AlaAeén 20: Fpadotl | - Eloaywyn

2TnVv evotnta avtn Oa peAetnOouv ta e€Nc emMUEpPOUC OEpata:
- F'padol - oplopotl kat uAomoinon

- Alaoylon Mpadwv
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Etcaywyn otoug Npadouc
* H mo yevikn popdn dopunc dedopevwy, HE TNV Evvora O0TL OAEC oL
TLPONYOUUEVECG SOMEC UItopoUV va OewpnBolv we MEPLNTWOELC
vpadwv.
e Eva ypadoc G(V,E) amoteAeitol amno
e £va cuvolo V kopudwv (vertices), N onpeiwyv, N KOUBwvV , Kot
e ¢va oUvolo E akpwv (edges), N to¢wv, N ypapupwyv. Mia akun
elval eva {evyoc (u,v) amo kopudEc.

e [Mapadelypa ypadou:

E/T//L
e "




padot
e OLypadol mpoodEpouv pa xpnotpun nEBodo yla tn dtatunwon Kat
AUon noAAwv rpoBAnUATWY, OF
e JikTua KoL cuoTpaTa TNAETILKOWWVIWY (TT.X. To Internet),
® YAPTEC - eMAoyn Spopoloyiwy ,
* TIPOYPAUUATIONO epyaciwyV (scheduling),
e avaluon npoypappatwy (flow charts).

e H OBeswpia Twv ypadwv Bewpeital otL Eekivnoe amo tov Euler otig
apXEG Tou 18ou awwva (1736).
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Edbappoyec lpadpwv

communication
circuits
mechanical
hydraulic
financial
transportation
scheduling
software systems
internet
games
social relationship
neural networks

protein networks

chemical compounds

telephones, computers
gates, registers, processors
joints
reservoirs, pumping stations
stocks, currency
street intersections, airports
tasks
functions
web pages
board positions
people, actors
neurons
proteins

molecules

fiber optic cables
wires
rods, beams, springs
pipelines
transactions
highways, airway routes
precedence constraints
function calls
hyperlinks
legal moves
friendships, movie casts
synapses
protein-protein interactions

bonds

l
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High School Dating
e Bearman, Moody, and Stovel, 2004 Image by Mark Newman
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Internet Movie Database

e [wc vo avarmapooTriO0UUE TG OXECELC LETAEL TWV NBOTIOLWYV KOl TWV TALVLWV;

* Na XpnoLuomolooupe tov TUTto Sedopévwy ypado.
e KopBoc: nbormolog ) towvia.
e Akun: ouvdeon tou nBomolou PE TNV ToLvia.

[ TR

John
Gielguld

Portrait
of a Lady = — The Eagle
l {\(11_;018 has Landed
I idman / AY
| Murder on the =~ N\
Orient Express
Cold Donald
v \ ~Mountain Sutherland Kathleen __|Joe Versus|
= X Quinlan rhe Volcano]

7\
\ /
An American John Animal
7 N\

/I Vernon l \ \N | s

Dobtcheff

| The
Woodsman
7T~
I N
- | wild
— Things The River 7
uce T~ = wild [

\ 7\

- Meryl
— Enigma Streep

Paul The Da
7 Kate

Herbert Vinci Code
Serretta
Wilson
Winslet 1 . Yves
Titanic
L I Y4 ~ Shane
Zaza
of the Spotless fmu
Mind

| N

Eternal Sunshine
7 I \
JIL ! |
EMA2 OMEG Asdouevwv Kot AAyopLOpot




Protein Interaction Network
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The Internet as mapped by the Opte Project

http://en.wikipedia.org/wiki/Internet

R
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Map of science clickstreams

http:/ /www.plosone.org/article/info:doi/10.1371 /journal.pone.0004803
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10 million Facebook friends

facebook

"Visualizing Friendships" by Paul Butler




Political blogosphere graph

Vertex = political blog; edge = link.
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Combinational circuit

Vertex = logical gate; edge = wire.
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Digraph applications

transportation street intersection
web web page
food web species
WordNet synset
scheduling task
financial bank
cell phone person
infectious disease person
game board position
citation journal article
object graph object
inheritance hierarchy class
control flow code block

one-way street
hyperlink
predator-prey relationship
hypernym
precedence constraint
transaction
placed call
infection
legal move
citation
pointer
inherits from

jump




Graph Sample API

= Graph data type.

public class Graph (graph with String vertices)

GraphQ create an empty graph
Graph(In in) read graph from input stream
void addEdge(String v, String w) add edgev-w
Iterable<String> adjacentTo(String v) neighbors of v

T~

Yia vo, vrootnpilel T ypnon tov foreach




Graph Sample API

public class Graph
Graph (int V) create an empty graph with V vertices
Graph (In in) create a graph from input stream
void addEdge (int v, int w) add an edge v-w
Iterable<Integer> adj(int v) vertices adjacent to v
int V() number of vertices
int E() number of edges
String toString() string representation

In in = new In(args[0]);
Graph G = new Graph(in);

read graph from
input stream

for (int v = 0; v < G.V(); v++)
for (int w : G.adj(w))
StdOut.println(v + "-" + w);

print out each
edge (twice)




Oplopoi

e Evog ypadoc ovopaletal

katevBuvouevog (directed graph,
digraph) av kaBe po oo TG aKUES
TOU ELVOLL TTPOCAVATOALOUEVN TIPOC
uila katevBuvon. (my: eva od1ko
SlkTUO pE AwpildeC LovNn¢
kKatevBuvonc)

‘Evoc ypadoc ovopaletal pn-
katevBuvouevocg (undirected) av ot
OKHEC TOU OeV €lval
TPOCAVATOALOMEVEC.(TTY: Eva 061KO
Slktuo pe Awpidec STANG
katevBuvonc)

Av (u,v) elvatl akun tote AEpe OTL oL
KOPUQPEC U KOIL V ELVOLL YELTOVLKEG
(adjacent) i} ot yettvialouv.

|
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Oplopoi

Movonatt | dStadpopn (path) evoc ypadou S C
LLAKOUC N, €lval plor akoAouBia Kéquv A T~
Vor Vg, -y Vp, OTIOU VIO KABE |, O i<, Miko¢=3 | G
(V., v|+1) sival QKA TOU vpacbou

MRKo¢ evoc povormatiol ivol o aplBpoc oKWY Ttou
nepLEXeL (exToOC Kal edv opiletal SLadopeTIKA)

Bpayxutepo Movornatt petaél duo Kopudwv A ~C
(Shortest Path): To povomnartt petaév Svo KopuPpwv \ ~

TTOU €XEL TO EAQXLOTO UAKOC.

Muwa Sdtadpoun evoc ypadou ovopaletal ormAn
(simple path) av 0Aec ol kKopudEc TNC elval
OLaPOPETIKEC LETAEL TOUC, EKTOC OO TNV TTPWTN Kol
TNV TEAEUTOLA OL OTIOLEC UITOPOUV VAL Elval oL LOLEC.

KukAwkn Awadpoun (cycle) ovopaletal pia dtadpoun / \
UE puKog >1 omou vy=v,,.

|
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Oplopoi

e ‘Evac ypadoc rouv dev mePLEXEL KUKAOUC
ovopaletal akukAoc (acyclic graph)

e Eotw G=(V,E) kaLG'=(V’, E’) ypadoy,
omov V'cV kat E'c E.
Tote o ypadoc G’ eival unoypadog
(subgraph) tou ypadou G.

e Anootaon Kopudpwv (Vertex Distance): To
LLAKOC TNC cuvtopotepnc Stadpopung mou
odnyel amno tn pwa kopudn otnv AAAn.

|
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Oplopoi

e Juvektikoc Npadoc (Connected Graph): Evac

Un-kotevBuvouevoc ypadoc oTov OmoLo
UTTAPXEL TOUAAQXLoTO pLa Stadpopr HeTaEL
OAWV TWV KOpUPwWV.

loxupa Zuvektikog Fpadocg (Strongly
Connected Graph): Evac katevduvouevoc
ypadoc otov omnolo urmapyxeL pa dStadpoun amno
omoladAMoTe Kopudn o€ omolavonmoTe AAAN.

EAadpa Zuvektikog Mpadocg (Weakly
Connected Graph): Evac katevduvouevoc
(ouvekTLkOC) ypadoc otov omoio SgV umtapyxeL
ua Stadbpopn arno onowadnmote kKopudn oe

ortolavdmotTe AAAN.
EﬂAZ@ouéq Asdopévwv Ko AAyopiLOpot
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Oplopoi
* [100EC OKUEC UTTOPEL VAL EXEL EvAC YPAPOC UE N KOPUPEC;

A) KatevBuvopevoc: nx(n-1) B) Mn-kateuBbuvopuevoc: nx(n-1)/2
e Apawdoc Fpadoc (Sparse Graph): Av o aplOpoc tTwv akpwyv Tou gival

¢ taénc O(n), omou n elvat o aplBUOC Kopupwv Tou, SLapopeTIKA
Aeyetal Mukvocg Mpadoc (Dense Graph)

e padoc ue Bapn (Weighted Graph): uxva cuoyxetiloupe KaBe akun
gvoC ypadou pe karmolo Bapoc (weight).

e [lolec LOLOTNTEC LKAVOTIOLOUV OL TILO KATW YpadoL;

Connected, undirected, Wealkly connected, strongly connected

unweighted directed, weighted directed, unweighted,

B il '
1 s %
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Avanapaotaon ypadwv otnv MvAaun

Avanapaoctoon ypadwv pe MNivakec Mettvioonc

(Adjacency Matrix) [
e Evoc ypadoc G=(V,E) pe n kKopudEg Umopet va 0 \ / 1
avarnopaotabel we Evac nxn TVAKOC TTOU
TLEPLEXEL TLC TLUEG O Katt 1, Kol Omovu / 2
e avn (ij) etvat akun tote A[(i,j)]=1, dStadopeTikd v
A[(i,j)]=0. 3 > 4
* Av o ypadoc eivat ypadoc pe fapn, Kot Tto
Bdpoc k&Be akunc elval TUTou t, Tote yra Ty~ Nivakag lertviaong
avarnopaotaon Tov ypadou Umopel va (Adjacency Matrix)
xpnotuomolnBel mivakog Tumou t e 011234
 A[(i,j)] = Bapog(i,j), av urtapxet akpn (i,j) 0 1)1
e Al(i,j)] = oo, av dev umapyet akun (i,j) 1 1
e AUTH n avamapAaotaon omattel xwpo ©(n?), 2 1
ornovu n=|V|. 2 1
* Av o ypadog eivat apatog (dniadn tagng O(n)) [, 1

n LEBodoc odnyel o€ omATaAn Ywpou.

|
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Avanapaotaon ypadwv otnv MvAaun

Avanoapadaotacn ypadwv pe Aioteg Mettviaong Mpddoc
(Adjacency Lists) 5 1
e Evoc ypadoc G=(V,E) avamnapiotatal wc £voc \ / t
novodlaotatog rivakac A. 2
e [La kaBe kopudn v, A[v] eivar Evac deiktng oe v /
uLa ouvoebepevn Alota otnv omolia 3 > 4
armoBnkevovtal oL KOPUPEC TToU YeLTVIA{OUV
LLE TNV V. Nivakac Mewtviaong
, o (Adjacency Matrix)
e H peBodocg anattel xwpo O(|V |+ |E|).
e EmituyXaveTal E€OLKOVOLNON XWEOU yLa Oo— 2 — 3 —
opaovg ypadouc. 1 — o
e JtnVv mepimtwon ypadwv pe Bapn otn Alota 5 — 3
VELTviaonc amoBnkevou e eniong to Bapog N
KABe aKUAC.
uAG e

|
En/\zﬂouéq Asdopévwv Ko AAyopiLOpot

e 23



Awaoxion Mpadpwv

e Av B€Aoupe va emlokepTOUUE OAOUC TOUC KOUBOUC evoc ypadou
LLTTOPOUUE VO XPNOLLOTIOLF) OOV UE Evav ato TTOAAOUC TPOTIOUG, Ol
omoiol SladEpouv otn oeLpa pe TNV omola e€etalouv Toug KopuBouc.

e Awadlkaoieg StaoxLong xpnotpormotouvtal yia tn Stakpipwon
UTtoPENG Lovormatiol pPetaEl SU0 KOUPwWV K.a.

AA\a Napadsiyuata

1. Owpnxaveg avalitnong (search engines m.x. Google),
XpNOoLHomoLoUV poypappato ta onoia ovopalovtol crawlers, yua va
dlaoxloouv OAec TIc LotooeAidbec tou WWW. Autec ekteAouve
avadpoptka tnv €nc dtadkaoia: a) KatéPaoe tnv oeAidba X, b) Bpec
OAou¢ Tou emopevouc cuvdeopouc (links) amo tnv X, c¢) MNa kaBe
oUVOEOUO eKTEAEDE Ta Brpata a-c.

2. Mpoypappota avtaAAaync apxeiwv (P2P File-sharing Systems, 1t.x.
Gnutella), xpnowpomoloUve akyoplBouc dLaoxLlong yla voL LImopouVve
oL XpNOTEC VoL amooTteAAouV TNV avalntnon touc (query) otoug

KOUBou¢ Tou SLkTtUou. Av KATTOLoC KOUBOC £XEL KATIOLO APXELO TO

24



Awaoxion Mpadpwv

Ot 1o dtadedopevol Tumol daoyLong ivat:
1. Kata BaBoc Alaoxion(Depth-First Search (DFS))
2. Kata MNAdtoc Awdoyxilon (Breadth-First Search (BFS))

Depth-First Search

[evikevuon TnN¢ MPOoOEUATIKAC SLaoXLong SEVEPWV: =ZeKLVWVTOC aTO Eva KOUBO v,
ETILOKETITOMOOTE TPWTA TOV V Kol Votepa KahoU e avadpoptkad tn dtadikacio oto
kKoBeva armo ta madld tou. AnAadn:

Print Preorder (treenode u)
Output data at u;
for each child v of u
Print Preorder (v)

Ye éva 6EVOpo Sev Exoupe KUKALKEC SLOLOPOUEC. 2€ Eval ypAdO OUWCE EXOULLE
KUKALKEC Sladpopec. Apa mwe Oa dtacxiocoupe tov ypado;

Oa datnpnooupe eva mivaka Visited o omoilog Oa kpatd mAnpodopiles we mpog
TO TOLOUC KOUBoUC €xou e emlokedOel ava maoo otLypn. Aev Oa EMLOKEMTOUAOTE
¢ava tov 6lo koupo

i unnn ‘\ 3 1\"
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Awadikacia MpoBepatikinc Airaoxiong

DepthFirstSearch (graph G,vertex v) { [pddbog
for each vertex w 1n G 0 1
visited[w] = False; \\\‘ ,//“
DF'S (v) ; 2
} L\
3 > 4
DFS (vertex v) {
visited[v] = True; Xpovog EktéAeang:
o(lv] + |E])

print “Wisited node v”
for each w adjacent to v
1f (visited[w]==False)
DFS (w)

Oa enlokePTOUE aKpLBWC
Lo popa OAEC TIC KOPUDEC
KOLL OLKLEC

YnoBeon: O ypddog eival
OUVEKTLKOC (connected).

l
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MpoBspatikn Ataoyion

e Av o ypadoc dgv givat cuvekTiko¢ (disconnected) auti n otpaTnyLKN
rmBavo va ayvonoeL LEPLKOUC KOUBOUC. Av 0 0TOXOC Lo ELval va
eTilokedpBoU e OAOUC TOUC KOUBOUC TOTE META TO TEAOC TNGC EKTEAEONC
tou DFS(v) Ba mtpemel va eAeyéoupe Tov niivaka Visited va Bpoupe
ToUuC KOpBouc tou dev €xoupe emokedBel Kol va KKIAECOUUE O€

autouc tn dtadikacio DFS:

DepthFirstSearch (graph G,vertex v) {
for each vertex w in G
Visited[w] = False;
DFS (v) ;
for each vertex w in G
if (Visited|[w]== False)
DF'S (w) ;

|
EnAzﬁouég Asdopévwv Ko AAyopiLOpot
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Napadeiypa Depth-First-Search

e oc KateuBuvopuevo Npado
Nivakag Mewtviaong

padog (Adjacency Matrix)
0 1 O(1(2 3|4
N\ / 1 0 1)1
2 1 1
| ; 1
3 > 4 3 1
4 1

e DFS(G,1)=1,2,3,4 O .,
2TOV apPXLKO ypado

1 0  &evumdpyel pa
/ Stadpoun petalu
/ 2 OAwvV Twv {Euywv
3 4 I'I.x. 1->0

ooog 1‘; &
[ , y ’ I h—-i “"V
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Napadeiypa Depth-First-Search

e o Mn-KateuBuvopevo Npado
Nivakag Mewtviaong

padog (Adjacency Matrix)
0 1 0O(1(2]|3|4
N S 0 1|1
2 1 1 1
/ 21111 1
3 4 3|1 1 1
4 1 1

e DFS(G,0)=0,2,1,4,3
0
\ /
2

3 4

1

l
EﬂAZ@ouéc Asdopévwv Ko AAyopiLOpot



Mepka ZxoALa
e Hdwadikaoia kaAeital og kABe kOUBO To MOAU pLa dopa.

e Xpovoc Exktédeonc: O(|V] + |E]), SnAadn ypAULLKOC WC TTPOC TOV
aPLOUO TWV AKUWV KoL KOPUDWV.

° Apidunon DFS twv kopudwv evoc ypadou ovopaleTal N OELPA UE
TNV omotia emtokentetal N Stadikaoia DepthFirstSearch tic kopudEg
ToU ypadou.

e H dwadkaoia pmopet va KANOEeL Kal yla pn-katevuBuvopevouc Kal yla
KateuBuvopEevouc ypadouc.

e Avti pe avadpoun n dtadikaoio pmopet va uAomotnBet, we ocuvnBwg,
LLE TN Xpron otoLBwv.

ooog 1‘; &
[ , y ’ I h—-i “"V
EMA2 OMEG Asdouevwv Kot AAyopLOpot H10 - 30



Awadikacia Depth-First Search pe octoifa
Alaoylon Npadou G EskvwvTac oo To V

WeudoKkwdKaG
DFSearch (graph G, vertex v) {
S = new Stack/(),
for each w in G
Visited[w]=False;

YAomnoinon DFS pe xprion
otoifac

Visited[v]= True;

S.push (v) ; Xpovoc EktéAeong: O(|V] + |E|)

while (!S.isEmpty()){
w = S.pop();
Print (w) ;
for each u adjacent to w
1f (Visited[u]==False) {
Visited[u]=True;
S.push (u) ;

R
l nong T J
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Breadth-First Search (BFS)

® ZEKLVWVTOC ATTO £va KOUBO V, ETILOKEMTOUOOTE IPWTA TO V, VOTEPQA
TOUC KOMPouC Ttou yeltvialouv e Tov vV, UOTEPA TOUC KOLBOoUC TTou
Bplokovtal o€ amootacn 2 oo ToV V, Kol oUTw KaBeénc.

e Awdoyxion pe BFS

A —C
5
1
\/3'D 4/\
6
- G

B
E

l
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BFS: Napadsiypa




Awadikaoio Breadth-First Search
Alaoylon Npadou G EskvwvTac oo To V

WeudoKkwdKaG
BFSearch (graph G, vertex v) {
Q = new Queue();
for each w in G
Visited[w]=False;

YAomnoinon BFS pe xpion
oUPAC

Visited[v]= True;

Q.enqueue (V) ; Xpovoc EktéAeong: O(| V] + |E|)

while (!Q.isEmpty()){
w = Q.dequeue (),
Print (w) ;
for each u adjacent to w
1f (Visited[u]==False) {
Visited[u]=True;
Q.enqueue (u) ;

|
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Napadsiypa EktéAsonc BFS

° Oupa Q ‘E€obdoc Aladikaoiog
D

C,F

© ® 7
A E, H

E,H,B

£ (n) e

O ™ L MP>mT AU

B, G
G
{}

|
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DFS vs BFS implementation

DFSearch (graph G, vertex v) {
S = new Stack (),
for each w in G
visited[w]=False;
visited[v]= True;
S.push (v) ;

while (!S.isEmpty()){
w = S.pop();
print (w) ;
for each u adjacent to w

if (visited[u]==False) {
visited[u]=True;
S.push (u) ;

BFSearch (graph G, vertex v) {

Q = new Queue() ;

for each w in G
visited[w]=False;

visited[v]= True;

Q.enqueue (v) ;

while (!0.isEmpty()){
w = Q.dequeue (),
print (w) ;
for each u adjacent to w
if (visited[u]==False) {
visited|[u]=True;
Q.enqueue (u) ;

l
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EOAPMOTIEZ DFS + BFS

101.0010104001111.0100003,00L07,1.1,01001 00 e A



Depth-first search application: preparing for a date

PREFPRING FOR A DATE:

WHAT SITUATIONS
MIGHT T PREPARE RR7

1) MEDICAL EMERGENCY

2) DANUING

o
0

M. 30D TROBFENSIVE

Vv oAy

OKAY, WHAT KINDS OF
EMERGENCIES (AN HOPPEN?

) A) SNAKERITE
B) LIGHTNNG STRIKE

"11 ©) FALLFRM (HAR

O,
0

A

HAM. WHICH SNAKES ARE
DANGEROUS? LETS SEE...

)A)2) (ORN SNAKE
b) GARTER SNAKE 7
‘Wm

%

- ]

THE RESEARCH (OMPRRING
SNRKE VENOMS 1S SCATTERED
PeD INCONSISTENT: TLL MAKE
A $PREADSHEET T ORGANIZE IT:

AAANAA NN
O

O

xkcd

http://xkcd.com/761/

\

IMHERETOPIK  BY Dy, THE INLAND
YOUUP. YoURE  TAIPAN HAS THE DBADUIEST
NOT DRESSED?  VENOM OF AN SNAKE."

b

L

T REAUY NEED To SToP

USING DEPTH-FIRST SEARCHES.

EMNA231 — Aopég Asdopévwv Kat AAyopLopuot

38



Control Flow Analysis of Programs
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Reachability application: mark-sweep garbage collector

Every data structure is a digraph.
« Vertex = object.
« Edge = reference.

Roots. Objects known to be directly accessible by program (e.g., stack).

Reachable objects. Objects indirectly accessible by program
(starting at a root and following a chain of pointers).

Mark-sweep algorithm. [McCarthy, 1960]
« Mark: mark all reachable objects.
« Sweep: if object is unmarked, it is garbage (so add to free list).

Memory cost. Uses 1 extra mark bit per object (plus DFS stack).

l
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Breadth-first search application: routing

Fewest number of hops in a communication network.

- ' -

O Dni’o—"".’ . T roars “.'-
TN svs TR X \gheren
WA AT QutLs - ‘Lwln. . \‘

' aFw, oy -’@. Wi
L (T usc - SDAC O -
15182 \ Vm
151220 i
. PENTAGON -
LOMDON
e SATELLITE CHIRCUIT
[« "
a Twe
& PLURIBUS IMP

INOTE THIS MAP DDES NOT SHOW ARPL'S £XPERIMENTAL
SATELLITE CONMECTIONS |

MAMES SHOWN ARE WP NAMES, NOT INECESSARILY) HOST NAMES

ARPANET, July 1977

1
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Breadth-first search in digraphs application: web crawler

Goal. Crawl web, starting from some root web page, say www.princeton.edu.

Solution. [BFS with implicit digraph]

Q. Why not use DFS?

Choose root web page as source s.
Maintain a Queue of websites to explore.

(47)
Maintain a SET of discovered websites. 44\
Dequeue the next website and enqueue Q)

45)
(14]
websites to which it links 4
(provided you haven't done so before). é\w

i
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Bare-bones web crawler: Java implementation

EMA131: stdlib

Queue<>tring> queue = new Queue<string>
SET<String> marked = new SET<String>();

String root = "http://www.princeton.edu";
queue.enqueue(root);
marked.add(root);

String v = queue.dequeue();
StdOut.printin(v);
In in = new In(v);
String input = in.readAl1(Q);

if (!marked.contains(w))

{
marked.add(w) ;
queue.enqueue(w);

queue of websites to crawl
set of marked websites

start crawling from root website

read in raw html from next
website in queue

use regular expression to find all URLs
in website of form http://xxx.yyy.zzz
[crude pattern misses relative URLs]

if unmarked, mark it and put
on the queue



Breadth-first search application: Kevin Bacon numbers

Kevin Bacon numbers.

ano The Oracle of Bacon

Uma Thurman
e

Be Cool (2005)

Scott Adsit

The Informant! (2009)

Matt Damon

Lockup

SixDegrees iPhone App

http:/ /oracleofbacon.org

l
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Actually, this guy is the center of the Hollywood Universe

The average Jackson Number is about
2.978
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fpadotl: ACKNOELC

e YMAomotnote TI¢ ouvaptnoels DFS kot BFS otnv yAwooa
npoypopupatiopov JAVA
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