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Graphs - Definitions: (1)

s endVertices, endPoints:

¢ Two verticesjoined by an
edge.

= origin:

o First endpoint of a
directed edge.

= destination:;

+ Second endpoint of a
directed edge.
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Graphs - Definitions: (2)

= adjacent:
¢ Two vertices are “adjacent”
if they are connected by the
same edge.
= incident:

¢ Anedgeis“incident’” ona
vertex if the vertex isan
endpoint of the edge..

= Outgoing edges of a vertex:

+ Directed edgeswhoseorigin
IS that vertex.
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Graphs - Definitions: (3)

= Incoming edges of a vertex

+ Directed edges whose
destination is that vertex.

m Degreeof avertex v:

+ Number of incident edges
of v.

+ Denoted by deg(v).
m in-degreeof avertex v:

+ Number of incoming
edges of v. Denoted by

indeg(v).
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Graphs - Definitions: (4)

= Out-degree of a vertex v

+ Number of outgoing
edges of v. Denoted by
outdeg(v).

Graph Terminology
* adfsoenl verliees eonneciad by un edge
* degres (of averiex) # of adjacent vertieze

L deg(v) = M edpes)
e

* Bimer adjacen| vertioes
each count the
atjoining edpe, it will
be connted twice

pathi:  sequetice of vertloes ¥ s, -y Stch Chal
conseculive verlices vgand v, | ase alpcent,

Gragns ]
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Connectivity
Let = fiventices
m = fedges

codnpieds graph - ol | poo e of wer Bees are adjadsil

me= | W2REdealv] = (L2120 - 1] = tn-132

Y e Y

= Hach of the n verfices |5 incidenl 1o n - | edges,
hoawever, we wonld heve coavled each edpe twice!!!
Therefoee, iduiively, m = min. [

n=%
m={5sd)2=10

= Therefore, if & graph is sed complele,
m < 12

G
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More Connectivity

n = #verties
m = Hedpes

= For o ree m = 1- |

n=>3
m=4

= Ifm=<n- L, Gis ool conbectod

R

.qn;r- W
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Graphs — ADT:

= Many, many methods!

= Three Main Categories of
Methods:

¢ Generd methods

+ Methods dealing with
directed edges.

¢ Maethods for updating and
modifying graphs.
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The Graph ADT

* The raph ADT {5 & positional conlainer whose
piaitinds ae the vertices and ihe edpes of ihe graph.

- 2lne) Rebam the mumber of vertioes ples ihe
miinber ol edpges of 5

- isEmptyt )

- elementsy

= pogliiong )

- gwapl)

- replaceElemeni])

Motanon: Graph £7; Verfiees v, wy Bdpe o Objest o

= murnertices 3

Rebarn the rumber of vertices of £,

- mrnEdges)
Eeinm the mmmber of edges of (7.

- wortiees T Rebarn an enarmeteion of the ver ces

The Graph ADT (contd.)

- dirested Edges
Betarm an cummeration of afl directed
edges O,

- undireetedGdges!)
Retarm un enwmerstion of all
mislirected edges in G

= |||-:ujr|'.|]'-fdg|-.5r_|']
Retarm an enomeration of all edges
chclent om

- inTnici den 1 Ed ge=(v)
Retarm an enomeration of all ihe
bl ing edges I it

- eutlncidentEdgesiv)
Fogtarn an euumeration of all (he
oulgalng edges Crodmn

- opposieiu ¢
Fetar an endpoinl of ¢ distivet Brodn «

= dhegres v)
Retar the degree of

- InDegree{y)
Return the in-degree of v

- it Degmesei v
Retam the oul-degres of v

: Gerapha 18
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al &
- edged])  Rahim an enomerahon of the edpet of
€
E Graphs 1K
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More Methods ..
= adpoen] Vertloosy |
Rarars on enameraliom of the v ces
mijaecen| to w
- inAdisenVerioes{y)
Retam an enumersiion of the verh ces
wdjacent to v along inceming edges.
- il Adjreem Vertices (i)
Retarm an enumeralion of the veriices
wimcen| te v along outgring edges
e clpaocnl] L )
Retarn whether vertices v and woare
wljacent,
endVertipes(a )
Retm on arroy of sive 2 stormp the
end vertices of &
ol g2
Remm the end verex from which 2
leaveE.
= destimalionie)
Betam the eod vertex al which e
SITINEE.
- iDhreched(s
Revam e iff & idinected.
g Gemphe {r g
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Update Methods
mmakeUndirecied{e)
Sed & U b an urslinecied edpe,
- reverseDuectivnle)
Switch the origin aud destination
vertices of e.
= =i echionFromie, v
Seds the direction of e away from v, one
of i3 end vertices
- setDirectionTole, v)
Sela the direction of e loward v, one of
1% end verlioes,
irEariBdgeiy, w i)
Tnsar i relam o amclirecied edje
betwesn v aud w, sloring o al this
(elESR TR
- inseriDmeced Edgedy, w, ab
[rsart amd pedrn & divecied edge
bebwoan v anc w. sionng o al this
]
- mser Veriex(a)
[ipert and remm a new {isolated)
verlex dering o at this posiien.
removeEdpen o)

RBemove edge &
[ty ] 1§
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Data Structures for Graphs
= & Uraph! How can we regeesent of ¥

« T slar! with, we store the vertices aml the edges inlo
b comtalners, and each edge abjeci has referetioes
to the wertices il cComers

W

= Additioral strwenates i be gsed 1o por{odm
efficiently the methads of the Cimph AT

i Bructures o Grajbs 3
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Graphs — Data Structures:

m  Three Main Approaches.
o Edgelis.
+ Adjacency Lis.
+ Adjacency Matrix.
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Graphs — Edge List: (1)

»  Simplest but not efficient.

n  Vertex vstoring dement ois
represented by vertex object.

n  Vertex Objects:
¢ Storedincontainer V.
¢ A referencetoo.

+ Countersfor number of
incident undirected edges,
incoming directed edges,
outgoing directed edges.
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Graphs — Edge List: (2)
m Distinguishing featureis
how it represents edges!.

= Edgeedoringeement ois
represented by edge object.

+ Edgeobjectsare dso
stored in a container E.

= Edge Objects:
¢ Referencetoo.

¢ Boolean indicator tells if
edge is directed.
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Graphs — Edge List: (3)

¢ Referencesto the vertex
objectsin V associated
with the endpoint vertices
of e (undirected) or
references to the origin
and destination (directed).
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Graphs — Edge List: (4)

m Provides direct accessto the
edges and to the two vertices
it is adjacent to.

m  Allowsfor smple and
efficient algorithms for edge
based methods of the ADT:

+ endVertices origin and
destination.

s Not efficient when we want
to access edges that are
incident to some vertex.
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Graphs — Edge List: (5)

¢ Needtolook through all
the edges!

» incidentEdges(v)
requires asearch to
look for al edges
incident to v.

x areAdjacent(v, w) dso
requires a serach!

x removeVertex also
requires a search of
edges.
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Edge List
* The edge lisl giriciine simply stones the vertices and

the edges int nnsorted sequences.

» Emsy in irrlpll::nnu:l

» Finding the edges duciden) on & given vertex is
inefMicien 2nee il a':quinl:ﬁ exanmining he entine

edpe sequence

1_.'
Dabw SucheE Lor Graphe 3
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Performance of the Edge List

Structure

Operaticn [ Time |
siee, Empty, roplscs Eloment, swap Ly
|||1.n|\;5;.r.nc_(:;'...;ul_;l:nl':ﬁ-@u. T l!'.l.ll:l
vestiees Dwy
edges, directed Bdges, updirecied Edges 1Emb
elements, poaliione [Ou+my
cudvertices, np.lr.u.aim:.ﬁ |;:F destination, -OTI_:- |
D cied
incidemiBidges, inlncrdenlEdges, aotlne CYimh
deniBdges, adjucen Vertices, inAdja-

centVertioes, ol Adiaoent Visrtiees,

ared dincent, degree, inlegree, ouiDegres
inssrtVerten. inseriBdpe, nzenDirected-  |Of1)
Iitlla;:, rcrnmrcl-]:lﬂc_ e LIndinected],
neverselvrection, setDireciieaFremm, esDi-

Teeho fe

e Yerie Coimh

i Bructures for G X
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Graphs — Adjacency List:

(1)

m Extendsthe edgelist
structure except it adds extra
information to support direct
access to incident edges of
each vertex.

s Includesall structures of
edge list including:

+ Each vertex object v holds
reference to container I(v)
that stores references to
the edges incident onv.
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EBZr)aphs —Adjacency List:

o |If directed edges, the (V)

splitsinto 1;,(v), 154(V)
and [ (V).

s Providesdirect access from
the edges to the vertices and
from the vertices to the
edges.

o Allowsfor speed up for
severa methods.
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Adjacency List
{modern)

* The sdincemcy e stncture ex bends the edge lisi
sirichine by adding incidence conlainers 1o cach
weTlEx,

Eismans:

T

Dta Bruchuine lor Graphs []

“ﬂﬂ“.ﬂl“l-ﬁ
Iil

= 'The space requircment is Oin + m).
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Performance of the Adjacency
List Strocture

i Operation [ Time

|siie, xhumpty, replace Blemenr, swap (fl{] ]
wamVeriices, mamPrges o)
vertioes |U'[|:|I

| edpes, direciedEdges, undineciedbdpes D'[mj

| clements, position: |I:J[u+m:

endVeriices, opposile, o gin, desim- 1)
toen, islbirected, degres, inDegree, oat-
Dhegriae

ncidentEdpealv], imincidentBdgesivy,  [ONdepivi)
outlieideniBdges] vy, adjeceni Verli-
ces{v ), inAdmeent Yertices{v i, outAdja-
oot Vertices{v)

areA dpcent{n, v) CXrminddegiu),
deglv))

innart Ve, imser| Fdge, msern Dinecred- |0O(1)
Edge, memove Edpe, makel ndirected,
l'l,w‘.’.‘il!l.‘-‘i.r':r:[mn

rrmnvc"-tru:xwl |ﬁ.1[d;:..gr,\';-i

Dl Birochires Tor G g 7
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Graphs — Adjacenc
MatPlx (1) : Y

= Extends the edge structure
with additional component:

¢ Matrix A dlowsto
determine adjacencies
between pairs of vertices
in constant time.

o Think of the vertices as
being integersin the set
{0,1, ...,n-1}.

+ Edgesarepairs of these
integers.
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Adjacency Matrix
(traditional)

] L
o e e | B
e e 2 -
P o o ot = B

= matrix % with entries o all pairs of vestices

= Mij] = troe meas (hat there = anedge (L)) o the
graph.

* M[ij] = false memns thal thers = oo edge (1§ in the
praph

# Thete is an enlry for every possilie edge, therefone
Spaoe =GN

Dimta Biristurae for Sraphe L]
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Graphs — Adjacency
Matrix: (1) Adjacency Matrix
. imodern)

u Vertex Obja:t \Y alw gor% a = The adjurency matrx eirehires uugments the edge
ditinct integer key in the il bt
range{0, 1, ..., n1}, called Ve YA el
the |ndex Of V. "'| RS S N =t

= Kegpa2Dn’ naray A ol I I
such that cell Afi,j] holds a = PR B
reference to edge e that goes i Mol I ] [l -1
from vertex i to vertex j if A FIEAET L B
such an edge exigts. s(e|mle|eae|s

. . Elelo|0 |0 |08
o If eisundirected store e
reference to A[i,j] and R - R e
A[J ,l]' * The spmee requirarment is Ofn® + m)
Oimta Finishuras for Sraphs a
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Performance of the Adjacency
Matrix Structure

Uperation Time
w1, I=Empty, replaceEkiment, swap X1
wn Vertices, numbdges |1
e e
eclges, directed Edges, mulinecledEdges (m)
ehemmenls, positions. [Omam) |

endVerticed, oppodite, orign, destinalicn. [ex1y
slhrected, depree. mDegree, oufDegee
incidemEdpes, inlucidentBdges, suilng- Ed]
dentBdges, adjacent Vertioes, inAdia-
cemtVertiors, oulAcljacent Vertioes,

F.h_ciu-:nnl 01y
inseriBdge, inseri DireciedFdpe. remoy- 1
c|id|g,|.'. make U hsdlirecied, feverseDhirsction,

st Direction From, sefDirection e

InseTi Veries , emovwe Yeriex I:_;‘:".'I |

Dt Ebrichimme tar Grapne m
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