
A. Mrvar and V. Batagelj: Pajek 1'

&

$

%

Photo:Stana,Kri ževec

Analiza in prikaz
velikih omrežij
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Velika omrežja
Običajna analiza podatkov (statistika): proučujemo lastnosti enot (dohodek,

starost,. . . ).

Analiza omrězij: proučujemo relacije med enotami – poleg enot obrav-

navamǒse relacije (povezave).

Velika omrězja – omrězja z nekaj sto tisǒc enotami (tǒckami) in povezavami.

V večini primerov so velika omrězja redka (povezav ni veliko več kot tǒck).

Problemi pri analizi velikih omrězij:

• časovna zahtevnost izvajanja postopkov

• vizualizacija

Velikih omrězij ponavadi ne analiziramo ali prikazujemo v celoti, ampak

prej s primernimi analizami poiščemo zanimiva podomrežja.
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Primeri velikih omre žij
• socialna omrězja

– rodovniki (genealogije);

– omrězja ražsirjanja inovacij ali bolezni (HIV);

– omrězje telefonskih klicev znotraj izbrane množice številk (raziskave

kriminala, primerb.net);

– članstva v nadzornih svetih, omrežja lastnǐstev delnic;

– trgovanje med organizacijami, državami;

– omrězja citiranj, omrězja soavtorstev;

– računalnǐska omrězja (lokalna omrězja, Internet, povezave med pred-

stavitvenimi stranmi);

• organske molekule v kemiji (DNA, primerdna.net);

• protein interaction networks;

• omrězja pridobljena iz slovarjev in drugih besedil;

• transportna omrězja (letalske povezaveUSAir.net, vodovodna omrězja . . . ).

▲ ▲ ❙ ▲ ● ▲ ❙ ▲▲ ☛ ✖



A. Mrvar and V. Batagelj: Pajek 4'

&

$

%

Nekaj zanimivih rezultatov
Omrězja z zelo velikimštevilom tǒck imajo velikokrat kratke najkrajše poti

med tǒckami.

Primer:

• Povprěcna doľzina najkraǰse poti omrězja WWW, z věc kot 800 milijoni

točk, je okrog 19.

Albert, R., Jeong, H., and Barabasi, A.-L. (1999):

Diameter of the World-Wide Web.Nature, 401, 130-131.

http://www.nd.edu/˜networks/Papers/401130A0.pdf

• Ocenjuje se, da je v socialnih omrežjih (koga poznǎs) s preko 6

milijardami posameznikov, povprečna doľzina najkraǰse poti med

dvema posameznikoma okrog 6.

Milgram, S. (1967): The small-world problem.

Psychol. Today, 2, 60-67.
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Pajek
Pajek je programski paket za Windows

95/98/NT/2000/XP, ki omogǒca analizove-

likih omrězij.

Program je prosto dostopen na naslovu:

http://vlado.fmf.uni-lj.si/pub/networks/pajek/

de Nooy, Mrvar, Batagelj:

Exploratory Social Network

Analysis with Pajek
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Cilji pri zasnovi programa
Glavni cilji pri zasnovi programaPajek so:

• podpretiabstrakcijoz (rekurzivno) ražclenitvijo velikega omrězja

na věc manǰsih omrězij, ki jih lahko nadalje analiziramo z uporabo

običajnih metod;

• ponuditi uporabniku mǒcna orodja zavizualizacijoomrězij;

• vgraditi věcje število učinkovitih algoritmov za analizo obsežnih

omrězij.
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Podatkovne strukture
Izvedbe algoritmov v programuPajek so oprte nǎsest podatkovnih

struktur:

• omrězje– točke in povezave;

• razbitje– nominalne ali ordinalne lastnosti točk;

• vektor– številske lastnosti tǒck;

• permutacija– preureditev tǒck;

• skupina– podmnǒzica tǒck (npr. en razred iz razbitja);

• hierarhija – hierarhǐcna razvrstitev tǒck omrězja.
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Dvovrstna omrežja
Dvovrstno omrězje sestavljata dve množici enot (npr. osebe in dogodki),

relacija pa ti dve mnǒzici povezuje, npr. vkljǔcenost oseb v drǔzabne

dogodke. Primerov takih omrežij je še ogromno:

• Omrězje citiranj, katerega prva množica tǒck so avtorji,

druga mnǒzica tǒck sočlanki, povezave med avtorji in

članki pa povedo, kateri avtor je citiral kateričlanek.

• Omrězje nakupov, v katerem so prva množica kupci,

druga mnǒzica artikli, povezava pa pove, kateri artikel

je kupec kupil.

• Bralci in revije, ki jih osebe berejo–

primer 124 slovenskih revij (slike SVG)

Tu je analiza omrězij najbližje ’rudarjenju’ (data mining).

▲ ▲ ❙ ▲ ● ▲ ❙ ▲▲ ☛ ✖
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Primer...
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Časovna omrězja
Omrězja, ki se spreminjajo skozičas. Primerǐcasovnih omrězij

• omrězje prijateljstev v razredu skozi osemletko,

• omrězje telefonskih klicev znotraj izbrane množiceštevilk,

• omrězje citiranj včlankih z izbranega področja,

• omrězje prehodov̌zoge med igralci na neki tekmi žzogo,

• omrězja okǔzenih z virusom HIV,

• razmerja med igralci v različnih delih televizijskih nadaljevank,

• rojevanja, umiranja in poroke v primeru rodovnikov. . .
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Odnosi med igralci v nadaljevanki LindenStrasse
v 5., 6. in 7. delu

Lydia Nolte

Gung Pahm Kien

Gabi Zenker-geb.Skawowski

Helga Beimer Schiller

Hans Beimer

Berta Griese

Marion Beimer

Benny BeimerKlaus Beimer

Franz Schildknecht

Henny Schildknecht

Stefan Nossek

Egon Kling

Else Kling

Tanja Schildknecht-DresslerDr. Ludwig Dressler

Vasily Sarikakis

Chris Barnsteg

Elfie Kronmayr

Sigi Kronmayr

Philo Bennarsch

Joschi Bennarsch

Paul Nolte

Theo Nolte

Lydia Nolte

Gung Pahm Kien

Gabi Zenker-geb.Skawowski

Helga Beimer Schiller

Hans Beimer

Berta Griese

Marion Beimer

Benny BeimerKlaus Beimer

Franz Schildknecht

Henny Schildknecht

Stefan Nossek

Egon Kling

Else Kling

Tanja Schildknecht-DresslerDr. Ludwig Dressler

Elisabeth Dressler

Carsten Floeter

Vasily Sarikakis

Chris Barnsteg

Elfie Kronmayr

Sigi Kronmayr

Gottlieb Griese

Philo Bennarsch

Joschi Bennarsch

Paul Nolte

Theo Nolte

Herr Floether Der Englaender

Lydia Nolte

Gung Pahm Kien

Gabi Zenker-geb.Skawowski

Helga Beimer Schiller

Hans Beimer

Berta Griese

Marion Beimer

Benny BeimerKlaus Beimer

Franz Schildknecht

Henny Schildknecht

Stefan Nossek

Egon Kling

Else Kling

Tanja Schildknecht-DresslerDr. Ludwig Dressler

Elisabeth Dressler

Frank Dressler

Carsten Floeter

Vasily Sarikakis

Chris Barnsteg

Elfie Kronmayr

Sigi Kronmayr

Gottlieb Griese

Meike Schildknecht Philo Bennarsch

Joschi Bennarsch

Paul Nolte

Theo Nolte

Herr Floether Der Englaender
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5. del

Lydia Nolte

Gung Pahm Kien

Gabi Zenker-geb.Skawowski

Helga Beimer Schiller

Hans Beimer

Berta Griese

Marion Beimer

Benny BeimerKlaus Beimer

Franz Schildknecht

Henny Schildknecht

Stefan Nossek

Egon Kling

Else Kling

Tanja Schildknecht-DresslerDr. Ludwig Dressler

Vasily Sarikakis

Chris Barnsteg

Elfie Kronmayr

Sigi Kronmayr

Philo Bennarsch

Joschi Bennarsch

Paul Nolte

Theo Nolte
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6. del

Lydia Nolte

Gung Pahm Kien

Gabi Zenker-geb.Skawowski

Helga Beimer Schiller

Hans Beimer

Berta Griese

Marion Beimer

Benny BeimerKlaus Beimer

Franz Schildknecht

Henny Schildknecht

Stefan Nossek

Egon Kling

Else Kling

Tanja Schildknecht-DresslerDr. Ludwig Dressler

Elisabeth Dressler

Carsten Floeter

Vasily Sarikakis

Chris Barnsteg

Elfie Kronmayr

Sigi Kronmayr

Gottlieb Griese

Philo Bennarsch

Joschi Bennarsch

Paul Nolte

Theo Nolte

Herr Floether Der Englaender
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7. del

Lydia Nolte

Gung Pahm Kien

Gabi Zenker-geb.Skawowski

Helga Beimer Schiller

Hans Beimer

Berta Griese

Marion Beimer

Benny BeimerKlaus Beimer

Franz Schildknecht

Henny Schildknecht

Stefan Nossek

Egon Kling

Else Kling

Tanja Schildknecht-DresslerDr. Ludwig Dressler

Elisabeth Dressler

Frank Dressler

Carsten Floeter

Vasily Sarikakis

Chris Barnsteg

Elfie Kronmayr

Sigi Kronmayr

Gottlieb Griese

Meike Schildknecht Philo Bennarsch

Joschi Bennarsch

Paul Nolte

Theo Nolte

Herr Floether Der Englaender
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Večrelacijska omrežja
Omrězja kjer so na isti mnǒzici enot izmerjene različne relacije. Primer:

Sampsonovi menihi (prijateljstvo, zaupanje, nepriljubljenost, nezaupanje...)

Možne kombinacije: podatki za Sampsonove menihe so primerčasovnega

večrelacijskega omrězja – relacije so izmerjene v več časovnih trenutkih.
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Primeri

• flor.net

• 1crn.net,

• usair.net + usair.clu,

• import.net + cont.clu,

• football.net,

• davis.net.

▲ ▲ ❙ ▲ ● ▲ ❙ ▲▲ ☛ ✖



A. Mrvar and V. Batagelj: Pajek 19'

&

$

%

Primer: Internet Industry Partnerships
• Vsaka tǒcka v omrězju predstavlja neko podjetje, ki se ukvarja z

internetom. Podjetji sta povezani,če sta objavili skupna vlaganja,

stratěski plan ali drugo vrsto partnerstva.

• Omrězje predstavlja samo podmnožico celotne industrije na področju

interneta v obdobju od 1998 do 2001. Vsebuje 219 točk (podjetij) in

631 povezav.

• Podjetja so razdeljena v tri skupine glede na njihovo vrsto: rumena =

vsebina, rděca = trgovina, zelena = infrastruktura.

• http://www.orgnet.com/netindustry.html

▲ ▲ ❙ ▲ ● ▲ ❙ ▲▲ ☛ ✖
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Povezave, ki pripadajo vsaj 12 trikotnikom

AOL

AT&T

MSFT

Cisco
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Povezave, ki pripadajo vsaj 11 trikotnikom

AOL

AT&T

MSFT

Compaq

HP

Cisco
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Povezave, ki pripadajo vsaj 10 trikotnikom

AOL

AT&T

MSFT

IBM

Compaq

HP

Cisco
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Povezave, ki pripadajo vsaj 9 trikotnikom

AOL

AT&T

MSFT

IBM

Compaq

HP

Cisco

Inktomi
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Povezave, ki pripadajo vsaj 8 trikotnikom

AOL

AT&T

MSFT

Sun
IBM

Compaq

HP

Cisco

Oracle

Inktomi
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Povezave, ki pripadajo vsaj 7 trikotnikom

AOL

AT&T

MSFT

Sun
IBM

Compaq

HP

Akamai
Cisco

Oracle

Inktomi
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Povezave, ki pripadajo vsaj 6 trikotnikom

AOL

AT&T

MSFT

Sun
IBM

Dell

Compaq

HP

Akamai
Cisco

Oracle

Inktomi

KPNQwest
E.piphany

CIBER
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Povezave, ki pripadajo vsaj 5 trikotnikom

AOL

AT&T

MSFT

Sun
IBM

RealNetworks

TerraLycos

Dell

Compaq

HP

Akamai
Cisco

KPMG

Oracle

Inktomi

Intel

Ariba

Motorola

KPNQwest
E.piphany

CIBER

FoundryNetworks
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Povezave, ki pripadajo vsaj 4 trikotnikom

AOL

AT&T

MSFT

Yahoo!

Sun
IBM

RealNetworks

Excite

TerraLycos

Amazon

Dell

RoadRunner
Compaq

HP

EMC

Novell

Akamai
Cisco

KPMG

EDS

Sprint

Oracle

Inktomi

Intel

SoftBank
iPlanet

Ariba

3COM

CommerceOne

Motorola

Peoplesoft

ExodusComm

Loudcloud

Siebel

KPNQwest
E.piphany

WebMethods

CIBER

FoundryNetworks

divine
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Povezave, ki pripadajo vsaj 3 trikotnikom

AOL

AT&T

MSFT

Yahoo!

Sun
IBM

LookSmart

RealNetworks

Excite

TerraLycos

Apple

EarthLink

Amazon

Dell

RoadRunner
Compaq

HP

EMC

Novell

Akamai
Cisco

KPMG

EDS

Sprint

Oracle

InfoSpace

VeriSign

Inktomi

Intel

C|Net

SoftBank

Travelocity

iPlanet

Ariba

3COM

Palm
CommerceOne

Nokia

Bertelsmann

Motorola

PwC

Peoplesoft

ExodusComm

Loudcloud

Lucent

SAP

Siebel

KPNQwest

Vignette

Interliant

BMCSoftware

E.piphany

WebMethods

CIBER

FoundryNetworks

divine

GM

UPS D&B
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Primer: The Edinburgh Associative Thesaurus
• Na britanskih univerzah so od junija 1968 do maja 1971 anketirali

tamkaǰsnještudente. Za vsako od besed iz danega seznama so morali

napisati besedo, ki jim prva pride na misel.

• Dobili so veliko omrězje, sestavljeno iz 23219 točk (besede) in 325624

usmerjenih povezav, med katerimi je tudi 564 zank.

▲ ▲ ❙ ▲ ● ▲ ❙ ▲▲ ☛ ✖
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Izbrane teme v EAT

BIG

ENORMOUS

EXPANSE

HUGE

LARGE

MASSIVE

SCOPE

SIZE

SPACIOUS

SWELL

VAST

WIDE

BADMINTON

BALL

BALLSBASKETBALL

CHAMPIONSHIP

FIVES

FOOTBALL

GAME

GAMES

GOALIE

GYM

HOCKEY

NETBALLPLAYER

PLAYING

REFEREE

RUGBY

RUGGER

SHORTS

SOCCER

SPORT

TEAM

TENNIS

BACH
BEETHOVEN

CONCERTO

DANCE

FESTIVAL

JAZZ

MONOTONE

MUSIC

MUSICAL BOX

MUSICIAN

ORCHESTRA

PIANO

POP GROUP

RECITAL

RECORDS

SAXOPHONE

SING

SINGING

SONATA

SONG

SONGS

SOUNDS

TONE

TRUMPET

TUNE

VIOLIN

VOICES BICYCLE

BICYCLES

BIKE

BIKES

CAR

COACH

DRIVERS

LANE

LORRIES

MACHINES

MOBILE

MOTOR CYCLE

MOVING

PATH

RAILWAY

RAILWAYS

ROAD

ROADS

STOP

STOPPING

STREET
TRAIN

TRUCK

VAN
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Izbrane teme v EAT

ARM-CHAIR

ASLEEP

BED

BEDDING

BREATHLESS

COMFORT

COMFORTABLE
COSINESS

COUCH

COUCHES

COZY

CUSHION

DRESSING-GOWN

LOUNGING

MATTRESS

PILLOW-CASE

RELAX

RELAXATION

RELAXED

RELAXING RESTING

SLEEP

SLEEPING

SLEEPING BAG

SLUMBERS

TIRED

TIREDNESS

TIRING

UNCOMFORTABLE

CONTENTMENT

DEPRESSED

DESPAIR

DISAPPOINTMENT

DISTRAUGHT

ENJOYMENT

GRIEF

HAPPINESS

HAPPY
JOY

JOYFUL

LAUGH

LAUGHTER

MERRIMENT

MISERY

MISFORTUNE

MOOD

SAD

SADNESS
SORROW

UNHAPPINESS

AFRAID

ANGUISH

CURE

DEAD

DEATHDESPERATION
DIE

DIED

DISEASE

DOOM

FEAR

FEARED

HURT

ILL

ILLNESS

ILLS INFLICTION

LETHAL

PAIN

PAINFUL

PAINS

SICK

SICKLY

SUFFERING

TERROR

WORRY

EYES FORESEE

INSIGHT

OBSERVE
PERCEIVE

PERCEPTION

SEE

SEEING
SIGHT
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Izbrane teme v EAT

CLOTHE

CLOTHES

CLOTHING

CLOTHS

COAT

COSTUME

DRESS

FASHIONED

GARMENT

GARMENTS

SMOCK

SUIT

AMERICA

ARRIVE

COUNTRY

FARMS

FROM HOME

HOME

HOMELY

LEAVE

PLACE

REFUGE

RETURN

SENT

SHELTER

BEER

BEER-MUG

BRANDY

DRINK

DRUNK

DRY MARTINI

GIN

KEG BITTER

LEMONADE

LIQUOR

SIP

SIPPING

SPIRITS

WHISKEY

WHISKY

ABSORPTION

BATH

BATHROOM

BOAT

BOATS

BREAKWATER

BUBBLING

DRIFTING

DROWN

FLOATING

LAGOON

LAKE

LAKES

LEAKY

LIQUID

OCEAN

POND

PONDS
RIVER

RIVERS

SEA

SEAS

SEASCAPE

SEASIDE

SHIP

SHIPS

SINK

STREAM

WATER

WATERS
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AGAIN ALREADY

ANYWAY

AS

BUT

HAPPEN

HAPPENED

JUST

MEANWHILE

NEVERTHELESS

NOTWITHSTANDING

NOW

OFTEN

SOMETIME

SOON

THEREFORE

WHY

YET

BELIEVE

COINS

COULD

DEALER

DEFICIT

INCREASE

LOOT

MONEY

MONIES

MORE MONEY

NO

NOT

OFFER

PAID

PAY

PAYMENT

PLEASE

PROBABLY

PROPERTY

PROVIDE

RECEIPT

REFUSE

REPAY

STOLE

THRIFT

THRIFTY

UNPAID

ACTIVITY

EDUCATION

ENGINEERING

HOMEWORK

LEARNING

LECTURER

LECTURES

LESSONS

MATHS

RESEARCH

SCHOOL

SCIENCE

SCIENTIFIC STUDY

STUDYING

TEACHER

TEACHING

TRAINING

WORK

ADORABLE

ATTRACTIVE

BEAUTIFUL

BELOVED

BOSS

CHAIRMAN

CHARM

DELIGHTFUL

ELEGANCE

FLIRT

GIRL

HAIRY

INHUMAN

KINDNESS

LOVE

LOVELY

MAN

MYSTERIOUS NICE

POWERFUL

PROFESSION

RESPONSIBLE

SHAPELY
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Primer: The Knuth’s English Dictionary
• Knuthov slovar anglěskih besed je omrězje, ki ima:

– 52652 tǒck – anglěske besede dolžine od 2 do 8̌crk

– 89038 povezav – besedi sta sosedni,če lahko dobimo eno iz druge,

tako da zamenjamo, odstranimo ali dodamo enočrko
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back

bail

bale

bane

bang

bate

bear

bell

bent

best

bill

bine

buck

cade

cage

cane

care

case
cate

cave

cell

cent

dale

Dane

dang

date

dear

dell

dent

dill

dine

duck

ears

eave

eine

fail

fane

fang

fate

fear

fell

fest

fill

fine

fuck

Gail

gale

gang

gate

gave

gear

gent

gill

guck

hack

hail

hale

hang

hare

hate

have

hear

hell

hent

hest

hick

hill

huck

jail

Jane

jell

jest

Jill

kale

Kane

Kate

Kent

kick

kill

kine

lack

lane

Lang

late

lave

Lear
lent

lest

lick

line

luck

mack

mail

male

mane

mate

mell

mill

mine

muck

nail

Nate

near

Nell

nest

nick

nill

nine

pail

pale

pane

pang

patepear

pent

pest

pick

pill

pine

puck

rack

rail
rale

rang

rate

rave

rear

rent

rest

rick

rill

ruck

sack

sail

sale

sane

sang

sate

save

sear

sell

sent

sick

sill

sine

suck

tack

tail tale

tang
tate

tear

tell

tent

test

tick

till

tine

tuck

Vail vale

vane

vent

vest

vine

wack

wail wale

wane

Wang

wave

wear

well

went

west

will

wine

Yale

yang
year

yell

yuck

zest

bater

bears

bight

cater

dater

dears

eater

eight

ester

fears

fight

gears

hater

hears

hight

later

light

mater

nears

oater

pater

pears

rater

rears

right

Sears

sight

tater

tears

water

wears

wight

years

bester
fester

Hester

jester

Lester

nester

pester

rester

tester

wester
yester

ad

am

an

at

en

et

he

ho

in

it

on

ow

re

si

so

bad

bag

bam

ban

bar

bat

bay

bee

Ben

bet

bin

bit

bon

bot

bow

cad

cam

can

cap

car

cat

cay

cit

cob

cod

cog
col

comcon

coo

cop

cos

cot

cow

cox

coy

dad

dag

dam

Dan

Dar

day

Dee

den

din

don

dot

Dow

ear

eat

ein

eon

fad

fag

fan

far

fat

fay

fee

fen

fin

fit

gad
gag

gam

gap

gar

gat

gay

gee

get

gin

git

gon

got

had

hag

ham

Han

hap
hat

hay

hee

hen

hit

hob

hoc

hod

hoe

hog

hoi hon

hop

hot

how

hoy

Ian
ion

jag

jam Jan

jar

jay

jet

Jon

jot

jow

Kay

ken

kin

kit

lad

lag

lam

lap

lay

lee

Len

let

Lin

lit

lot

low

mad

man

map

mar

mat

may

men

met

min

mot

mow

nag

Nan

nap

Nat

nay

nee

net

nit

non

not

now

oar

oat

pad

Pam

pan

pap

par

pat

pay

pee

pen

pet

pin

pit

pon

pot

pow

rad

rag

ram ran

rap rat

ray

red

ree

ret

rin

rit

Ron

rot

row

sad

sag

Sam San

sap
sat

say

see

sen

set

sib

sic

sid

sie

sig

sin

sip sir

sis

sitsix

son

sot

sow

tab

tad

tag

tam tan
tao

tap

tar

tat

tau

taw

tax

tee

ten

tin

tit

ton

tot

tow

van

vat

vee

vet

von

vow

wad

wag

wan

war

way

wee

wen

wet

win

wit

won

wow

yam

yap

yen

yet

yin

yon

yow

zag

Zan

zap

Zen
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