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/ Graph \

GraphG = (V, L):

e |V — set ofvertices

e [ —setoflines directed lines oarcsand undirected lines ardges
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Network

N = (V,L,Fy,Fp).
e graphG = (V, L)

e functionf : V — X from Fy,, assigns a meaning to vertices:
vertex label;
class number to which the vertex belongs (partition);
number associated with vertex (vector);
type of vertex: source, intermediate, sink; ...

e functiong : L — Y from F';, assigns a meaning to lines:
name of the street;
type of relation: friendship, business relation, sport activity;
distance;
capacity of link; . ..

N /

4> H o P [] []




Mrvar, A. and Batagelj, V.: Analysis and Visualization of Temporal Networks using Pajek

/ Temporal network \

Temporal network
NT — (VaLvFV7FL7T)

IS obtained if theime T is attached to an ordinary networkK. is a set of
linearly orderedime pointst € T'.

In temporal network vertices € V and linesl € L are not necessarily
present or active in all time points. Activity of vertices and lines can be
described by &inctional descriptios as logical functions:
v(t) = true < vertexv € V is active in time point;

[(t) =true < linel € L is active in time point.

The followingconsistency conditiohave to be satisfied:
Vte TVl € L : (I(u,v)(t) = u(t) ANv(t))

If a line [(u, v) is active in time point then also its endpoints andv

Qhould be active in timé /
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N

... Temporal network

We will denote the network consisting of lines and vertices active in time
t € T by N(t) and call it thetime slicein time pointt.

Properties of vertices and lines fraly andF;, can also be time dependent.
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Examples of temporal networks

e network of friendship in the schoolclass, institution or any other human
group over several years (Newcomb fraternity);

e changes in signed graphs over time (Sampson monastery data (SV|G));

e network of phone calls inside selected set of phone numbers (used by
the police in the investigation of organized crime);

e citation or collaboration networks from a selected scientific area;
e network of transitions of a ball in a football game;
e changes in HIV networks;

e relations among actors in different episodes of movies;

e births, marriages and deaths in genealogies; ...
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/ Activity intervals \

One of realizations of functional description ar&ivity intervals— for each
vertex and line list of intervals when vertex/line is present is given. Intervials
are separated by commas and have one of the following forms:

t; — In time pointt;,
t;- t; — from time pointt; to time pointt;,
t;- = — from time pointt; on.

*Vertices 3

1 "a" [5-10,12-14]
2 "b" [1-3,7]

3 "e" [4-%]
*Edges

1 2 1 [7]

le 1 [6-8] /
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Time events
Developmenof network in time can be also described by the sequence |of
time events

command | description
Tl¢t initial event: following events DE uv delete edgéu: v)

happen at start of time segmént  CV vs change properties of
TEt end event: following events vertexv to s

happen at end of time segmént ~ CA wvs | change property of arc
AV vns add vertexv with labeln (u,v) tos

and properties CEwwvs | change property of edge
HV v hide vertexv (u:v)tos
SV show vertexv CT uv change type (arc/edge)
DV v delete vertex of line (u, v)
AA uvs add arc(u, v) CD uv change direction of

with propertiess arc (u,v)
HA v hide arc(u, v) PEuvs | replace pair of bidirected
SA uv show arc(u, v) arcs by a single edge
DA uv delete arqu, v) AP uvs | add pair of arcs
AE uvs add edg€u: v) with propertiess

with propertiess DP uv delete pair of arcs
HE uv hide edg€u: v) EPuvs | replace edge by pair of
SEuv show edgé€u: v) opposite arcs
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TI1
AV 2 ”b"

/Example of network described by time events 1\
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TI1

AV 2 "b”
TE 3
HV 2
T4

AV 3 "e”

/Example of network described by time events 4\
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TI1

AV 2 "b”
TE 3
HV 2
T4

AV 3 "e”
TI5

AV 17a"

/Example of network described by time events 5\
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/Example of network described by time events 6\

b
Tl 1

AV 2 7b”
TE 3
HV 2
Tl 4
AV 3 7¢” ()
TI5 @
AV 173" ()

TI6 GK.
AE131 ()
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/Example of network described by time events 7\

b
Tl 1

AV 2 7b”
TE 3
HV 2
Tl 4
AV 3¢ ()
TI5 @
AV 17 ()

TI6 GK.
AE131 (&)
TI7 o)

SV 2 (a]
AE121 (&)
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/Example of network described by time events 8\

TE 7

DE12|
DV 2
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/Example of network described by time events 9\

TE7

DE 12

DV 2 (&)

TES @
DE 13 &)
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/Example of network described by time eventsll\

TE7
DE 12
DV 2 (&)
TES @

DE 13 e

TE 10
HV 1 ©
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/Example of network described by time eventle\

TE7
DE 12
DV 2 (&)
TE S8 @
DE 13 &)
TE 10

HV 1 ©

TI12 @)
SV1 (e)
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/Example of network described by time eventslo\

TE7
DE 12
DV 2 (&)
TE S8 @
DE 13 e
TE 10

HV 1 ©
TI12 @)
SV1 (e)

TE 14
DV 1 (e)

o /

4> Ao PN [] []




Mrvar, A. and Batagelj, V.: Analysis and Visualization of Temporal Networks using Pajek 19

/ Example \

The data about actors and relations among them in the long-running Getjman
soap opera called ‘Lindenstrasse’ were collected for Graph Drawing 1999
competition.

For each actor her/his name, gender, birthdate, and several other recordgs are
available. Additionally for each actor episode numbers in which the actor
played actively are given.

For each line in the network its meaning is given: family relation, busingss
relation, unfriendly relationships, ...

Properties of vertices are represented by different shapes, colors, sizeg of
vertices: e.g. triangles correspond to men, circles to women; and propelties
of lines are represented by colors: green line stands for family relation, lue
for business relations, .. ..

In the printed version dynamics can be represented by the sequer?of

Qlyouts only.
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elations among actors i, 6" and 7" episode
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Episode 5
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Episode 6
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Episode 7
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/ Temporal Networks in Pajek \

Some options for analysis and visualizaton of sequences of networks are availzﬂz/le In
Pajek. Macro submenu enables to run the last command executed by Pajek several
times applied to different successive objects.

Example: after loading several networks in Pajek, execute degree partition on the
first network and all other networks.

If the result of the command is also a constant, all constants are stored in a ngw

vector. Some of these constants can be used for comparison of temporal netwprks
in different time points: number of vertices, arcs, edges, network densities, avefage
degree, centralization indices, diameter, number of interesting fragments, mainj|core
number, number of components.

For graphical representation of changing properties of networks over time statistical
package®R or SPSScan be called. We can also compute correlations among
properties: e.g., it is known that density is lower if the number of vertices is higher
but average degree is a expected to be constant.

kSequences of networks can be visualized by applying spring embedders. /
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Several models:

equal probabilityp.

But in several networks (e.g., connections among WWW pages, citatic
networks, Internet topology, actors networks) a new vertex would prefere
connect to such vertex already in the system that has higher degree. O
models describing such network formatioreidended modday:

R. Albert in A.-L. Baralasi:

Topology of evolving networks: local events and universality.

Networks grow and evolve by local events, such as
e the addition of new vertices,

e the addition of new lines,

/ Random Networks \

Model by Erdbs and Rnyi (1960): each pair of vertices is connected with

25

n
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k. rewiring of lines from one vertex to another. /
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We start withm, isolated vertices, and at each time point we perform orje
of the following three operations:

Extended Model Network Generation Algorithm

1. With probabilityp we addm (m < mg) new lines For this we randomly select a vertex
as the starting point of the new line. The other end of the line, however, is selected with

probability
deg; + 1

Zj (deg; + 1) 7
incorporating the fact that new lines preferentially point to popular vertices, with a high
number of connections. This process is repeateiimes.

P(i) = (1)

2. With probabilityg we rewirem lines For this we randomly select a verteand a lin€l; ;
connected to it. Next we remove this line and replace it with a newljJinehat connects
i with vertexj’ chosen with probability”?(;j’) given by (). This process is repeated
times.

3. With probabilityl — p — g we add a new vertexrhe new vertex has: new lines that
are connected to verticéslready present in the network with probabil(z).

N /
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