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Sponsored by

Travel information

Step-free access
Stations displaying this symbol
in the index have step-free
access between the street and
platforms. This facility is useful
for passengers with luggage,
shopping or buggies as well as
for wheelchair users

To plan a journey in a wheelchair,
see our leaflet ‘Tube access 
guide’ or call

0845 330 9880

For journey planning and 
travel advice call

µ

Station facilities
The index on this map also shows

Other Railways
For a map of all Railways in 
Greater London, consult the 
High Frequency Services Map nearby

‰ Car parks
Bicycle parking

Stations with toilets on site
or nearby

Á

∑

Travel Information Centres∏

Facilities

 Transport for London

Key to lines and symbols

Central

Bakerloo

District

Circle

East London Docklands Light Railway

Northern

Metropolitan

Piccadilly

Victoria

Waterloo & City

National Rail

Connections with
National Rail

Connection with
Tramlink

Airport interchange

Connections with
riverboat services

Interchange stations

Poster 09.05

Opens
December 2005

020 7222 1234
24 hour travel information

020 7918 3015
Textphone

www.tfl.gov.uk
Website

020 7918 3015
Textphone

www.tfl.gov.uk
Website

Jubilee

Hammersmith & City

Covent Garden station gets 
very busy at weekends and in 
the evenings, but you can avoid 
the crowds by walking there 
from Holborn, Leicester Square 
or Charing Cross. 
The short walk is clearly 
signposted above ground 
and maps are on display at 
each station.

This diagram is an evolution of the original design conceived in 1931 by Harry Beck
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Walks
length |s| of the walk s is the number
of lines it contains.
s = (j, h, l, g, e, f, h, l, e, c, b, a)
|s| = 11
A walk is closed iff its initial and ter-
minal vertex coincide.
If we don’t consider the direction of the
lines in the walk we get a semiwalk or
chain.
trail – walk with all lines different
path – walk with all vertices different
cycle – closed walk with all internal
vertices different

A graph is acyclic if it doesn’t contain any cycle.
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Shortest paths
A shortest path from u to v is also
called a geodesic from u to v. Its
length is denoted by d(u, v).
If there is no walk from u to v then
d(u, v) =∞.
d(j, a) = |(j, h, d, c, b, a)| = 5
d(a, j) =∞
d̂(u, v) = max(d(u, v), d(v, u))
is a distance:
d̂(v, v) = 0, d̂(u, v) = d̂(v, u),
d̂(u, v) ≤ d̂(u, t) + d̂(t, v).

The diameter of a graph equals to the distance between the most distant pair
of vertices: D = maxu,v∈V d(u, v).
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Shortest paths
black

backlack clackblank

rack wackbalk bank basklick lanklace clickclankblink

rick race wickwalk bilkbale bane bastlinklice lanelate clink chick

rice rate winkwale bilehale wanebine wastbaitline chinkcline chic

rite winewilewhale wait chine chit

write whinewhile whit

white

DICT28.
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Equivalence relations and Partitions
A relation R on V is an equivalence relation iff it is
reflexive ∀v ∈ V : vRv, symmetric ∀u, v ∈ V : uRv ⇒ vRu, and
transitive ∀u, v, z ∈ V : uRz ∧ zRv ⇒ uRv.

Each equivalence relation determines a partition into equivalence classes
[v] = {u : vRu}.

Each partition C determines an equivalence relation
uRv ⇔ ∃C ∈ C : u ∈ C ∧ v ∈ C.

k-neighbors of v is the set of vertices on ’distance’ k from v, Nk(v) =
{u ∈ v : d(v, u) = k}.

The set of all k-neighbors, k = 0, 1, ... of v is a partition of V .

k-neighborhood of v, N (k)(v) = {u ∈ v : d(v, u) ≤ k}.
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Motorola’s neighborhood

####

AOL

MSFT

Yahoo!

Sun

IBM

Cisco

iPlanet

3COM

Motorola

AvantGo

BaltimoreTechnologies

Unisys

ComputerAssociates

Nextel

MapInfo

GM

MasterCard

Fujitsu

55

1

365

40

46

1

3
3

19

23

4
22

2

1

4

6

1

1 1

1

1

1

1

1

1

1

1

1
1

1

1

1

1

1

1

1

1
1

1

1

1

1

1

1

1

1

1

1

1

1
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####

AOL

MSFT

Yahoo!

Sun

IBM

Cisco

iPlanet

3COM

Motorola

AvantGo

BaltimoreTechnologies

Unisys

ComputerAssociates

Nextel

MapInfo

GM

MasterCard

Fujitsu

The thickness of edges is a square root of its value.
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Connectivity

Vertex u is reachable from vertex v iff
there exists a walk with initial vertex v
and terminal vertex u.
Vertex v is weakly connected with ver-
tex u iff there exists a semiwalk with v
and u as its end-vertices.
Vertex v is strongly connected with ver-
tex u iff they are mutually reachable.

Weak and strong connectivity are equivalence relations.

Equivalence classes induce weak/strong components.
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Weak components

Reordering the vertices of network
such that the vertices from the same
class of weak partition are put to-
gether we get a matrix representa-
tion consisting of diagonal blocks –
weak components.
Most problems can be solved sepa-
rately on each component and after-
ward these solutions combined into
final solution.
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Special graphs – bipartite, tree

A graph G = (V,L) is bipartite iff its set of vertices V can be partitioned
into two sets V1 and V2 such that every line from L has one end-vertex in
V1 and the other in V2.

A weakly connected graph G is a tree iff it doesn’t contain loops and
semicycles of length at least 3.
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Reduction (condensation)

If we shrink every strong component of a given graph into a vertex, delete
all loops and identify parallel arcs the obtained reduced graph is acyclic.
For every acyclic graph an ordering / level function i : V → N exists s.t.
(u, v) ∈ A ⇒ i(u) < i(v).
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Reduction – Example
Net / Components / Strong [1]
Operations / Shrink Network / Partition [1][0]
Net / Transform / Remove / Loops [yes]
Net / Partitions / Depth / Acyclic
Partition / Make Permutation
Permutation / Inverse
select partition [Strong Components]
Operations / Functional Composition / Partition*Permutation
Partition / Make Permutation
select [original network]
File / Network / Export Matrix to EPS / Using Permutation

a

b

c

d

e

f

g

h

i

jk

l

#a

#e

f g

i

k

Pajek - shadow [0.00,1.00]

i

e

h

j

l

a

b

c

d

g

f

k

i e h j l a b c d g f k

ECPR Summer School, Ljubljana, July 30 – August 16, 2008 s s y s l s y ss * 6



V. Batagelj: Network Analysis / Structure of Networks 2 11'

&

$

%

. . . internal structure of strong components

Let d be the largest common divisor of lengths of
closed walks in a strong component.
The component is said to be simple, iff d = 1;
otherwise it is periodical with a period d.
The set of vertices V of strongly connected di-
rected graph G = (V, R) can be partitioned into
d clusters V1, V2, . . . , Vd, s.t. for every arc
(u, v) ∈ R holds u ∈ Vi ⇒ v ∈ V(imod d)+1 .
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. . . internal structure of strong components

Bonhoure’s periodical graph. Pajek data
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Bow-tie structure of the Web graph

Kumar &: The Web as a graph

Let S be the largest strong component
in network N ; W the weak compo-
nent containing S; I the set of ver-
tices from which S can be reached;O
the set of vertices reachable from S;
T (tubes) set of vertices (not in S) on
paths from I toO;R =W\ (I ∪S ∪
O ∪ T ) (tendrils); and D = V \ W .
The partition

{I,S,O, T ,R,D}

is called the bow-tie partition of V .
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Cuts
The standard approach to find interesting groups inside a network was based
on properties/weights – they can be measured or computed from network
structure (for example Kleinberg’s hubs and authorities).

The vertex-cut of a network N = (V,L, p), p : V → R, at selected level t
is a subnetwork N (t) = (V ′,L(V ′), p), determined by the set

V ′ = {v ∈ V : p(v) ≥ t}

and L(V ′) is the set of lines from L that have both endpoints in V ′.

The line-cut of a network N = (V,L, w), w : L → R, at selected level t is
a subnetwork N (t) = (V(L′),L′, w), determined by the set

L′ = {e ∈ L : w(e) ≥ t}

and V(L′) is the set of all endpoints of the lines from L′.
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Vertex-cut: Krebs Internet Industries, core=6

Pajek

AOL

AT&T

MSFT

Yahoo!

Sun

IBM

RealNetworks
Dell

Compaq

HP

EMC

Novell

Akamai

Cisco

EDS
Oracle

Inktomi

Intel

Ariba

CommerceOne

Motorola

RedHat

Peoplesoft

ExodusComm

Loudcloud

Lucent

SAP

Siebel

KPNQwest Vignette

CacheFlow

BMCSoftwareE.piphany

WebMethods

CIBER

FoundryNetworks
divine

UPS

Pajek

Each vertex represents a company that competes in the Internet industry, 1998 do 2001. n = 219, m = 631. red – content, blue – infrastructure,

green – commerce. Two companies are linked with an edge if they have announced a joint venture, strategic alliance or other partnership.
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Line-cut: Krebs Internet Industries, w3 ≥ 5

Pajek

AOL

AT&T

MSFT

Sun

IBM

RealNetworks

TerraLycos

Dell

Compaq

HP

Akamai

Cisco

KPMG

Oracle

Inktomi

Intel

Ariba

Motorola

KPNQwest

E.piphany

CIBER

FoundryNetworks

Pajek

AOL

AT&T

MSFT
Sun

IBM

RealNetworks

TerraLycos

Dell

Compaq

HP

Akamai

Cisco

KPMG

Oracle

Inktomi

Intel

Ariba
Motorola

KPNQwest

E.piphany

CIBER

FoundryNetworks

Pajek
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Line-cut in EAT
File/Network/read eatRS.net
Info/Network/Line values ... >= 70
Net/Transform/Remove/Lines with Value/lower than 70
Net/Partitions/Degree/All
Operations/Extract from Network/Partition 1-*
Net/Components/Weak
Draw/Draw-Partition

ADAM

ADHERE

AFFECTION

ALMIGHTY

ANSWER

ANSWERS

APPLE

AQUAINTANCE

ARK

ARMY

ASSISTBAD

BARKING

BATTERY

BLOOD

BOUND

BOY

BOYS

BREAD

CADBURY’S

CAR

CASTLECAT

CHEDDAR

CHEESE

CHOCOLATE

CODE

COMPREHEND

CORE

COW

CRANNY

CRAVAT

CRUSTS

DING

DOG

DOGS

DONG

DONOR

DOWN

DUODENALEAR

EAST

EDAM

EGG

EITHER

ELM

EVE

EVER READY

FATIGUED

FIR

FISH

FLOCK

FLOCKS

FOOD

FREQUENTLY

FRIEND

GET SET

GIRL

GIRLS

GO GOD GOOD

GUN

HATTER

HE

HELP

HER

HERS HIM

HIS

HOLSTER

HOMEWARD

HONG

HUSBAND

ICE

ISOSCELESJAUNDICE

JIGSAW

JUGULAR KENNELS

KONG

LADDER

LIE

LOAF

LOAVES

LOBE

LOVE

MACKEREL

MAD

ME

MEEKMEN

MILD

MONEY

MOO

MORSE

MOTOR

NAKED

NAPE

NEAT

NECK

NEEDLES

NO

NOAH

NOOK

NOSE

NOSTRILS

NOURISHMENT

OCEAN

OFTEN

OR

OUTBOARD

PACIFIC

PING

PINS

PONG

POOR

PUDDING

PURSE

PUSH

PUSSY

PUZZLE

QUENCH

QUESTION

QUESTIONSRANT

RAVE

RESERVOIR

RICH

RIGHT RINK

RUNGS

SALVATION

SHAGGY

SHE

SHEEP

SHOVE

SILL

SQUARE

STARK

STICK

SUET

THANK

THIRST

TIDY

TIE

TIRED

TRAFALGAR

TRANSFUSION

TREASURE

TREE

TRIANGLE

TROVE

ULCER

UNDERSTAND

UNTRUTH

UP

VEHICLE

VEIN

WATER

WEARY

WEST

WIFE

WINDOW

WINDSOR

WOMEN

WRONG

YELLOW

YES

YOLK

YOU

Pajek
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Simple analysis using cuts

We look at the components of N (t).

Their number and sizes depend on t. Usually there are many small
components. Often we consider only components of size at least k and
not exceeding K. The components of size smaller than k are discarded as
’noninteresting’; and the components of size larger than K are cut again at
some higher level.

The values of thresholds t, k and K are determined by inspecting the
distribution of vertex/arc-values and the distribution of component sizes
and considering additional knowledge on the nature of network or goals of
analysis.

We developed some new and efficiently computable properties/weights.
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Citation weights

PFAFFELHUBER-E-1975-V18-P217

POGGIO-T-1975-V19-P201

KOHONEN-T-1976-V21-P85

KOHONEN-T-1976-V22-P159

AMARI-SI-1977-V26-P175

KOHONEN-T-1977-V2-P1065

ANDERSON-JA-1977-V84-P413

WOOD-CC-1978-V85-P582

COOPER-LN-1979-V33-P9

PALM-G-1980-V36-P19

AMARI-S-1980-V42-P339SUTTON-RS-1981-V88-P135

KOHONEN-T-1982-V43-P59

BIENENSTOCK-EL-1982-V2-P32

HOPFIELD-JJ-1982-V79-P2554

ANDERSON-JA-1983-V13-P799

KNAPP-AG-1984-V10-P616

MCCLELLAND-JL-1985-V114-P159

HECHTNIELSEN-R-1987-V26-P1892

HECHTNIELSEN-R-1987-V26-P4979

GROSSBERG-S-1987-V11-P23

CARPENTER-GA-1987-V37-P54

GROSSBERG-S-1988-V1-P17

HECHTNIELSEN-R-1988-V1-P131SEJNOWSKI-TJ-1988-V241-P1299

BROWN-TH-1988-V242-P724

BROWN-TH-1990-V13-P475

KOHONEN-T-1990-V78-P1464

TREVES-A-1991-V2-P371

HASSELMO-ME-1993-V16-P218

BARKAI-E-1994-V72-P659

HASSELMO-ME-1994-V14-P3898

HASSELMO-ME-1994-V7-P13

HASSELMO-ME-1995-V67-P1

HASSELMO-ME-1995-V15-P5249

GLUCK-MA-1997-V48-P481

ASHBY-FG-1999-V6-P363

Pajek

The citation network analysis
started in 1964 with the paper of
Garfield et al. In 1989 Hummon
and Doreian proposed three
indices – weights of arcs that are
proportional to the number of
different source-sink paths passing
through the arc. We developed
algorithms to efficiently compute
these indices.
Main subnetwork (arc cut at level
0.007) of the SOM (selforganizing
maps) citation network (4470 ver-
tices, 12731 arcs).
See paper.
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Biconnectivity

Vertices u and v are biconnected iff they are connected (in both directions)
by two independent (no common internal vertex) paths.

Biconnectivity determines a partition of the set of lines.

A vertex is an articulation vertex iff its deletion increases the number of
weak components in a graph.

A line is a bridge iff its deletion increases the number of weak components
in a graph.
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k-connectivity
Vertex connectivity κ of graph G is equal to the smallest number of vertices
that, if deleted, induce a disconnected graph or the trivial graph K1.

Line connectivity λ of graph G is equal to the smallest number of lines that,
if deleted, induce a disconnected graph or the trivial graph K1.

Whitney’s inequality: κ(G) ≤ λ(G) ≤ δ(G) .

Graph G is (vertex) k−connected, if κ(G) ≥ k and is line k−connected, if
λ(G) ≥ k.

Whitney / Menger theorem: Graph G is vertex/line k−connected iff every
pair of vertices can be connected with k vertex/line internally disjoint
(semi)walks.
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Triangular and short cycle connectivities
In an undirected graph we call a triangle a subgraph isomorphic to K3.

A sequence (T1, T2, . . . , Ts) of triangles of G (vertex) triangularly connects
vertices u, v ∈ V iff u ∈ T1 and v ∈ Ts or u ∈ Ts and v ∈ T1

and V(Ti−1) ∩ V(Ti) 6= ∅, i = 2, . . . s. It edge triangularly connects
vertices u, v ∈ V iff a stronger version of the second condition holds
E(Ti−1) ∩ E(Ti) 6= ∅, i = 2, . . . s.

Vertex triangular connectivity is an equivalence on V; and edge triangular
connectivity is an equivalence on E . See the paper.
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Triangular network

Let G be a simple undirected graph. A triangular net-
work NT (G) = (V, ET , w) determined by G is a sub-
graph GT = (V, ET ) of G which set of edges ET con-
sists of all triangular edges of E(G). For e ∈ ET the
weight w(e) equals to the number of different trian-
gles in G to which e belongs.

Triangular networks can be used to efficiently identify dense clique-like
parts of a graph. If an edge e belongs to a k-clique in G then w(e) ≥ k − 2.
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Edge-cut at level 16 of triangular network of Erdős
collaboration graph

AJTAI, MIKLOS

ALAVI, YOUSEF

ALON, NOGA

ARONOV, BORIS

BABAI, LASZLO

BOLLOBAS, BELA

CHARTRAND, GARY

CHEN, GUANTAO

CHUNG, FAN RONG K.

COLBOURN, CHARLES J.
FAUDREE, RALPH J.

FRANKL, PETER

FUREDI, ZOLTAN
GODDARD, WAYNE D.

GRAHAM, RONALD L.

GYARFAS, ANDRAS

HARARY, FRANK

HEDETNIEMI, STEPHEN T.

HENNING, MICHAEL A.

JACOBSON, MICHAEL S.

KLEITMAN, DANIEL J.

KOMLOS, JANOS

KUBICKI, GRZEGORZ

LASKAR, RENU C.

LEHEL, JENO

LINIAL, NATHAN

LOVASZ, LASZLO

MAGIDOR, MENACHEMMCKAY, BRENDAN D.

MULLIN, RONALD C.

NESETRIL, JAROSLAV

OELLERMANN, ORTRUD R.

PACH, JANOS

PHELPS, KEVIN T.

POLLACK, RICHARD M.

RODL, VOJTECH
ROSA, ALEXANDER

SAKS, MICHAEL E.

SCHELP, RICHARD H.

SCHWENK, ALLEN JOHN

SHELAH, SAHARON

SPENCER, JOEL H.

STINSON, DOUGLAS ROBERT

SZEMEREDI, ENDRE

TUZA, ZSOLT

WORMALD, NICHOLAS C.

without Erdős,
n = 6926,
m = 11343
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Triangular connectivity in directed graphs

If the graph G is mixed we replace edges with pairs of opposite arcs. In
the following let G = (V,A) be a simple directed graph without loops.
For a selected arc (u, v) ∈ A there are only two different types of directed
triangles: cyclic and transitive.

cyc tra

For each type we get the corresponding triangular network Ncyc and Ntra.

The notion of triangular connectivity can be extended to the notion of short
(semi) cycle connectivity.
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Arc-cut at level 11 of transitive triangular network of
ODLIS dictionary

abstract

American Library Association /ALA/

American Library Directory

bibliographic record

bibliography

binding

blanket order

book

book size

Books in Print /BIP/

call number

catalog

charge

collation

colophon

condition

copyright

cover

dummy

dust jacket

edition

editor

endpaper

entry

fiction

fixed location

folio

frequency

front matter

half-title

homepage

imprint

index

International Standard Book Number /ISBN/

invoice

issue

journal layout

librarian

library

library binding

Library Literature

new book

Oak Knoll

page

parts of a book

periodical

plate

printing

publication

published price

publisher

publishing

review

round table

serial

series

suggestion box

table of contents /TOC/
text

title

title page

transaction log

vendor

work

Pajek
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