e Functional Array where

data Treet = Leaf t | Nodet (Tree t) (Tree t)
type Func_array t = [(Int,Tree t)]

Iist _enmpty = Func_array t
lis |senpty Func_array t -> Boo
Ilst _head .. Func_array t ->1t
list_tail :: Func_array t -> Func_array t
I|st cons 2t ->Func_array t -> Func_array t
list lookup :: Func_array t ->Int ->t
Ilst “update :: Func_array t ->Int ->t -> Func_array t
tree_ lookup :: Int -> Treet ->1Int ->t
tree_update :: Int -> Treet ->1Int ->t -> Tree t
tree_|l ookup size (Leaf e) 0 = e
tree_| ookup size (Node e t1 t2) 0 = e
tree_l ookup size (Node e t1 t2) i

| i<=size’ = tree_lookup size t1 (i-1)

| otherwise = tree_l ookup size’ t2 (i-1-size’)

where size’ div size 2

tree_update size (Leaf e) O v = Leaf v
tree_update size (Node e t1 t2) O v = Node v t1 t2
tree_update size (Node e t1 t2) i v
| i<=size’ = Node e (tree update size' t1 (i-1) v) t2
| otherwise = Node e t1 (tree_update size t2 (i-1-size') v)
where size' = div size 2
Iist _empty =[]
l'is |senpty [T = True
list isenpty @ = Fal se
Iist head ég_,Leaf e): ) = e
list_head “,Node e " ): ) =e
list_tail EE ,Leaf e):1) =1 _ _
list_tail S|ze Node e t1 t2):1) = ((size ,tl):(size ,t2):1)

where size' = div S|ze 2
ist_ cons e ((sizel,tl):(size2,t2):1
| sizel==size2 = ((1+2*sizel),Node e t1 t2):1
| otherw se = ((1, Leaf e):(sizel, tl):(size2,t2):1)
list cons el = ((1,Leaf €):1)
list_lookup ((size,t):I)
| i<size = tree_|l ookup size t
| otherwise = list_lookup | (i-size)
i st _update ((size,t):l) i v
| 1<size = ((size,tree_update sizet i v):1l)
| otherwise = ((size,t):list_update | (i-size) v)



Functional Arrays: Performance
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Stacks

— Stack.hs —

nodul e St ack where
type Stack t = [t]

push ;. Stack t ->t -> Stack t
pop ;. Stack t -> (t,Stack t)
enpty :: Stack t
push | e = (e:l)
pop (e:l) = (e, l)
empty = []
Queues
— Queuel.hs —
nmodul e Queue where
type Queue t = [t]
inject :: euet ->t -> Queue t
pop s eue t -> (t, Queue t)
enpty :: eue t
infject | e =1 ++ [€]
pop (e:l) = (e, )
enpty = []
— Queue2.hs —

nmodul e Queue where
type Queue t = ([t],[t])

inject :: euet ->t -> Queue t
pop s eue t -> (t, Queue t)
enpty eue t

inject (lI,r) e = (I,(e:r))

BoB HET (a1 =" od tFerse (eiry, (1)

enpty = ([1.[])



Queues: Real-time

— Queue3.hs —

nmodul e Queue where
type Queue t = ([t],[t],Wrk t)

I nj ect s euet ->t -> Queue t

pop - eue t -> (t, Queue t)

enpty D eue t

progress :: eue t -> Queue t

progress’ :: eue t -> (ueue t

data Work t = NI | Rev [t] [t] | Cat Int [t] [t] [t]

inject (l,r,w) e = progress(progress(progress (l,e:r,w))
pop (e:l,r,w) = (e, progress(progress(progress’ (l,r,w))))
enpty = ([],[].NT)

progress (I,[],Nil) = (I,[],NI)

progress (I,r, Nl = progress I,{%,Rev [1 )
progress (I,r,Rev 11 (e:rl)) = (l,r,Rev (e:l1) r1)

progress (I,r,Rev 11 []) = progress (l,r,Cat O [ 11
progress (l,r,Cat s r e:l1) 12) = (l,r,Cat (s+1) (e:rl1) I1
progress (l,r,Cat 0 rl1 [] 12 = (12, r,NI)

progress (I, r,Cat 1 (e:rl 12) = ((e:12),r, Nl

progress (I,r,Cat s (e:rl 12) = (I,r,Cat (s-1) r1 [] (e:12))
progress’ (l,r,Cat s r1 11 12) = progress (l,r,Cat (s-1) r11112)

progr ess’ & = progress w



Double Ended Queues

— Deque.hs —

nodul e Deque where
type Queue t = [t]

ush s euet ->t -> eue t
Bop - Eﬂeue t -> (t,cpgﬂe t)
inject :: Queue t ->1 -> Queue t
eject :: Eﬂeue t -> (t, Queue t)
enpty eue t
push | e =[e] ++ |
pop (e:1) = (e.1)

Inject | | ++ [ €]

ej ect e] = (e,[])

eject (e:l) = (e ,e:l")
where (e ,1’) = eject |

enpty = []

Deques: Amortized Constant

— Deque2.hs —

nodul e Deque where
type Queue t = ([t], [t])

ush eue t ->t -> Queue t
Bop s Eﬂeue t -> (t Cpgﬂe t)
Inject :: Queue t ->1t -> Queue t
eject Eﬁeue t -> (t Queue t)
enpty eue t
push (l1,r) e = (e:l,r)
pop (e:l,r) = (e (1))
0 = po |’ )T
Pop E[] ) ahgré [’ —r%verse (drop s r)
r' =t ake
s=di v (Iength ry 2
inject (l,r) e =(l,e:r)
eject (l,e:r) = (e, (l,r
e}ect § [])) miecg (I)?r’)
ere | =take s |
"=reverse (drop s |)
s=div (length I? 2

enpty = ([1.[1])



Binomial Queues

— Binomial.hs —

nodul e Bi nom al Q where
data Treet = Node t Int [Tree t]
type BinomalQt = [Tree t]

enpty Odt =>BinonmalQt

i s_enpty Odt =>BinomalQt -> Bool _

i nsert Odt =>BinomalQt ->t ->BinomalQt. _
meld Odt =>BinomalQt -> BinomalQt ->BinomalQt
find_mn :: Odt = BinomalQt ->t _

delete_ min:: Odt => BinomalQt -> BinomalQt

link (Node el r1 cl) (Node e2 r2 c2)
| el<e2 = Node el (rl1 +1) ((Node e2 r2 c2):cl)

| el>=e2 = Node e2 (r2 +1) ((Node el r1 cl):c2)
ins H v = [V]
i ns Node el rl cl1):1) (Node e2 r2 c2)

| r2<ri ((Node e2 r2 c2):(Node el r1 cl): 1)

| ri==r2 =ins | (link (Node el r1 cl) (Node e2 r2 c2))
enpty = []

is_enmpty q = null ¢
insert ge =ins g (Node e 0 [])
mel d =
mel d [][\l]: = 3
nmel d (( de el rl cl):11) ((Node e2 r2 c2):12)
| ri<r2 = ((Node el r1l cl):(meld |1 ((Node e2 r2 c2):12)))
| ri>r2 = ((Node e2r2 c2):(meld 12 ((Node el rl cl1):11)))
| ri==r2 =ins (nmeld 1 12) (link (Node el r1 cl1) (Node e2 r2 c2))
find_rﬁn££l\lodeer cg] e . _
find_mn Node e r I):mne(flnd_mnl)
delete_mngqg=neld | (reverse c)
where ((Node e r c),| get _m
get_m_nQENodeer cg] ((Nodeer c),[1)
get_mn Node e r ¢
| e<el = ((Node er c),l)
| e>=el = ((Node el r1l cl) ((Node e r c):11))
where (Node el r1 cl1,11) = get_mn |



Skew Binomial Queues

— SkewBQ.hs —

nodul e SkewBQ wher e
data Treet = Node t Int [Tree t] [t]

type SkewBQt = [Tree t]

enpty Odt => SkewBQ t

is_enpty Odt => SkewBQt -> Bool

i nsert Odt =>1t -> SkewBQt -> SkewBQ't

meld Odt => SkewBQt -> SkewBQt -> SkewBQ t
find_mn :: Odt => SkewBQt ->t

delete_ min:: Odt => SkewBQt -> SkewBQ't

link Odt =>Treet -> Treet -> Tree t

skew | i nk Odt =>t ->Treet -> Treet -> Tree t
rank (Node _ r ) =

element (Node e = ) = e

[ink (Node el r1 cl z1) (Node e2 r2 c2 z2)
| el<=e2 Node el (r1 + 1) ((Node e2 r2 c2 z2):cl) z1

| el>e2 Node e2 (r2 + 1) ((Node el r1 cl z1):c2) z2
skew |ink e vl v2

| e3<=e = Node e3 r3 ¢3 (e:z3)

| e3> = Node e r3 c3 (e3:23)

where (Node e3 r3 ¢3 z3) = link vl v2

enpty = []
is_enmpty q = null ¢
insert e (vi1l:v2:1)
| rank vl==rank v2 = ((skew_link e vl v2):1)
| otherwise = ((Node e O [] []):vl:v2:1l)
insert el = ((Node e O[] []):1)
ins vV =
i ns £%1I) LZ]
| rank v1> rank v2

| rank vl==rank v2
uni qi f =
un|g|f¥ E%'I)[L ins | v
meld_unique [] | =1
mel d_uni que [1 =1
mel d_uni que (v1: Il) (v2:12)
| rank vi<rank v2 = (vi1:(meld_unique |1 (v2:12)))
| rank vl1>rank v2 (v2: (meld_unique 12 (v1:11)))
| otherw se ins (meld_unique I'1 12) (link vl v2)

meld 1112 = nmeld unique (uniqgify 1'1) (unigify |2)

(v2:v1:1)
ins | (link vl v2)

find_mn Qv] = elenment v _ _
find_mn (v I) =mn (element v) (find_mn )
delete_mn q = foldr |nsert (neld | (reverse c¢)) z
\mme((md ercz) E get_ mnq
get_mn [ V] (v.[1)
get mn (v U
| element v< elenment vl = (v, 1)
| element v>=elenent vl = (vi,v:Il1)
where (v1,11) = get_mn |



Data Structural Bootstrapping: Constant Time Meld

— BootSkew.hs —
nmodul e SkewRoot where
i mport SkewBQ
data Boot Skewt = Enpty | Nonenpty (EImt)
data Elmt = Elenment t (SkewBQ (EImt))

instance Eq t => Eq (EImt) where
(Element el ql) == (Elenent e2 g2) = el == e2

instance Odt => Od E mt) where

(El emrent el gl) <= (Elenment e2 gq2) = el <= e2
enpty’ ;. Odt => Boot Skewt
i s_enpty’ . Od t => Boot Skewt -> Bool cew

- -3 )

InFSrt 8:8 % => Eoot Sﬁgevtts ey Bo tSEgevttS ey Eoot Skew t
find_mn’ Od t => Boot Skew t —>
delete_mn’ :: Ordt => BootSkewt -> Boot Skew t
enpty’ = Enpty

is_enpty’ Enpty = True
is_enpty’ (Nonerrpty ) = Fal se

insert’ e q = neld (Nonenpty (Elenent e enpty)) g
mel d’ EnEty q = q

mel d’ ?No%m%ty (El enment el ql)) (Nonenpty (Elenment e2 g2))
| el <= e2 = Nonenpty (Elenment el (insert (Element e2 g2) ql))
| el > e2 = Nonenpty (Elenment e2 (insert (Element el gql) g2))

find_nmn (Nonenpty (Elenent e )) = e
delete mn’ (Nonenpty (Elemrent _ q))
| is_enpty q = Enpty
| otherwise = Nonenpty (Elerment el (meld gl g2))
where Elenment el ql = find_nmin q
g2 = delete_mn g

10
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List Catenation v.s. Lazy Evaluation

take n ([ 1.
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take n ([1..100]++(reverse [101..200]))
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Search Treesv.s. Lazy Evaluation

— SearchTree.hs —
nodul e SearchTree where
data Tree t = Enpty | Node t (Treet) (Tree t)

menber o Odt => -> Tree t -> Bool
[1stToTree :: Odt ->[t] -> Tree t
menber x Enpt = Fal se

menber X (rl\Tlgdg el r)
| x==e = True

| x<e = menber x |
| x>e = menber x r
li stToTree{] = Enmpty
listToTree :Nodee(llstToTreeIeft) (l'istToTree right)
where (e:11) = 1|
left =[ x| x<-11, x<=e ]
right =1 x| x<-11, x>e ]

1) Apply |l i st ToTr ee to a list with 1000 random numbers

2) Apply menber with 1000 random numbers

12
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Search Treesv.s. Lazy Evaluation
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Queuesv.s. Lazy Evaluation

— Queued.hs —

nmodul e Queue where

type Queue t = (Int,[t],Int,[t])

inject :: euet ->t -> Queue t
s eue t -> (t, Queue t)

po s
adfust s Eﬁeue t -> Queue t
enpty eue t
si ze i: Queuet ->Int
inject (sl,l,sr,r) e = adjust (sl,l,sr+1,e:r)
pop (sl,e:l,sr,r) = (e,adjust (sl-1,1,sr,r))
adj ust (sl,l,sr,r)

| sl >=sr = (sl,l,sr,r)

| otherwise = (sl+sr,l++(reverser),0,[])
empty = (0,[],0,[])
size (sl, _,sr, ) = sl + sr
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Listswith Lazy Catenation

— CatList.hs —
nodul e Cat Li st where
i mport Queue
data List t = Enpty Non_enpty (Node t)
data Node t = Node t (QJeue(Nodet))
makel i st t -> List t
hd List t ->1t.
tl o List t -> List t )
catenate :: List t -> List t -> Llst t

il e t -> Node -> Node t

“Hilz_children s QJeue ( Node t) ts Node t
nmekeli st e = Non_enpty (Node e enpty)

hd (Non_enpty (Node e 1)) = e

tl (Non_ enpty (Node _c))

| size ¢ == = Enpty

| otherw se = Non_enpty (link_children c)
catenate E tyI = |
catenate IWE = |

catenate (Non errpty vl) (Non_enpty v2) = Non_enpty (link vl v2)
link (Node e ¢c) v = Node e (inject c v)

link_children c
| size c ==1
| otherw se

chd
link chd (link_children ctl)
where (chd,ctl) = pop c

16



Reversing Lists

— Reverse.hs —
rev :: [t] ->[t]

¥§¥ “e:lz)[]: (rev ) ++ [€]
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