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Material covered here is not only material in class!

Represents only an attempt to provide some helpful resources.
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Requested: Iterators Sg5 n \uater

WoOoOJoonUuld WN =

std: :vector<Animal> zoo; COO?S)

/* Full text snippet */

for ( std: Vector<An1mal> :iterator it Z0Oo. begln() it zoo.end () ;/ ++it ) {
std: :cout << (*it) .name << " " << (*it) .Tood std:

}

/* Auto Snippet */ éér//ﬂ

for ( auto it = zoo.begin(); it !'= zoo.end; ++it ) {

std: :cout << animal .name << " " << animal.food << std::endl;
} =~ \

tf\a tv Lfg;'\”"r?
/* For Each Snippet */ - &4;/////’“
“) &
. & N Tt ()

for ( const Animal & animal : zoo ) {

std: :cout << animal.name << " " << animal.food << std::endl;

}
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Iterators defined inside a class (and as part of class)

— T —
template <class T> Z /K d/

class List { /
1 public

class ListIterator :
std: :iterator<std::forward iterator tag, T> {

= W IhhRr

g Cevr #

5 public:

6 ( vrt

7 ListIterators operator++() ; ) Cor 'twv)(lc "4()

9 bool operator!=(const L:LstIterator& rhs) ; 7 \ jj / Y
10 - .

11 const T& operator* () ; / (]"L bypt <y
12 }; = \ZV . ‘
13 5 : o Hle Sk A\

14 ListIterator begin|() const;"“’> "}(/q*w ‘Pa\l\)"/ S

16 . ListIterator end() const;fg”; l"('\’/ql@ "‘)d\'\,"g F"* /GS)’ (,W.L
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Requested: Tree Traversals
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Traversals

=
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template<class T> X
void BinaryTree<T>:: 5! Order (TreeNode * root)

{ /—-
if (root) { éf:"

E°§ Order (root->left) ;
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Traversals g

void BinaryTree<T>:: Order (TreeNode * root)

{
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template<class T>
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11
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13
14
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Traversals

1| template<class T>

2|void BinaryTree<T>:: Order (TreeNode * root)
3|1

4

5 if (root) {

6 & Pre

-

8

9

Order (root->left) ;
o ofF e o
11 ;
12
13 Order (root->right) ;
14
@ 15 ; @qu’l’
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Level-Order Traversal

template<class T>
void BinaryTree<T>: :1lOrder (TreeNode * root)

{

Queue<TreeNode*> qg;
q.enqueue (root) ;

while( g.empty () == False) {

OWooJdJoUrdWNE

75

/ d 10 TreeNode* temp = g.head() ;
\\// 11 process (temp) ;
12
13 q.dequeue() ;

14

<35> 15 qg.enqueue (temp->left) ;
16 g.enqueue (temp->right) ;
17
18 }




Requested: Amortized Analysis ? Aknateds

When an algorithm has an infrequent ‘costly’ step. &
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What algorlthms should we consider from an amortlzed point of view?
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Resize Strategy: x2 elements every time

Total copies for n inserts: 2n -1 Que
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Resize Strategy: x2 elements every time
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Resizing a hash table Y 0.7-09
?Sew’o < Az o |}

How do you resize?




Amortized Time (Rank w/ Path Compression)

We have n items in an Uptree. We make m find() calls.

We are interested in the worst case work possible over m calls.
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A partial review of topics in CS 225
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Array Implementation . > %-0 U»@
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TURLTE,) 0PN\ o)
T (1) Of)
Remove after given element O ( |> O (/))

Insert at arbitrary location O(h ) @ //’1/
Remove at arbitrary location O ( I/I) O / /))

Search for an input value O (V\,) O/mg/

l
LL. (ngarf (5) September 6 (Array 2 Lecture)




Array Implementatlon

clot P-;'-: 4 S;zf ) 74
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Look up arbitrary location

Random Access

o(n) L (o~

L ——

Insert after given element T —
Given pointer to object > 0(1) O(n) h.%is
Remove after given element
!0(1) | & /oS
Insert at arbitrary location P.Al ()
O(n) ) - ol ) O(n)

Remove at arbitrary location

Search for an input value
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Stack ADT leg @
o [Order]: (ag A Cust v \

&
: Vi | deque c
 [Implementation]: .

Ll o9r Moy A

o [Runtime]: push()
pep ()

September 8 (Quacks Lecture)



Queue ADT @

° [Order]: F'\{s\\_ t/‘ Q[s* ol ‘:F I ’FO

(L Y hea) & A fer |
aArfay \\L\S{‘*
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o [Implementation]:
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° [RuntimE]: equwVﬂ O( (>* \_/
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September 11 (Iterator Lecture)




class (14

lterators ot

The actual iterator is defined as a class inside the outer class:

0 U?z#/
1.1t must be of base class std: :iterator ng >

2. It must implement at least the following operat ons:

P’-ﬂ
~ple- s A Cl€ menY C—M‘R o ned 3‘?}“")
erator& operator ++()
—

const T & operator *() — d¢-(efenre
bool operator !=gconst Iterator &)fd’\“\‘,ém\ms AW (oo




WoOoOJoonUld WN =

std: :vector<Animal> zoo;

/* Full text snippet */ /

——
for ( std::vector<Animal>::iterator it = zoo.begin(); it != zoo.end(); ++it ) {
std: :cout << (*it) .name << " " << (*it) .food << std::endl;
}
/* Auto Snippet */ éZZ
for ( auto it = zoo.begin(); it !'= zoo.end; ++it ) ({
std: :cout << animal.name << " " << animal.food << std::endl;
}
' ‘/, ch)
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for ( const Animal & animal : zoo ) {
std: :cout << animal.name << " " << animal.food << std::endl;

}

/* For Each Snippet */ é:r-
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Tree Traversals i) : @
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Pre-order: 1,2,3,5,4,6,11,8,7,10,9  plotesg N9

= i\t Cursh
In-order:3,2,4.5,6,1,8,7,11,9,10 & [/
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Post-order:3,4,6,5,2,7,8,9,10,11, 1
September 15 (Tree Traversal)



Depth First Search September 18 (BST Lecture)

Explore as fa one path as possible before backtracking
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Breadth First Search
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1| template<typename K, typename V> e
2 d=k
3|void insert(const K & key, const V & val) {D T 4
4
|
5 return _insert(root, key, val); }\clpa, Er(hio~
6|}
; <
1| template<typename K, typename V>
2
3|void insert(TreeNode *& root, const K & key, const V & val) {
4 \
6 () A \7
: )
: N
5 9) tﬂéﬂ/}' Ner/ 1Vede
10
11
12
13
14
15
16|}

September 20 (BST 2)




September 22 (AVL)

1| template<typename K, typename V> 7‘
2 | .
3|void _remove (TreeNode *& root, const K & key) { R"u"w IVM'T/ne-‘ ci*
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BST Analysis — Running Time C{{\g\,

BST Worst Case
Operation

flnd S O/”)

% o o0

remove & fonos 04 IOP/y_w Q (é) -

travers 4» S / /7)

September 20 (BST 2)




BST Analysis — Running Time

BST Worst Case
Operation

find O(h) ) O(n)
. O(h) = O(n)
O(h) = O(n)
O(n)
traverse

September 20 (BST 2)
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September 25 (AVL 2)



AVL Tree Analysis X 77

For an AVL tree of height h/ & Q%
Find runs in: O L’) . \/ O
6/6\%4\\"4 Qt
/ #Add
) “yremy O« A /
Insert runs in: —
— ¥9) 7 + QQ

t«‘.\«l [ Ceane) ¢ £\ ITo\’>

Remove runs in: Q(L‘)/ (/
olh)

Claim: The height of the AVL tree with n nodes is!
September 27 (AVL analysis)
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BTree Properties Ty memely o @
V-
A BTrees of order m is an m-ary tree and by definition:
. . S{‘«JZ,}
- All keys within a node are ordered Oos
- All nodes contain no more than m-1 keys. oo
- All internal nodes have exactly one more child than keys | &=
ok m.s*bj ¢ at  bost £
C > M] . :b(’ll\\/‘ftl
Root nodes can be a leaf or have ! children. &
e \
Yo lasg
A
All non-root, internal nodes have L}FE/‘ ) "“K\ children.
QN
P o7 \ed,s'\ \a\f wesl M
All leaves in the tree are at the same level. 7 )
4 .

October 6 (BTree Analysis)



Heaps




(min)Heap October 13 (Heaps)
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minHea G 1. Construction =-70(") @

g

&
O(m e \ Q 2. Insert of los )
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t2——3\ RemoveMin 70 7

he(

/
5[,$\ Gn Cff o\ N S).O’q j<

4|5 |6 |15 9|7
Q ——
minHeap i |sagooc example of tradeoffs: Cod of q((@s$\
e, 2t —> =
A/?:o\(\/ "“?* ‘ Tor Quuy Tt C b suteble B Fade

Alcesc
October 16 (EC Project / Disjoint Sets) S




Disjoint Sets




October 18 (Sets 2)

Implementation 2
‘-v*cm Lgl 7)

o
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Find(k): ()(h| = A 1iHle law'er U{PJM"(’
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Union(ki, k2): O(‘)
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Disjoint Sets Representation @

We can represent a disjoint set as an array where the key is the index

The values inside the array stores our sets as a pseudo-tree (UpTree)

The value -1 is our representative element (the root)

All other set members store the index to a parent of the UpTree

k0




Disjoint Sets Find

else { return find( s[i] ); }

BWN =

}

int DisjointSets;iiigdiint—if-T—__,'
if ( s[i] < O return i; }

L
7 (Eevse UP

Running time? O (4 )

What is ideal UpTree? |, ;4
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Disjoint Sets - Smart Union . quwes peifomae @

e #P¥ @\ | ’ $

e s WK _7 @ @

@@ /\@ @” |
AN

Union by height | ¢ 1 2 3 4 5 6 7 8 9 | 10 | 11 | Idea: Keep the height of
the tree as small as
6 6 6 8 10 | 7 7 7 4 5 possible.
Union by size | © 1 2 3 4 5 6 7 ) 9 [ 10 | 11 | /dea: Minimize the
number of nodes that
£ R E £ e / 7 4 > | increase in height

?\ v
Claim that both guarantee the height of the tree is: \O? , M —




. October 23 (Probability in CS
Final Result ( ity in ©5) @

A

We have n items in an Uptree. We make m ﬁnd() calls. Total work is:
Cgs\. b.ph,gm\ kulhlf \ Cogh ...5 Xc hp-/)('\ [«i.
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Probability in CS




Probabilistic Data Structures




A Hash Table based Dictionary October 30 (Hashing 2)

User Code (is a map):

1 |Dictionary<KeyType, ValueType> d;
2 |d[k] = v;

A Hash Table consists of three things:
1. A hash function Dela = i

2. A data storage structure A Cay

3. A method of addressing hash collisions




Hash Table (Separate Chaining) e (Hashing)®

For hash table of size m and n elements:

Find runs in: O(”\> -

v\

Insert runs in: O((> N

n)
Remove runs in: O(

l? Bl of colisms Z A

OO0 NOOULL B~ WN KL O

[ERY
o

e

Greg

A
%)
Brett
A_

Al

B+

Lily

B+

Betty
EJ

Alice
+

A

Laura
A




Simple Uniform Hashing Assumption ~ ©ctober30

Given table of size m, a simple uniform hash, /, implies

e
Vkl,kz - UWhere kl # k2 ) P?‘(h[kl] — h[kz]) :@
m

S————

N~

. )

Uniform: || s agually Lkl e ek any cabe o
= — = (

pLd=X) =3 LE

Independent: 5 || /("Yé Wl },\J‘%Mn\/ of eal of~
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Separate Chaining Under SUHA o SZZAL'K; @
put

Under SUHA, a hash table of size m and n elements:

Rys o AP
Find runs in: 1“(/& . 1 +O€ @/ Ol |~ \rdhh'%;

Y /m Ny
C 0/\34'4.}5 9 ; l; *) 6\ /) //l/,
SERLAN 3] Tk
oL ™
Insert runs in: _ : 4 X
> i\
4 6
V¢ 7 (/QsaQ
Remove runs in: Q— _\- O{ . “"*'O\j 8 ke
M J 4
exprcted 4

\ : 10
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Running Times (Don’t memorize these equations, no need.)

The expected number of probes for find(key) under SUHA

Dot
Linear Probing: / (eh
o Successful: %(1 + 1/(1-a)) ”(:Q !
e Unsuccessful: %(1 + 1/(1-a))2

Instead, observe:

Double Hashing: - As aincreases:
e Successful: 1/a * In(1/(1-a)) = « Seerch Fiwe =5 PO

 Unsuccessful: 1/(1-a) |//\,‘~ fo
- If a is constant:

Separate Chaining: G RQutire 5 Conglat
o« Successful: 1+ o/2 TE N=100  m > 16
e Unsuccessful: 1 + a me J0G

November 1 (Bloom Filter)



/r\

Running Times T\)\VQMJ s

The expected number of probes for find(key) under SUHA
S Linear Probing:
o Successful: %(1 + 1/(1-a))
e Unsuccessful: %(1 + 1/(1-a))2

(\

# Probes

= IS ®

- Double Hashing:
o Successful: 1/a * In(1/(1-a))
e Unsuccessful: 1/(1-a)

# Probes

When do we resize/




Running Times lagy R @

Expectation '
= S <T L
0 /)
Find <:) l0g ::> <E;(/L) -

Worst Case: (')(’\

o( o) O

Worst Case: O

Insert

Storage Space Q( W)) ~()(n) C)( A @(r))
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. N ber 3 (BF 2
Bloom Filter ovember 3 (BF 2 @

H={h1, hz, c ooy hk}

7

A probabilistic data structure storing a set of values

———

Built from a bit vector of length m and k hash functions

A—

|
([-Ir\vge\'%&\
Delete is not possible (yet)! Pt

_— ke &0’(&
(5> O Swkd Caa b V¢ !

=3
W
M
-
~—
~N
L
-
o
-
C
S
(Vs)
.
S
\/
OO - O - 00O — 0O O
?
e




Imagine we have a bloom filter that stores malicious sites...
P(f(&.'du

BitValue=1 BitValue=0
L "IYS « — © I{/O

fACla it

Item Inserted
SR——

Item NOT inserted
R

False Positive True Negative




Bloom Filter: Error Rate Z 9 @

Figure by Ben Langmead
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. . . . November 6 (Cardinality)
Cardinality Estimation @

Let min = 95. Can we estimate /V, the cardinality of the set?

0 999
95

Conceptually: If we scatter N points randomly across the interval, we
end up with N + 1 partitions, each about 1000/(N + 1) long

Assuming our first ‘partition’is about average: @ IOOO/(N>ﬂ;\>

N+1~10.5
N~ 9.5




Set Similarity Review

To measure similarity of A & B, we need both a measure of how
similar the sets are but also the total size of both sets.

N
ANB
AUB

J is the Jaccard coefficient




MinHash Sketch

Claim: Under SUHA, set similarity can be estimated by sketch similarity!

Image inspired by: Ondov B, Starrett G, Sappington A, Kostic A, Koren S, Buck CB, Phillippy AM. Mash Screen:
high-throughput sequence containment estimation for genome discovery. Genome Biol 20, 232 (2019)




. November 10 (Graphs)
MinHash Sketch @

shable dataset into a MinHash sketch

S'L/L K b‘%l‘
'\/“»LZS/\‘A/’VA-

We can convert

H@h.b|c

We lose Tol aset, but we can still estimate two things:
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Graphs




November 15 (Graph Implementation 2) / W
m

Graph Implemen%atlon Edge List
g

O/\

insertVertex(K key): ct > ,
insertEdge(Vertex v1, Vertex v2, K key):

removeVertex(Vertex v): m

removeEd e(Vertex v1, Vertex v2, K key):
D (m)

incidentEdges(Vertex v): Q ()
a?e“A’cIjaﬂﬂ(Vertex v1, Vertex v2):

O ()(m>




Graph Implementation: Adjacency Matrix @

Vi]= y E|= |
VI=n, |E|=m insertVertex(K key): O(ﬂ) heaight

a © @ insertEdge(Vertexv1,Vertexv
/ b d w
W) @

v ~ : ¢

removeVertex(Vertex v):

removeEdge(Vertex v\ ertex v2, i a5
sy O( ')

— | incidentEdges(Vertex v): O ( ”)
areAdjacent(Vertex v1, Vertex v




: . @
Adjacency List a c
G/ b\@ e

|IV|=n, |E|=m

.y '\ e dena) Ll
Adj List Node:E\é“"’ff"l I A *a |4p| *c
< F&.'Ak’j
Prev Edge Next 3=2
' / . ‘ i : * *h
ﬁé \) r\// i ‘d’:ZT' * [ é'" - """"""‘i
- ] . g i UV
Edge List: € & (st > o {20 -
) g b e e e | IR VP

4
L a=1. |
Vi V2 Weightf, -1 . = u W C

*d

V1| *v2 F | |
—b%(—> ---------------------




Jse
REN: N1- K IVI= n, |E|= m

MT — Edge List Adjacency Matrix Adjacency List
o * Expressed as O(f)
QY
Space
e ot
0//4
insertVertex(v) 1* n* 1* H 7T >
/ q o esfPf( Y
YA
—
et removeVertex(v) m** n deg(v)

M N

insertEdge(u, v)

removeEdge(u, v)

incidentEdges(v)

areAdjacent(u, v)

1*

min( deg(u),
deg(v) )

deg(v)

min( deg(u),
deg(v) )

~



1|BFS (G) :
2 foreach (Vertex v : G.vertices()): (;J/fo %4@6
3 setPred (v, NULL) / “& )
4 setDist (v, -1) @ D.scoarty
5
6 foreach (Edge e : G.edges()): <, an$,
7 setLabel (e, UNEXPLORED) Curre
8
9 foreach (Vertex v : G.vertices()): Q
10 if getDist(v) == -1: 12| BFS (G, V) : ‘
11 BFS (G, V) 13| Queue q j l'A,'—\.G'I-&(J
\—/ 4 setDist (v, 0)
'd
2&5 q.enqueue (V)
16
17 while !g.empty () : /409}\'
18 v = q.dequeue () Cyt
15 g et
20 foreach (Vertex w : G.adjacent(v)):
21 if( getDist(w) == -1): -
22 setLabel ((v, w), DISCOVERY) | “avls, k|
23 setPred(w, V) - Vq]lm/ﬂfs.,
24 setDist(w, v + 1) Srts /cL
25 q. enqueue (w) f/';)
November 17 26 else) LTf Qs ~wbhrid 2
27 setLabel ((v, w), CROSS) |

(Graph Traversal )



el

RPRowooJdJooUulrbdWNRE

DFS (G) :
foreach (Vertex v : G.vertices()):
setPred (v, NULL) —— ov 1
setDist (v, -1) <~
— DS
foreach (Edge e : G.edges())(', U s /"'9".{)'
setLabel (e, UNEXPLORED) Q0 ™l <t
ozt
foreach (Vertex v : G.vertices()): \ \ ?Lj_.
. . _ ) a
if lg;’;DJ.st(v) == -1: 12|DFS (G, V) : \\ ——— v—B%—MS \CU‘9 \
(G, v) 13 N verhrx
14 foreach (Vertex w : G.adjacmr‘r?( S A C&u(v-(
15 if( getDist(w) == -1): \
16 setLabel m SCOVERY)
17 setPred (w, v)
18 setDist(w, v + 1)
19 DFS (G, w) & e
20 else:
21 setLabel ((v, w), BACK)

T




Running time of DFS =

Labeling: 3
e Vertex: @(‘/\ B/
RO
. Edge: O ( "/’) —
G =

Traversal: — A=

Fach veley |aoke o oV neVrors vi (\@9(1/) = oM
e \Vertex:

Lok ab all v kg C)/"")

', DFS omem g R By I“@rf- -

« Edge: ) L>MéT  Shettd b lydy > MST (yc’% :

L I
? Memoy Yoy , I caly et



BFS Observations

1. BFS can be used to count components
2. BFS can be used to detect cycles

3. The BFS‘distance’ value is always the shortest distance from
source to any vertex (and the discovery edges form a MST)

4. The endpoints of a cross edge never differ in
distance by more than 1.




Traversal: DFS

Do we still make a spanning tree?

. 2 4
(7\{2’5 A malles @ MLT

¥ on Ut’lhu\éblfz‘ gfep\»s

Does distance have meaning here?
> fos ns leal mecag! D

Discovery Edge

_—— Do our edge labels have meaning here?
\_7 Ba(k ((k( Sy .‘MP“/S (Y( l&
ffffffffffffffffffffffffffffffffffffffffffffffffffff Back Edge — 7 ~—

S

\ \ \ /)
ﬂ/o& Close ble (foxe s A [\,,\,)é/




Kruskal’s Algorithm
/

Priority Queue:
Total Running Time
Heap O(n +m+m log(n) ) 2(
Sorted Array O(n + m log(n) + m)
-_— o0k //r,..,,,
NN \
(gagha tla M

\) D:S\)oi-\} St
PP;G(:\t/ Q}Mbﬁ

£ Destic hiv

So af oy PC‘S\S"_

OWooOJoUldWN =

KruskalMST (G) :
DisjointSets forest

foreach (Vertex v : G): ] 6/}/))

forest.makeSet (v)

PriorityQueue Q
Q.buildFromGraph (G)

// min edge weight

Graph T = (V, {})
while |T.edges ()| < n-1:
Vertex (u, v) = Q.removeMin ()
if forest.find(u) '= forest.find(v):
T .addEdge (u, v)
forest.union( forest.find(u),
forest.find(v) )

return T




6 | PrimMST (G, s):
7 foreach (Vertex v : G.vertices()):
Prim’s Algorlthmc bs| et
<Q,‘, an/ 9 plv] = NULL
Sparse Graph: O‘ | 10| dls] =0
> /‘,\ /N )O(q Id? 4 12 PriorityQueue Q // min distance, defined by d[v]
13 Q.buildHeap (G.vertices())
é/7 Q& 151‘ }\Qﬂ’ 5 l>‘-°$.\. 14 Graph T // "labeled set"
15
S 16 repeat n times:
N~ 17 Vertex m = Q.removeMin ()
Dense Graph: m  » 18 T.add (m)
L 19 foreach (Vertex v : neighbors of m not in T):
el Ofcay He 20 if cost(v, m) < d[v]:
7 was o k y e \D\ 21 d[v] = cost(v, m)
Yhee heap o dage grapl. | 22 plvl =m
23
Y
N los 7
| Ad). Matrix
Heap
Unsorted

Array




Dijkstra’s Algorithm (SSSP)

What is the running time of Dijkstra’s Algorithm?

£ e

" = ‘Pr:""

lQ i~ ,'

\ l
\Aél '\j F‘\> L\eq,P DijkstraSSSP(G, s):
6 foreach (Vertex v : G):
7 d[v] = +inf O(V‘)
s Ao | |
9 d[s] =0
—_— — 10
11 PriorityQueue Q // min distance, defined by d[v]
12| Q.buildHeap(G.vertices()) J 0{‘4)
13 Graph T // "labeled set"
/A 14
M |Oz7"‘ Sr 15 repeat n times: A% > O/,,)
— 16 Vertex u = Q.removeMin () O( [o5 “) -
’ 17 T.add (u)
t 18 foreach (Vertex v : neighbors of u not in T):
/I/]( \I\@ l P\; }‘\Bc\'? > 19 if cost(u, v) + d[u] < d[v]: A
W heay \\2&)\ dlv] = cost(u, v) + d[u] W
l re 2 \p[ﬂ =m — Yol
oflogn)  Ollora) [ | % J ., 2
(APA“"'\"‘ 23 return T 0(9 F.b =1 ‘64;(5
O(l) G (lane A

Q)( (05m0)

decr res.as KE Y

vr

oO11%7




Dijkstra’s Algorithm (SSSP) @

("FC\‘NQ»’\)? A
Dijkstras Algorithm works&mly c&on—negative Weights'{é o [y’,g

&) el
: : : . DijkstraSSSP (G, s):
Optimal implementation: | | ™12 " Garten v « o -
. 7 d[v] = +inf
L 1’\@"\> ‘ 8 plv] = NULL
L +.€5 9 d[s] = 0
Dn AUt 9l o) o .
. 11 PriorityQueue Q // min distance, defined by d[v]
wisorkd | 'S 12| Q.buildHeap (G.vertices())
13 Graph T // "labeled set"
. . 14
Optlmal runtlme. 15 repeat n times:
16 Vertex u = Q.removeMin ()
( 17 T.add (u)
18 foreach (Vertex v : neighbors of u not in T):
O( M J“ /\ Cﬁ /\ 19 if cost(u, v) + d[u] < d[v]:
20 d[v] = cost(u, v) + d[u]
21 plv] = m
22
O { ) 23 return T
/)



Floyd-Warshall Algorithm ., cusy RERE

|
Running time? Q //ﬁ) easy to e
/

< ro9fam
S tep bk dyaams P
FloydWarshall (G) :
/ 6 Let d be a adj. matrix initialized to +inf
foreach (Vertex v : G):
) =
87 d[v][v] =0
9 foreach (Edge (u, v) : G):
O(M) —10]5  d[ullv] = cost(u, v)
11+
- 12 foreach (Vertex w : G): /\ X
13 foreach (Vertex u : G): MNX
O( /]é> 14 foreach (Vertex v : G): 71k

15 if (d[u, v] > d[u, w] + d[w, Vv]) /
« |l -16 d[u, v] = d[u, w] + d[w, V] j 0 /2




