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Abstract

In this paper we presenf RCTREES a novel way of visualizing hierarchical and non-hierarchical relations within

one interactive visualization. Such a visualization is challenging because it must display hierarchical information
in a way that the user can keep his or her mental map of the data set and include relational information without
causing misinterpretation. We propose a hierarchical view derived from traditional Treemaps and augment this
view with an arc diagram to depict relations. In addition, we present interaction methods that allow the exploration
of the data set using Focus+Context techniques for navigation. The development was motivated by a need for
understanding relations in structured documents but it is also useful in many other application domains such as
project management and calendars.

Categories and Subject Descript@scording to ACM CCS) H.5.2 [Information Interfaces and Presentation]: User
Interfaces — Graphical user interfaces (GUI) 1.3.6 [Computer Graphics]: Methodology and Techniques — Interac-
tion techniques

Keywords: Information visualization, tree structures, relations, arc diagrams, user interface, Focus+Context

1. Introduction vious sections in the text are needed to understand a partic-
) ) ) ular passage (cf. Figure 1). Another example can be taken
Many types of data are either naturally hierarchical or ¢rom examining sports tournament data. During elimination
amenable to a recursive grouping that can establish a hier-q,,4ds players advance through initial games and play-off
archy. However, the relations indicated by this natural or im- rounds to quarter and semi finals with eventually the win-
posed hierarchical or tree structure are usually not the only ey ending at the root of the hierarchy. Here, additional rela-
types of relations of interest. While there are an increasing tjons might include tracing players of a particular nationality,
number of methods for drawing trees, almost no methods o, discovering which players are playing at which facilities.
have been designed specifically to display the additional rela- o5 3 third example, we may look at calendars. With a com-
tions and reveal their connections to the hierarchy without re- 1,4y display of a calendar it can be difficult to discover such

sorting to general graph layout strategies. We pres&t-A things as start and end dates of recurring events or exceptions
TREES a visualization method that integrates the display of \yithin an otherwise regularly occurring event.

additional relations with the hierarchical structure. )
ARCTREES can be used for any general graph by dis-

To illustrate this point, we mention a few of the many pos- playing a spanning tree as the hierarchical structure and
sible examples of information with a primarily hierarchical the remaining edges as additional relations. However, it has
structure that also incorporate additional relations. For ex- been primarily designed as an informative interactive tool for
ample, consider a text book. It has an explicit hierarchical viewing digital media, as, for example, digital or on-line doc-
structure composed of the book, its chapters, their sections,uments. RCTREESwere developed to provide insight about
and the paragraphs and images that comprise those sectiongelations within data through visual and interactive means.
There are also additional relations of interest. These include Therefore, the general problem is to combine two very dif-
indicated forward and backward references, the sequence offerent kinds of relational information in one visualization.
readings for a course of instruction, and exactly which pre- These are the hierarchical parent-child relations, and vari-
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Figure 1: An ARCTREESvisualization of a scientific book. Arcs indicate references between images and paragraphs in the
book. The circular glyphs indicate currently not visible relations.

ous other kinds of relations that may provide links between other way they are often encoded with similar color, shape,
nodes on different levels of the hierarchy. The goal of such a or texture. A visualization of linear data that breaks away
visualization is to provide a visual tool that enables a better from this pattern is Arc Diagrams, a recent visualization
understanding of the structure of the data and that supports technique for repetition patterns in strings [Wat02]. Direct
interactive exploration of the data. As such itis importantto connections with arcs visualize relations between repeating
keep the following constraints in mind: parts in the string. This visualization has inspired Thread

e use as little screen space as possible because the majorit)fl'\rCS [Ker03], a technique that shows relations in email con-

of the space will be needed for the media itself, e.g., the versations that have a direct connection.

document, The visualization of relations through direct connections
e reveal both the hierarchy and the additional relations, with lines or arrows, for example, is a well-known tech-
o make explicit how the additional relations are linked to nique. Given a set of data items and a set of relations be-

the hierarchy, and tween these items, a common approach is to use a node-link

e include navigational tools and methods that can reveal the diagram in the form of a graph. Here the items are repre-
navigation actions taken within the visualization and pro- sented as nodes and the relations become the links or edges
vide methods for reversing these actions. between the nodes. There are many possible graph draw-

ARCTREES address three main points: the visualization of g techniques yielding a variety of different node link di-

the hierarchical structure of the data, the visualization of ad- @grams (cf. [HMMOO, BETT99]). The parent-child relations
ditional relations, and interaction techniques that allow the Of hierarchical data have been depicted with connections

exploration of the data. in node link diagrams (cf._[HMM_O_O]), with coqta!nment in-
) ) ) Treemaps [Shn92], and with position and proximity in a vari-

The remainder of the paper is organized as follows. After ety of configurations including Sunburst [SZ00], Info Slices

a discussion of related research in Section 2 we explain the [AH98], InterRing [JORPO1], or Icicle Plots [KL83]. While

three main issues of our approach: the visualization of the the |atter two kinds of tree visualizations are superior to
hierarchical structure in Section 3.1, the visualization of ad- iye traditional node-link diagram in the usage of screen-real-
ditional refations in Section 3.2, and interaction techniques estate, it is typically more difficult to understand their hier-
in Section 4. In Section 5 we illustrate the use GGTREES archical relations. However, Barlow and Neville have shown

with practical examples and conclude the paper in Section 6., 5 study [BNO1] that Icicle Plots compared favorably to
other visualization techniques with respect to communicat-
2. Related Work ing topology and comparison of node size. Furthermore, Ici-
cle Plots of large but not very deep hierarchies result in lay-

Visualizing relations between data items is an essential infor- . .
outs with a rational use of screen space.

mation visualization task. Relations can represent an inher-
ent attribute of the data such as a linear structure of time or  Visualizations specifically tailored to the combination of
another metric, or a hierarchical parent-child relation. Other both hierarchical and non-hierarchical relations in one view
types of relations might be given through additional parame- are rare. Similarity relations between nodes that are related
ters or attributes of data items like their size, date, or type. to other nodes are sometimes encoded through similar color,
Typical encoding mechanisms for relations are color, shape, shape, or texture. Fekete et al. [FWWIB] presented a tech-
orientation, proximity, position, and connection. Position is nigue where a Treemap provides the hierarchy visualization
often used to encode relations in the visualization of linearly and additional relations were overlaid as Bézier arcs connect-
structured data sets. Chronological and line-oriented textual ing two Treemap regions. While this visualization does offer
data items are usually presented in a linear order implying an example that combines a hierarchy with additional rela-
before and after-relations. If data items are related in some tions, it suffers from many edge crossings which makes it
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hard to read and uses a considerable amount of screen spacﬂ [ (] i ]H
Balzer et al. recognize this problem within their visualiza- I
[ 1 1 ]

tion of large software systems [BNDLO4]. They state that | 10 10 1
very unclear representations would be the result of repre-[
senting multiple relations as direct connections in 2D. There- Figure 2: ARCTREESIayout (top) and metaphor (bottom).
fore, they suggest building a three-dimensional visualization
which can be explored interactively by the user. Since the
view parameters can be changed freely, an exploration of the
relations is possible by selecting parameters that keep occlu-including the most simple metric that assigns the same con-
sion and overlapping at a minimum. stant value to each node so that on each level a uniform sub-
division is achieved. More meaningful structural metrics cal-
culate the size of a rectangle according to the number of di-
3. The ARCTREES Visualization rect children or the size of the subtree rooted at a particular
node. We can also work with semantic metrics where the
size depends on the data contents of the node or some value
provided via interaction (degree of interest). Node weights
can be interactively adjusted (see Section 4).

]

The purpose of RCTREESis to graphically represent hier-
archical data together with additional relations in order to
trigger discoveries necessary for insight or decision making.
Therefore, the hierarchical structure must be clear and the
explicit details of the external relations apparent. Color coding is used to portray structural information and

highlight certain aspects of the visualized hierarchy. Figure 4

shows two examples. To allow for a better understanding of
3.1. Visualizing the Hierarchy the hierarchy itself, a color scale is used to assign equal col-
ors to nodes on an equal level in the hierarchy (top image in
Figure 4). The bottom image in Figure 4 shows a semantic
coding where the leaf nodes are colored according to their
type. The group nodes on higher levels of the hierarchy are
alternately colored white and gray so that the level informa-
tion becomes immediately apparent.

Since ARCTREESare intended to be used as a modular com-
ponents of an information display such as adjacent to a re-
lated text display, minimum and consistent use of screen
space is important. We chose to represent the hierarchical
structure via containment since this offers effective use of
screen space that does not expand during interaction. Also,
to honor the fact that the leaf nodes of text information of-
ten have significant linear ordering, such as chapters in a 3.2. Visualizing Relations
book, we combined the ideas of Treemaps [Shn92] and Ici-

cle Plots [KL83] to develop a “one-dimensional Treemap”. Relations are given as pairs of nodes and each relation may

Each nodeis represented by a rectangle on the screen. Leaf also be defined with a type parameter so that different kinds

nodes are aligned linearly and sequentially. The width of the (i/fvrel(;:giogs 82” bfe visuarllizecli. I_nspireddby Arc Diag[)ams (ct.
root node is set to the available display space and the height[ at02, Ker03y]), for each relation we draw an arc between

of the root rectangle is influenced by the depth of the tree. the horizontal cgnter_s OT the .tW(? nodes. Eaclj arc1s dre_lwn
The height is calculated such that the rectangles for child above the tree visualization Wlth_lts two _endp_omts ex_tendlng_
nodes are contained within their parent’s rectangle. Some off- dpwn tothe connected nodeg using st.ralght. lines. Using sem-
set is reserved for visual clarity and interaction while ensur- circles as arcs results in a wsuahzaﬂ_on Wlth a sub-optlma!
ing that the deepest leaf node is still visible. Within a level use of screen space as can be seenin Figure 5 (top). For in-
the width of a node is determined by a node weigkit) stance, faseml-urcle relation spanning the.complete length
while the height depends on the levelrof of the hierarchy would result in an arc height (_)f_half the
length of the rectangle. Therefore, we use Chaikin’s Algo-
The hierarchy layout algorithm partitions the rectangular rithm [Cha74], to draw curves which can be controlled in
display space for the root into required parts according to height as can be seen in Figure 5 (bottom). Drawing half-
the number of root’s children. For each child, its horizontal ellipses would be another alternative but the resulting curves
display space is then again divided according to the number are less flexible in shape.
of children at the next level. This algorithm establishes an or-
dered tree layout and provides a spatially constrained display.
The visual metaphor involves viewing a stack of nodes, sim-
ilar to an upside-down Icicle Plot, from the top (Figure 2).

Additional information can be encoded using the opacity
and width of the arcs. All arcs are drawn somewhat trans-
parent to make the crossings clear and understandable (see
Figure 6). An even more decreased opacity encodes connec-

Node weights are influenced by a given node meifific). tions between collapsed nodes (see Section 4). The width of
A node metric measures or quantifies certain abstract fea-an arc is determined by a metric that specifically calculates a
tures associated with a node. Node weights are used to deweight value for each relation. Similarly to a node metric the
termine the display size of a node in relation to its siblings relational metric also depends on structural or semantic in-
and ancestor nodes. In Figure 3, several examples are givenformation. Furthermore, if more than one relation connects
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Figure 3: Different tree layouts depending on the node metric. All leaf nodes having the same width (top), node width depending
on the number of direct children (middle), node width depending on the size of the subtree (bottom)

Figure 4: Color coding according to the hierarchy levels (top) and based on semantic information (bottom). Here, an XML file
is visualized using different colors for different tag types in the leaf nodes. Inner nodes all represent the same kind of grouping
tag so that level information can be given by alternating dark and bright rectangles.

two nodes, only one arc is drawn and the weights of all rela-
tions are added to calculate the arc’s width. This resembles
the approach taken by Balzer et al. in [BNDLO4], where the
width of an arc represents the number of relations that are
present. Color could also be used to encode additional infor-
mation. However, since the choice of color needs to be coor- —
dinated with the colors that are in use within the hierarchy ’ ‘E‘El T“ ]H
visualization, currently color is not being used as an encod-

ing technique for additional information about relations.

Figure 6 shows an example that uses this encoding — T

scheme. The transparent arcs on the right hand side connec” ‘m j“ IH

a collapsed node (far right) with other nodes. The different Figure 5: Drawing circular arcs (top) or Chaikin curves
widths of the more opaque arcs show different weight values (bottom) to visualize relations.

that have been computed from the number of relations that

are present between the particular nodes.

transparent arcs

L

wider arcs

4, Interaction

To enable the exploration of large hierarchical data struc-
tures, interaction techniques are needed to augment the spa

tial layout. Appropriate interaction tools are criticial because muap/sed node
the number of leaf nodes that can be displayed with the pro- ) ] ] ]
posed tree layout is bounded by the display resolution. As Figure 6: Encoding techniques used for relations

with all layouts, as the number of nodes gets larger the visual
clutter increases and individual nodes may get too small to
be discernible (Figure 4). To address this problem we pro-
vide a variety of interaction techniques including zoom and tion can be combined with zoom and filter operations that
filter techniques and Focus+Context techniques for both the depend on user-specified nodes of interest. This allows for
hierarchy and the relations. Also, a Focus+Context naviga- larger trees and relations to be explored in detail at subtree
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resolution while providing a contextual overview for the re- When interacting with the tree visualization, nodes that are
mainder of the tree. connected via relations may become invisible (when a par-
ent node is collapsed) or nodes may become visible (when a
parent node is expanded) that need to be directly connected
4.1. Zoom and Filter Interactions via relations. To avoid information loss during interaction a
visualization is needed that encodes relations connecting to
Jﬂdden child nodes of a collapsed node. When a node con-
nected by a relation becomes hidden during interaction, its
connecting arc is drawn to the collapsed parent. If at least
one of the nodes directly connected by a relation is hidden
inside a collapsed node, the arc representing this relation is
drawn using a lower degree of opacity (see Figure 6). A re-
layout is also necessary when idirect connectiorn(lead-
ing to a collapsed node) becomeslieect connectior(lead-
_ ing to visible nodes). In this case, arcs need to be connected
to the respective visible nodes and the opacity needs to be
increased. The case in which a relation is completely hidden
inside a collapsed subtree is indicated by a circular glyph be-
Figure 7: A tree containing three subtrees (top). All three low the collapsed node to indicate that hidden relations exist
nodes are collapsed. After interaction, the middle subtree is (cf. Figure 9).
expanded one level (bottom).

We implemented a simple zoom and filter mechanism by ex-
panding and collapsing subtrees based on user interaction, a:
can be seen in Figure 7. A node that can be further expanded
is represented as a button with shading to indicate that it can
be pushed. A fully expanded or leaf node is drawn as flat.
A subtree that has been collapsed will be represented as a
button indicating that this operation can be reversed.

To explore the data based on relational information, the
relation arcs may be used directly for interaction. Selecting
a relation will cause an increase in the DOI value of the
connected nodes, i.e., both connected nodes are regarded as
focus nodes. Therefore, they are (a) expanded and (b) en-

their assigned degree of interest. The degree of interest val-ered when calculating the DOI. An initial DOI is calculated
ues for each node are Computed based on as described in Section 4.2. Then, the fO“OWing fOUr StepS

adjust these DOI values to consider relational connections:

4.2. Focus+Context: Interactions with the Hierarchy

1. the distancel(n,r) of the noden from the root node as .
an “a priori importance” according to Furnas’ terminol- 1. Collect all relations currently connected to a focus node

ogy (cf. [Furgs]) directly or indirectly.
2. the distancel(n, ) of the noden to the focus nodd as 2. Follow these relations recursively and adjust DOI values
the “a posteriori importance” if needed. o
3. Ifanew DOI value was set for a node adjust its ancestors
Both are combined as DQ1) = —(d(n, f) +d(n,r)). Note if needed.

that the distance in both the above cases is defined as the4. Repeat the previous steps for all nodes in the focus area.
length of the path between the two nodes in question. After __ .
having selected a node as focus node, thresholding on theThls procedure enlarges the DOI values for all nodes that

DOI determines those nodes that need to be collapsed (i.e.,?hrz f%%ngencézi VIIDa Z):Letrgglr;ilar?n::"ﬁ% 2;.8:1 '?ﬁérz.cstltg:ée
the context) and those nodes that need to be expanded (i.e u oy ursive appiication, :

the focus area). The DOI values can also be used to obtain along t_hesetrelatlorr]ls IS autor:p atically ;akentrto?fccct)# nt. TTe
a node metric which then determines the size of the rectan-tr.ecurS'on; opstw en r(tea(t:hlnfg ano ZW.' ou ltj.r er refa-
gles to be drawn (cf. Section 3.1), thus, providing a full Fo- lons or when returning to the focus node in question (circu-

cus+Context technique. Figure 8 shows the same tree as inIar reI?tlonaIdrefe_renceza(rje possmle). The ?dju(?tment ﬁf the
Figure 3, this time using a DOI based metric. ancestor nodes is needed since no parent node can have a

lower DOI than a child node (cf. [Fur86]).

Figure 9 shows an example for layout changes when inter-
4.3. Focus+Context interactions for relations acting with relations. The top image shows the start situation.
The user interacts with the left arc that connects a visible and
a collapsed node. After interaction the relations need to be
updated since the collapsed node has expanded due to DOI

Providing a Focus+Context visualization for the relations re-
quires additional care. Three issues are of importance:

1. the arc layout may have to change during interaction, changes (it becomes part of the focus since it is connected
2. relations between two nodes should contribute to the DOI to the selected relation). Note that the selected relation splits
value, and up into two relations to different child nodes of the formerly
3. relations might be used to initiate the interaction. collapsed node (highlighted in green). Other relations appear
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Figure 8: DOI based node metric. The focus is on the first node on the left. Note that no Focus+Context techniques have been
applied here, we just show the node metric.

ek gorithms he or she might not be familiar with all the back-

A ground information needed to understand the algorithms cov-
_ ered in this section. Figure 11(b) shows additional informa-
o tion describing “requires knowledge of” relations for Sec-
tion 16.4. The circular button below Chapter 16 tells the

reader that some sections in the same chapter are required

reading. The reader will also notice a relatively wide arc be-
- m tween Chapter 15 and 16 which represents more than one
connection between these chapters. He or she might then

first request additional information on Chapter 15 and find
out through the tooltip that Chapter 15 is concerned with vis-
ible surface determination which seems to be an important
aspect of shadow algorithms. A click on the arc connecting
within the middle node as well as from the middle one to the to Chapter 15 reveals four relations between both chapters.
right node. Since the middle node is expanded, the right re- In a Focus+Context view eight focus nodes are placed in
lation arc also needs to be split to display the now visible the visualization. This leads to the eight connected nodes
relations to the child nodes. All changes finally result in the being displayed larger in comparison to their siblings giv-
bottom image. ing a clearer picture of the connected nodes in Figure 11(c)
Through detail on demand the reader will notice that the
knowledge of four algorithms is needed for implementing
shadows: Appel’s Algorithm, a z-Buffer Algorithm, Scan-
Line Algorithms, and the Weiler-Atherton Algorithm. Each

of these algorithms is connected to one different shadow im-
plementation covered in Section 16.4. Based on this informa-
tion the reader can now decide to concentrate on a shadow
algorithm for which he or she already has the required back-
ground, to concentrate on a specific one, or to go through all
algorithms after learning the required background informa-
tion.

Figure 9: Direct interaction with relations

Hidden relations are encoded as circular glyphs below the
tree visualization. The diameter of the circular glyph stands
for the number of hidden relations it encodes. Glyphs are
drawn with shading to provide push-able affordance indi-
cating interaction possibilities. Interaction with the circular
glyph buttons expands the respective tree nodes until at least
one relation becomes visible. In addition, our system pro-
vides tooltips to display detail on demand for relations and
nodes as can be seen in Figure 10.

5. Examples

In this sec_:tion we use an example of a _scie_n_tific texttoillus- g Discussion, Directions and Conclusions

trate the intended use of ICTREES Scientific books are

seldomly read from cover to cover, instead, they are con- In this paper we have presentecR@TREES an interactive
sulted to learn about a specific topic. Reading a chapter that Visualization tool that integrates hierarchical and relational
deals with this particular topic may require background in- information in one view. Since ACTREESwere designed to
formation from other chapters. Assume an electronic book be used as an accompanying tool with another information
where such information in the form of relations named “re- display, the space usage has been successfully limited to a
quires knowledge of” or “is prerequisite for" is present. As narrow strip approximately one tenth the size of a normal
an example we have chosen a book on Computer Graphicsdesktop display. RCTREES

(cf. [FVvDFH90]) and modeled the structure and the above
mentioned relations. Figure 11(a) shows an overview of the .
21 chapters that build this book. (Note that we have not mod-

eled all chapters, therefore, only a few of them are expand- e use 3D button affordances to indicate available interac-

able.) tions and hidden information,

Now, the reader looks up shadow algorithms and the ta- ¢ provide Focus+Context interactions that consider the im-
ble of contents tells him or her that Section 16.4 deals with  portance of the structure in the hierarchy and the structure
this topic. Having no previous knowledge about shadow al- in the relations, and

e require only a small amount of screen space,
integrate additional relations with a hierarchical represen-
tation without obscuring the structure of the hierarchy,
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Figure 10: The complete interactive visualization with all additional tools present. This example shows the exploration of a
person’s calendar. Relations represent recurring events.
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Figure 11: Using ARCTREESto explore a scientific book. (a) shows the general structure of the book being divided into 21
chapters and an appendix. (b) shows that the topic that is treated in Chapter 16 builds on information from Chapters 3, 12, and
15. Selecting the wide arc finally results in (c), which allows a detailed exploration of the connections between both chapters.

e augment these interactions with users requested zoom andlations is important. RCTREES provide an explicit visual-
filter, labels, tooltips and additional text. ization of the hierarchy and how the additional relations are
connected to it.
Both classes of relations, i.e., hierarchical and non-
hierarchical, are often encountered in information spaces. The effectiveness of ACTREES as a visualization tool
Electronic documents are only a prominent example. Here, depends on several aspects. One is whether the structural
the document structure defines the hierarchical relations relations are understandable. Our goal was to provide a vi-
while a wealth of other relations may connect parts of the sualization that used much less space than Treemaps and
text. For navigation in and exploration of such an informa- maintained the same degree of readability. Initial compara-
tion space, the understandable depiction of both types of re-tive pilot studies suggest that the layout oRETREEScan
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be read significantly faster at equal error rate when compared [Cha74] QHAIKIN G. M.:  An Algorithm for High
in several tasks to the traditional slice-and-dice Treemap lay- Speed Curve Generatio@omputer Graphics and Image
out while using approximately 1/8 of the space of Treemaps  Processing 312 (1974), 346—349.

for large trees. [Fur86] FURNAS G. W.: Generalized Fisheye Views. In

We are also interested in enriching the visualization of re-  Proceedings of CHI'8¢New York, 1986), ACM SIGCHI,
lations. For instance, color schemes to indicate relation type ~ PP- 16-23.
could be integrated with the color schemes in use for the hier- [FyDFH90] FoLEY J. D.,vaN DAM A., FEINER S. K.,
archy. Also some relations are directional. Visual indications ~ HugHes J. F.: Computer Graphics. Principle and Prac-

of direction could be included. One possible method would  tice, 2. ed. Addison Wesley Publishing Company, Read-
be to make arcs become gradually darker in the direction of  jng, MA, 1990.

the relation. [FWD*03] FEKETE J.-D., WANG D., DANG N., ARIS
Significant layout changes occur when expanding and con-  A., PLAISANT C.: Overlaying Graph Links on Treemaps.

tracting nodes—especially if many hidden relations exist.  In Proc. InfoVis'03, Poster Compendiu@®ug. 2003),

While animation of these changes is important, it is possible  IEEE Press, pp. 82—-83.

that other techniques might be developed that better COMMU-[H\MMO0] HERMAN I., MELANCON G., MARSHALL

nicate the changes to the user. M. S.: Graph Visualization and Navigation in Informa-
ARCTREES might, for example, be used as a modular  tion Visualization: A SurveylEEE Transactions on Visu-

component of an electronic reading environment. Given the  alization and Computer Graphics @ (2000), 24-43.
space constraints that were observed in the design of this[JORP01] J.¥NG, O.WARD M., RUNDENSTEINER
visualization, it is well imaginable that such a visualization E. A., PaTRO A.: InterRing: A Visual Interface for
might be part of, for example, Acrobat Reader as the thumb-  Navigating and Manipulating Hierarchies.  IRroc.
nail overview is today. InfoVis’01(2001), IEEE Press, pp. 16-30.

[Ker03] KERRB. J.: THREAD ARCS: An Email Thread
Visualization Tech. Rep. RC22850, IBM Research, Cam-
bridge, MA, USA, 2003.
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Figure 4: Ordinal (top) and semantic (bottom) color coding.
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Figure 9: Direct interaction with relations.

Figure 6: Encoding techniques used for relations.
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