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ABSTRACT v

We have developed (1) a graph visualization system thatvallo s \|/ . V4 g, M

users to explore graphs by viewing them as a succession pf spa 25 e . o%e NN l .
= S IS = . VS—

ning trees selected interactively, (2) a radial graph lagdgorithm, ‘ | \ \
and (3) an animation algorithm that generates meaningfulak = &8 T Vo
izations and smooth transitions between graphs while niming T K
edge crossings during transitions and in static layouts. %

Our system is similar to the radial layout system of Yee et N ' L7 AN Iy 2
al. [2€], but differs primarily in that each node is positémhon a -/
coordinate system centered on its own parent rather thansom a T . N
gle coordinate system for all nodes. Our system is thus easy t R
define recursively and lends itself to parallelization.|$oeguaran-
tees that layouts have many nice properties, such as: iagtess (a) (b)
certain edges never cross during an animation.

We compared the layouts and transitions produced by our algo . . .
rithms to those produced by Yee et al. Results from several ex Figure 11 Two drawings for the same tree: Figure is drawn by
periments indicate that our system produces fewer edgsingss ~ °U" ayout algorithm, and F'g”e is drawn by Yee et al.'s layout
during transitions between graph drawings, and that thsitians algorithm for Gnutellavision [26].
more often involve changes in local scaling rather tharcatre.

These findings suggest the system has promise as an interacti
graph exploration tool in a variety of settings.

CR Categories: 1.3.3 [Computer Graphics]: Picture/Image
Generation—Viewing algorithms; H.5.0 [Information Irfeces
and Presentation]: General
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by a succession of linear interpolations of the polar cowmtdis of
positions of each node in the old and new layouts. Thus, acaser
interactively explore a graph that would otherwise be tomgiex
to visualize or comprehend as a single, static drawing.

In drawings generated by Yee et al.’s radial layout methad; s
Keywords: Graph and network visualization, Interaction, Focus + cessive generations of nodes lie on concentric circlessoetiton
Context Techniques, Animation, Hierarchy visualization the root. Such layouts guarantee that all nodes of a giveargen
tion are equidistant from the root and lend themselves to@#m
animation process. However, symmetries in the tree can be ob
scured because distantly related nodes may be positionsd tb
each other in the final layout just because they belong toahees
generation. And, during animations, numerous edge crgssiray
occur.

Our approach is similar to Yee et al.’s in that it bases itsvitigs
on breadth-first rooted spanning trees extracted from graglows
users to interactively change views of each graph by sabpathew
root, and smoothly transitions between successive laymutsov-
ing nodes along radial paths. However, unlike Yee et al., laeg
every subtree in the graph in a “parent-centric” circle sunding
its own subroot, instead of positioning each node on a “geiter
circle” centered on the root. This approach lends itseltirzdly
to recursion, and naturally reflects the self-similar gtices of re-
cursively branching trees. Moreover, it guarantees thehdithe
animation process the edges between parent and child ness, ¢
a property Yee et al.’s algorithm does not provide. From go-al
rithmic perspective, each node’s position depends onlyqparrent
and siblings, not on its entire generation. Because thendigpeies
in our layout are therefore very local, drawings and aniometiin
our system are potentially computable in a single, paiatible,
traversal of the tree.

In broad strokes, our layout algorithm works as follows.sEir
we place the root in the center of the display with its chitdegenly
distributed along aontainment circleentered on the root. Second,
we draw circles around the root’s children and evenly diste
their children alongcontainment arcshat ensure that neither sib-

1 INTRODUCTION

Visualization can help make graph structures comprehken§ih
[12,[23]. However, edge crossings can challenge human gncep
of relationships between nodés [8] [9] 24], yet graphs aftene
to us as tangled webs that cannot be depicted without cgss#in
a two-dimensional viewing plane.

Because treasanbe laid out on a plane without edge crossings, a
common approach is to base graph visualizations on spatneieg
extracted from graph§[B115.118]126]. Although the resgltraw-
ings may discard some potentially significant edge inforomata
clearer mental picture of the full graph may nonethelessltrés
users can easily and intuitively explore multiple layouésdd on
different spanning trees.

Yee et al. [26] describe a tool that draws radial tree lay-
outs [3,[IB[2P[25] of breadth-first spanning trees, givemaply
and a node selected to be the root (see Fifjurg 1(b)). A user may
then select a new root node and the system transitions simdooth
new layout based on the new root node. This transition is aigich
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Figure 2: A visual overview of how our algorithm constructs a new layout for a graph. In Figure the root is first placed at the center
of the drawing surrounded by its children. Next, the root's children are allocated containment arcs in Figure R(b)| where their descendants are
positioned within Figure The final static layout is shown in Figure

lings nor cousins overlap. Then the second process juseedsc
recursively, so that successively distant descendantseafbt are
positioned on successively smaller containment arcs (Elgu

Our layouts have several aesthetic virtues: They have aflowe
like, self-similar structure that differs from the “bulésre” appear-
ance of Yee et al.’s layouts (compare FigQire]Ji(a) and Fig$.1
And even though the distance between root and nonroot nades i
less directly represented than in Yee et al.’s system, therg@ow-
erful visual cues to compensate: Within a lineage, edgethsng
decrease monotonically with distance from root, and allirsys
within a family are arrayed along visually salient arcs eégiant
from their common parent. Also, our out-facing containmaas
ensure that the correlation between graph distance anddgaal
distance from the root is more reliable than in parent-aextap-
proaches based on containmeirtles [[L3, [17,[22]. With regard
to animating transitions, our algorithm ensures that sipkdges

never cross when a new focal node is selected, and whenever th

graph to be drawn is itself a tree.

2 DATA MODEL AND ALGORITHMS

We assume that all graphs are connected, and regard anyndrawi
of a spanning tree of a graph as a drawing of the graph. Sihce al
edges are to be drawn as straight lines, we need only desbgbe
mapping of nodes to points in the drawing plane (we use “néale”
refer to both a vertex in a graph and to the location of the rmde
the drawing plane.) Itis perhaps easiest to explain ourrilgos in
terms of a particular data model that completely descrilazawing
in this restricted sense.

Rather than represent the position of all nodes of some dgraph
terms of a single polar coordinate system centered at tiginaof
the drawing plane that all nodes share, we only use the sthnda
drawing-plane’s origin to represent the root node and it&l@n.
We represent every other node position in terms of polardieor
natescentered at the node’s parefifQ].

2.1 Parent-centered data model

We now formally define this concept. Given a tfeand a drawing
D of T, we recursively define parent-centered modef (D, T) as
follows. For any nodes of T, the polar coordinates afare given
in the coordinate system

(basis1,i.e,if vistheroot of T:) sharing the origin with the
drawing plane and zero degrees with the positive directfon o
the drawing plane’s-axis,

(basis 2, i.e., if visa child of theroot of T:) having the root ofl
as the origin and zero degrees as the ray from the root hav-
ing the same direction as the positive direction of the dngwi
plane’sx-axis, or

(recursion, i.e, otherwise:) havingVv's parent inT as the origin
and the ray fronv's parent intersectings grandparent as zero
degrees.

Thus nodes having the same parent share the same coordisate s
tem and nodes having different parents have different ¢oatel
systems.

This data model applies to the static and dynamic layout-algo
rithms described below. Note that we can (and do) represgnt a
straight-line graph drawing this way, not just those prelioy Al-
gorithm[d below.

2.2 Staticlayout algorithm

We define our static layout algorithm recursively as follosse
also FigurdR). When we say that a nonroot node lies aora
tainment circle we are referring to the circle centered at the node’s
parent that intersects the node. Note that if two siblingsthe
same distance from their parent (this is a property of thevithgs
Algorithm[l produces) then they share the same containnirete.c

Algorithm 1 Given a spanning tree T, for each node v of T let the
coordinates of the root node 6,0) and for each nonleaf node v
let vi,...,vm be v's children. For each& {1,...,m} let the coor-
dinates of y(in the parent-centered model) be

(basis, i.e, if vistheroot:) (2mi/m,r), where r is some user-
defined value> 0,

(recursion, i.e, otherwise!) (11— @/24 ¢i/m+ ¢@/(2m),r), where
@ is some user-defined value0 and r is

e half of v’'s magnitude, if v has no siblings, otherwise

e the radius of the circle centered at v that intersects the
midway point between v and v's nearest sibling(s) on
their shared containment circle.

Note that the value af for any nonroot node depends only on the
node’s parent, so as claimed above all sibling nodes shargathe
value forr. This means they all lie on the same containment circle,
which we call the containment circtd the parent node.
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Figure 3: Isomorphic tree transition — Our visualization scheme transitions between two drawings of the same tree by scaling each parent node’s
containment circle with its children. In this example, the user selects a new root node from the initial drawing in Figure [3(a)l The containment
circles highlighted during the transition in Figures togrow and shrink as the graph moves to the new drawing in Figure@

@) (b) © (d) (e)

Figure 4: Spanning-tree-to-spanning-tree transition — The user's selection of a new node invokes a new spanning-tree-based drawing. Edges
that will fade out are highlighted in Figure newly introduced edges are highlighted in Figure

2.3 Animation algorithm coordinates in the new and old drawings. In the resultingnation,
newly-central families expand and fan out as they move tdwlze
center, while newly-peripheral families shrink as they tward
the periphery. Neighboring family circles are guaranteetto in-
terpenetrate. Note that any modé| = (D¢, T) will not generally
look like a model generated by AlgoritHth 1 since, for ins&rtbe
root of T may not inM lie on the origin of the drawing plane.

Our algorithm is built into a system that first displays a &ate
directed layout[[R]Do 14 of a given graphG. A user then clicks
on a nodev and the system runs Algorithidh 2, the output of which,
Dnew is set toDgq the next time AlgorithnlR2 is called, which is the

Our static layout algorithm leads to a simple and intuitilgoathm
for animating transitions from one layout to another by riptdat-
ing between the parent-centered modelBgf; and a drawing pro-
duced by AlgorithnL of a spanning tree Gfrooted atv, for any
graphG, drawingDq 4 and nodev of G (see FigureEl4 arid 3).

Algorithm 2 1. Compute a breadth-first spanning tree T of G
rooted at v.

2. Let Dhew be a drawing produced by running AlgoritHth 1 on

GandT next time a user clicks on a node. Thgyq is typically a drawing
' produced by Algorithrilll

3. Let Myq be a parent-centered model (Bgg, T) and Mhew (though it need notbe). . .
be a parent-centered model @new; T) There are different ways in which one can fix the tirhes. ., tp

when generating the intermediate drawings of an animatie.

4. For each t in an increasing sequen@dy, ... tp, 1, output a adopted the slow-in, slow-out technique of Yee et al. in oyple-
polar drawing Qb such that the model @D¢, T) is described mentation so that the valuestef. . ., tp are concentrated toward the
recursively as follows. boundary values 0 and 1.

(basis, i.e, if vistheroot of Thew): (8,(1 — t)r), where .
(6,r) are the polar coordinates of v in model ofM. 24 Properties
(recursion, i.e, otherwise:) (t6hew + (1 — t)Bgig,trnew + Our algorithms have some noteworthy properties.
(1 —1t)rog) otherwise, where, for x {old,new},
(6x,rx) are the coordinates of v in M Aesthetics: Our layout algorithm (1) ensures that all siblings are
equally distant from their parent, (2) ensures that contain

Thus, the new root node moves in a straight line to the cerfiter o ment arcs of siblings and cousins do not overlap, and (3) pro-

the new drawing, and each nonroot node moves via a finite &ppro duces layouts that provide clear indications (via edgeiten

imation of a smooth interpolation between its parent-aeat@olar and family shape) of closeness to the root.



Our animation process also guarantees that certain edges

never cross. For any grajgh any drawingDg g and a node

of G, there is a choice fop such that for any timé € [0, 1],

the edges corresponding to the spanning tree upon vihich
based do not cross ;. This has a number of consequences,
including:

1. If Gis atree then the drawir@; has no edge crossings.

2. For any nodey of G, the edges betweenand its chil-
dren do not cross.

In the next section we describe experiments that test hol wel
Algorithm[Z avoids edge crossings overall.

Parallelizability: Note that all four steps of Algorithrill 2 can
be implemented as a single traversalTof(i.e., during the
breadth-first search that producgs Algorithm[d thus lends
itself easily to parallelization, as a new process can besfbr
whenever a node df is traversed.

3 EXPERIMENTS

Our experiments compare our algorithms’ layouts and andmsit

to those produced by Yee et al.’s algorithms. In each expariat
trial, a random graph was generated, two distinct root nedgsn
that graph were randomly selected, and the graph was then ope
ated upon by both algorithms as they effected transitioos fa
spanning tree rooted at the first node to a spanning treed@tte
the second. Each experiment comprised 710 trials per #igorin
which ten random graphs of order 30-100 (inclusive) wereegen
ated using the Erdos-Rényi model [4] with a 10% probabiit an
edge connecting any two nodes. In our first two experimengs, w
counted edge crossings during transitions by examiningdges
present during the transition (whether derived from the span-
ning tree or the old); a single crossing was counted duringgah t
if two edges crossed at any time during the transition, ef/¢mei
edges crossed and uncrossed multiple times. In our lastimg,

we measure the lengths of edges for sets of sibling nodesio th
common parent in static layouts produced by the algorithms.

3.1 Isomorphictreetransitions

Because trees are by definition planar, transitional edgssirgs
are potentially avoidable in the special case where seledf a
new root node does not change a tree’s edge set. In this exquari
we first extract a spanning tree from a graph rooted at a ralydom
selected root node and construct a new drawing. We theniticans
from this drawing to a second drawing of the same tree but avith
different node selected as the focal point.

Figure[d shows that our algorithms successfully produce zer
crossings while Yee et al.’s algorithms produce many fcs far-
ticular transition scenario. As illustrated in Figlile 3y approach
avoids crossings because “family circles” simply expancomtract
as they move without interpenetrating. In contrast, Yeé.'stedgo-
rithms maintain visual continuity by preserving the difestof the
edge from the new root node to its parent in the previous drgwi
This can produce dramatically different drawings of the sdrae,
and result in crossings during the transitions.

This visual effect of our animations is similar to that ofidg
body animation method5l[Bl 6] as the user can mentally grabp s
graphs as separate objects and follow the movements madtg eas

3.2 Spanning-tree-to-spanning-treetransitions

In the second experiment, we counted edge crossings dueng t
sitions between two different spanning-tree-based drgsvof the
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Figure 5: Isomorphic tree transitions

Our parent-centered visualization scheme produces no edge crossings
when transitioning between drawings of the same tree, while Yee et
al.’s root-centered system produces many.

same graph. We first create a spanning-tree-based drawirey fo
graph rooted at a randomly selected node. We then selecoadsec
node for a new drawing based on a different spanning treacet
from the graph. Unlike in the previous experiment, the edds of
the two drawings are not the same in this experiment.

Our evaluation distinguishes “transient crossings invigv
fading-out edges” from “transient crossings involving fifeyout
edges”. A crossing isransient but fadingf at least one of the
edges fades from the viewing plane during the animationesszpl
A transient and non-fadingrossing occurs when both edges are
part of the final drawing.

As shown in Figur§ 6(), the two visualization schemes predu
a comparable number of transient but fading crossings. Byt F
ure[6(B) shows that our algorithms produce fewer transiest@n-
fading crossings than Yee et al.'s, and that this differgmog/s with
graph order.

3.3 Spanningtreesibling edge lengths

Since our approach positions nodes on containment arcsiérou
their parent whereas Yee et al. positions nodes on conceinteles
around the root node, the two systems produce differentpestiof
regularities. In this experiment we quantify those regti&s.
FigurelT shows that as the generational distance increas®s f
the root to nodes at a given depth in the tree, our system pesdu
no variance among siblings in within-family distance froode to
parent, whereas Yee et al.'s system produces substantiahee.
Conversely, in our system the distance from the root to nodes
of a given generation can vary, whereas in Yee et al's sydtem
does not. The variance arises in our case because our higorit
adjusts containment arcs to help prevent neighboring faonitles
from overlapping. Although this reduces the reliabilitytlo¢ length
of edges as an indicator of distance from the root, the $eliler
geometric pattern of family subsystems produces anotheitizat
may well be more salientl4].

4 DisCcUsSION AND FUTURE WORK

Behavioral tests will be needed to determine whether thise a
native layout and transition algorithms are psycholodycsignifi-
cant. But our statistical experiments indicate that thevidrgs and
animated transitions generated by our algorithms conformany
established aesthetics for graph drawing$T1, 19].

Taken in the context of the prior research on graph drawisg ae
thetics, these results suggest that our system shouldeeduser’s
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Figure 6: Spanning-tree-to-spanning-tree transitions

The results in Figure shows that both visualization schemes
produce similar amounts of edge crossings during transitions be-
tween two different spanning-tree-based drawings. The results in Fig-
ure however, clearly show that our parent-centered algorithms
produced fewer crossings than Yee et al.’s root-centered algorithms.

mental effort and increase a user’s capacity to make reliptolg-
ments and develop useful intuitions about complicatedtysauc-
tures [B[I024]. Our research thus lays the groundworkufturé
study of the layout and animation algorithms, of the psyabbl
cal significance of our metrics, and of the functional vajidif the
graph aesthetics themselves.

With regard to our algorithms, two areas are particulaig fior
further study. First, the drawings produced by both ours‘¥eelet
al.’s graph layout algorithm are not guaranteed to be pjanaur
drawings, edge crossings can occur when long subtreesasfcro
on neighboring containment circles. An alternative metbialllo-
cating containment arcs might make it possible to guarguita®ar
drawings.

Second, with our approach, remote descendants of the root ca

become vanishingly small on the viewing plane. Our systessdo
give users a natural solution to this problem: selectingfferdint
root node so as to allocate more space to its descend@hZ1po0,
However, future research could explore the algorithmiatieh be-
tween our solution versus the distortion of the viewing plam
hyperbolic visualizationd [11._15]. There are clearly eliéfinces:
we position and move siblings by constraining them to cgda
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Figure 7: Spanning tree sibling edge lengths

Edge lengths from siblings to their common parent tend to decrease
as graph size increases. In our algorithms, siblings are positioned
equidistant to their common parent. In Yee et al.’s algorithms, edge
lengths from siblings to common parent vary, as shown by standard
deviations.

a parent-centered Euclidean plane, whereas hyperbobataygo-
rithms position and move siblings through a non-Euclidgaacs.
The relative computational and psychological merit of ¢heéifer-
ent approaches, however, remains to be determined.

5 CONCLUSION

We have presented a radial graph layout visualization sehmrsed
on a parent-centered data model for spanning trees exdriote a
graph. We introduced a static layout algorithm that produdraw-
ings of graphs where the root’s children are evenly spaceil@n
cle centered at the root and the children of nonroot nodesvary
spaced on a semicircle emanating from their parent. We also i
troduced an animation algorithm that smoothly transitiarggaph
from one spanning-tree-based layout to another. We coaedut-
periments to compare our experimental system with Yee ‘st al.
graph visualization syster[26]. The results from thesegrpents
suggest that our visualization and animation schemes ¢odékd
help users understand and explore graphs.
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