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Abstract

Skeletal animation is a concept that has been used
in the areas of motion pictures and computer games
to create realistic motion for the animation of artic-
ulated characters. Recent work has applied skeletal
animation techniques from inverse kinematics to the
field of graph interaction. The previous work intro-
duced an interesting idea suggesting a skeletal graph
interaction system would be intuitive and natural.
However, due to problems with the skeletal anima-
tion techniques used, the benefits of the system were
limited. This paper investigates the use of a new dy-
namics based technique previously used in the area of
skeletal animation for graph interaction. The moti-
vation for this work was to improve upon the previ-
ous work by providing a more intuitive skeletal graph
interaction system. An intuitive skeletal interaction
system could reduce the difficulty and time taken in
navigating the graph and increase the amount of in-
formation that can be interpreted and understood.
This technique has been implemented in a graph in-
teraction environment in Java3D allowing the user to
drag nodes in order to manipulate the layout of the
graph. The graph reacts to the user movement while
maintaining the physical constraints placed upon it
by the skeletal metaphor.

Keywords: Graph Drawing, Graph Interaction, Skele-
tal Animation

1 Introduction

A relational network or graph is commonly used to
represent relations between objects. A graph consists
of a set of nodes and edges where nodes represent
objects and edges represent the relationship between
objects.

Graph drawing takes the set of nodes and edges
of a graph and assigns coordinates to the nodes so
that they can be drawn. This produces a drawing
that provides a geometric representation for a set
of relational data. The aim of graph drawing is to
produce a picture that allows the viewer to easily
understand the information that is represented by a
graph. A lot of research has been done in the area of
graph drawing and this is given in more detail in the
following section.
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While a number of good graph drawing algorithms
have been developed, there are always situations,
particularly in 3D, where the layout provided is
difficult to understand. In these situations it is
desirable to have a mechanism to allow the viewer to
modify both the graph layout and their view of this
layout. Graph interaction techniques are designed to
provide this mechanism.

Graph interaction allows the user to make changes
to a graph drawing. The interaction technique used
determines how the graph will respond to input
from the user. Graph interaction is a field that
aims to complement graph drawing by reducing
the difficulty and time taken in understanding the
information that is being represented by a graph.
Effective interaction techniques have the potential
to reduce the time that an analyst needs in order to
navigate the presented information, and increase the
amount of information that can be interpreted and
understood.

One such way in which we can control how move-
ments by the user will result in changes to the graph
is through the use of a physical metaphor. The aim
of a physical metaphor is to simulate a physical struc-
ture that the user is familiar with. This will result in
changes that feel natural to the user. Any graph in-
teraction technique should feel natural and intuitive,
and a useful physical metaphor is able to provide this.

A physical metaphor that was recently introduced
to graph interaction (Merrick 2002) is the skeletal
structure. A skeleton in this case may be seen as a
system of bones of fixed length connected by joints
that may be rotated at any angle.

Using the skeletal structure for graph inter-
action has many advantages. Firstly, it is easily
mapped onto a graph. The nodes of the graph
are mapped to the joints of the skeleton and the
edges of the graph are mapped to the bones of the
skeleton. As the user drags a node, other nodes will
move and joints will rotate. The interaction tech-
nique must ensure that edge-lengths remain constant.

The second major advantage of the skeletal
metaphor is that a large amount of research has
been performed in the area of skeletal animation.
The majority of skeletal animation research has
been driven by its need in robotics, computer games
and motion pictures. These algorithms can also be
applied to the graph structure. As a result we have
a large number of algorithms to choose from and are
likely to be able to find a technique that is suited to
both skeletal animation and graph interaction.

The skeleton is also a structure that is manipu-



lated by humans on a regular basis and therefore, it
should feel natural and intuitive.

The aim of this paper is to investigate graph
interaction methods and the use of a graph interac-
tion system that allows the analyst to understand a
graph’s structure more quickly and easily than other
graph interaction systems. This goal is achieved by
using a skeleton as a physical metaphor for a graph
and using a skeletal animation technique that is very
highly suited for this purpose.

2 Background

Graphs have been used for a long time in conveying
information and as a result of this a lot of research
has been done in the area of graph drawing. Di
Battista et al. provide a good review of this research
(Di Battista et al. 1994, Di Battista et al. 1999).

Various aesthetic criteria have been discussed
which attempt to measure the readability of
a graph drawing by general optimisation goals
(Esposito 1988).  Examples of aesthetic criteria
include minimisation of crossings, area, bends and
maximisation of smallest angle and symmetries (Di
Battista et al. 1994). In many cases, it is not pos-
sible to completely satisfy more than one aesthetic
criteria simultaneously. It is also common to have an
additional criterion requiring that certain constraints
are satisfied (Dengler et al. 1993). FExamples of
possible constraints are keeping a certain vertex
in a fixed position or keeping a group of vertices
close together. An algorithm for producing a graph
drawing is known as a layout algorithm. As a result
of the large amount of research into graph drawing
many layout algorithms have been developed that
attempt to optimise specific aesthetic criteria.

The focus in this paper is on general undirected
graphs drawn in three dimensions for which force-
directed methods are often used. Force-directed
methods define a system of forces acting on the ver-
tices and edges. The graph drawing then evolves to
a minimum energy state. Force-directed methods are
relatively easy to implement, can easily be extended
to three dimensions and the smooth evolution of the
drawing helps to preserve the user’s mental map as
the layout changes.

Force-directed methods are widely used in the
graph drawing field and many different force-directed
algorithms exist. The spring embedder method
(Eades 1984) represents edges as springs with unit
natural length and non-connected vertices in the
graph are connected by springs in the system with
infinite natural length. As a result connected vertices
are attracted to each other unless they are closer
than unit length together. In that case they will repel
each other. Non-connected vertices will repel each
other. The system is then let go until a minimum
energy state is reached.

Evaluation of the benefits provided by the aes-
thetic criteria on which graph drawing algorithms
are based has produced mixed results (Batini
et al. 1985, Ding & Mateti 1990, Purchase et
al. 1997, Purchase et al. 2001). In any automated
graph drawing system there will be situations where
the initial graph drawing provided is not easy to
understand. Also, many automated graph drawing
systems provide an analyst with only one drawing
of a graph. If the viewer is unable to understand

the graph based on this one drawing, they will have
no further avenue in which to comprehend the in-
formation. By providing the user with a mechanism
for changing the layout of the graph we facilitate
a potential increase in the users understanding of
the graph. Studies into the effectiveness of graph
interaction techniques support this (Herman et
al. 2000).

Graph interaction techniques determine how the
graph reacts to actions by the user. The main prob-
lem in graph interaction is providing a mechanism
that will ensure that the graph becomes and remains
understandable as the user navigates the graph.
It is desirable that the graph will react in a way
that is natural and intuitive (Merrick 2002). Graph
interaction techniques attempt to provide solutions
for this problem.

A number of techniques have been used to aid
the interaction of a user with a graph. Techniques
that are used to control the view of a fixed graph
drawing include the operations of rotation, scaling
and translation. In this paper we will be focusing
on methods that allow the user control over the
positions of the nodes themselves. These methods
give the user greater control over how the graph
is drawn as the embedding of the graph can also
be changed. A particular embedding of a graph
drawing defines the ordering of edges around each
node. While a given graph has an infinite number of
possible graph drawings it has a possibly very large
but finite number of embeddings.

While we want to give the user a degree of freedom
in navigating the graph, we also want to maintain
some control over the layout of the graph to ensure
certain properties remain unchanged. Placing such
constraints over the control of the graph will ensure
that we continually provide an aesthetically pleasing
graph drawing and this will assist the user in finding
an understandable layout. In addition it may reduce
the time taken for the user to achieve such a layout.

When a graph is drawn in two dimensions it is
easier for a user to navigate the graph. In terms of
changing the view of the graph, interaction in two
dimensions is usually limited to scrolling or zooming
and this is only necessary for graphs that exceed the
size of the screen. It is the positions of the nodes
and the way in which the edges are drawn that will
determine how easily the graph can be understood,
as these factors alone will determine the aesthetic
properties of the graph. This is because there is no
depth to the drawing. As a result, it is methods
that allow the user to change the graph layout
that are most important for two dimensional graph
interaction. Mechanisms that allow layout changing
modifications are usually only necessary if the
drawing provided by the original layout algorithm
is incomprehensible. There will always be some
situations where this is the case, and therefore such
mechanisms are important.

When a graph is drawn in three dimensions, nav-
igating the graph is much more difficult. On regular
displays the user is only seeing a two dimensional
projection of a three dimensional image. In any
given view, it is likely that part of the graph will be
obscured due to the additional depth of the drawing
and lack of depth of the display device. The user will
need to be able to change their view of the graph
in order to experience all three dimensions. In any
number of dimensions it is good to start with a good
graph drawing. However, in three dimensions, in



addition to the positions of the nodes, an important
aspect that will determine how easily a user can
understand the graph structure is their ability to
modify their view of the graph. Graph Interaction
in three dimensions is even more important than in
two dimensions as there are many additional factors
that could lead to an original graph drawing being
incomprehensible. This also makes graph interaction
in three dimensions a more difficult problem. Three
dimensional graph drawing mechanisms need to
provide the ability to change both the layout and
view of a graph. Also, these mechanisms are more
complicated in three dimensions. There are many
more ways in which the layout can be changed as
node movement isn’t restricted to a single plane,
and when changing the view, rotation needs to be
provided in addition to translation and zooming.

Not only is graph interaction in three dimensions
more difficult, it is also more necessary. As drawing
graphs in 3D is more complicated, there are likely
to be even more situations where the initial graph
drawing is difficult to understand.

Graph interaction is a field that has become more
prevalent due to a more widespread use of three
dimensions in graph drawing. There are a number
of reasons why this is the case. Usability studies
(Ware et al. 1993, Ware & Franck 1994, Ware &
Franck 1996, Cockburn & McKenzie 2001) have
shown the benefits of three dimensional drawings
over two dimensional drawings. These studies have
shown that three dimensional drawings are more
easily understood, that it is easier to follow the
structure of the graph and that it feels more realistic
and natural. A wider availability of hardware capable
of drawing graphs in three dimensions has also lead
to three dimensional graph drawings becoming more
widespread.

While there have been studies showing the ben-
efits of three dimensional drawings, there are also
studies claiming that it is better to draw graphs
in two dimensions (Nielsen 1998). Cases where
three dimensions have been shown to be not useful
may be due to a poor interaction model, as a good
interaction model would have improved the under-
standability of the graph. There are certainly cases
where three dimensional graph drawings are useful
and they can only become more useful with a good
interaction model (Cockburn & McKenzie 2001). A
good interaction model will ensure that the benefits
of three dimensions are fully realised. While graph
drawing is a field that has been thoroughly explored
(Di Battista et al. 1994, Di Battista et al. 1999),
graph interaction remains a relatively new field and
novel methods that aid the user’s understanding of
the graph structure, particularly in three dimensions,
are still required.

While navigating the graph visualisation
space, the user builds a mental map (Gould &
White 1986, Eades 1991, Misue et al. 1995) of the
structure of the graph. Being able to maintain and
add to this mental map as they navigate the graph
is essential for developing an understanding of the
structure of the graph. The graph interaction mech-
anism must not make drastic, unintuitive changes
to the drawing of the graph. Graph animation
(Friedrich 2002) is a method that demonstrates
the transition between drawings of a graph. An
intuitive graph interaction mechanism, with the aid
of animation allows the user to easily follow the
transition from the initial graph drawing to the final
graph drawing. This ensures that the mental map is

maintained.

The simplest way of providing graph interaction
is to use an adaptive graph drawing algorithm.
An adaptive graph drawing algorithm produces a
drawing that is dependent upon the initial geometric
properties given to the graph. These types of
algorithms effectively take a graph drawing and their
aim is to improve upon it. Adaptive graph drawing
algorithms are useful for graph interaction tasks as
they are more likely to preserve the user’s mental
map. The speed requirements of an algorithm used
for graph interaction is higher than that of general
graph drawing. Algorithms developed with graph
interaction in mind (Brug & Frick 1996) are designed
to be very fast.

One method used in graph interaction involves
placing a physical metaphor on the structure of
the graph such that the graph responds to move-
ments of nodes in a way corresponding to the
physical metaphor. A common physical metaphor
in undirected graph drawing is the force-directed
paradigm and this idea is easily extended to graph
interaction as force-directed algorithms are adaptive.
Forces are recalculated as the user moves a node
and the position of the nodes are updated accordingly.

Skeletal animation is a concept that is commonly
used in the areas of computer games and motion
pictures. As a result a large number of techniques
have been developed that control the movement of a
skeleton in a way that is designed to appear natural
to the viewer.

Recent work has applied the skeleton as a
physical metaphor to the field of graph interaction
(Merrick 2002). By applying skeletal constraints on a
graph we can provide a physical metaphor that feels
natural to the user and the time taken in navigating
the graph is reduced.

The focus of the previous work was on inverse
kinematic techniques. Inverse kinematic methods
move a joint to a desired position while controlling
the movement of several other joints and taking into
account positions of fixed joints, bone lengths and
joint angles. These techniques are often used in the
area of robotics.

While inverse kinematics techniques operate on
the geometry of articulated structures, with dynam-
ics, all interactions with the system are modelled
as forces acting upon rigid and articulated bodies.
Inverse kinematics techniques have been useful for
robotics, and as a result, it has been the topic
of the majority of research in skeletal animation.
However, there has also been some development
of dynamics-based techniques, a lot of which has
been driven by the need for skeletal animation
techniques in computer games, where the main
goals are believability and speed of execution. A
graph interaction environment shares these goals.
Therefore, dynamics-based techniques may be more
suited for graph interaction purposes. This supports
investigation into dynamics-based skeletal animation
techniques for graph interaction.

In order to achieve believability, dynamics-based
techniques focuses on emulating motion as seen in
real environments. These methods are less focused
on goal directed motion. These methods use an
iterative approach where, at each iteration, the forces
upon the particles that make up a body, are summed
in order to determine their following positions. This



process is repeated in order to generate motion.

The previous approaches (Merrick 2002) used to
implement the skeletal metaphor in a graph inter-
action system provided a natural way for the user
to navigate a graph. However, these methods could
be improved upon in terms of the satisfaction of the
constraints defining the skeleton, the naturalness
of the motion and the ability to preserve a user’s
mental map between successive configurations.

The inverse kinematics methods used were based
on the CCD (Wang & Chen 1991) method and
the NLP (Badler et al. 1987, Zhao & Badler 1994)
method. The first method used a multiple chain
version of the CCD method to simulate a skeletal
structure. The second method involved the formu-
lation of the IK problem as input to a nonlinear
programming module, including the addition and
implementation of various constraints. A naive
dynamics-based approach was explored as a third
method, which was based on a force-directed graph
drawing algorithm. The parameters were chosen in
an attempt to create extremely stiff springs with
limited success in terms of it’s ability to simulate
the skeletal metaphor. Obviously, the focus of the
previous work was on inverse kinematics. There
remains scope for a study into dynamics-based
techniques for skeletal animation applied to graph
interaction.

In the previous work, the CCD & force-directed
approaches resulted in a stretchiness of bones.
This violates the prescribed skeletal metaphor and
damages the perception that a physical entity is
being manipulated.

The CCD method became very slow in some
cases in the previous system. For a graph inter-
action system to be useful it must be useable in
real-time, which was not always true of this approach.

The motion should also remain smooth and
natural as is the intention of the skeletal metaphor.
The NLP method provided jumpy motion and this
limited its usefulness significantly.

Methods used in the previous work all have
advantages and disadvantages both in terms of their
satisfaction of the skeletal metaphor and in their
usefulness in graph interaction. It would be desirable
to use a technique that achieved and combined
the advantages of the previous methods without
the disadvantages.  There are many techniques
used for skeletal animation that could achieve
this. There remains a large gap in the research for
experimentation with new techniques for skeletal
animation in this area, specifically dynamics-based
techniques. However, it is also important to find
methods that will be best suited to graph inter-
action. An ideal technique would both provide
simulation of the skeletal metaphor and at the
same time will be useful for graph interaction tasks.
There is large potential for improvement upon the
existing work by providing a highly responsive sys-
tem that helps to increase the user’s understanding
of the graph by staying true to the skeletal metaphor.

3 Methods used for Dynamics-Based Skeletal
Animation

With the graph modelled as a skeleton we need an
algorithm to ensure that the skeletal constraints are

maintained as the user modifies the positions of the
nodes. The skeletal animation algorithms that we
have used form a dynamics-based approach. These
algorithms were adapted from the work of Jakobsen
(2001) . Jakobsen’s work was designed to control the
physics systems in computer games where the ma-
jor concerns are believability and speed of execution.
One responsibility of the physics system is the simu-
lation of articulated bodies. An articulated body is
composed of solids and joints which define the range
of motion allowed by the different parts of the body.
The result is a structure that is very similar to that
of a graph. Articulated bodies are often used to
represent the skeleton structure of computer games
characters (See Figure 1). As the physics system
was designed for computer games, it provides simula-
tion of a skeleton that appears natural to the viewer,
and is fast, stable and well suited for interactive use.
One way in which it has been used is for the drag-
ging of articulated bodies around an environment.
In many ways this is very similar to graph interac-
tion. These algorithms are highly suitable for skeletal
graph interaction because they have been specifically
designed with interactive dragging of articulated bod-
ies in mind.

Figure 1: An Articulated Figure Representing a Char-
acter’s Skeleton (Source: Jakobsen 2001).

Particle simulation is an important part of a
physics system. The most commonly used method
for particle simulation is Euler integration using
Newton’s law. In Euler integration each particle has
two variables, its position x and its velocity v. In
each time step the position and velocity values of the
particle are updated. The new values 2’ and v’ are
given by:

o =x+v-At
v =v+a- At

where At is the time step, and a is the acceleration
computed using Newtons law f = ma. The force f
is the accumulated force acting on the particle by
elements in the environment such as gravity.

The physics system (Jakobsen 2001) uses a Verlet
integration scheme (Verlet 1967) for its particle
simulation. Verlet integration schemes use a velocity-
less representation. The information stored consists
of a particle’s current position x and it’s previous



position z*. The new values using Verlet integration
are given by:

=2 —z*+a- At?
Tt ==z

This works similarly to FEuler integration as
20 — z* = z 4 (r — 2*) and x — z* provides an
approximation of the velocity of the particle. Verlet
integration is faster and more stable than Euler
integration because it is harder for the velocity and
position to come out of sync. This has allowed it to
be useful for simulating molecular dynamics.

Common methods for handling collisions and
contact of particles with the environment have
a number of disadvantages that can make them
unsuitable for interactive use. One method handles
collisions by inserting springs at the penetration
points. In this case, it is difficult to choose spring
constants such that the system remains stable and
accuracy is maintained. Another method goes back
in time to the exact point of collision, where it
handles the collision analytically before restarting
the simulation. This method is likely to run very
slowly when there are a lot of collisions making it
impractical for interactive applications.

In the physics simulation collisions are handled
by projection. This means moving the point perpen-
dicularly out towards the collision surface as little
as possible until it is free of the obstacle ensuring
particles are kept inside the valid environment. This
works well with the Verlet integration scheme as
corresponding changes in velocity will be handled
automatically and there is no need to directly cancel
the velocity in the normal direction. It is also
fast and simple to implement making it suitable
for interactive use. Also, as we will see in the
following sections, it works particularly well with
constraint satisfaction and rigid or articulated bodies.

In a physics system particles are often con-
nected by springs to model rigid bodies or cloth.
The problems with this approach are once again
associated with the choice of parameters. It is
difficult to find a balance between weak springs
that appear too elastic and strong springs that
cause instability in the equations. It is also difficult
to solve the differential equations used in this method.

The algorithms of the physics system model
the connections between particles as infinitely stiff
springs. These springs will instantly reach their
rest length and are effectively more like sticks than
springs. This makes them highly suitable for mod-
elling bones of a skeleton. For each stick connecting
two particles, the particles must be placed such that
the distance between them is equal to the desired
length of the stick. After the movement of a particle
takes place due to a Verlet integration step the stick
length may have become invalid. This constraint is
validated by moving the particles away from each
other or pulling them closer together, depending
on whether the length of the stick joining them,
is too large or too small. This is highly suited to
an interactive application as it is a very fast and
simple approach. The pseudo-code for satisfying the
stick-length constraint is:

delta = x2-x1;

deltalength = sqrt(delta - delta);

diff = (deltalength-restlength)/deltalength;
x1 += delta*0.5%diff;

x2 —-= deltax0.5xdiff;

There are two constraints governing the sys-
tem that must be satisfied. —These are keeping
particles within the environment and maintaining
ideal stick lengths. The satisfaction of either of
these constraints can lead to the invalidation of
the other. To ensure that length and collision
constraints are both satisfied, local iteration is
performed, where the two constraint solvers are
repeatedly run after each other. After a number
of iterations the positions of the particles converge
to a wvalid solution. This iterative method can be
stopped at any time depending on the level of ac-
curacy required, allowing for time/accuracy trade-off.

This physics system also has a further speed up
mechanism if required making it even more suitable
for interactive use. The costly square root operation
that takes place in the stick constraint satisfier
can be approximated. This approximation uses the
fact that as long as the constraints are satisfied, or
close to it, the result of the square root operation
should be the rest length of the stick. Also, if the
distance between the particles is already correct then
no change is necessary. The square root function
is approximated by its 1st order Taylor-expansion
at a neighborhood of the squared rest length. The
pseudo-code for satisfying the stick-length constraint
becomes:

delta = x2-x1;
delta*=restlength*restlength/

(delta - deltatrestlength*restlength)-0.5;
x1 += delta;
x2 —-= delta;

Rigid bodies are modelled as particles connected
by sticks governed by constraints. Articulated bodies
are modelled by connecting rigid bodies. It is possible
to connect multiple rigid bodies by hinges and pin
joints. Simply let two rigid bodies share a particle,
and they will be connected by a pin joint. Share
two particles, and they are connected by a hinge.
This provides an intuitive mapping from the particle
system to a skeleton where particles are mapped to
joints and sticks are mapped to bones.

Angular constraints can add further realism to
the particle system. One method given by Jakobsen
uses additional constraints that are defined for each
joint connecting two sticks. The constraints are
that the distance between the unconnected particles
of the sticks forming the joint cannot fall below
some threshold. These constraints are enforced in
the same way as the stick constraints in the case
where the stick length is less than it’s ideal length.
This method effectively prevents some particles from
coming too close together.

4 Implementation of Graph Interaction En-
vironment using Dynamics-Based Skeletal
Animation

We have implemented this physics system into a
three dimensional graph interaction environment in
Java3D. The graph is modelled as an articulated
body with joints representing nodes and bones
representing edges. Our implementation allows the
user to drag the nodes of the graph around and
the graph will respond according to the underlying
physics engine.

As a node is dragged around the environment
momentum is generated in the other nodes. The
Verlet integration scheme is used to determine the



positioning of the nodes. There was a problem
that no friction existed in the system and the
graph would tend to float around endlessly, never
settling. The equations governing the Verlet in-
tegration scheme were modified to introduce drag
into the system. Jakobsen suggested the equation
2 = 1.992 — 0.992* + a - At? to introduce drag.
However, this provided no noticeable difference.
After some experimentation we used the equation
¥ = 1.75z — 0.752* + a - At? which reduced the
floating sensation and ensured the graph would settle
quickly. This also gave the graph the impression of a
rigid, physical structure as is the nature of a skeleton.
We also don’t have any need for gravity in our sys-
tem, so the equation simplifies to ' = 1.75x —0.75z*.

A cube is used as the environment in which the
graph must remain. Collisions and penetrations
are projected onto the inside of the cube and when
dragging a node the user cannot move this node
outside the cube. Other nodes which move due to
the momentum created by this drag and the stick
constraints, will also stay within the environment.
This allows us to restrict the movement of the graph
within a small area and keeps the user’s focus on this
area. The use of this cube is optional and it when it
is used only the outline is visible. This ensures that
the user will not be not be distracted by it.

o

@

Figure 2: Initial Configuration Showing Desired Po-
sition of End-Effector.

As a node is dragged around, the edge length
constraints are satisfied by the constraint solver (See
Figures 2, 3). This ensures that as a node is dragged
surrounding nodes will move closer or further away
from the dragged nodes in order to maintain the
constraint. This creates a natural feel in the system
as the edges remain at constant length similarly to
the bones of a skeleton. An example of the motion
generated by the system can be seen in figure 8.

For each frame the iterative constraint solver is
run to ensure collision and stick length constraints
are satisfied. It also helps to preserve the user’s men-
tal map by providing a smooth animation from one
configuration of the graph to the next. In practice
we found that only a very small number such as 5

Figure 3: Movement of the Node to the Desired Posi-
tion followed by the Constraint Solver Produces the
Final Configuration.

iterations of the constraint solver were necessary.
This is enough to reduce any large violations of
the constraints. Any remaining violations in the
constraints will be small and will not be noticed by
the user. Also, the satisfaction of constraints will
converge further over subsequent frames. Increasing
the number of iterations does not provide significant
improvement in terms of constraint satisfaction
believability. With a large increase in the number
of iterations performance can become an issue for
large graphs, actually reducing the natural feel of the
structure rather than increasing it.

o—e

Figure 4: As neither nodes are fixed, the edge-length
constraint is easily satisfied.

¢ &

Figure 5: Both nodes are fixed. It is not possible
to satisfy the edge-length constraint, as moving the
nodes closer together would violate the fixed nodes
constraint.

An additional aspect necessary for graph interac-
tion but not handled in the physics system is that
of fixed nodes in space. In any graph interaction
environment it is necessary for the user to be able
to fix nodes so that they will remain in the same



location. The user can select nodes to be fixed or
can unfix nodes at any time. We have implemented
this in our system by adding the constraint that
the subset of nodes that is fixed cannot move. This
is a hard constraint and is given priority over the
other constraints so that the fixed nodes will not
move from the set position at all. This introduces a
problem in ensuring that the edge length constraints
are satisfied, for example, if two nodes connected
by a stick are fixed. If the user drags one of these
nodes away the edge will increase in length and the
constraint will be violated as the system cannot move
either node in an attempt to satisfy the constraint
(See Figures 4, 5).

To remedy this problem we have placed re-
strictions on how the user can drag nodes around.
Movements of nodes that will violate an edge length
constraint significantly are not allowed. This allows
us to maintain some freedom of control for the user
while still providing the natural feel of the skeletal
structure. A threshold that measures the sum of
violations across the entire graph is used to determine
if the extent of a violation is acceptable. Once the
maximum threshold is reached, movement will be
limited to actions that reduce or maintain the current
extent of violations. After reducing the extent of the
violations, the user will then once again be able to
make movements freely. This provides restrictions on
the movement that more closely resemble a physical
structure as is the nature of the skeleton. As a result,
it is expected to provide a more natural feel and be
more effective at maintaining the skeletal structure.
In our system, we have provided a mechanism for
navigating the graph with or without the threshold
restrictions.

Figure 6: All constraints are satisfied. This is indi-
cated by edges of standard width.

Our implementation can be used with or without
the square root approximation. However, because
of the fixed nodes in space the constraints of the
system are less likely to be satisfied. When using
the square root operation it is important to also use
a low threshold to ensure that the constraints are
at least close to being satisfied. The square root
approximation does not seem necessary on smaller
graphs but as the size of graphs increases it can be

Figure 7: Some edge-length constraints are not sat-
isfied. This is indicated by edges of varying width.
Thin edges are too long while thick edges are too
short. While it cannot be seen here, we also high-
light violated edges in red to further emphasise which
edge-length constraints are not satisfied.

used to speed up the response to user actions.

We also provide visual cues as to where and by
how much violations are occurring. A significant
edge length violation will result in a change in colour
of the edge from green to red. Also, the width of
the edge will decrease if the edge is stretched and
will increase if the edge is compressed (See Figures
6, 7). The visual cue of using blue for unfixed nodes
and highlighting fixed nodes in pink is also provided
to ensure the user is aware of the subset of fixed nodes.

When drawing a graph in our system we not only
need to know the set of nodes and edges but also
what the ideal length of each edge will be. In some
domains, graph edges have associated weights and
these can be used directly to determine the ideal
edge lengths. In other cases determining the edge
lengths may not be so straight-forward. A common
aesthetic property desired in graph drawings is
that of uniform edge-lengths, where all edges in the
drawing have approximately equal lengths. In our
system, the edge-lengths are provided as input along
with the set of nodes and edges. The initial layout of
nodes is produced randomly. The constraint solver
then improves the drawing. The drawing can then
be further improved by the user, as is the aim of
our system. These interaction techniques could also
be implemented together with an automated graph
drawing system. The interaction mechanism could
then be used in situations where the initial drawing
provided is not easy to understand.

Our original definition of a skeleton does not
specify any angular constraints. However, in terms
of graph navigation, there is a possible benefit of
implementing angular constraints as it would keep
nodes from getting too close together. We have
implemented angular constraints in our system by
a similar method to that suggested by Jakobsen.
We have applied forces between unconnected nodes.
Unconnected nodes whose distance is less than a



threshold are repelled from each other. The forces
on each node are summed in a way similar to
force-directed methods and nodes are moved in the
direction of the force. The calculation of forces
and movement of nodes is performed within the
constraint satisfaction loop. While this is not always
an accurate way of providing angular constraints, it
is fast and simple and provides a realistic feel most of
the time. This method not only adds realism to the
skeletal structure, it also provides aesthetic benefits.
It prevents unconnected nodes from getting too close
together and this results in good angular resolution.
Edges emanating from a node will spread evenly
around a node.

Part of the motivation for this paper was that the
techniques used by Merrick were not highly successful
in simulating the skeletal metaphor or increasing
the user’s understanding of the graph structure
(Merrick 2002).  Therefore we will demonstrate
that we have improved upon the previous work by
showing that the particle system is more effective in
achieving these aims.

The CCD & force-directed approaches resulted in
a stretchiness of bones. This violates the prescribed
skeletal metaphor and damages the perception that
a physical entity is being manipulated. The CCD
method lead to a stretch in bones as a result of a
cumulative error. In the particle system, any small
errors will converge over subsequent frames while
more iterations are applied. The force-directed
technique resulted in very stretchy bones as a result
of the naive approach in simulating the skeleton.
The parameters were chosen in an attempt to create
extremely stiff springs but it was not as effective
as expected, as it is still possible for the springs to
stretch. In the particle system, the edges are mod-
elled as infinitely stiff springs, so their ideal length is
reached instantly, minimising stretching. Generally,
in the particle system, the only time when edge-
length constraints remain unsatisfied, is when the
set of fixed-nodes make it impossible to satisfy both
fixed node constraints and edge-length constraints.
The constraint solver ensures that the edge length
constraint is always satisfied provided the set of fixed
joints allows this to be possible. Edges that have
violated the length constraint due to the nature of the
fixed joints, will return to their original length once
possible. The violation of bone-length constraints can
be further reduced by using the threshold mechanism.

The CCD method became very slow in some
cases in the previous system. For a graph interaction
system to be useful it must be useable in real-time,
which was not always true of this approach. The
particle system is designed to be very fast in order to
be useful for interactive purposes. Verlet integration
is a fast method of simulating particle motion.
Satisfying environmental constraints by projection is
also very fast as is satisfying edge-length constraints.
It also allows for a speed versus accuracy trade off
by adjusting the number of iterations per frame,
without accumulating visually obvious errors. The
square-root approximation can also be used to fur-
ther speed up the system’s response to user actions.

The motion should also remain smooth and
natural as is the intention of the skeletal metaphor.
The NLP method provided jumpy motion and this
limited its usefulness significantly. Conversely, the
motion provided by the physics system is smooth
and natural, helping the user to quickly and easily
understand the graph structure.

None of the previous methods implemented any
form of angular constraints. Angular constraints not
only add a greater level of realism to the skeletal
structure, they also greatly improve the angular
resolution of the resultant graph drawing. By
providing a technique with angular constraints we
provide our system with an additional advantage
over the previous techniques.

The physics system provides the advantages of
all three previous methods while also providing
some additional advantages. It also has none of the
disadvantages of the previous techniques. It provides
satisfaction of the constraints of a skeleton while
ensuring the naturalness of the skeletal motion and
fast speed of execution. The particle system provides
a fast, accurate simulation of the skeletal metaphor
that increases the users ability to understand the
graph structure.

5 Conclusion / Future Work

We have introduced the particle system as a method
for skeletal animation that can be used for graph
interaction tasks. As the skeleton is a natural struc-
ture, and this method was designed for interactive
use with the dragging of joints in mind, it is quite
suitable for providing a graph interaction environ-
ment that feels natural and intuitive. We made the
method even more more suitable for this purpose
by adding features specifically designed to aid graph
interaction such as fixed node constraints, an error
threshold and visual cues. The adapted particle
system improves upon the previous techniques used
for skeletal animation in graph interaction. This
shows that our new technique has had a positive
effect on the simulation of the skeletal metaphor in
graph interaction.

The satisfaction of the constraints of a skeleton
while ensuring the naturalness of the skeletal motion
and fast speed of execution, provides a fast, accurate
simulation of the skeletal metaphor that increases
the user’s ability to understand the graph structure.

This work adds to the field of graph interaction by
providing a natural system of navigating a graph with
the ability to increase the user’s understandability of
the graph structure.

There is still a significant need for empirical re-
sults indicating the advantages and disadvantages, if
any, of using a skeletal metaphor over other types of
interaction with graph visualisations. There remains
a gap in the research that could be filled with a more
comprehensive user study in order to produce solid
evidence of the usefulness of the skeletal metaphor.
It is also important to evaluate the usefulness of each
technique in simulating the skeletal metaphor.

The only method of interaction with the system
presented in this paper, and the system described
by Merrick (Merrick 2002) was through the use of
a standard two dimensional mouse. Other devices
for interaction with three dimensional displays could
provide a more natural interface between the user and
the system, complementing the skeletal metaphor.
In particular, haptic interaction devices not only
provide a method for interaction in three dimensions
but use force feedback techniques to give the user an
actual physical feel of what they are interacting with.
The benefits of haptic devices have been explored
(Hinckley 1996) and these devices have been shown



to be quite useful for a range of applications. It
remains to be determined, when using a graph inter-
action system utilising the skeletal metaphor, what
additional benefits would be provided by using three
dimensional input devices such as haptic devices.
One of many possible benefits would be to allow the
user to more easily determine when a threshold has
been reached through the use of force-feedback.

The work of Ware and Franck has shown (Ware
& Franck 1994) that many of the benefits of three
dimensional visualisations are further realised when
3D display devices such as a stereoscopic, hand-
tracked 3D display are used. The use of the skeleton
metaphor with such devices is therefore likely to see
even more benefits.

This paper has not only contributed to the field
of graph interaction but have also opened up many
possibilities for future work in this area. Such re-
search is likely to provide an important contribution
in the fields of both graph visualisation and human
computer interaction in the future.
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Figure 8: Dragging nodes using our dynamics-based skeletal graph interaction system. By ensuring the con-
straints are satisfied it quickly produces a much better graph drawing and allows us to improve our under-
standing of the graph structure.
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