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Glossary
For the basic notions on graphs and networks see the articles Wouter de Nooy:
Social network analysis and Vladimir Batagelj: Social Network Analysis, Largescale in the Social Networks section. For a complementary information on graph
drawing in social network analysis see the article Linton Freeman: Methods of
Social Network Visualisation.
k-core – a set of vertices in a graph is a k-core if each vertex from the set has
internal (restricted to the set) degree at least k and the set is maximal – no such
vertex can be added to it.
Network – consists of vertices linked by lines and additional data about vertices
and/or lines. A network is large if it has at least some hundreds vertices and can
be stored in a computer memory.
Partition – partition of a set is a family of its nonempty subsets such that each
element of the set belongs to exactly one among the subsets. The subsets are also
called classes or groups.
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Spring embedder – is another name for energy minimization graph drawing
method. The vertices are considered as particles with repulsive force among them,
and lines as springs that attract/repel the vertices if they are too far/close. The
algorithm is trying to determine an embedding of vertices in two or three dimensional space that minimizes the ’energy’ of this system.

I. Definition
The earliest pictures containing graphs were magic figures, connections between
different concepts (for example the Sephirot in Jewish Kabbalah), game boards
(nine men’s morris, pachisi, patolli, go, xiangqi, and others) road maps (for example Roman roads in Tabula Peutingeriana), and genealogical trees of important
families [29].
The notion of graph was introduced by Euler. In the 18th and 19th century
the graphs were mainly used for solving different recreational problems (Knight’s
tour, Eulerian and Hamiltonian problem, map coloring). At the end of 19th century some applications of graphs to real life problems (electric circuits, Kirchhoff;
molecular graphs, Kekulé) appeared. In 20th century the graph theory evolved
into a field of discrete mathematics of its own with applications to transportation
networks (road and railway systems, metro lines, bus lines), project diagrams,
flowcharts of computer programs, electronic circuits, molecular graphs, etc.
In social science the use of graphs was introduced by Jacob Moreno (1934)
as a basis of his sociometric approach. In his book Who shall survive? [54] a
relatively large network Sociometric geography of community – map III (435 individuals, 4350 lines) is presented. Linton Freeman wrote a detailed account of
development of social network analysis [50] and about the visualization of social
networks [17]. The networks studied in the social network analysis till nineties
were mostly small – some tens of vertices.

II. Introduction
In eighties the development of IT made a new field of computer graphics possible
to emerge. Soon also the first algorithms for graph drawing appeared:
• trees: Wetherell and Shannon, 1979 [40].
• acyclic graphs: Sugiyama, 1981 [37];
• energy minimization methods (spring embedders) for general graphs: Eades
1984 [15], Kamada and Kawai, 1989 [27], Fruchterman and Reingold, 1991 [18];
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Already in 1963 William Tutte proposed an algorithm for drawing planar
graphs [38] and Donald E. Knuth an algorithm for drawing flowcharts [19].
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A well known example of an early graph visualization was produced by Alden
Klovdahl using his program View Net – see Figure 1. Nice as a piece of art, but
with an important message: there are big problems with visualization of dense
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or/and
large graphs.
These developments led to a new field of graph drawing to emerge. In 1992
a group of computer scientists and mathematicians (Giuseppe Di Battista, Peter
Eades, Michael Kaufmann, Pierre Rosenstiehl, Kozo Sugiyama, Roberto Tamassia, Ioannis Tollis, and others) started the conference International Symposium on
Graph Drawing which takes place each year. The proceedings of the conference
are published in the Lecture Notes in Computer Science series by Springer [51].
To stimulate new approaches to graph drawing a graph drawing contest is acompanying each conference. Many papers on graph drawing are published in the
Journal of Graph Algorithms and Applications [88].
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Figure 2: Network of traceroute paths for 29 June 1999
Most of the efforts of the graph drawing community were spent on problems
of drawing of special types of graphs (trees, acyclic graphs, planar graphs) or
using special styles (straight lines, orthogonal, grid-based, circular, hierarchical)
and deriving bounds on required area for selected type of drawing.
In nineties further development of IT (GUI, multimedia, WWW) made large
graphs analysis a reality. For example studies of: large organic molecules (PDB [60]),
Internet (Caida [61]), and genealogies (White and Jorion [41], FamilySearch [69]).
In chemistry several tools for dynamic 3D visualization and inspection of molecules
were developed (Kinemage, 1992 [90], Rasmol, 1993 [97], MDL Chime, 1996 [91]).
One of the earliest systems for large networks was SemNet (Fairchild, Poltrock,
Furnas, 1988 [16]) used to explore knowledge bases represented as directed graphs.
In 1991 the Tom Sawyer Software [101] was founded – the premier provider
of high performance graph visualization, layout, and analysis systems that enable
the user to see and interpret complex information to make better decisions.
In 1993 at AT&T started the development of GraphViz tools for graph visualization (dot, neato, dotty, tcldot, libgraph) [78]. Becker, Eick and Wilks developed
a SeeXYZ family of network visualization programs [8].
In 1996 Vladimir Batagelj and Andrej Mrvar started the development of Pajek–
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a program for large network analysis and visualization [5].
In 1997 at La Sepienza, Rome started the development of GDToolkit [73] as
an extension of LEDA (Library of Efficient Data types and Algorithms) to provide
implementations of several classical graph-drawing algorithms. The new version
GDT 4.0 (2007) produced in collaboration with University of Perugia is LEDA
independent.
Graham Wills a principal invetigator at Bell Labs (1992-2001) built the Nicheworks
system for the visual analysis of very large (up to million vertices) weighted network graphs.
In the summer of 1998 Bill Cheswick and Hal Burch started to work on the
Internet Mapping Project at Bell Labs [62]. Its goal was to acquire and save
Internet topological data over a long period of time. This data has been used
in the study of routing problems and changes, DDoS attacks, and graph theory.
In the fall of 2000 Cheswick and Burch moved to a spin-off from Lucent/Bell
Labs named Lumeta Corporation. Bill Cheswick is now back at AT&T Labs. In
Figure 2 a network obtained from traceroute paths for 29 June 1999 with nearly
100000 vertices is presented.
In the years 1997-2004 Martin Dodge maintained his Cybergeography Research web pages [67]. The results were published in the book The Atlas of
Cyberspace [48]. A newer, very rich site on information visualization is Visual
complexity [105] where many interesting ideas on network visualizations can be
found. These examples, and many others, can be accessed also from the Infovis
1100+ examples of information visualization site [86]. An interesting collection
of graph/network visualizations can be found also on CDs of Gerhard Dirmoser.
The collection contains also many artistic and other pictures not produced by computers.
In 1997 Harald Katzmair founded FAS research, Vienna, Austria [70] a company providing network analysis services. They emphasize the importance of
nice looking final products (pictures) for costumers by enhancing, using graphical tools, the visual quality of the results obtained by network analysis tools. In
Figure 3 a network of Austrian research projects is presented. Similar company
Aguidel [58] was founded in France by Andrei Mogoutov, author of the program
Réseau-Lu.
Every year (from 2002) at the INSNA Sunbelt conference [87] the Viszards
group has a special session in which they present their solutions – analyses and
visualizations of selected network or type of networks. Most of the selected networks were large (KEDS, Internet Movie Data Base, Wikipedia, Web of Science).
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Figure 3: FAS: The scientific field of Austria
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Figure 4: CAIDA: AS core 2008

III. Attempts
In the new millenium several attempts to develop programs for drawing large
graphs/networks were made. Most of the following descriptions are taken verbatim from the programs’ web pages.
Stephen Kobourov with his collaborators from University of Arizona developed two graph drawing systems GRIP (2000) [20, 79] and Graphael (2003) [75].
GRIP – Graph dRawing with Intelligent Placement was designed for drawing
large graphs and uses a multi-dimensional force-directed method together with
fast energy function minimization. It employs a simple recursive coarsening
scheme – rather than being placed at random, vertices are placed intelligently,
several at a time, at locations close to their final positions.
The supercomputer centers Cooperative Association for Internet Data Analysis (CAIDA) [61], co-founded in 1998 by kc claffy, is an independent research
group dedicated to investigating both the practical and theoretical aspects of the
Internet to promote the engineering and maintenance of a robust, scalable global
Internet infrastructure. They have primarily been focusing on understanding how
the Internet is evolving, and developing a state-of-the-art infrastructure for data
measurement that can be shared with the entire research community.
Figure 4 represents a macroscopic snapshot of the Internet for two weeks:
1-17 January 2008. The graph reflects 4853991 observed IPv4 addresses and
7

Figure 5: Walrus
5682419 IP links. The network is aggregated into a topology of Autonomous Systems(ASes). The abstracted graph consists of 17791 ASes (vertices) and 50333
peering sessions (lines).
Walrus is a tool for interactively visualizing large directed graphs in threedimensional space. It is best suited to visualizing moderately sized (a few hundred thousand vertices) graphs that are nearly trees. Walrus uses 3D hyperbolic
geometry to display graphs under a fisheye-like distortion. By bringing different
parts of a graph to the magnified central region, the user can examine every part of
the graph in detail. Walrus was developed by Young Hyun at CAIDA based on research by Tamara Munzner. In Figure 5 two examples of visualizations produced
with Walrus are presented.
Some promissing algorithms for drawing large graphs were proposed by Ulrik Brandes, Tim Dwyer, Emden Gansner, Stefan Hachul, David Harel, Michael
Jünger, Yehuda Koren, Andreas Noack, Stephen North, Christian Pich, and Chris
Walshaw [39, 28, 21, 23, 14, 34, 22, 12]. They are based either on multilevel
energy minimization approach or on algebraic or spectral approach that reduces
to some application of eigenvectors.
Multilevel approach speeds-up the algorithms. Multilevel algorithms are based
on two phases: a coarsening phase, in which a sequence of coarse graphs with decreasing sizes is computed and a refinement phase in which successively drawings
of finer graphs are computed, using the drawings of the next coarser graphs and
a variant of a suitable force-directed single-level algorithm [22]. The fastest algorithms combine the multilevel approach with fast approximation of long range
repulsive force using nested data structure, such as quadtree or kd-tree.
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Figure 6: Katy Börner: Text analysis
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Katy Börner from Indiana University with her collaborators produced several
visualizations of diferent scientometric networks such as Backbone of Science [9]
and Wikipedia [82]. They are using different visual cues to produce information
rich visualizations – see Figure 6. She also commissioned the Map of Science
based on data (800000 published papers) from Thomson ISI and produced by
Kevin Boyack, Richard Klavans and Bradford Paley [9].
Yifan Hu from AT&T Labs Information Visualization Group developed a multilevel graph drawing algorithm for visualization of large graphs [26]. The algorithm was first implemented in 2004 in Mathematica and released in 2005. For
demonstration he applied it to the University of Florida Sparse Matrix collection [65] that contains over 1500 square matrices. The results are available in
the Gallery of Large Graphs [83]. The largest graph (vanHeukelum/cage15) has
5154859 vertices and 47022346 edges. In Figure 7 selected pictures from the
Gallery are presented.
From the examples that we have given, we can see that, in some cases, the
graph drawing algorithms can detect symmetries in a given graph and also a
’structure’ ((sub)trees, clusters, planarity, etc.). The main problem are graphs with
dense part(s).
For dense parts a better approach is to display them using matrix representation. This representation was used in 1999 by Vladimir Batagelj, Andrej Mrvar and Matjaž Zaveršnik in their partitioning approach to visualization of large
graphs [6] and is a basis of systems Matrix Zoom by James Abello and Frank van
Ham, 2004 [1, 2], and MatrixExplorer by Nathalie Henry and Jean-Daniel Fekete,
2006 [25]. A matrix representation is determined by an ordering of vertices. There
exist several algorithms to produce the orderings. A comparative study of them
was published by Chris Mueller [32, 93]. In Figure 8 three orderings of the same
matrix are presented. Most ordering algoritms were designed for applications in
numerical, and not data, analysis. The orderings can be also determined using
clustering or blockmodeling methods [49].
An important type of networks are temporal networks where presence of vertices and/or lines changes through time. Visualization of such networks requires
special approaches (Sonia [98], SVGanim [100], TecFlow [84]). An interesting
approach to visualization of temporal networks was developed by Ulrik Brandes
and his group [11].

IV. Perspectives
In this section a collection of ideas how to approach visualization of large networks is presented. They are only partially implemented in different visualization
solutions.
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Figure 7: Examples from the Gallery of Large Graphs
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Figure 8: Matrix representations

Figure 9: Big picture, V. Batagelj, AE’04
While the technical problems of graph drawing could ask for a single ’best’
picture, the network analysis is also a part of data analysis. Its goal is to get
insight not only into the structure and characteristics of a given network, but also
into how this structure influences processes going on over the network. We usually
need several pictures to present the obtained results.
Small graphs can be presented in their totality and in detail within a single
view. In a comprehensive view of large graphs, details become lost – conversely
a detailed view can encompass only a part of the graph.
The literature on graph drawing, is dominated by the ’sheet of paper’ paradigm
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– the solutions and techniques are mainly based on the assumption that the final
result is a static picture on a sheet of paper. In this case to present a large data set
we need a large ’sheet of paper’ – but this has a limit. In Figure 9 a visualization is
presented of the symmetrized subnetwork of 5952 words and 18008 associations
from the Edinburgh Associative Thesaurus [68] prepared by Vladimir Batagelj on
3m × 5m ’sheet of paper’ for Ars Electronica, Linz 2004 Language of networks
exhibition.
The main tool to deal with large objects is abstraction. In graphs it is usually
realized using a hierarchy of partitions. Shrinking selected classes of the partition
we obtain a smaller reduced graph. The main operations related to abstraction are:
• cut-out: display only selected parts (classes of partition) of graph;
• context: detailed display of selected parts (classes) of graph and the display
of the rest in the reduced form;
• model: the reduced graph with respect to a given partition;
• hierarchy: the tree representing the nesting of graph partitions;
In larger/denser networks there is often too much information to be presented
at once. A possible answer are interactive layouts on computer screen where the
user controls what (s)he wants to see.
The computer screen is a different medium, which offers many new possibilities: parallel views (global and local); brushing and linking; zooming and panning; temporary elements (additional information about the selected elements,
labels, legends, markers, etc.); highlighted selections; and others. These features
can and should be maximally leveraged to support data analytic tasks; or repeating
the Shneiderman’s mantra: overview first, zoom and filter, then details on-demand
(extended with: relate, history and extract) [35].
Interactively inspecting very large graphs a serious problem appears: How to
avoid the “lost within the forest” effect? There are several solutions that can help
the user maintain orientation:
• restart option: returns the user to the starting point;
• introduction of additional orientation elements. These elements can be
switched on and off.
• multiview: consists of at least two views (windows):
– map view: overall global view which contains the current position and
allows ’long’ moves (jumps). For very large graphs it can be combined
with zooming or fish-eye views.
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Figure 10: Glasses: Rasmol displays – BallStick, SpaceFill, Backbone, Ribbons
– local view: displays a selected portion of the graph.
Additional support can be achieved by implementing trace/backtrack/replay mechanism and guided tours.
In an interactive dynamic visualization of a graph on the computer screen it
needs not to be displayed in its totality. Inspecting a visualization the user can select which parts and elements will be displayed and how. See for example TouchGraph [102].
Closely related with the multiview concept are associated concepts of glasses,
lenses and zooming. Glasses have effect on the entire window, and lenses only on
the selected region or elements.
14

Figure 11: Glasses: Display of properties – school
Selecting different glasses we obtain different views on the same data – supporting different visualisation aims. For example in Figure 10 four different
glasses (ball and stick, space-fill, backbone, ribbons) were applied in program
Rasmol to the molecula 1atn.pdb (deoxyribonuclease I complex with actin).
Another example of glasses is presented in Figure 11. The two pictures were
produced by James Moody [31]. The graph picture was obtained by spring embedder. It represents the friendship relation among students in a school. The
glasses are the coloring of its vertices by different partitions: age partition (left
picture) and race partition (right picture). This gives us the explanation of the four
groups in the obtained graph picture – they are characterized by younger / older
and white / black students.
In Figure 12 a part of the big picture (Figure 9) is presented. The glasses in this
case are based on ordering the edges in increasing order of their values and drawing them in this order – stronger edges covers the weaker. The picture emphasizes
the strongest substructures; the remaining elements form a background.
There are many kinds of glasses in representation of graphs. For example fisheye views, matrix representation, using application field conventions (genealogies,
molecules, electric circuits, SBGN), displaying vertices only, selecting the type
of labels (long/short name, value), displaying only the important vertices and/or
lines, size of vertices determined by core number or betweenes.
An example of lens is presented in Figure 13 – contributions of companies
to different presidential candidates from Follow the Oil Money by Greg Michalec
and Skye Bender-deMoll [71]. For a selected vertex the information about it is
displayed. Another example of lens would be to temporarily enhance the display
of neighbors of the selected vertex [104] or to display their labels. The ”shaking” option used in Pajek to visually identify all vertices from selected cluster
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Figure 12: Part of the big picture

Figure 13: Lenses: temporary info about the selected vertex
is also a kind of lense; so are the matrix representations of selected clusters in
NodeTrix [81].
Additional enhancement of a presentation can be achieved by the use of support elements such as labels, grids, legends, and various forms of help facilities.
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Figure 14: Zoom, glasses, lenses, navigation: Google Maps
An important concept connected with zooming is the LOD (Level of Detail) –
subobjects are displayed differently depending on the zoom depth.
A nice example of combination of these techniques is the Google Maps service [74] – see Figure 14. It combines zooming, glasses (Map, Satellite, Terrain),
navigation (left, right, up, down) and lenses (info about points). The maps at different zoom levels provide information at different level of detail and in different
form.
For a given hierarchical clustering of its vertices a similar approach could be
used also for inspection of large graphs/networks. To produce higher level ’maps’
different methods can be used: k-core representation [4], density contours [92],
generalized blockmodeling [49], clustering [80] (Figure 15), preserving only important vertices and lines, etc. In visualizing the ’maps’ new graphical elements
(many of them still to be invented) can be used [13, 89][49, p. 223] preserving/indicating the information about the structure at lower level.
The k-core representation [4, 94] is based on k-core decomposition of a network [6, 7] and was developed by Alessandro Vespignani and his collaborators [63].
In Figure 16 a portion of the web at .fr domain, with 1 million of pages is presented. Each node represents a web page and each edge is a hyperlink between
two pages.
Density contours were introduced by James Moody in 2006. First a spring
embedder layout of (valued) network is determined. Afterward the vertices and
lines are removed and replaced by density contours. In Figure 17 this process is
presented in the case of social science co-citation network. On the left side the network layout is presented and in the right bottom part we can see the corresponding
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Figure 15: Zoom, glasses, lenses, navigation: Grokker

Figure 16: k-core structure of a portion of the web at .fr domain
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Figure 17: Density structure
density contours.
The basic steps in graph/network visualization are:
graph/network → analyses → layouts → viewer → pictures
On this scheme the development of different tools can be based depending on the
kind of users (simple, advanced) and their tasks (reporting, learning, monitoring,
exploration, analysis) they address. In some cases only a viewer will be sufficient
(for example SVG viewer, X3D viewer, or a special graph layout viewer), in others
a complete network analysis system is needed (such as Geomi [3, 72], ILOG [85],
Pajek [59], Tulip [103], yFiles [106]).
Layouts are obtained by augmenting the network data with results of analyses
and user’s decisions to be used to visualize the network. In Pajek’s input format there are several layout elements from Pajek’s predecessors (see Pajek’s
manual, pages 69-73). As in typesetting
text + formatting = formated text
so in network visualization
network + layout = picture
It would be useful to define a common layout format (an extension of GraphML [77]
?) so that independent viewer modules can be developed and combined with different layout algorithms. Some useful ideas can be found in nViZn (”envision”)
system [99]. To specify layouts we can borrow from the typesetting the notion of
style.
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cartes. Mouton, Gauthier-Villars, Paris, La Haye.
[44] Brandes U., Erlebach T. (Eds.) (2005). Network Analysis: Methodological
Foundations. LNCS, Springer, Berlin.
[45] Carrington P.J., Scott J., Wasserman S. (Eds.) (2005). Models and Methods
in Social Network Analysis. Cambridge University Press.
[46] de Nooy W., Mrvar A., Batagelj V. (2005) Exploratory Social Network Analysis with Pajek, Cambridge University Press.
[47] di Battista G., Eades P., Tamassia R., Tollis I.G.(1999) Graph Drawing: Algorithms for the Visualization of Graphs. Prentice Hall.
23

[48] Dodge M., Kitchin R. (2002). The Atlas of Cyberspace. Pearson Education.
[49] Doreian P., Batagelj V., Ferligoj A. (2005) Generalized Blockmodeling,
Cambridge University Press.
[50] Freeman L.C. (2004) The Development of Social Network Analysis: A Study
in the Sociology of Science. Empirical Press.
[51] Graph Drawing. Lecture Notes in Computer Science Vol. 894 (1994), 1027
(1995), 1190 (1996), 1353 (1997), 1547 (1998), 1731 (1999), 1984 (2000),
2265 (2001), 2528 (2002), 2912 (2003), 3383 (2004), 3843 (2005), 4372
(2006), 4875 (2007). Springer, Berlin.
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