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Abstract. The graphael system implements several classic force-directed layout
methods, aswell asseveral novel layout methods for non-Euclidean geometries,includ-
ing hyperbolic and spherical. The system can handle large graphs, using multi-scale
variations of the force-directed methods. Finally , the system can layout and visualize
graphs that evolve though time, using static views, animation, and morphing. The
system is written in Java and is available as a downloadable program or as an applet
at http://graphael.cs.arizona.e du.

1 In tro duction

As researchers in the graph drawing communit y develop new algorithms and visualization
techniques, it is natural for the creation of new graph drawing tools to follow. It is often the
case,however, that the implementation of an algorithm is accompaniedby time consuming
tasks that have little to do with the algorithm itself. Researcherswho would like to test a new
layout algorithm should only have to concern themselveswith the details of the algorithm
itself and not other things such as graphics packages,�le parsers,or user interface design.

In this paper wepresent graphael : yet another graph drawing systemdesignedto provide
the necessarystructure and 
exibilit y for force-directedgraph drawing research. Our system
is built with the following design considerations: (1) Plug-and-Play: it should be easy to
integrate new algorithms and visualization methods; (2) User Friendliness: the userinterface
should be easyto use,but alsopowerful and versatile; (3) Portability: the systemshould run
on any computational platform.

The graphael systemattempts to meet thesegoalsby providing a set of corealgorithms
and visualization routines, as well as a powerful interface that allows the user to combine
di�eren t algorithms and visualization methods, and to easily add new ones. In addition,
the system contains several novel algorithms and visualization techniques, such as force-
directed methods in hyperbolic and sphericalspaces,and techniquesfor dealing with graphs
that evolve through time. The system is written in Java and is available as a downloadable
program or as an applet at http://graphael. cs.a riz ona.e du.

1.1 Related W ork

A number of automated graph drawing systemshave beendeveloped over the last few years;
see[8] for a survey. The systemsmentioned below is by no meansa completelist, but intends
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to include the onesmost relevant to our system. The GraphServer [13] is an online service
that allows usersto draw graphsand translate graph descriptionsbetweenmultiple formats.
Tulip is a framework built to facilitate large graph drawing research [1]. WilmaScope [3]
is a Java application designedspeci�cally for 3D visualization. yFiles [14] is a commercial
library of Java classesdeveloped to provide building blocks for graph drawing applications.
Pajek [2] is a Windows program designedto handle large graphsfor social networks analysis.
TGRIP[5] is an extensionon the GRIPsystem[7] and e�cien tly draws large temporal graphs
using intelligent placement. The GraphAEL[4] systemextracts three typesof evolving graphs
from a custom-built graph drawing literature databaseand creates2D and 3D animations
of the evolutions.

1.2 Our Con tributions
In addition to sharingall the letters with the GraphAEL[4] , the graphael systemwasinspired
by it. We wanted to provide a graph visualization framework that can easily be coupled
with the bibliographic databaseto provide visualizations of the co-citation, collaboration,
and topic graphs, produced from the database.This led to the development of the current
system,which is equipped with a corepackageof force-directedalgorithms and visualization
tools. In addition to putting together well-known algorithms and visualization methods,
graphael contains several novel features.Someof thesefeaturesinclude support for temporal
graphs, interactive graph visualization, multi-scale layout algorithms for large graphs, and
embedding graphs in non-Euclidean spaces,such as hyperbolic spaceand spherical space.

2 System Overview

In this section we summarize the layouts, visualization methods, and other tools packaged
in graphael . In-depth descriptions of novel features are also provided.

2.1 Force-Directed Layouts

Force-directedlayout algorithms are a powerful and practical graph drawing heuristic. They
rely on an objective function that maps a particular graph layout to an energyvalue. Typ-
ically such algorithms start with a random drawing of the graph and utilize standard opti-
mization methods to minimize the energyfunction. The algorithms de�ne functions in which
low energiesare associated with layouts where adjacent nodesare near somepreferred dis-
tance from each other, and non-adjacent nodesare well-spaced.The main di�erence between
force-directedalgorithms is the choiceof energy function and the methods for its minimiza-
tion.

We have implemented two force-directed algorithms in graphael . The Fruchterman-
Reingold [6] algorithm de�nes an attractiv e force function for adjacent nodesand a repulsive
force function for non-adjacent nodes. For a vertex v, FF R (v) = Fa;F R + Fr ;F R , where the
attractiv e force, Fa;F R , and repulsive force, Fr ;F R , are given by:

Fa;F R =
X

u2 Adj (v)

distR n (u; v)2

edgeLength2
(pos[u] � pos[v]);

Fr ;F R =
X

u2 Adj (v)

s �
edgeLength2

distR n (u; v)2 � (pos[u] � pos[v]):
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Another force-directedmethod implemented in graphael is the Kamada-Kawai [9] layout
algorithm. In this method each pair of nodes connectedby a path has forces proportional
to the length of the path. The displacement of a vertex v of G is calculated by:

FK K (v) =
X

u2 N i (v)

�
distR n (u; v)2

distG (u; v) � edgeLength2
� 1

�
(pos[u] � pos[v]):

In the above equations,dist R n (u; v) is the Euclidean distancebetweenpos[u] and pos[v],
dist G (u; v) is the graph distance betweenu and v along a shortest path, edgeLengthis the
unit edgelength, Adj( v) is the set of vertices adjacent to v, and s is a small scaling factor.

2.2 Multi-scale Graph Dra wing

The e�ectiv enessof force-directedmethods rapidly decreasesas the input graphsget larger.
This is mainly due to the increaseddi�cult y of getting out of local minima and to the
runtime complexity, typically quadratic, or cubic in the sizeof the graph. Multi-scale graph
drawing methods addressboth of theseproblems by �ltering the graph into di�eren t levels,
called �ltration levels, each containing a subsetof the initial graph. The �ltration levels are
laid out from least to most complex, which allows the structure of the graph to form well
from the start. The multi-scale method relies on good �ltrations, good initial placement of
the vertices, and on local re�nement on each level.

Filtrations: The e�ectiv enessof the multi-scale method depends on each successive �l-
tration level containing a constant fraction of the nodes from the previous level. Thus,
good �ltrations have O(lg n) depth and can be quickly computed. In graphael we currently
provide three methods of �ltering the graph: Maximal Independent Set (MIS) Filtration,
Random Graph Filtration, and CoresFiltration:

1. Maximal Independent Set Filtr ation: A �ltration V = V0 � V1 � : : : � Vk � ; of
the vertex set V of G is called a maximal independent set �ltration if V1 is a maximal
independent set of G, and each Vi is a maximal subsetof Vi � 1 sothat the graph distance
betweenany pair of its elements is at least 2i � 1 + 1. The graph distance betweena pair
of vertices is de�ned as the length of the shortest path betweenthem in the graph. MIS
�ltrations have depth O(lg n) and can be computed in near-linear time [7].

2. Random Graph Filtr ation: Random �ltrations are createdby repeatedly removing half of
the vertices, chosenat random, starting with the original vertex set V of G. The depth
of this �ltration is also O(lg n) and the computation time required is linear in the size
of V . Although simple, this method producesreasonablelayouts for large graphs.

3. Cores Graph Filtr ation: Graph coresare described in [12]. Given a graph G = (V; E),
a subgraph H k = (W ; E jW ) induced by the set W is a k-core, or a core of order k
if 8v 2 W : degH (v) � k, and H k is the maximum subgraph with this property. The
core of maximum order is also called the main core. The core number of vertex v is the
highest order of a core that contains this vertex. Graph corescan be computed in linear
time [2]. If the number of coresis a small constant comparedto the sizeof the graph, we
augment the �ltration induced by the coresto depth O(lg n) using the peeling process
inherent in the core computation.
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Initial Placemen t and Re�nemen t: The main idea of good initial placement is to add
vertices to the current drawing one at a time at a carefully computed position, rather than
a random one. For simplicit y we describe the processin 2D, but in practice this is done in
arbitrary Euclidean,and evensomenon-Euclidean,spaces.Assumethat the highest �ltration
level has exactly 3 vertices. These vertices are placed at the endpoints of a triangle with
sidesproportional to the graph distancesbetweenthe points in the original graph. Vertices
in subsequent �ltration levelsare placedbasedon their graph distancesfrom already placed
vertices from previous �ltration levels. The intuition is that if we place the vertices closeto
their optimal positions initially , the re�nement phasewill only needa few iterations of a local
force-directed calculations to reach a minimal energy state. In graphael 's implementation,
we use the \3-closest-vertices" strategy. Using this method we place the vertex t at the
barycenter of u; v; and w, the three verticesclosestto t from the previous�ltration level. Once
all the verticesat the current �ltration level havebeenplaced,we apply a local force-directed
re�nement. The re�nement stageis local as for a given node v in the current �ltration, only
a small neighborhood of vertices N i (v) is consideredin the force computation.

2.3 Graphs that Ev olv e Through Time

We haveimplemented algorithms in graphael for visualization of graphsthat evolve through
time basedon techniquesdescribed in [4,5]. The algorithms aremodi�cations of the standard
Fruchterman-Reingold and Kamada-Kawai algorithms that allow us to deal with vertex-
weighted and edge-weighted graphs.Graphs that evolve through time are converted to node-
weighted and edge-weighted graphs, by treating each instance of the graphs as a timeslice,
and connecting neighboring timeslices. The edgesconnecting di�eren t timeslices are called
inter-timeslice edges.By changing the weights of these edges,we are able to balance the
individual graph readability with the overall mental map preservation betweenconsecutive
graphs. Making the inter-timeslice edgesheavy, results in �xing the vertex positions in
each graph instance. Alternativ ely, making the inter-timeslice edgeslight, results in nearly
independent layouts of each graph instance.

W eigh ted Graphs: Wemodify the force-directedequationsfor calculating the forcevectors
to include edgeweights and vertex weights so as to place heavy nodeswell away from each
other and to place vertices connectedby heavy edgescloser to each other. The unit edge
length is modi�ed for weighted graphs to

p
wu � wv =we, for an edgeof weight we, connecting

vertices u; v of weight wu ; wv , respectively.
The Kamada-Kawai method relies on the notion of graph distance between pairs of

vertices. It is easyto generalizethis notion to weighted graphs, but becauseof the compu-
tational and spaceoverheadassociated with calculating the shortest path betweenall pairs
of vertices in the graph, we usean approximation. Let p1; p2; : : : ; pn be the sequenceof ver-
tices in the shortest unweighted path in G connecting two vertices, u and v. The modi�ed
Kamada-Kawai force vector is given by:

FK K (v) =
X

u2 N i (v)

�
2 � distR n (u; v)2

optDist G (u; v)2 � edgeLength2 + distR n (u; v)2
� 1

�
(pos[u] � pos[v]);

where optDist G (u; v) is de�ned by:
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optDist G (u; v) =
nX

i =2

p
wpi � wpi � 1

wep i p i � 1

:

Similarly, we modify the Fruchterman-Reingold forcesas follows:

Fa;F R =
X

u2 Adj (v)

we � distR n (u; v)2

edgeLength2
(pos[u] � pos[v]);

Fr ;F R =
X

u2 Adj (v)

s �

 
edgeLength2 �

p
wu � wv

distR n (u; v)2

!

(pos[u] � pos[v]):

Timeslice A ttribute: To visualize a seriesof graphs embodying the evolution of a set of
relationships over time, we associate a timeslice attribute with each vertex. The timeslice of
a vertex is just a label identifying which graph instance the vertex belongsto. We use the
timeslice attribute to partition the verticesof a graph into groupsby time. Additional modi-
�cations to the force-directedalgorithms are neededto accommodate timeslice information.
For the Kamada-Kawai layout method, repulsive forcesfor a given node u on node v should
be equal to the repulsive force of w on v, where u and w are corresponding nodes from
di�eren t timeslices. Thus, the function optDist G (u; v) is modi�ed so that for two vertices
u; v with timeslice indices of tu and tv , respectively, is given by :

optDist G (u; v) =
nX

i =2

� t u t v �
p wpi � wpi � 1

we
;

where p1; p2; : : : ; pn is the shortest unweighted path in G connecting two vertices, u and v
and � t u t v is 1 if tu = tv and 0 otherwise.

The modi�cations needed for the Fruchterman-Reingold calculations are similar. Re-
pulsive forces are simply eliminated between vertices in di�eren t timeslices, Fr ;w ;t;F R =
� � Fr ;w ;F R while the attractiv e forcesremain unchanged,Fa;w ;t;F R = Fa;w ;F R .

2.4 Visualizing Ev olving Graphs
The timeslice information aloneis not enoughto nicely layout evolving graphs;we must also
arrange edgesbetween timeslices so that the layouts can be used for animation. The most
straightforward method to animate is simply to usea seriesof \snapshots" of a graph taken
at someinterval over a period of time. When visualizing an evolving graph, we would ideally
like the graphsof each timeslice to have high readability (i.e. have a pleasinglayout) and for
consecutive timeslices to be similar, that is, the mental map should be preserved. To meet
theseconstraints the timeslicesare combined into a singlegraph by connectingverticeswith
the samelabels from adjacent timeslices.

Becauseof the modi�ed optimal distancefunction, corresponding nodesin di�eren t times-
lices have no repulsive force on each other, but they still have attractiv e forcesdue to the
inter-timeslice edges.In graphael the balancebetweenreadability and mental map preser-
vation can be controlled by changing the weights of the inter-timeslice edges.

Once the layout of the evolving graph has been computed, graphael o�ers di�eren t
methods for visualizing the graphs. Each timeslice can be drawn in a restricted 2D view, or
the graphs can be drawn in 3D with individual graphs arrangedon top of each other (called
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Fig. 1. graphael in cooperation with GraphAEL. The graphs shown are the column view and 
at 2D
view of a citation graph from 2000 to 2003 by 1 year increments.

column-view). Smoothly stepping through the evolving graphsusing linear interpolation can
also produce visually pleasinganimations of the evolving graphs.

The column view lays out each timeslice on a separateplane, allowing the user to view
the changesin the graph over time; seeFig. 1. The inter-timeslice edgescan be hidden or
displayed1. Simple navigation controls such aszoom and move are alsoprovided in this view
to allow the user to better view the graph. It might be di�cult for the user to seeall of the
changesbetweentwo times just by looking at two separategraphs though, so we provide an
animation view, which animates the changesbetween di�eren t timeslices in a graph. The
simplest way to animate a time-evolving graph is to display onetimeslice after the next, but
the user might not seethat somenodes have moved. Therefore, we also allow the user to
play the animation so that a smooth transition is made from one time to the next, linearly
interpolating node positions, colors,and weights. Nodesand edgesalso fade in and out from
one timeslice to the next.

2.5 Graph Dra wing in Non-Euclidean Spaces
A novel feature in graphael is the option to layout graphs in non-Euclidean spaces,in
particular, in hyperbolic spaceand in spherical space.Existing force-directed algorithms
1 If the inter-timeslice edgesare absent in the input �le graphael adds them basedon node labels.
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are restricted to calculating a graph layout in Euclidean geometry. Euclidean spacehas
a very convenient structure for force-directed methods. It is easy to de�ne distances and
angles,and the relationship betweenthe vector representing the net force on an object and
the appropriate motion of that object are quite straightforward. There are, however, cases
where Euclidean geometry may not be the best option. Certain graphs may be known to
have a structure that would be best realized in a di�eren t geometry, such as on a sphere
or on a torus. Furthermore, it has also been noted that certain non-Euclidean geometries,
speci�cally hyperbolic geometry, have properties which are particularly well suited to the
layout and visualization of large classesof graphs [11].

Riemannian Geometries: In graphael we have implemented a generalization of force-
directed methods to non-Euclidean geometries[10]. These methods use mappings between
non-Euclideangeometriesand corresponding tangent spaces.While a non-Euclideangeome-
try doesnot a�ord all of the conveniencesof Euclidean geometry, there is a straightforward
way to de�ne distancesand angles,provided we restrict ourselves to geometrieswhich are
smooth. Such geometriesare known asRiemannian geometries,and while they have lesscon-
venient structure than Euclidean geometry, they retain many of the characteristics which
are useful for force-directedgraph layouts. A Riemannian manifold M hasthe property that
for every point x 2 M , the tangent spaceTx M is an inner product space.This meansthat
for every point on the manifold, it is possibleto de�ne local notions of length and angle.

Using the local notions of length we can de�ne the length of a continuous curve 
 :
[a; b] ! M by length(
 ) =

Rb
a k
 0kdt. This leads to a natural generalization of the concept

of a straight line to that of a geodesic, where the geodesic between two points, u; v 2 M
is de�ned as a continuously di�eren tiable curve of minimal length between them. These
geodesicsin Euclidean geometry are straight lines, and in spherical geometry they are arcs
of great circles.We can then de�ne the distance betweentwo points, d(x; y) as the length of
the geodesicbetweenthem.

Hyp erb olic Geometry: Hyperbolic geometry is particularly well suited to graph layout
becauseit has \more space" than Euclidean geometry { in the samesensethat spherical
geometry has \less space". Unlike in Euclidean geometry, where the relationship between
the radius and circumferenceof a circle in two-dimensionalgeometry is linear with a factor
of 2� , and constant in a spherical geometry, in hyperbolic geometry the circumferenceof a
circle increasesexponentially with its radius. The applicabilit y of this geometricproperty to
graph layout is well-illustrated with the exampleof a tree. In hyperbolic space,it is possible
to layout a tree structure with a uniform distribution of the nodes and with uniform edge
lengths despite the fact that the number of vertices at a certain depth in the tree increases
exponentially with the depth.

In order to visualize a layout in hyperbolic geometry it is necessaryto map the layout
into the (2D) Euclidean geometry of a computer monitor. There are various ways to do
this. The two most common methods are Poincare disk and Beltrami-Klein projections. In
both of thesecasesthe hyperbolic spaceis mapped onto the open unit disk. To obtain such
projections it is necessaryto distort space,which in thesecasestakesthe form of compressing
the spacenear the boundary of the unit disk, giving the impressionof a �sh-eye view. This
naturally provides a useful focus+context technique for visualizing the layouts of graphs.
The method usedin graphael is the Poincaredisk. This model preservesangles,but distorts
lines. A line in hyperbolic spaceis mapped to a circular arc which intersectsthe unit circle at
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Fig. 2. Layouts of a title-word graph, obtained in Hyperbolic spaceand in Sphericalspace.The graph
has 27 nodes and 50 edgesand the nodes correspond to title-words from papers in the 1999 Graph
Drawing conference.The size of a node is determined by its frequencyand edgesare placed between
two nodes if they co-occur in at least one paper.

right angles.ThePoincare disk progressively distorts the graph view as we move away from
the center of projection. In Fig. 2(a) we show an drawing of a graph layed out in hyperbolic
geometry and displayed in two-dimensionalEuclidean space.

Spherical Geometry: Using the sameideas,we can generalizeforce-directed methods to
spherical space.Spherical geometry, like hyperbolic geometry, has a constant curvature and
the equations for mapping to and from the tangent spacecan be calculated analytically.
Each point on a sphereis given a longitude and latitude. The spherecan then be embedded
in three-dimensional Euclidean spaceby a simple parameterization. In Fig. 2(b) we show
a drawing of a graph layed out in spherical geometry and displayed in three-dimensional
Euclidean space.

Multi-Scale Graph Dra wing in Non-Euclidean Space: Since we are able to utilize
mappings between Riemannian points and its tangent spaceto use existing force-directed
methods for graph layouts, we can also generalizethe multi-scale method for drawing large
graphs to non-Euclidean spaces.The multi-scale method has three main stages.The �rst
stage is the �ltration stage. Calculating a desirable �ltration is completely dependent on
the graph itself and no modi�cations are necessary. The next two stages are the initial
placement and the re�nement stages.Since the re�nement stage simply usesforce-directed
force functions, and we are now able to use the sameforce functions in Riemannian space,
the only stagefor which we needfurther consideration is the initial placement stage.

In the initial placement stagewe place each vertex oneat a time in the barycenter of its
neighbors. In Euclidean spacewe simply take the averageof each dimension and place the
vertex at that point. For non-Euclidean points we use the mapping to and from a tangent
space.Speci�cally , we map the non-Euclidean points that correspond to the location of the
neighbors to a tangent space.From there we are able to calculate the barycenter. We map
that back into the non-Euclidean manifold and place the node at that location.
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Fig. 3. A screenshotof the graphael CF-graph.

2.6 Graph Editor
There are several ways to experiment with the graphael system.Loading oneof the sample
graph �les, loading a new �le, or creating a new graph. When a userwants to createa graph
manually, they havethe option of usinga basicgraph editor that canbe accessedfrom within
graphael . The editor is simple, but useful for users that do not have data to generatea
graph from. The graph editor is especially helpful in the testing of new components, since
simple casescan be modeled easily in the editor. With a point/clic k/drag user interface,
nodesand edgescan be added,deleted,or moved. While editing a graph, node positions are
stored so that the user can visualize it, but when the graph is input to graphael , the node
positions are stripp ed o� as the layout algorithms ignore initial positions.

3 Con trol Flo w Graph

Herewedescribeanother novel featuresof graphael , the Control Flow (CF) graph2. The CF-
graph allows the userto put together di�eren t combinations of layout algorithms, projections
and visualizations, while o�ering a visual representation of the derived graph's production
process;seeFig. 3. CF-graphs contain CF-nodes (such as layout algorithms) that act to
generateand re�ne a derived graph, and CF-edgesthat represent the channelsof input and
output, internally passedbetweenthe CF-nodes.

Userscreate graphs by adding new CF-nodes and connecting them with edges.Once a
complete chain of appropriate CF-nodes has beencompleted, the user can push the \run"
button to activate all the graph fabricators (described below). Modifying how an existing
CF-graph produces derived graphs can be done in one of two methods. The �rst is to
manipulate the composition of the CF-graph. Userscan then easily modify a �nal, derived
graph by pulling out certain CF-nodes and replacing them with others that will act upon
the derived graph di�eren tly . The secondmethod is to changethe internal properties of the
production units that the CF-node represents.

2 Note: For clarit y we shall call a Control Flow graph a CF-graph and a graph produced by a
CF-graph a \deriv ed" or \pro duction" graph.
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3.1 CF-No des

There are three di�eren t typesof production units: fabricators, embellishers,and processors.
Each of them is brie
y described below.

1. Graph Fabricators: Theseare graph production units that take no input from other CF-
graph entities. They act as the starting point for the generation of derived graphs since
are not dependent on a derived graph as input. Many of the current graph fabricators
available in graphael create the most raw form of a derived graph (i.e., vertex and edge
declarations) by reading input �les.

2. Graph Embellishers: Theseare methods that require a single, derived graph element as
input from within the CF-graph and output a newly augmented, derived graph. In many
cases,graph embellishersare usedto add or modify properties of the derived graph they
receive as input. For example,an embellisher could take a weighted graph as input and
producea weighted graph in which the color property of the heaviest nodesmakesthem
stand out.

3. Graph Processors:Thesemethods are the �nal stagein any CF-graph, sincethey do not
passa derived graph to other production units. Typically, graph processorsoutput the
�nal derived graph in the form of a picture, or an output �le.

3.2 Callbac k Edges

In a CF-graph with normal edges,once a production unit is �nished with its input, the
graph is passedto the next unit until it reachesthe end of the CF-graph. However, there are
caseswhen this is not desirable. If we wish, for example, to show a graph layout in a series
of iterations (as opposedto just the �nal product), we would require the useof graphael 's
callback edges.Theseedgesallow the sourceCF-node to suspend its execution and passthe
graph to the remainder of the CF-graph, starting at the target of the callback edge.Once
this �nishes, execution would resumewhere the sourceCF-node left o�. Callback edgescan
be identi�ed as thick, dotted lines.

Using callbacks, we were able to implement features such as animation. Speci�cally ,
a layout that needsto iterate over the graph multiple times can suspend itself to let the
resulting graph from each iteration reach the processorand be displayed on the screen.After
the processor�nishes, the layout runs the next iteration.

3.3 CF-No de Prop ert y Managemen t

Whereasthe panel in Fig. 3 o�ers di�eren t ways to manipulate the CF-graph, the individual
CF-nodes can be manipulated as well. Recall that one of the two ways to modify how a
derivedgraph is producedis to changeCF-nodeproperties.While wedo allow for customized
property managers, we have implemented an automatic GUI generator to minimize the
amount of work required to make additions to the graphael library . The GUI generator
is implemented using Java's re
ection capabilities. This allows graphael to dynamically
examine methods and data members of Java classesthat have been added to its library .
The system detects which properties can be modi�ed by looking for a pair of getter and
setter methods that meet the following conditions: (1) the namesof the getter and the setter
methods must be pre�xed by `get' and `set', respectively; (2) the namesof the getter and
the setter methods must be identical, with the exception of the `get' and `set' pre�x; (3) the
return value of the getter method and the �rst parameter of the setter methods must be of
the sametype. Fig. 4 shows the GUI for one of graphael 's CF-nodes.
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NearestVerticesPlacement
Parameter

Parameters
GraphFiltrationLayout
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Fig. 4. Screenshotafter selecting the GraphFiltrationLayout embellisher using the manageproperties
tool. Property managerGUIs suchas the one shown hereare automatically generatedin graphael .

4 Implemen tation

The graphael systemhasbeenimplemented using Java 1.4.2.This choicewasmade largely
becausethe object oriented paradigm is well-suited for our plug-and-play and extensibility
designrequirements. Java's library also provides a mature code-basefrom which we derived
many application components. For example, most of the graphael view is basedon Java's
Swing package. Using Java also made the conversion of graphael to an applet a straight-
forward task, helping achieve our designgoal of portabilit y.

Our system can be usedas visualization platform for problems that generategraphs as
output. For example,a databasethat producesgraphs, such as the one described in [4] can
be coupled with graphael to provide visual interaction with the graphs. Conceptually, the
coupling is summarized in Fig. 5.

The graphael system currently supports the standard GML (graph markup language)
�le format. Simple modi�cations to the standard format accommodate node-weights and
edge-weights, as well as timeslice information. More imagesfrom the system are shown in
Fig. 6-8.

References

1. D. Aub er. Tulip - a huge graph visualization framework. In M. J•unger and P. Mutzel, editors,
Graph Drawing Software, pages105{126. Springer-Verlag, 2003.

11



Result
Query

Result
Query

Result
GML

GML
Generator

Result
Query

Result
GML

Request
User

Result
Query

Web Form

Result
GML

User
Request Request

User

Request
GML

File
GMLFile

GML

Request
GML

Query
User

Graph Drawing
Literature Database

Request Handler

Graph
Drawer Parser

GML

WWW

Client

Graphael Applet

JSP Interface

Server

GML Library

Fig. 5. The architecture of graphael in conjunction with GraphAEL.

2. V. Batagelj and A. Mrv ar. Pajek - analysis and visualization of large networks. In M. J•unger
and P. Mutzel, editors, Graph Drawing Software, pages77{103. Springer-Verlag, 2003.

3. T. Dwyer and P. Eckersley. Wilmascope - a 3d graph visualization system. In M. J•unger and
P. Mutzel, editors, Graph Drawing Software, pages55{75. Springer-Verlag, 2003.

4. C. Erten, P. J. Harding, S. G. Kobourov, K. Wampler, and G. Yee.Graphael: Graph animations
with evolving layouts. In 11th Symposium on Graph Drawing, pages98{110, 2003.

5. C. Erten, P. J. Harding, S. G. Kobourov, K. Wampler, and G. Yee. Exploring the computing
literature using temporal graph visualization. In Visualization and Data Analysis. Proceedings
of SPIE 2004, To appear in 2004.

6. T. M. J. Fruchterman and E. M. Reingold. Graph drawing by force-directed placement. Softw.
Pract. Exper., 21(11):1129{1164, 1991.

7. P. Gajer and S. G. Kobourov. Grip: Graph drawing with intelligent placement. Journal of
Graph Algorithms and Applications, 6(3):203{224, 2002.

8. M. J•unger and P. Mutzel, editors. Graph Drawing Software. Springer-Verlag, 2003.
9. T. Kamada and S. Kawai. An algorithm for drawing general undirected graphs. Inf. Process.

Lett., 31(1):7{15, 1989.
10. S. G. Kobourov and K. Wampler. Non-euclidean spring embedders. Technical Report TR2004-

012, Univ ersity of Arizona, 2004.
11. J. Lamping, R. Rao, and P. Pirolli. A focus+context technique based on hyperbolic geometry

for visualizing large hierarchies. In Proceedings of the SIGCHI conference on Human factors in
computing systems, pages401{408. ACM Press/Addison-W esley Publishing Co., 1995.

12. S. B. Seidman. Network structure and minim um degree. Social Networks, 5:269{287, 1983.
13. R. T. Stina S. Bridgeman, Ashim Garg. A graph drawing and translation service on the www.

International Journal on Computational Geometry and Application, 9(4{5):419{446, 1999.
14. R. Wiese, M. Eiglsperger, and M. Kau�mann. y�les - visualization and automatic layout of

graphs. In M. J•unger and P. Mutzel, editors, Graph Drawing Software, pages173{192. Springer-
Verlag, 2003.

12



Fig. 6. Cumulative title-word graph from the Graph Drawing Symposium from 1998 to 2003; the se-
quencegoes from top to bottom, left column �rst.
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Fig. 7. Layouts of the title-word graph with di�erent centersof attention in hyperbolic space(left) and
sphericalspace(right).
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Fig. 8. Core viewsof the graph drawing literature collaboration graph: core 13, core 11, and core 7.
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