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10 o

1.1 O00O0ond

000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
00000000000000000 (1J000000000000000000
00000000000000([2,3,40000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
0000000000002 500000000000000000000 [3]
0000000000000000000B0000000000000000
000 (fusion) 0000000000000 (fusionlaw) 00000000004
000000000000000000000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000000

1.2 00000
0000000000000000000000000000000000000

1.3 0O00onoooon

000000000000O000 0000000000000 ODOOOD
gogoobbbbbtbooogooooobobboboobbooaobooagd
Ob0ob0oboboooobo0oobOl HylomorphismOOOOOOOOoOOoOO
00 [7,80000000Hylo fusion0 00000000000 OOOOOOOO
Ooboooboobobob0oo0obo0ob0oob0o0b0odbOd Haskell OO
10b0b0ouogobooagon

gogobbbbbouoooooobbbbbboooooobobbbboadao
gogbbobuoogobbboooobbbuoono



1.4 000000

000000000 (020)
0000000000000000000000000000000000
0D000000000000000000000000000000000
0000000000000

O000000oooooooooooo (os30)
gbobobobooooboboboboboobobobobobon
googod

O000000O0oooo (040)
00000000 HylomorphismOOOOOOOOOOOOOOOODOOO
00 Hylo fusion0 O OO0O0O0OO0OOODOOO

O00000000ooo (0s50)
gbobobobooooboboboboboobobobobobon
gboobgooboooo

0o (De60)
000000000000000000000000



20 O4000ooggn

googbbbbuodooooooooooobbbboobbobbbooogd
gobboobudgboobbooobuooboobbobobooboobboo
gogoobbbobobbbobbbudoooooobobbbobbooagd
gboboodbbuogbobbooobbboooobboobbobobbodobboo
gbbogbobbooobboogobuogboobboobobbobuoobobo
gogobbbbbbuoooooobbbbbouoooooobbobbbboadoo
gogbobobogoobobodad

21 O00OO0OO0O0O0O0O0

gogooobooobobbboooooilgooobobbbbbouooooo
Nat == Zero | Succ Nat

b0 NetOUOOODOODOODDOODOOODODOODODOODDOO2000
gooobooobognd plusd

plus m Zero = m

plus m (Succn) = Succ (plus m n)

ooboooooooobbooo2000b000000gbDO mueltd 00O plusO
gogooboogno

mult m Zero = Zero

mult m (Succn) = plus m (mult m n)

00000000000000000000000000 (currying)[9, 100000
gogoobobobobooooooooobboobbboooooooobobobboood
gogobobbbbbuoooooobbbbbooooooobbobboogd
0000000000000 (definition by structural recursion)[1] 000000
ggooobod

f Zero =
f (Sucen) = h(fn)



ggobbbbbbuooooobbbbbouooooobbobobbboago
goooboooooboooUooboOobUobOobOobOobODbUoDbD fOooOobOOO
O0ob0obDOoboooOn Zerod cOODOO0OOOSuecc ROODOOOOOOO
o0oooobDbOooooognD fo

f= ([Cv hD

00000000000000000000000000oooooooog(,)
gogbbobuoooobbooooboboooobboooon

plus m = (m,Succ)
mult m = (Zero,plus m)
expn m = (1, mult m])

0000000000(,A) 0000000000000 (homomorphism) O O
000000000000000000000 (catamorphism) 000000 [1]0
00000000000000000000000

22 0O00O0OO0O0OOOOO

gooooNdODDO0b0b0oobDbooobob «boobbbooobo
gogbobobooogoboo

Listr a ::= Nil | Cons («, Listr «)
ggbodbogoboobognboobogboobboobognbobogon
map [ lai,az,...,a,] = [f a1, f ag, ..., f a,)

0000000 bOOo0obOOoooOonD fO0D0O0O0ODO0O maepOO

map f Nil = Nil
map f (Cons (a,z)) = Cons (f a, map f x)

ggbbbuooogbbboooobbbooogbon

fNil =
f (Cons (a,x)) = h (a, fx)

00O000O0o0obO0oooboooooo fo
f:([c>h])
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0000000000000 0000(,A)00000000000ODOOO0OOO
OO0 MO cOOConsO hOODOO0OODOOOOODOODOOODOOODOODO
00000000oooooO (, )bo000000000000000 mapO

map f = (Nil,h)
where h (a,x) = Cons (f a, x)
gogouoobobobbobbooooooooouobobbbbboooooooo
sum = (0, plus)
product = (1, mult))

0000000000 (e,h)D0000DODODOCODOOOO0 (homomorphism) OO
00000000000 0000000000 (catamorphism) 000000 [1)0

23 UO0OO0OOOOO

000000000 (binary trees) 0000000000000 ODOOOCOO
oU0D00O00O0OOO0O0OOD 200000000000b000000O0O0O0OO

Tree a == Tip a | Bin (Tree o, Tree «)

gogobobbobbbuoogogobbobbouooogobobobbouogd
ggbbbuoobbbboooobbbuoooobh sizell O

size (Tipa) = 1
size (Bin (x,y)) = sizex + sizey
gogooobobobobbbooooooooooooobooobo
f(Tipa) = ga
f(Bin (z,y)) = h(fz [y
00000000000 0D0D00On fo

f={(g,h)

O0000oooOooO0ooooOoooooOoo(e,A)DO0DOO0ODOODOOOOO
ooooono TipO gO00BmO AO00000O0OOODOOO0OOOOOOO0O
O000ooooooooooood (, )booo0ooooooooooooo
size

size = ([one, plus))

where one a = 1



ggbbobugoobbboooobobbbuoodoboo

depth = (zero, (Succ o bmax)))

where zero a =0

oobooooobooogboOmex00b00D0O0O0O0O0OOOODOOOODO
O0000000000000(¢,R)D00D000O00D0O0O0O0OO (homomorphism)
O0000000000000000D0000000 (catamorphism) 000000
[1]0

24 0O00O0O0O0OOOOO

gogggobobbbbuooooooobobbbbbbbbbbouodgoaao
gbboodboboobbbooobuoobooobuoobooobbuooboo
gboboogobodgbodgbbobobboobboobbbobobooboobbo
gbbogobodbogoogbobooobuoobobobbooboogbboo
goggobbbbbbbudooooodoooooobbbbbbbooaao
gbobogbuogoogbobooogbboobbuooobooobbuoonoboo

241 000001

ggbbbooobbbuoooobbod

Graph = FEmpty
Edge
Vertmn

Graph | Graph

|
|
| Swapm,,,
|
| Grapthraph

00000000000000000000000000000000000 60
0000 Empty, Edge, Verty,, Swapm,, |, $ 000000 B)0000000
00000000000 0000

e Empty 00 0ODOO0ODOOODOODOODO
e FdgeO O 2100000000 OODODO

o Vert,,, 00000000 mOOOOO0OO00O nOO0D0OO0DOO0ODOOOOOO
OdbObOVerts, 00O 2200000000000

6



0 2.1: Fdge
\

/ \
O 2.2: Vertss

o Swap,, 0000000 nOOO0O0O0O0COO0»OOOOO0O0OOOO0O0O n
00000000 .00000000000000000Swaps,00 230
gobbooooobo

ez |y00O0O02x0000y00O0O000D00O0OO0OOOOOOOOOOODO
Vertio]Vert,, 00 2400000000000

ez y0000,00000000000y0000000000000C
00000000 Verty; Y Vert; 200 2500000000000

goobbbobbouoooooobobbobbouooooooobbobobbodad
00000000000000000000 3000000000000 000O
goobobbeoouooooobbbbbbboobbbbbbbobooougd
gbgoboobobboobolbgobobbobboobooboobob 26
ggbooobooon

(3 X VeTt072> 8
(Edge | ((2 x Swapy 1)y (Edge | Swapy ;1 | Edge)) | Edge) §
(2 X Vert370)

ggbbobouoodobbbooodgn

(3 x Vertoa) §

(Edge | (2 x Swapy 1) | Edge) §

((2 x Edge) | Swapy, [ (2 x Edge)) 3
(2 x Verts)

O 2.3: Swaps



O
—=(—

O 2.4: beside

O—0O

O 2.5: before

0000000000000 0D0000Omxz00mO0 20 |00000O0OO
Ubooobouobodobodboiidx Vertye U

Verto’g I] V@T’tog H Vertgg

ggod
gogbbobuoooobbbuoogoon

f Empty = a
f Edge = b
fVertynn = Unn
f Swap,, = Smn
f@ly) = faafy
[(zoy) = fz@fy
0000OoO00o0oOoooooooo fa

([a7 b) /U’ S? @’ ®])

O
O

U 2600000000001



00000000000000000000000(a, b, v, s, ® ®)00000
O0000000000000 Empty0 a00 FEdged bO00OVertd v0O0O Swap
DSDDHD @DDSD QUIOOD0O0OOOO0000000000000COOOn
oooooooooooo(,,,,,)000000000000000000on
goooooon
(Empty, Edge, v, s, |, ®)
where vy, , = Vert, m, Sman = Swap, m, t®u:ugt,
0odoooooooooodoouooodd sp0doooooooonn
Sp:qa7b7/0787@7®])
where

all 0x 000

bUU0DOODO 1x100

U, UOO0OO00O0 10 mxnO0O0

A

C
OO0mOnd0ndmOO000000D0cc0BO COODODOO mO mO
UnUnUi00000000D0O0ODOOOO0OO0DODO ool

B
&mﬂ(m+MXUHWQDDD< D)DDDDDDDDADDDDD

t0«w00000mOn00p0d 00000000000 0Ot®uwO (m+p)

'
D@+®DDDD< OO>DDDD

U

tU«00000m0dp00n0qUU000OO0DDOO0D0Ot®wO00O0
(min,+)00000¢t0«00000000000C0OO

(t®u)i,j:1r<l}€i£l (tix tugy) forl<i<m, 1<j<p
U000 +0000000mn000O00OOOOOOOOOO mMOn0OOOO
goopoOooOoOoOoOoOoDDODODOD (4,j)0000DODODOOO0OCOODODOOOOO

gbb:00boobbuodobbodboobbuodobbodygobbodbobo
gogbbobouogoboboboooobobd 270

Vertm 8 ((VGTtLl 8 V@TtLl) I] V€7”t1?1> 8 V@’f’tz,l
0odooooooooo sp0ddooooon

(1 1)®(((1>®(1)>@<1))®<1>

gobooogd (3)DDDDDDDDD 270gbobooboboobobo
gogbbooba3ggobooooooon



g27n0000000000 2

242 0JOO0O0OO2

gbobobolgbboogbboogbbuooobbooobooobboon
gobogoboobboobooobboobbuooobooobbuoonoboo

goobobobo empty0000000OODO0ODO0ODOODOODOOODOODOO
000000000 (Context) OO0 DOO0O0O0O0O0DOOOODOOO (4]0

Graph == Empty | Context & Graph
Context = ([Vertez|, Vertex, [Vertex])

O00000000000000000 (Context)D0DD0OO0O0O0O0OOOOOOOO
gogbbobuoogobbiliooooobobooooboobooob

e 11000D0DO00D0OO predecessor(0 00000000 0OOOODO)00OO0OO
e J200000ODOOOOO
e 1300000D00ODOsuccessor(0 000 00O0O0DOOODOOO)0OOO

00000bO00bObO0o0bOo0o0obo0o0oo0bOo0oDbOo0oooOoooobDooon
gobbooooboobo28bboogoboobooobboobbo
oooooog

Empty

goboboogobooobbogobbobboobboobobooobboo
ooo0dooooooonon

([], d; [1) & Empty

d

10



goooobodoooooboooooobob oo boooooo
gooooooooooooooloooooooonoooooon 28000
0000000000000 00O0000000 predecessor O successor O O O
0o0oooboooooodooooooooooooooobooooooegn
goo

([, e, []) & (], d, []) & Empty

d
C

0000L00000
([1, 6, le, d) & ([, ¢, [1) & (), d; []) & Empty

b——>d

/

C

0000«00000
([d]; a, [0]) & ([], b, [e, d) & ([1, ¢ []) & (], d, [1) & Empty

a

/ N\

b——=d

/

C

gbbogbobu28000bougbobuogbbuoudobboobbooboo
goboooogod

e 100000 DODOOODDOODODDOOODODOOO 4]0

e JOUOODLDOOOODLDOUOOODLDDLDUOUODLDLDOOODODDDOO n
O00O000oo0oOxlO00D00D0OO0O

25 UO0OO0OOOOOOO

ggoobbbbbbbtbodoooobooooobobboboboboboodoaao
ggbboboooogboboboooon
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el e4

02800000001

e JOOODO A
e UODOOODOV

e 1IIIIIOIOOOOOOODOOOOOODOIOIOOOOOOOOO
ogd o

O00(V,A,0t,07)04000000000000000000O0O 280000
googo

V. = {a,b,cd}

A = {el,e2,e3,e4}

ot = {(el,b), (€2,¢),(e3,d), (e4,a)}

0~ = {(el,a),(e2,b), (e3,b), (e4,d)}
goododoooooooooooooooogbooogbo oo ooogg

gogobobbobbouooooobobboobbooooooobbobbougo
goooog

251 0O00O0OO0OO0OOOOO

O0000000000O0O0O000ooooooooooo 1o

e 0000 (incidence matrix) 0O OO0
0000000000000000000000000OO0OODO (oo
O00) 000000000000 oooooDo0oooooooo 30000

12



0000000000000000000000 100000000000
000 -100000000000(0000000)0000000000
0000000000000000000000000000000000
000000000000000000000000 (000400000
0ooo)o

(0)02800000000000000210000000000000

el e2 e3 e4
a1 0 0 -1
bi{-1 1 1 0
c| 0 -1 0 O
d{o 0 -1 1

U 21:02800000000000000

e 0000 (adjacency matrix) 00 0000
gogoooooooobbbbbb bbbt dwd oooono
U0«LU0000000000 1000000 oo noonbon
0000000000000 000000000O0000O0O00O0O0OO(O
O0020000000000000)
(0)02800000000000000O2220000000000000

o O o T
O O = OO0
o O~ Ol

8 o0 T o
_— O O O|®

U 22.02800000000000000

252 JUU0bObooooooon

gogobbbobbodooooobbobobbodooooobobbbobodao
0000000 2000000000000000000000 successor(0 00O
0000000000D0)000000000DO0o0o o(0o0)ooooooo
goobbobobbouooooobobobobbooooooobbobboogd
0000000000 100000000000 0000o0oO0ooooooo
000000000000 (adjacency list) 000000000000 O0O00O0OO

13



O0000000 Pascal UDODOOODOODODOOODODODOOODODOO
gobooobNepEdODOO

type LIST = “CELL;
CELL = record
nodeName: NODE;
next: LIST
end;

gooooOopooboboooobogooo
headers: array[NODE] of LIST

ggooououoooobbbbbobbbbib000U00 headers UUOOOU
UU headersUUUUUOUOODOOOODN successor UL DO DODOOOOOOOOO
ggbbobuoooobbboooobbbuoogooon

2.6 U0O0OOO1O00O0OOO2000

gdoob200000oooobobobobobbbboodoooooono 100
gobboboooouobbbuooouobbbooooooubboooooo
gobobbooooobbooogoob20bbooooobboooooon
00100000000 (category) D OO O initial algebra[l] 0 00000 [3]00
0000 20 initial algebra0 0 0000000000000 0OODOOOOOO0O
gobboboood iggoobbuoooouobbbuooobobbuooooo
gooboboooobboooboboboooobboooobo1gbbbooon
oo 20b0b00oooogad

2.7 JO00o0ooooooooooog 200010

gogobobbobboooooooobbobbbouoooobobbboood
gogooobbbbbbboooooobbbobooadg 20b0bb00004a40d
gobboboooobboboogoog280bbougoobobogd

o ([]. d. []) & Empty O dg alalalals

o (I, e [D&(] d []) & Empty0 | ¢ ooooo

S OO0
S O A

14



b ¢ d
b0 1 1
o ()b le d)& (e (D& d ()& BmpyD |0
d{0 0 0
oo
o ([d, a, b)) & ([], b, [e, d]) & ([]. ¢, [])) & ([], d; []) & Empty O
a b ¢ d
al0 1 0 O
b0 0 1 1| 000000
c|0 0 0 O
d{1 0 0 0

gobbobuoooobbbooooobbboooboboboooon

15
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030 Uttt
HRERERERERE

gogobobobobbooooooobbobbuoooooobbbbboogo
gogooobbobobbbboooooooboboobbbbooooo 20004040d
oo loodoouooooooooobbbbbbooogad
O000000000000000000000 (search) 00O [6]0

3.1 00000 (@MDOoDoooon)

gogobbbbbbooooooobbbobbodoooooobobbbadao
gogoobobobbbodoobuooooooooobboboobobbooagd
gogdgobooobobbbbbbbboodoooooobbbbbbbooadao
goobobbobbouooooooobbobbouooooobboboogo
0000000 ufpld0OOOODOOOO0O0OO0OO (4]0

ufold 0 (Contexrt — o — a) — o — Graph — «
ufold f u Empty = wu
ufold fu (c& g) = fc(ufold fuyg)

ggbbobooogboboooobbobooogoon

grev :  Graph — Graph
grev = ufold (A(p,v,s)r . (s,v,p) & r) Empty

ggobbbbbbuoooobbbbbtbod«.uoooobbbbbboagd
ggoobogoad

gmember . Verter — Graph — Bool

gmember v = wufold (\(p,v,s)r . u==v or r) False

ggbobobooogbobobodgo

16



3.2 UO0OOO0OOooooon

gbooobooboobobuoobboooboobboobuooboobobo
googoobooboobboobooobooboobboobuooobboon
gbogoobooboobbuooboobbooboobbooboobbon
gboogobl1boobbooboooboobboobbooobuoobboon
0000000000000 000000000000000000 (4, 1200
googobooobbuoobooboooboobooboobboobobooon
o0b00O00b000o0bO0o0bboboboobbooboobbooboon
O0000000b00c&g00O00DO00O0ODOOOODODOOOODOOOOO
O000O(p,v,s)&g0000 &O0000000O00OOOOOODODOOOODO
gboobooobooboo

3.3 Uooboogn

000000000000 0000000000000000 (depth first search)
ggbbbuoooobbbuoooobbbduooobobogao

e HOUOUOODLODLDOOOOODDOO

e IIUODUIODODOUDUOOUODOOUODOO successor OO onoono
O00000000000000O(successor0 000000000000
000000 successor OO OOOOOOOOOOOONOONO successor
O0000000000oooooOo10000000)

gooooooooooooooooooooooooooooooooooon
(topological sorting) 0 0 0000 00O (connected component) 0000000
0000 (strongly connected component) D0 00000200000 (biconnected
component) 0000000000000 [13, 20

0000000000000 0000000000O0000 [2,40000000
gooooooooooo

depthfold :: (Context — o — o — o) — o — [Vertez]| — Graph — «
depthfold f u vs = fst o depthfold f u vs

gogbobuoooobboooooobooo
e 1100 (f000D0)0D00D0OODOOOOOOOODODOODO

e 1200 (wODODODO)00DOO0UDODODOOODODOOOODOOODDOODO

17



e 1300 (vs0UJU0)IIUDODODODODODODOODODODOODOOOOOOOO
gobl1ogobobogdbliggobooooobbuooobboooboon
gobbuoogobbodobboooobbo200bboobbo20000
ggobobbbouoogobobbuoooobobbooooobooo
goboboodgbobo3ggbbuobogbbuoodobbuooobboobn
O00000000O00ooOOo(@COooo30o0oooo0oooooooooo
O000000000000000 (initial order) 0000000 0OD0O)

e 1400 (yODDOO)000O0ODODODDOODOO
depthfold D0 0000000000 0OO0OOO

depthfold :: (Contexrt — a — a — «)
—a
— [Vertex]
— Graph
— (a, Graph)
depthfold fu [] g = (u,g)
depthfold fu (v:wvs) g=

if (gmember v g) =let ((p,n,s) & ¢') =apm v g
(rl, gl) = depthfold f u s ¢
(r2, g2) = depthfold f u vs gl
n (f (p,n,s) rlr2, g2)

else depthfold f u vs g

UdbO0OepmUDO0OD0DOO0O0O0OOODOOOO0OODOOOOO0O0OOODOOO
000000000000000000000 (depth first forest)[2] DO OO O
Odfs0O000D00DO0O0O0O0O0OODOOn

data Tree a = Node a [Tree al
dfs :: [Vertex] — Graph
dfs = depthfold f ||
where f (p,n,s) rl r2= Nodenrl : r2

3.4 UO0OOOO

ggobbbobbodooooobbobboduoooobbbbboado
goobobbobbouoogoooobobobbouooooobobobboogd

O (breadth first search) D00 00 0000000000000 O0O0OOOOO
gogobobiliooogoobbbobobbbooodooooobobobboogd
goggobbbobbbboilbbbbbtbdoooooooobbobboago
gogbbobouoooobboooooobogb

18



OO00O0oonDOooo breadthfoldD 0D OOOOOODOODO

breadth :: (Context — a — a — a) — a — [ Vertez] — Graph — «
breadthfold f u vs = fst o breadthfold f u vs
breadthfold fu[] g= (u,g)
breadthfold f u (v:vs) g=
if (gmember v g) =let ((p,n,s) & ¢') =apm v g
(r1, g1) = breadthfold f u vs ¢’
(r2, g2) = breadthfold f u s gl
in (f (p,n,s) rlr2, ¢g2)
else breadthfold f w vs g

ooooooooOoobooooobbooD sbooobboobooboboooo

dfs :: [Vertex] — Graph
bfs = breadthfold f ||
where f (p,n,s) rl r2= Nodenr2 : rl

3.5 Ui

ggobobobobboodoooogbbobobbboooooobbobboago
ggobbbbboouoooooobbbbbooooooobbbbbodadao
gogbooogd

0000000000000 0000(O00000DO ph)obooDoooo
gbogbobobbooboobogbouobboobbobbooboboobbo
gbooobooboobbuooboobbooboobbooboobbon
gbogboobuogbouagboboboobobobuogbooboobonobo
0000000000000 00000O0O0O0O00O ploOoDOO0000OoDO
000000000 00o0ooo00ooooo0oooooooo (Doooo)
0000000000000 0O000O00000O000 1000000000 [14]
gboboogbobobobogbuogbogboobboobbboobbobobag1g
OPbPrim0O000000000O0DOO0OO0OODOOOOOOOO00OO0O0O0O0O0D0OO0
gogobbbobbouooooobbbobbouooooobbobboogo
gboogoooogd

gbbooobuoobboosibobodboooobouoobboobuoobbo
00000000000 O00O000ODO00D0O0O000OODO (DLO)bOoooooo

19
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OO0O0O00dn explore000000O00OOOOOO

explore :: ((FrontElemet, o) — «)
— «
— ((Vertez, Value, [ Vertez]) — PriorityQueue

— PriorityQueue)

— (PriorityQueue, Graph)
— o

explore accr W (fs, Empty) =r

explore accr W ((pv,v,d) < fs, (p,v,s) & g)

= acc ((pv,v,d), explore accr W ((v,d,s)W fs, g))

0200 (p,v,s) &g0000000000000O0(0ODOOOOOOODO)OO
gggbobboggubbboooubboooooonbboooobnounoo
0000000000 4000000000000 0oODoUbOooDOooOoOooon
goodgbogoobiggboonooboubgoboobouboboobooo
000000000000 0000000000 accOO (FrontElement,a) — «
gogoboboobooobo -0 Empty 00000 «OOODODODOOO
FrontElement 000 0000000000000 0O0OOO(MOOOOOOO 10O
000000Uooooooooogo)os3gooood

FrontElement = (Vertex, Vertez, Value)

000 FrontElement 0000000000000 00O0DOOOO0O(DOOOO
0)0000D00000000000000D0000OOLO00DUDUDUUDO0d WO
O B O B A B R B A B AR B AR
(v,dys) W fsOOO vO successor 0000 sO00O000O000OO0OOO
00dd fsO00D0ODOO0OO0OO0OO0ODOODOOOOODD fsOOODOOODOODOOO
(priority queue) 0 0000000000 PriorityQueue 10 00O (pv,v,d)< fsO
oooO0ooOoooooOo (v, J00D00D0O0ODO0OCOD fsOODODODDOO
d0o00oooodoooodooooooooooooooooooon explore
0doooooooooooooboboboobooboobooooooooboOn explore
gbooboduodooboououoooououooouoooooouoouo
gooooododoooouodoooouooooooooooooouo
gdododoootootuoouoouoouooooooo

00000o0oooooooooooonexplore0000000OOOOOONO
good

nodeNumber — ::  Graph — Integer
nodeNumber g = explore (AM(z,y).1+y) 0 W (fs,g)

O000wd fsODO0OOooooogo
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U 320000000

3.5.1 00000000000
goodd

O0002000000000000000000 1000000000 [14]0
U0o0000obDobobobodbexplore0000000O0O00OO0OOOOOODO

dijkstra :: Verter — Graph — [( Vertez, Value)]
dijkstra v g = explore accr W (fs,g)
where
acc ((pv,v,d), r) = (v,d) : r
r=1]
(v,d,s) W fs=[(v,v,d+dis v V)]V «— s] X fs
fs=[(v,v, dis v V)|V « ]
fs = toPriorityQueue [(-,v,0)]

goobxuooooogoobboobbbouodooooooobbbobooduago
O0O0000D0OOtoPriorityQuene D000 O00DOO00O0ODOODODOODOOO
0000000000 O0disv 000w 000000000 DODODODO (OO, 0
0000000ooo0)0000000O0ooOo0O0U0OoOooOoOO0OOOooO 3200
OO0 (D00ex0OD0O0)0D00OD00O0100000DO0ODODOOOOODDOODOO,
digkstra lex 000000000 OO0O0O

[(1,0),(3,5),(2,8),(5,9), (4,10), (6,11)]

goon
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goobooo

O00000O0D0O0 (minimum spanning tree) 00000000000 100
Prim0000000 [15|00000000000000 explore0 000000
cooooooogo

prim :: Graph — Tree Vertex
prim ((p,v,s) & g) = explore accr W (fs,g) (Node v |])
where
acc ((pv,v,d),r) =r o addv (pv,v)
r=1d
(v,d,s) W fs=[(v,v,dis v V)|V — s] X fs
fs = toPriorityQueue [(v,v',dis v v')|v" « ]

gddixgooooooboobbbododooooooobobobooogd
OoooogbOoOtoPriortyQueve D000 00000 0OOOOOOOOODOO
gbooobgobdladded

addv :: (Vertex, Vertex) — Tree Vertex — Tree Vertex
addv (pv,v) (Node v' cs) = if (pv == ') then (Node v' ([Node v []] + c¢s))
else Node v' [addv (pv,v) c|c « cs]

0000000000 1000000000 (pv,v) 0000002000000
gbog-0dbdpgobobooboboobobboboooobobon
goobobbobbbouooooooobbobbouooooobbobbboogo
Odfs0i0000000wdv0000000O00O0DOO0OOODOOOOODDOOO
ggbbobuoooobbbuoogobbbuoooobbbooooobood

gogboood

ggobbbbbodooooobobbbbboooooobbbbboodao
o0o00ooooob0obOobo0oobooboDobooboboooooooOon dfsbo

dfs :: [Vertex] — Graph — Tree Vertex
dfs vs g = dfs' (fs,g) (Node _[])
where
fs = toPriorityQueue [(-,v,0)|v < vs]
dfs' (fs, Empty) r =r
dfs' ((pv,v,d) < fs, (p,v,s) & g) r=dfs ((v,d,s)¥ fs,g) (addv (pv,v) r)
(v,d,s) W fs=[(v,0,d—1)|v) «— s] X fs

gobooooooooobooboog dasboboobo0 _obbogbbodwesd
gbobodgbbodb gt bbDh boobuogobbuoobbogbbaod
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o000 _000ooboob0boboboooboob0obuobbdnaddeD

addv :: (Vertex, Vertex) — Tree Vertex — Tree Vertex
addv (pv,v) (Node v ¢s) = if (pv == ') then (Node v' (¢cs + [Node v []]))
else Node v' [addv (pv,v) c|c «— cs]

0000000000 1000000000 (w,v) 0000002000000
000 -0000 p00000000000O000DO0O0O0ODO0ODO dfs 3.50
000000 explore00000000O

dfs vs g = explore accr W (fs,g) (Node _[])
where
fs = toPriorityQueue [(-,v,0)|v < vs]
(v,d,s) W fs=[(v,v',d— 1)) «— s] X fs
r=1d

acc ((pv,v,d),r) =r o addv (pv,v)

goon

O000o00oooooo(ooooooon)

ggobbbbboooooobbbbbbooooooobbobbobooo
gogoobboobbbbdgooooobbobbbuooooooobobobbood
gooogobobbbbbbbbtboduodoooo1obbououooooooooo
gogobobbobbbouodoooobobobboouooooboboobboogad
goggobbbbbbbugoooooobbbil1oobbbbobboodagd
gbboogoobodbogobbobobogbooboobbooboobboo
000000 (postorder) 0000000000 O0O0OOO RD000O0OOOODO
gogboobDoodgdtepsort0000D0OO0O0OO0ODOOO

topsort :: Graph — [Verted]
topsort g = (tail o reverse o postorder) (dfs (nodes g) g)

b0 tpsort U000 ODUOO0O0OOO0O0O0OOOO0OODOOO0ODOOOOODOO
oob01000b000b0o0bobbobbtel DD 0O00OD0OOOOODLDOOOODOO
gogoobbobobbbbodooooogoobboobobbobbboodgd
O_0000000O0nedes000000O00O00OO0OOOODOOODOOOOODOO
booobuoobobbobodnd postorder U U

postorder  Tree a — [af
postorder (Node a ts) = concat (map postorder ts) + [a]
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goggobbbbbbbtbdudooooodoooooooobbbboooaag
ggbobobouobboogobobobodd reversed 0

reverse o) = [a]
reverse [ | =[]
reverse (x:xs) = reverse xs + ]

Oo00000000000 reversezs0 00000000 2sO000 nOOOO
O(nQ)DDDO(n)DDDDDDDDD(DDDDDDD)DDDDDDDDDDD
0000000 topsort 00O OOOO0O0O explore0 000000000

topsort :: Graph — [ Vertex
topsort g = (tail o reverse o postorder)
(explore accr W (fs,g) (Node - []))
where
acc ((pv,v,d), ) =1 o addv (pv,v)
r=1d
(v,d,s)W fs=[(v,0,d—1)|v) «— s] X fs
fs = toPriorityQueue [(_,v,0)|v < nodes ¢

ggoboobod

3.5.2 UO0O0OOOOOOOO

U0o00boooooonoibd explored 00000 HaskelODODOODOOODO 1
ggbboboogodd

explore accr W (fs,qg)

00000 ¢00000 NOOOO MOOOace(e,r)0000000 f(N,M)0O
0000
O(Mlog(N) + N f(N, M))

g000OC0O0OOoO0O0O0O0OOoUoOoOoOoooDoDOoOoOoOoOoOoOOf(N,M)=0(1)OO
000 O(Mlog(N)+N)ODOOOOOOODOODOOOOODODOOOOOOOOO
ggbbbuogoobbbuoooobbbduooobobodao

goggoobbbobobbbtbododdoodooooooobbbooboobbogod
goggbobbbodoooooobbbbbbouooooooobbobbbbuaoo
goboboggooood

type Graph = Array Vertex [(Vertex, Dist)]
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0000000000000000000 (successor) 00000 OOODOOOO
gbooobobuogbbbodbobudbobdibdl successor ooy
gbbooboboobodbogboobbboboooboobooobboobbbo
gbbogobogbuodgbogbbol1bobbooobuoboboboobobo
O0boobooooobouboub0o0bOouobDOonbOnOstate transformer
(l6)00000000000000O0000O0O0000O0O0D0O0bODOOo0OoooOO
gbbbbodbbodbibdexplore 0000 ooobooooboonO

explore acc r merge (fs, g) =
runST (mkEmpty (bounds g) >>= \m ->

exploreaux acc r merge fs (m,g))

exploreaux acc r merge [] (m,g) = return r
exploreaux acc r merge ((pv,v,d):fs) (m,g) =
include m v >>= \_ ->
suc v (m,g) >>= \s ->
exploreaux acc r merge (merge (v,d,s) fs) (m,g) >>= \x ->

return (acc (pv,v,d) x)

gooobbobbouogoooobobbbouooooooobobobbouagd
gogbbbuooobbbuoooobbod

UbooobudboobudbodbD hexplore 00000 OOOO0O
gogbboobouoodgbooo

hexplore acc r merge fs g =
runST (mkEmpty (bounds g) >>= \m ->
hexploreaux acc r merge (foldr insert E fs) (m,g))

hexploreaux acc r merge E (m,g) = return r
hexploreaux acc r merge heap (m,g) =
let ((pv,v,d),heap’) = deletemin heap in
contains m v >>= \visited ->
if visited then
hexploreaux acc r merge heap’ (m,g)
else
include m v >>= \_ ->
suc v (m,g) >>= \s ->
hexploreaux acc r merge (merge (v,d,s) heap’) (m,g)
>>= \x ->

return (acc (pv,v,d) x)
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O000e000000000000000000deletenin000000000O0
O00ooo{@oooooooo,0000o0o0o0oo0oonD)0ooo0ooooo
000000000 0Omerge (v,d,s) heap’ OO 0O0O0OO0sOOO0O0O0O0O0OOO
oob0Oo0O0o00o0ooo0oooooooooobOOobo0obooooooooooogn
goooooooooooooboooooooboOooooobooooooonod
OooobobooobooooobbofbO0dOhexplored00000acc a rdd
0000 f(N,M)00D000O0(Mlog(M)+ Nf(N,M))DDODOO00OO (parallel
branches) 0000000 MOOOOO N°O00000Ohexplore0 00000
O(Mlog(N)+ Nf(N,M))DDOOO0ODOODOO0OO0OO0ODOOOOODOOOOO
obooooooooooooobooooooboobooooooObooOoooooonoo
O000f(N,M)=0(1)0D0000 O(Mlog(N)+N)ODODOODDOODOODO
gboooooobooooooooboooooobooboOoooooOobooOoooooonDo
oo
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40 U0t

0000000000000 10000000 (fusion)[1]0000000O00O0OO
gbodgbuoobobboboobuodgboobobobobooboobobbo
gbogooobooboboobodgboobobboboobooboobo
gbdbodgboboboboobooboobooouobuobobobobobobo
gboo200bdbobobuligbdgbobobobuooouooooboobobo
O000000000000000000000 (time complexity)JO 00 0O (space
complexity) 00 0 0000000000000 0ODO0OOOO0OOOO0OOOOO
gbogboobodgbuodgboobuooboobboobbobobobbobbo
gbodgboooboboboboobooboobobbobooboobaobo
0000000000000 0000000000 Hylomorphism[7,8] 00000
0000000000000 000000000OOHylo fusion[7, 80000000
goboooboooooboogboboboobboobobbOodDUdHylomorphism
O00obO0DOobDOooo0oobob0obOobDOobOobool Hylomorphism OO O
OO0O0O0OHylo fusionOOOOODOOOOOOODOOOODOOODOOO

4.1 Hylomorphism U [0 [

3000000 Hylomorphisms 000000000000 (7,80

00 1 (Hylomorphism)
2000 (morphism)
¢p:GA— AYv:B—FB

00000 (natural transformation)
n:F->G

000000000 Hylomorphism [¢,7,¢]e, 000000000000000
0oO00oo0o0oo0

f=¢omoF floy
[6,17,¢%]cr, 000000 (functor)G, FOOOOOOOO0OOOOOO O
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Hylomorphism OO OO OOOOOO000OOOOODOOONO Hylomorphism OO 0O
O000000000O0OHylomorphism OO ODOOOODO0OO0OO0OODOOOO
000000000000 00O0000O0O00D00ooooOoOOOoO [r,8uon
O00000000000 explored HylomorphismOO OO OOODOOOOOO
gogn

explore acc r W = [r v ace, id, V]

where
¥ (fs, Empty) = (1, ()
¥ ((pv,v,d) < fs, (p,v,s) & g) = (2, ((pv,v,d), ((v,d,s)¥ [s, g)))

00000000000000000(7,8/000000000Hylomorphism 0 O
Hylomorphism O O O O O O O catamorphism 0 anamorphism OO0 0000000
0ooobooobooboobon

[r v ace, id, ] = (r v acc)) o [(V)

0000 catamorphism (r v acc) 0 anamorphism [ 000000000000
0000000[(w)0000000000000000000000000 (r v acd)
00000000000 0000000000( vacd, (¥)00000000
ggbbbooogboo

(r v acc)) = foldr acc r

() = gentree W
O000wO¢o0000000000wDOOOO foldrO

foldr (= pB—=08)—p—[a—p
foldr f a|] = a
foldr fa(x:xzs) = fa (foldr faxs)

0000o000odgentreed

gentree :: ((Vertez, Value, [ Vertex]) — PriorityQueue
— PriorityQueue)
— (PriorityQueue, Graph)
— [FrontElement|
gentree W (fs, Empty) = ||
gentree W ((pv,v,d)< fs, (p,v,s) & g)
= (pv,v,d) : gentree W ((v,d,s)W fs, g)

00000000 0Hylomorphism [r v ace, id, v]000 2000000000
gododododoodoodgo
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4.2 JO0O0OO0OO0OOOOOOOOO

O0O0O000OH”Hylo fusionODO0O0OOO0O0DOOOOODOOOOOOODOOOOO
Hylo fusion0 0 0000000020000 [7]0

goooo
fog=¢oGf
ooo
f © [[¢7U7¢HG,F:[[¢/7na¢]]G7F
ooooao
Y og=Fgod
ooo

[[(ﬁanaw]]G,F © g= [[¢7777wl]]G,F

4.2.1 0O0O0O0OO0O 1—eccentricity

bbb oboboboboobobobobuoobuobuobo
eccentricity D 0D 00 00O0O0O0O0O0OOO

eccentricity o Verter — Graph — Dist

eccentricity v g = (mazimum o (map snd)) (dijkstra v g)

3.5.100000000000 explore0000O0O0O0OODOO dijkstrad Hylo-
morphism OO0 000000

dijkstra :: Vertex — Graph — [( Vertez, Value)]
dijkstra v g = [r v acc,id, V] (fs,g)
where

r=[]
acc ((pv,v,d), )= (v,d) : r
¥ (fs, Empty) = (1,())
b ((pv,v,d) < fs, (pv,5) & g) = (2, ((pv,v,d), ((v,d,5) 8 fs, g)))
(v,d,s)W fs=[(v,v,d+ dis v V')|[v) «— s] X fs
fs = toPriorityQueue [(-,v,0)]

goooodg

eccentricity v g = (maximum o (map snd) o [r v ace,id,]) (fs,g)
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gogoooobobbogo
(mazimum o (map snd) o (r v acc)) x = ((f1 v f2) o F (maximum o (map snd))) =

oooo f,LO0000000000000000000-00000D000DO
Oo00oooogf, 000000

o 2=(1,()000

LHS = (mazximum o (map snd)) ||
= mazimum [ |
= —00

RHS = fi

0000 f, = —oc0
e o= (2,((pv,v,d),25)) 0O O
LHS = (mazximum o (map snd)) (acc ((pv,v,d),zs))
= (maximum o (map snd)) ((v,d) : zs)
= mazimum (d : map snd xs)

= maz d (maximum (map snd xs))

RHS = f; ((pv,v,d), maximum (map snd xs))
o000 f (o, -,d),r)=mazxdr
ogogoon
mazximum o (map snd) o [r v acc,id, ] = [f1 v fo,id, V]

000000 mazimum o (map snd) 000 [rvace,id,x] 000000000
goodd

Hflv.f%idaw]]
goooooooodoo

4.2.2 O00O00O0O0O 2—travel

EucdidOODOODOOOOOOOOOOOOO100DODODODODODO
000 0000000000000 000000O000000O0O0 (preorder)
O0bD00bD0ooo0oobobooboO travelDODOOOOOOODOOODOOODOO

travel — ::  Graph — [Vertex
travel g = preorder (prim g)
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0000 preorder O

preorder . Tree a — [af
preorder (Node a ts) = [a] + concat (map preorder ts)

gooogooobobbbobooobbbbbooboobbbobbobobobbboooo
Oo0obooooobos3510000000 prim 0 Hylomorphism 00 00O 0O O
oo

prim :: Graph — Tree Vertex
prim ((p,v,s) & g) = [r v acc,id, ] (fs,9) (Node v [])
where

r=1d
acc ((pv,v,d), r) =r o addv (pv,v)
v (fs, Empty) = (1,())
¥ ((pv,v,d) < fs, (pv,s) & g) = (2, (pv,v,d), ((v,d,s)® fs, g)))
(v,d,s)W fs=[(v,v,d+ dis v V')|[v) «— s] X fs
fs = toPriorityQueue [(v,v',dis v v')|v « §]

000000O00g=(po,s)&¢00000
travel ((p,v,s) & ¢') = ((preorder o) o [r v acc,id,]) (fs,q') (Node v [])
gogoooobobogo
((preorder o) o (r v acc)) x = ((r' v acd) o F (preorder o)) x (4.1)

0000 e 0000000000 O0O0ODOQOO0ODOD :00000DOCOO
00000000 r,ecd0OOO0

e z=(1,()000O

LHS = opreorder o id
= preorder
RHS =

00007 = preorder
o = (2 ((pv,v,d),y) 000

LHS = preorder o (acc ((pv,v,d),y))
= preorder o y o addv (pv,v)
RHS = acd ((pv,v,d), preorder o y)

00 00acd ((pv,v,d),r) =71 o addv (pv,v) 00 000000acc0O0OO
O00000acd =accdO OO
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ogooon
travel ((p,v,s) & g) = [preorder v acc,id,¥] (fs,g) (Node v [])
000000 (preorder o) O [r v ace,id,¥] 00000000000
[preorder v acc,id, ]

0000000000000 oo ooooo
0000000000 0000O0o0o0ooood Accumulation FusionO OO O
0000000 [7000000000000000000000

travel ((p,v,s) & g) = [id v acc,id, ] (fs,q) [v]
where
acd ((pv,v,d),r) =71 o addv' (pv,v)
addv’ (pv,v) (x :xs) =if py ==z thenz : v : xs

else x : (addv' (pv,v) xs)

4.2.3 0O0O0O0O0OO 3—topsort

000000000 tepsort 000000000000 DODODDODODODODODO
0000000000000 00D0000DOD0OODODO0OO0DO0O0O00n topsort O
Hylomorphism OO0 OO0 000000

topsort g = (tail o reverse o postorder) ([r v acc,id; ] (fs,g) (Node _[]))
where
r=1id
acc ((pv,v,d), ) =r o addv (pv,v)
¥ (fs, Empty) = (1,())
¥ ((pv,v,d) < fs, (p,v,s) & g) = (2, ((pv,v,d), ((v,d,s)¥ [s, g)))
(v,d,s)W fs =[(v,v',d—1)|v) «— s] X fs
fs = toPriorityQueue [(_,v,0)|v < nodes ¢

gobobouoggoboon

((tail o reverse o postorder o) o (r v acc)) x
= ((r' vacd) o F ((tail o reverse o postorder o) o)) x

0000 r,e00000000O0DODOOCOOO0O0O0O0xz000D0D0CCOOO
OO00ooooodr,eed0O0000O0
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e 2=(1,()000

LHS = tail o reverse o postorder o id

= tail o reverse o postorder

RHS = 7
00007 =tail o reverse o postorder
o 2= (2, ((pv,0,d),y)) 00D

LHS = tail o reverse o postorder o (acc ((pv,v,d),y))
= tail o reverse o postorder o y o addv (pv,v)

RHS = acd ((pv,v,d), tail o reverse o postorder o y)

00 00acd ((pv,v,d),r) =71 o addv (pv,v) 00 000000acc0OOO
O0000Oacd =accdO OO

goood
topsort g = [tail o reverse o postorder v acc,id, V] (fs,g) (Node - [ ])
000000 (preorder o) [rvace,id,x)] 00000000000

[tail o reverse o postorder v acc,id, ]

gooooooooobooooooooogooooonoooooooooon
000000000 000O0OO0O0oooooood Accumulation FusionO OO O
gooooggd [17]DDDDDDDDDDDDDDDDDDDDD

topsort g = [tail v acc,id,¥] (fs,g) []
where
acd ((pv,v,d),r) =r o addv' (pv,v)
addv’ (pv,v) (z:xs) =if py ==z then z: v : xs
else x : (addv' (pv,v) xs)

4.24 000000 4—scc

000000000 (strongly connected component) D 000000 sccd O

scc = Graph — Tree Vertex
scc g = dfs (reverse (postOrd g)) (transposeG g)
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000000 [2]0 transposeG O

transposeG = Graph — Graph
transposeG Empty = FEmpty
transposeG ((p,v,s) & g) = (s,v,p) & g

gogodgoobobbbbobobobbbobobbobbobboobobbbbooooooaa
oooooooobOoboboOdpostOrdd

postOrd = Graph — [Verted]
postOrd g = init (postorder (dfs (nodes g) g))

gododobooooddooooooooooooooooboouoobooon
00 (postorder) 0000000000000 O00ODMit 00000000000
godoooodoodobooouoodooooooooooooooobooon
U0 _0doobbbUdO0Oseccg000000O0O0O0O0OODO _ODDODDOODOOOOOO
Oo0oooboddooodd . ododoobooooobooodooooooon
0000 dfstd0 Hylomorphism OO0 000000000000 O0OOOOOOO0O
sccll

scc g = ([r v ace,id, )] o (id x transposeG)) (fs,g) (Node _[])
where
fs = toPriorityQueue [(_,v,0)|v « reverse (postOrd g)]

goooooooxgo
(fxg) (z y) ==z [y)
godoonoooooooooooooooo
(¢ o (id X transposeG)) x = (F (id X transposeG) o ') x

0000« 00000000000 0000O000DO 00000000000
Oo0ooOooyw'000ooo

o v = (fs,Empty) 000

LHS = o (fs, Empty)

= (1,()
RHS = F (id x transposeG) (' (fs, Empty))

00004 (fs, Empty) = (1,())
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o r = ((pv,v,d)< fs, (p,v,s) & ¢g)000

LHS = ¢ ((pv,v,d)<fs, (s,v,p) & (transposeG g))
= (2,((pv,v,d), ((v,d,p)W fs, transposeG g)))
RHS = F (id x transposeG) (¢ ((pv,v,d) < fs, (p,v,s) & g))

oooo
Y ((pv,v,d) < fs, (p,v,s) & g) = (2,((pv,v,d), ((v,d,p) W s, g)))

goboon

scc g = [r v ace,id, V'] (fs,qg) (Node _|])
where
r=1d
acc ((pv,v,d), ) =r o addv (pv,v)
U (fs, Empty) = (1,())
V' ((pv,v,d) < fs, (p,v,s) & g) = (2, ((pv,v,d), ((v,d,p)¥ fs, g)))
(v,d,s)W fs = [(v,v,d—1)[v) «— s] X fs

000000 [rvaceid, ] 0 (id x transposeG) D0 000000000000
Jace v r,id,¢/] 00000000000

36



50 Ut

gogobobobbobooogoooobbbbodooooobbobboogd
ggogobbbbobbobobbbbbbododooooooobbbbobobbboodgo
goobboobobbouodogoooobbobboouooooobobbouagd
ggobbbbbbouoooooobbbbbouoooooobbobobboago
gooboboobbouoooobbbobbbodooooobbobbouogd
gogbobbbbbodoooooobbbbbbuooooooobbbbboado
goobbobobboouooooobbobobbooooooobbobboogd
O00000000O0OOOOOOOO0OO0OO0O (1, 8oOOOoOooOoOooooooo
O000000000000000 Booooo0o024200000000000
ggobobbbbbodoooooobbbbboboooooobbobobboadao
0000000000000 00000000000ooooooooD 14oo0o
0000000000000000000O00000 Yoooooooo

5.1 UQOUOOO

ggobbbobboooooobobbbbbuoooooobbbbboadoo
ggn

fvEmpty = ¢
Jo ((p,v,s)&g) = ¢ (p,U,S) [f v’ g|v/<_8]

0000010000002000000000000000000000000
0000&O0D00000000000D (400000000 foO ¢1,¢,000
0000000(é1,¢), 00000000000
00000000000000000000000000000000000
0+000000(000000)0000000000000 pathsO

paths 0 Verter — Graph — Vertex — [[( Vertex, Vertex)||
paths v Empty t = ]
paths v ((p,v,s) & g)t = if v ==t then [[]]

else concat[((v,v") :) x (paths v’ g t)[v" « $]
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000000000000 (0000000000000 00 000000
0(e,b) 00 000000000000 O+«00000000DODOOOOOODOO
OO0 mepO0OOO0DO)O
O000000O00O0O000C0O0DO0O0O0O0O0O0O0O0O0OOOOO (fusion) O
O000000000000000 (¢1,¢9), 00000 kODODOOOO

ko ([¢17 ¢2Dv

ggbbobuoooobbbooogbooboooobbbuooooboo
goon

koo = (5.1)
k (o9 (p,v,8) zs) = 9 (p,v,s) (kx*zs) (5.2)
goo
ko (01, 02)0 = (1, ¥2])o
gdododododooodouodouououooo

5.2 O0OOOO

gboobgbbobooboobo200b00bobbobooboobo
gogobobbobbbouoooooobbbbbouooooobobobboboogd
00000 (4 000000000000000000000000000OOO
goobobbobbbuodgooobobbbbodooooobbobbooagd
gogbbbuoooobbbuoooobbboooobbooan

5.2.1 0OJUOUOOOOO

gbobuogbbuoboboogbbobuggbbobob0000:t0oboo
gbobodbbodgdobogb¢tbboobuoooboouoobbooboo
gogobobbbbbouooooobobbbbuouooooobobbobbougo
O0oobod distance 0D O00O0OO0ODOOOOOOO0OO minO0GOO0O0O

sp w Verter — Graph — Verter — Dist

spvgt = min (distance * (pathsv gt))
O000v0000¢t0000000000(pathsODOO0O0O00OD0OOO0ODOOOO
0000000000000 0D0000000000000) distanced 0000
gooooooo

distance o [(Vertex, Vertex)] — Dist

distance || = 0
distance ((a,b) : x) = dist(a,b) + distance x

38



0000 dist(a,b) 00 (¢,0) 0000000

5.22 UU0O0O0OOLOO0OOOOOLOOOOOOOO

00O mino (distance x) 0 paths 00 0000000000000 0OOOOO
0000000000000 00000 pathsOO 3000 A-00 (A-abstraction)
goon

paths v Empty = At. []
paths v ((p,v,s) & g) At. (if v ==t then [[]]

else concat (hy t * (zip [(v,v")|v" « s

[paths v' g " s])))

ggboboobouoodoooo

hit = XNz,y). (x:)*(y t)
godoooooobbbbbooooo

k= min o (distance x) o

¢ = AL ]
o2 (p,v,8) zs = At. (if v ==t then [[]]
else concat (hy t * (zip [(v, )|V < 3] 25)))

O00D00O0O0ooooo.l), (5.2) 0000 ¢, 000000000y, 000
oo

k o1
= {ko}
min o (distance *) o At. []
= {(mm o (distance x)) 000000 }
At. ((min o (distance x)) [])
= {o, %}
At. (min [])
= {mz’n[]:oo[lDDD}
At. 0o
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gogbobooogd

¢1 = At. 00
ooooogbDy, 000000
k (¢2 (p,U,S) ZS)
= {ka¢2}
min o (distance *) o At. (if v ==t then [[]]

else concat (hy t * (zip [(v,v")|v) « s] zs)))
= {(mino (distance x)) 000000 }
At. (if v ==t then (min o (distance %)) [[]]
else (mino(distance x)) (concat (hy t * (zip [(v, V)|V < s] z5))))
= {e
At. (if v ==t then min (distance * [[]])
else min (distance x (concat (hy t * (zip [(v,v')|v) — s] 25)))))
= {(f*) o concat = concat o ((f+)¥) 00 }
At. (if v ==t then min (distance * [[]])
else min (concat ((distance *) x (hy t * (zip [(v,V")|v" < s] 25)))))
= {s
At. (if v ==t then min [distance |]]
else min (concat (((distance x)ohy t) x (zip [(v,v')|v" < s| 25))))
= {distance}
At. (if v ==t then min [0]
else min (concat (((distance x)ohy t) * (zip [(v,v")|v" « s] 25))))
= {min[0] =0, by t = Aa,y)-(z 1)+ (y 1)}
At. (if v ==t then 0
else min (concat (((distance x) o Ax,y).(z:) * (y t))*
(zip [(0,0)|v" = ] 25))))
= {(distance x) DD DO 0O0ODO }
At. (if v ==t then 0
else min (concat ((A(z,y).distance x ((x :) *xy t))x*

(zip [(v, )] — 5] 25))))
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{distance * ((z :) xy t) = (dist x +) * (distance x y t)}
At. (if v ==t then 0
else min (concat (M x,y).(dist x +) * (distance x y t))x*
(zip [(v, V)]0 — 5] 25))))
{min o concat = min o (minx)}
At. (if v ==t then 0
else min (min * (M(z,y).(dist © +) * (distance x y t))x*
(zip [(v, V)|V — 8] 25))))
{+}
At. (if v ==1 then 0
else min ((min o (A(x,y).(dist x +) * (distance x y t)))x*
zip [(v,V)[v" — s] 25))
{min00000D0 }
At. (if v ==1 then 0
else min (A(x,y).min((dist x +) * (distance x y t)))*
zip [(v,V)[v" — s] 25))
{min((dist = +) * (distance xy t)) = dist x + min (distancexy t)}
At. (if v ==1 then 0
else min (A(z,y).dist x + min(distance x y t))*
zip [(v,V)[v" — s] 25))
{min, dist,distance,t 000000 }
At. (if v ==t then 0
else min ((A(z,y).x + y)*
zip |dist(v,v")|v" «— s] [min(distance*(z t))|z < zs]))
{t000000 }
At. (if v ==1 then 0
else min (A(x,y).x +y t)*
zip [dist(v,v")|v" < s] [mino (distancex)o z|z « zs]))
{min o (distancex)o 000000 }
At. (if v ==1 then 0
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else min ((M(z,y).x +y t)*
zip [dist(v,v")|v" « 8] (min o (distancex)o) x zs))
= {k = min o (distancex)o}
At. (if v ==t then 0
else min (A(z,y).x +y t)*
zip [dist(v,v")|v" «— s| k * zs))
gooooooo

Yy (p,v,s) s = M. (if v ==1 then 0
else min((A(x,y). x +y t) * zip [dist(v,v')|v « s] xs))

000000000spv=(1,4.),000

spv Emptyt = o0
spv ((p,v,s) & g)t = if v==1tthen0

else min[dist(v,v") + sp v’ g t|v' « §]

gogbggbboboooobboboooobbbuoooon

5.23 UO0OOOOOOOOO

gboogbogboobodbuodbuoobooboobobbobboobo
gogobobbobbobuodooooobbbbbouooooooobbbboagd
gogoobbobobbodooooobobobbboooooobobobboogd
ggbboo200000000

() D000000OO0OOO0o0ooDOoOoOooOoooooO
(2 0000002000000

000()o0oo0oooo0oooooooooooooooooooooooo
coooooooooooboooooooboobooboooooooobobooboooooo
goooooooooboobObObObOo00000000000000000improving
value20| 00 0000000000000 0OOimproving valueD0OOO0OO0OO
goboodooooooooooooooooooooodgooooooooaon
O0oobO0o0od0odoobn improving valueDOOOOO0OOOOO0OO0O0OOOO
goooboodooooodooooooooooobooooboooooooodn
uoooboubodbdboooooboubodabd spa00000sp0O OO0

spvgt=last (spivgt)
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gogbbbOdspe 000

sp_i o Verter — Graph — Vertex — [Dist]
spi v Empty t = [o9]
spiv ((p,v,s) & g)t = if v==1 then [0]
else fold smaller_i [o0]
[dist(v,v") : (dist(v,v")+) * sp_i V' g t|v' « s

00000000 ((feldDODODD0DO0DO0O00O0O0O0O0O0)000Osmalleri0 200
improving value 0 0000000 improving value 00000000000 OOO
00bogobboooboo0 1oL oboo1bboobboobbooboD
O00000000Osmaller0000000O0O0ODOO0O

smaller_i ;. [Dist] — [Dist] — [Dist]
smaller_i [] y = ]

[]

smaller_i (a:x) (b:y) = if a <bthen a: smaller_i x (b:y)
else if b < a then b: smaller_i (a: x) y

smaller_i x []

else a : smaller_ x y

gobbuoodbbtsptgddbbbogobbobuoboobbbooobbod
gogbobobooogboobobodgo

000000 improving value 000 00000000000 OOO0OOODO
0((2)0000000200000000000000000000000000
00000000000 0000000000 (memoisation)[21, 22]0 00000
gbogbooboobogbooboboobi1bbobbobbobbobbo
gbooobobobooobob20b00b0b00oobobobodbdilimproving
value OO OO OOOOO0OODOD1OD0000O00O0O00OO0ODOODO0ODODOOO
gboobdobioooooboobobobobobobobobuoboboooon
gbobogbodgbbuobboobbooobbuoobbooobboonboboo
2000b000b0b0obb00boboobob200b000b0bOb0bODbO
gooboboboboboobobbbboouooogddsp20bboobbbooougg
gbogobgobobbobbspemUdbDb0O0O0spd000O0O0OOO0OOOO0

spv gt=last (spim v gt)
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spv gt=last (spaim v gt)
sp_im v Empty t = [o0]
sp-im v ((p,v,s) & g) t =

if v == ¢ then [0]

else if visited(v) then [o0]

else {mark(v);

fold smaller_i [oo] [dist(v,v") :
(dist(v,v')+) * spaim v’ g tlv' «— s}

smaller_i [| y =[]
smaller_i x [] =[]
smaller_i (a:x) (b:y) =

if a < b then a: smaller_i z (b:y)

else if b < a then b: smallerzi (a: x) y

else a : smaller_i x y

gsl:0buogooboooodn

spom 00000000000 00000

sp_im o Verter — Graph — Vertex — [Dist]
sp_im v Empty t = [o9]
sp_im v ((p,v,s) & g)t = if v ==t then [0]
else if visited(v) then [o0]
else {mark(v);
fold smaller_i [0o] [dist(v,v') :

(dist(v,v")+) * spim v’ g tlv" — s|}

000 Owisited(v) D00 000000000000 0O000O0O0OOMark(v)O
Ubdo0bobbuooogbbbuoooobboooobo

5.2.4 UUOOOOOOOOOOOUOOOO

gbdododododoouodgosilioooooon
000003200000 ¢g00000 ADODODD FOODOOODDODODO
gooooood
spAgF =last (spim A g F)

OO0O0DoOb0O0Ospim Ag FOODODOOODOO

[5,8,9,10,11,11]
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00000000011000000000
000000000000 00000000000 spsmO00000000
00000000000 NOODOOOOOOOOONODOOOOO1O000000
000000000000000«000000000(1)0000000000
&[40 markDvisited 000 000000000000 0000000O0O000O
000000000000000 NOOOOOOOOOOOOOOO MOOOO
O(Mlog(N))0OOOO0O0O0000000000000000000 O(Mlog(N))
00000000000000000000 [140000000000000000
00000000000 20000000000000000000000000
00000000000000000000003.200000spimAgF[]00
00000000000000000[5.8,9,10,11)000000000C,B,E,D,
FOOODODOOOOOOO0OO0OO0OO0O000000000000000000000
0000000000000 00000000000000000000000
0000000000000000000000000000000
0000000000000 0000000000000000000000
000000000000 improving valued 0000000000000 O000
0000000000000 0000000000000
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el OO

0000000000000 00000O0DO00o0ooooDooooooDon
000 HylomorphismOOOOOODODODOOOOODOHylo fusionO0 00000
00000000000 DO0bOO0DO0DooooooooDoooDooooon
000000000bO0bO0bOO0DbOO0ODbDO0DOO0DOO0DOOoDOOobOODObOODOO
000000000 DObOO0bOO0DOO0D0oooDo00oobOoDODOooDooooon
0000000 Hylomorphism O O O 0O O Hylomorphism OO OO0 O O0O0O0O0O0O
000000000 DOO0DOO0DO0oDOooDO0oooDooooDooooDooooon
0O HaskelDOD 10000000000 0DO0OODODOODOOODOODOODO
00000000000 DOO0bOO0DOO0DO0oOooDooooDooOoDooooon
g0b0o00O0obO0O0bO00obO0oOooO0b0o0oooOoooOOobbOOobDOoOoDOoDO

e DD OUODDOODDOODOUOODLOOODLOOODLOOLODLOOO
gbodgboboobdobuogbobbobuoobobbbobodobobn
gbobogoboboooboobboobboobbuoobbuooooobon
gbogobgobobbobooboobod

gsgbuobobooobobooboboboobobobooobobon
gboobuoobooboobon

0000000000000 000000000000000 (network flow
problem, maximum flow problem, 000 00000000)0000000O0
00000dodbooooooooOoooboooboooooooooDon
000000000000 o0obOo0ooooDoobOoooDon

gboboboobobobooboboboobobboobooboon
goooboobobbobboobooboobuooboobo

gbobodgbboobboogboooboooboobboobboobn
gboobgoboobon
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L] [

gobbbooogbbbuoooobboood
gbobogbobooobo,oboobobboooboobbbobboooboo
gogooobod
gbodbd,bogbuodbuoobobobboboobooboobobobbo
gobboobuogobbboogoboo
gbbogbb,dbbodbboobboobboobbbboobboboo
gogbbobuoooobbboooobbbduoooboooo
gogbbobooodobobobodn
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