Data Structures

Graphs

Teacher : Wang Wei

1. Ellis Horowitz etc., Fundamentals of Data Structures in C++

2. &3t Mg
3 BAR, Mgt
4. http://inside.mines.edu/~dmehta/
Eff, HHLCR R, Rl
Graphs
Definition
- Consists of two sets V and E
Graph=(V, E)

— vertices V={u|u e DataSet } , afinite, V(G) =&

—edges E={(u,v)or<uyv>|u,veV}

Eff, i HHLLR R, Rk

Undirected and Directed graphs
* Undirected graph : graph
— no oriented edge
— any edge is unordered

—(u,v)=(v,u) , thesame edge

e Directed graph : digraph
— every edge has an orientation 0
— any edge is ordered 2
—<u,v> u:tail,v:head

— <u,v>=#<v,u> , two different edges 9
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Restrictions of Graph

(1) may not have an edge from a vertex back to itself
— self edges
— (v, V) or <v, v>is not legal 0,

(2) may not have multiple occurrences of the same edge
— if allowed, get a multigraph

Eff, B LRR, KK

Complete Graphs with n vertex

. A graph
each edge : (u,v), ul=v
- the maximum number of edges is = n(n-1)/2

. Adigraph
- eachedge : <u,v> ul=v
the maximum number of edges = n(n-1)

(0) Q (Dv@
;:) 696 g \9/
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Subgraph
. G1 is asubgraph of G

_ G=(V,E) and G 1=(V 1, E 1)
~VicV and E1cE

e
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Adjacent
e if (u,v) eE
u and v are adjacent
edge (u, v) is incident on vertices u and v

e if<u,v>eE

vertex u is adjacent to v, and v is adjacent
from u

edge<u, v>is incidentto u and v

Eff, B LRR, KK

Vertex Degree

Number of edges incident to vertex
degree(2) = 2, degree(5) = 3, degree(3) = 1

W\

Sum of degrees = 2e (e is number of edges)

Eff, i HHLLR R, Rk

In-Degree Of A Vertex

in-degree is number of incoming edges
indegree(2) = 1, indegree(8) = 0

Out-Degree Of A Vertex

out-degree is number of outbound edges
outdegree(2) = 1, outdegree(8) = 2
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Sum Of In- And Out-Degrees

—with n vertices and e edges

Sum Of In-Degrees = Sum Of Out-Degrees = e

—each edge contributes 1
« to the in-degree of some vertex
« to the out-degree of some other vertex

Eff, B LRR, KK

Weighted Graphs : Network

« Network is a graph with weighted edges
« Driving Distance/Time Map
* vertex = city
« edge weight = driving distance/time

Eff, i HHLLR R, Rk

Graph Representations
Three most commonly:
(1) Adjacency matrices
(2) Adjacency lists
(3) Adjacency multilists

The actual choice depends on application
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Adjacency Matrix

- 0/1 nxnmatrix A=(V,E)
- n =numbers of vertices

. Such as

A.edgefi][j] =~

1, iff <i,j>€E or (i,j)€E

0, otherwise

0101
1010
Aedge =15 1 ¢ 1
1010
d = > alillj]
=0

. an graph is symmetric

Q . adigraph may not be symmetric

. n
out-d; = )

N

i afil[ j]
(1) 010
Aedge =|1 0 1 0

e 000 in-d, =;a[i][J]

Adjacency Matrix of weighted diGraph

W(i,j), i#]jand<i,j>eE or (i,j)eE
A.edge[i][j]:[oo, i#jand<i,j>¢E or (i,j)¢E
0, i==j
8
e-e W(i,j) is weight of edge (i,j)

N
AN
! Aedge=|%

8 ok
OO0 wWs
oo
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Class definition using Adjacency Matrix

template <class T, class E>
class Graphmtx : public Graph<T, E>

{
friend istream& operator >> (istream& in, Graphmtx<T, E>& G);
V/E-2:8
friend ostreamé& operator << (ostream& out, Graphmtx<T, E>& G);
I/%5
Efh, 6L LR R, KT 16
private:
T *VerticesList; /TR 2%
E **Edge; /[4BpEesERE

int getVertexPos (T vertex)
{
[1¢8 R IBURVertexE B P ey H B
for (inti =0; i < numVertices; i++)
if (VerticesList[i] == Vertex) return i;

return -1;
}
Eff, LR &, KR 17
public:
Graphmtx (int sz = DefaultVertices); //#9x &k
~Graphmtx () #1392

{ delete [ ]VerticesList; delete [ JEdge; }

T getValue (inti) {
J[BRITR 1 &Y, | R&EEEQ
return i>=0 && i <= numVertices ? VerticesList[i] : NULL;

}
E getWeight (int v, int v2) {

/1832 (v1,v2) LA 1a

return vi!=-1&&v2!=-1?Edge[vl][v2]:0;
}
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int getFirstNeighbor (int v);
[[BRITSR v B9~ SBE TR
int getNextNeighbor (int v, int w);
//BR v B9 $BEETFR W B9 T —S$BE TR
bool insertVertex (const T vertex);
[/4& NITUR Vertex
bool insertEdge (int v1, int v2, E cost);
[l3E N2 (V], v2) ARTE 29 COst
bool removeVertex (int v);
[/ 2 TBOR v FaBrF A5 48 4 mey 2
bool removeEdge (int v1, int v2);
/2= B s M2 (v1,v2)
3

Efh, L LR R,

template <class T, class E>

Graphmtx<T, E>::Graphmtx (intsz) { /493 za
maxVertices = sz;

numVertices = 0; numEdges = 0;

inti, j;

VerticesList = new T[maxVertices]; //€l&IR &
Edge = (int **) new int *[maxVertices];

for (i = 0; i < maxVertices; i++)
Edge[i] = new intf[maxVertices]; //[¢B&4Erk

for (i = 0; i < maxVertices; i++) /[5E BT
for (j = 0; j < maxVertices; j++)
Edge[i][il = (i==j) 2 0: maxweight;

template <class T, class E>
int Graphmtx<T, E>::getFirstNeighbor (int v) {
/88 B TR UL B 29 VEY B — S $BETTURBY L &
[Hfa P RE, N R E -1

if (v!=-1)

{

for (int col = 0; col < numVertices; col++)
if (Edge[v][col] && Edge[v][col] < maxWeight)
return col;

}

return -1;

}
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template <class T, class E>
int Graphmtx<T, E>::getNextNeighbor (int v, int w) {
[/%8 B ITAR v B X EBITTAR W BT — D EBI IR

if(vi=-1&&w!=-1){

for (int col = w+1; col < numVertices; col++)
if (Edge[v][col] && Edge[v][col] < maxWeight)
return col;
}
return -1;

}

Eff, B LRR, KK 22

Adjacency List

« if explicitly represent only edges
— when e << n?

* n rows of Adjacency Matrix are represented
as n chains

— an array of n adjacency lists

» Each adjacency list of each vertex is a chain

— chain iis alinear list of vertices adjacent from
vertex i

Eff, i HHLLR R, Rk 23

Adjacency Lists of Graph

dataadj destlink dest link
Aot 113]a
B.L (=
Cabs
Pl =—~{oTA]

node structure of vertex : data and adj
node structure of chain : dest and link
Degree of vertex i = number of nodes in chain i

- edge (v;, v;) :vertexi and vertex j

w N P O

EfF, HRHL LR R, ST A 24




Adjacency Lists of DiGraph

dataadj dest link

OJA| 711 IA] destlink
IDESTIESEILN
2|C A

Adjacency (out-degree)

O—@=>

dataadj dest link

o[A] +-{1]A]
ACIESIP
2|C ——> Inverse adjacency (in-degree)
L LR, 2
Adjacency Lists of network
data adj dest cost link
@-p) O[A[F—{1[5]3{3[6]A]
5J 9 ]\2 1B| 4—{2[8]A
YA el e o IR
= g~ 3|D \\

(vertices) (out-degree)

cost =weight of edge (i,})

Efh, iH L LR R,

Class definition using Adjacency lists
template <class T, class E>

struct Edge { /|25 Ry
int dest; /32 6Y B —BUR BB
E cost; /132 L &9 A TH,
Edge<T, E> *link; [T —#2 e 3ast
Edge () {} IR E-%::T 3
Edge (int num, E cost) ECE T 3

. dest (num), weight (cost), link (NULL) { }

bool operator != (Edge<T, E>& R) const
{ return dest != R.dest; } ELE T 2

£, LR R, R 27




template <class T, class E>

struct Vertex { /[T REy X
T data; /[T a3
Edge<T, E> *adj; -2 3-cE 2 ¢
b

template <class T, class E>

class Graphlnk : public Graph<T, E>

{ /Esyzemx

friend istream& operator >> (istream& in, GraphInk<T, E>& G);
V2N

friend ostream& operator << (ostream& out, Graphlnk<T, E>& G);
[1%8

Eff, B LRR, KK 28

private:
Vertex<T, E> *NodeTable;
/1T AR (B3 1 ) S LR

int getVertexPos (const T vertx)
{
/%6 (A BUR VertexZE B eyt i

for (inti = 0; i < numVertices; i++)
if (NodeTable[i].data == vertx) return i;

return -1;
}
Eff, LR &, KR 29
public:
Graphlnk (int sz = DefaultVertices); /493 &4k
~Graphlnk(); [1#48 B
T getValue (inti) { [/ BRITR | TR

return (i >= 0 && i < NumVertices) ? NodeTable[i].data : 0;
}
E getWeight (int v1, intv2); /332 (v1 v2)iR1E

bool insertVertex (const T& vertex);
bool removeVertex (int v);

bool insertEdge (int v1, int v2, E cost);
bool removeEdge (int v1, int v2);

int getFirstNeighbor (int v);

int getNextNeighbor (int v, int w);

£, LR R, R 30
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template <class T, class E>
GraphInk<T, E>::Graphlink (int sz)

{
/|33 R ¥ . - — SR
max\Vertices = sz;
numVertices = 0; numEdges = 0;
NodeTable = new Vertex<T, E>[maxVertices];
/€13 T A R B

if (NodeTable == NULL)
{cerr<<"#HFmrmEer! " <<endl; exit(1);}

for (int i = 0; i < maxVertices; i++)
NodeTable[i].adj = NULL,;

Eff, B LRR, KK

template <class T, class E>
Graphlnk<T, E>::~Graphlnk()

{
/¥ g R 2 . MIBR—4PER
for (inti=0; i <numVertices; i++)

Edge<T, E> *p = NodeTable[i].adj;

while (p != NULL)
NodeTable[i].adj = p—>link;
delete p; p = NodeTable[i].adj;

}
delete [ ]NodeTable; /M BRTBUR B2 48,

Eff, i HHLLR R, Rk

template <class T, class E>
int GraphInk<T, E>::getFirstNeighbor (int v)

{
/¢ RTFTORTL RS Vv 8O~ EBEHETRAH TR,
/[ 3 R, N R E -]
if (vi=-1)
IS AV
Edge<T, E> *p = NodeTable[v].adj;
/53 BLa2 s 235 — A~ R 4R
if (p '= NULL) return p—>dest;
/1753, B E 3 — 1 EBEIR

}
return -1; || — A BEITARRTE

£, LR R, R
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template <class T, class E>
int Graphlnk<T, E>::getNextNeighbor (int v, int w)

/5 B ITTAVEY $BIETLAWEY T —- 14 IASH TR,
/358 T —~A- PR TR, U SR 3R B -1
if (vI=-1)
[/ BURVAFE
Edge<T, E> *p = NodeTable[v].adj;

while (p '= NULL && p—>dest !=w)
p = p—>link;

if (p 1= NULL && p—>link != NULL)
return p—>link->dest; /3B BT~ 4B AR

return —-1; [I'F — 4B IARBE
}

EFF, SRR, R 34

Adjacency Multilists for undirected graph

node structure of edge

| mark ‘ vertexl ‘ vertex2 ‘ pathl ‘ path2 |

mark : to indicate whether or not the edge has been examined
vertexl, vertex2 : two vertices of the edge

pathl : to point the adjacency edge of vertexl

path2 : to point the adjacency vertex of vertex2

cost : when G is a network

node structure of vertex
_ data
and

data firstout

_ firstout : a pointer to point the adjacency edge of the vertex
Eff, AL LR &R, Rk 35

Example : undirected graph

data fout

/,@ 0 = e, mark V‘tXE)VT;_ pThlpa|th2 ‘
® 1 g

i| [0]2 [A]n]
SGEEae ]
s 3——1L [1[3[alr]

Eff, i HHLLR R, RHkY 36
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Adjacency Multilists for directed graph

node structure of edge

| mark ‘ vertexl ‘ vertex2 ‘ pathl ‘ path2 |

node structure of vertex
_ data
and

| data |firstin |firstout |

- firstout : to point the adjacency edge (out-degree)
- firstin : to point the adjacency edge (in-degree)

Eff, B LRR, KK 37

Example : digraph

data Fin Fout mark vtx, vix, path, path,

e OB I== CE LIl
| Y (ELEAE
| S0y IR
e el 202 [aln]
alE] ] —Fes 314 [A]A

=e|_[4]0 [aln]
38

EAf, B LRR, KK

Path
e apath
—fromutov
— asequence of vertices u, iy, iy,..., iy, V

— Gis undirected
(u, iy), (iq, ip),...,(iy, v) are edges in E

— G’is directed
<U, iy>, <iy, ip>,...,<iy, v> are edges in E’

e path length
— the number of edges on the path
or

— the sum of the weights of the edges on the path

£, TR R, Kl 39
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« Since a graph may have more than one path between
two vertices

* May be interested in finding a path with a particular
property

« For example

—find a path with minimum length
—find a path with maximum length

EFF, SRR, R 40

 simple path

— all vertices except possibly the first and last are distinct
e cycle

— the first and last vertices are the same

« for directed graph, paths and cycles are directed

Z
090 2 ==

Eff, i HHLLR R, Rk 41

DFS (Depth First Search)

N 1 ) 2
f— L0
7§D/c 5 (G4
8 9
Depth-first search Depth-first Spanning Tree

dfn : depth-first number
- outside the vertices
. give the sequence in which the vertices are visited during the depth-first search

EfF, HRHL LR R, ST A 42
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DFS

Begin by visiting the start vertex v

Next an unvisited vertex w, adjacent to v is selected
From w; to visit an unvisited vertex w, adjacent to w,
From w, to ws, and so on

When a vertex u is reached

- all its adjacent vertices have been visited

Back up to the last vertex visited

- that has an unvisited vertex w
Search terminates

- When no unvisited vertex can reached from any of the
visited vertices

EFF, SRR, R 43

DFS Algorithm

template<class T, class E>
void DFS (Graph<T, E>& G, const T& v)
{

JIANTTAR Y b s B G FT SR L T SR S IF o £ 3342
inti, loc, n = G.NumberOfVertices(); 1135 AA~ 2R

bool *visited = new bool[n]; 161 3@ 4 B 2 28,
for (i =0; i <n; i++) visited [i] = false;
1%k By % B visited & 18

loc = G.getVertexPos(v);
DFS (G, loc, visited); [ ITAROFF 46 R BT S 3R 3R
delete [] visited; /13 3xvisited

Eff, i HHLLR R, Rk 44

template<class T, class E>

void DFS (Graph<T, E>& G, intv, bool visited[])

{
cout << G.getValue(v) <<'"; [ ra TRy
visited[v] = true; [1vEiFJarsie
int w = G.getFirstNeighbor (v); //3—14pEBTA

while (w != -1)
{ /258 BmMAWEE
if (!visited[w] ) DFS(G, w, visited);
/W AR AT AL, 32 V=1 R AW
w = G.getNextNeighbor (v, w); //TF—1~¢Bi 1A
}
}

£, LR R, R 45
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Analysis of DFS

» Adjacency lists
— T(n) is O(e)

» Adjacency matrix

— determine all vertices adjacent to v, T(n) is O(n)
— Total time: T(n)is O(n?)

Eff, B LRR, KK

46

BFS (Breadth First Search)

1 2 5
A—Ee—E
4 fD‘/‘/c; 3 (o7
6 (F'—n—"0
8 9
Breadth-first search Breadth-first Spanning Tree

EAf, B LRR, KK

47

BFS

Begin by visiting the start vertex v

Next all unvisited vertices w;, w,, ..., w, adjacent to v
are selected

Unvisited vertices adjacent to these newly visited
vertices are then visited

. Andsoon

£, LR R, R

48
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BFS Algorithm

template <class T, class E>
void BFS (Graph<T, E>& G, const T& V)
{

inti, w, n = G.NumberOf\Vertices();  //E s TLAA~%%
bool *visited = new bool[n];
for (i = 0; i < n; i++) visited[i] = false;

int loc = G.getVertexPos (v); /B ITAS
cout << G.getValue (loc) << ' *; i A sy
visited[loc] = true; /e i atwic

Queue<int> Q; Q.EnQueue (loc);
/TTAHL DY, RISy SR Al

EFF, SRR, R 49
while (1Q.IsEmpty() ) { /[VE 2R, i )8 AT 4 AR
Q.DeQueue (loc);
w = G.getFirstNeighbor (loc); /36—~ 4B TR
while (w !=-1) { /55 4B 35 TAWA I
if (Ivisited[w]) { JESE X7 S k3
cout << G.getValue (w) <<'';  //izJ&
visited[w] = true;
Q.EnQueue (w); /3 AW BA 3
}

w = G.getNextNeighbor (loc, w);
3% T | 0CHy R —A~ 4B AR
}
}  IPNBYEER, HIAIIERS
delete [] visited;

}

Eff, i HHLLR R, Rk 50

Analysis of BFS

Using a queue
each visited vertex enters it exactly once

« Adjacency lists
— T(n) is O(e)

« Adjacency matrix
— Loop time: T(n)is O(n)
— Total time: T(n)is O(n?)

£, LR R, R 51
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Connectedness

e uandv are connected
— iff : @ path in G from u to v (also from v to u)

¢ an undirected G is connected

— iff : for every pair of distinct u and v in V, there is a path
fromutov

So
— a path between every pair of vertices

Eff, B LRR, KK

« A undirected G is connected

—can not add vertices and edges from original
graph and retain connectedness

* Aconnected graph has exactly 1 component
— amaximal subgraph

« Adirected G’ is strongly connected
— every pair of distinct u and v
— adirected path from u to v and also from v to u

« Astrongly connected component
— amaximal subgraph

Eff, i HHLLR R, Rk

Connected components of connected G

//A\\ S

B\C/D/E |\ | L\ /M (N
F—G &) o)

AR B
B\ /é/\\n\/,e %Ij
A\ G—=0 / N\ \/

Connected components of unconnected G

Eff, i HHLLR R, RHkY
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Determining Connected Components

template <class T, class E>
void Components (Graph<T, E>& G)

{ /38 3LDFS, 3% & F i B B A 38 5 i
inti, n = G.NumberOfVertices(); /B8 = TR A~ 2R
bool *visited = new bool[n]; [l Jatmie g2
for (i = 0; i <n;i++) visited[i] = false;
for (i=0;i<n;i++) [|3a338 B A IR

if (lvisited[i]) { [z s5 AT a1t
DFS (G, i, visited); (1397 )@
OutputNewComponent(); (14t 2% R 2
}
delete [ ] visited;

}

Efh, 6L LR R, KT 55

Analysis of Components Algorithm

« Adjacency lists
— for loops time: T(n)is O(n)
— DFS total time: T(n) is O(n+e)

« Adjacency matrix
— Total time: T(n)is O(n?)

Eff, i HHLLR R, Rk 56

Biconnected Component

A vertex v is an articulation point(3&¥i &)
in undirected G
- iff v be deleted , together with the deletion of all edges incident to v
- the graph has at least two connected components

Biconnected graph (E%iEE)
- is a connected graph that has no articulation points
- gg;gﬁﬁzﬁf&#&%‘ﬁﬁﬁ& FEMERATUR RS TR RB A, AR

Biconnected component (JU/E il &)
- is.amaximal biconnected subgraph
G contains no other subgraph

- No edge can be in two or more biconnected components

£, LR R, R 57
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Depth-first Spanning Tree

RAEE T X

Efh, iH 6L LR A,

No edge can be in two or more biconnected components

Undirected graph G, the biconnected componments can be found by using
any depth-first spanning tree

root of the depth-first spanning tree is an articulation point
iff it has at least two children

other certex u is an articulation point
iff it has at least one children, suchasw

- itis not possible to search an ancestor of u using a path composed solely of
w , descendants of w, and a single back edge

Back edge
Cross edge

Eff, i HHLLR R, Rk 59

Data Structures

Spanning Trees

Teacher : Wang Wei

1. Ellis Horowitz etc., Fundamentals of Data Structures in C++
2. iz, Ml sib

3. BAE, citat)

4. http://inside.mines.edu/~dmehta/

Eff, i HHLLR R, RHkY
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spanning tree
¢ Minimum-Cost Spanning Tree
— weighted connected undirected graph

— cost of spanning tree is sum of edge costs
— find spanning tree that has minimum cost

Eff, B LRR, KK

Eff, i HHLLR R, Rk r‘d)ﬂ

Constraints

To construct minimum-cost spanning tree
— must use only edges within the graph
— must use exactly n-1 edges and n vertices

— may not use edges that produce a cycle
— the cost is least

£, LR R, R
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Construct Stages for Kruskal’s Method

(@) (b)

EFF, SRR, R 64

22

e
og
10/ 14 16 10 14
® ® @26 ®

EAf, B LRR, KK 65

Pseudocode for Kruskal

T=0; IITJ /N A i B
NER AR B A&
while (T contains less than n-1 edges && E not empty)
choose an edge (v, w) form E of lowest cost;
delete (v, w) from E;
if( (v, w) does not create a cycle in T) add (v, w) to T;
else discard (v, w);

if ( T contains fewer than n-1 edges)
cout << “no spanning tree* << endl;

£, LR R, R 66
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using Min-Heap to store edges
vertrxl vertex2 weight

| u | \Y% I cost

using UFS to determine if vand w is or not already
connected by the earlier selection of edges

Eff, B LRR, KK 67

const float maxValue = FLOAT_MAX
[ g Ry | JaSE o R T AL BB R IK
/#3085 Ry SR X

template <class T, class E>

struct MSTEdgeNode

{
int tail, head; JI7E T A
E cost; [/EWXEES
MSTEdgeNode() : tail(-1), head(-1), cost(0) { }
JEOE-=E"
j3
Eff, PR R, Rk 68
/IMST 25 %

template <class T, class E>
class MinSpanTree

protected:
MSTEdgeNode<T, E> *edgevalue; [EATEE ]
int maxSize, n; [0 R A Ao 245 2
public:

MinSpanTree (int sz = DefaultSize-1) : MaxSize (sz), n (0)
edgevalue = new MSTEdgeNode<T, E>[sz];

}
int Insert (MSTEdgeNode& item);

]

£, LR R, R 69
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Implementation of Kruskal

#include ""heap.h"

#include "UFSets.h"

template <class T, class E>

void Kruskal (Graph<T, E>& G,
MinSpanTree<T, E>& MST)

Eff, B LRR, KK

{
MSTEdgeNode<T, E> ed; [|:245 R AHBH T
intu, v, count;
int n = G.NumberOf\Vertices(); lEriS-E"S
int m = G.NumberOfEdges(); IEE=S
MinHeap <MSTEdgeNode<T, E>> H(m); 3an st
UFSets F(n); /152

for (u=0; u<n; utt)
for (v =u+l; v <n;v++)
if (G.getWeight(u,v) != maxValue)

}

[ENE =R S
ed.tail = u; ed.head = v;
ed.cost = G.getWeight (u, v);
H.Insert(ed);
}
Eff, LR &, KR 71
count=1; 138 2 PR AT 32 3R 2K
/12330 AT, FRN-15c22
while (count < n)
{ H.Remove(ed); [3R B SR AN AR TELED 32

u = F.Find(ed.tail); v = F.Find(ed.head);
[/ T IR A Fe SO ARU SV

if (ul=v)

{ IR AR — T, R
F.Union(u, v); &3, mmen
MST.Insert(ed); Il3%324 NMST
count++;

}

}

£, LR R, R
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UF
0125 4 5 6

order: S S | S |
(0510 s [2IEIIEERIE] (05,10)
(2312) &% R0 (23.12)
(1510 2 EEEEELE asw
(3:5:13) &z 24l 2]-1fo][1] @1216)

1504 (3422) #0  [ZIEIZIAOIE (34.22)

15t5 (4,5,25) @&+

73

(4,6,24) #3F 2ILIR]L] 45.25)

Efh, 6L LR A, 4

Construct Stages for Prim’s Method

L © ©
I

® @:} ® @
1 2 @ @
I )
| o
:: 10/ 14 16

@& ® @26 ® @
- 12:: 25 - 12
Eff, iHIEHLT hgq)w K¥ I‘ (e) (f) 74

Pseudocode for Prim

/I Start with any single vertex
Vinst = {Ug}s B =25
while (V,, contains less than n vertices && E not empty)
{
choose an edge (v, w) form E of lowest cost, ueV, NveV-V,;
let Ving = Ving U{V}, Epgt = B U{(U, V)
discard (v, w), E=E-{(u, v)};
}
if (V,,,: contains fewer than n vertices )
cout << "' no spanning tree ' << endl;
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Implementation of prim
#include ""heap.h™
template <class T, class E>
void Prim (Graph<T, E>& G, const T u0,
MinSpanTree<T, E>& MST)

{
MSTEdgeNode<T, E> ed; [EX e TS
inti, u, v, count;
int n = G.NumberOfVertices(); I3 2
int m = G.NumberOfEdges(); /X"
int u = G.getVertexPos(u0); I taTARS
MinHeap <MSTEdgeNode<T, E>> H(m); JIE. 2T =3
bool Vmst = new bool[n]; /3B aIn 2 LAY TR AS
Eff, HHLCR R, Rl
MinHeap <MSTEdgeNode<T, E>> H(m); I35t
bool Vmst = new bool[n]; [N 2 A TR S
for (i=0;i<n;i++)
Vmst[i] = false;
Vmst[u] = true; 11U 0~ 2. AL

Eff, i HHLLR R, Rk

count = 1;
do { /e
v = G.getFirstNeighbor(u);

while (v 1= -1)
A smusrH SBHE THAR
if ('Vmst[v])
{ INARZEmSst
ed.tail = u; ed.head =v;
ed.cost = G.getWeight(u, v);
H.Insert(ed); I(u,v)zm st
} /s er #prgTUZE MSt R, VAR AEMStR 8y 32
v = G.getNextNeighbor(u, v);
}
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while ('H.IsEmpty() && count < n)

H.Remove(ed); EX L E N TR
if ('Vmst[ed.head])
{

MST.Insert(ed); (RS U
u =ed.head; Vmst[u] = true;

Nuza N2 A TR TS
count++;
break;

}
}

} while (count < n);

} // end of prim
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28
(0—1) H = {(0.5,10), (0,1,28)}

ed = (0, 5, 10)
&) 24@18 g Vit = {6, £ 1, f, 1, T}
25 )
@ 22 ® Vo = {t. £ £ £ £ £, T}
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0L H = {(5,4,25), (0,1,28)}
10/ 14/ \16  ed= (5 4,25)

G ® @ V={tfifififitf
{

Vg ={t, f,f, . t, t, f}

H ={(4,3.22), (4,6,24), (0,1,28)}
ed = (4,3, 22)
Voo ={t £ f 61t

I
Vst = {t,f,ft,ttf}
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H ={(3.2,12), (3,6,18), (4,6,24),
(0,1,28)}

ed= (3,2, 12)

Vo ={t f. 6ttt f

Vo= {tf 4ttt f}

H={(2,1,16), (3,6,18), (4,6,24),
(0,1,28)}

ed=(2,1,16)

Vst = {L, E ttttf}

Vg ={t tt,t 1t f}
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2@  H={(1614).(3618) (46.24),
10/ 14/ \16 (0.1,28)}

G @ (2 ed=(619

247 N18 f15 Vm={t,t,t,t,t,t,fﬂ}

Vg ={ttttttt}

Edges in MST:
0,5,10), (5,4,25), (4,3,22),(3,2,12), (2,1,16), (1,6,14)
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