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Abstract: Common graph visualizations tend to produce edge crossings and overlaps when used
to display resource collections that are highly interrelated via shared properties. This hampers
visual exploration and understanding of relationships between resources and can negatively affect
information and knowledge management. In this paper, we present a new approach that visualizes
resources and their shared properties in chains to prevent dense graphs and to better support the
exploration of relationships. We explain the basic idea, describe an appropriate algorithm and
discuss optimization issues. Furthermore, we report on a comparative evaluation showing that
this kind of graph visualization supports particularly the visual tracking of relationships and the
identification of commonalities between resources.
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1 Introduction

Many activities in information and knowledge management are concerned with
discovering, understanding and exploring relationships within resource collections
[Marchionini 2006]. Often, relationships are based on shared properties, for instance,
e-mails might be linked by same subject headings or sender addresses, books might
have the same author or publisher. However, finding and following these relations can
be difficult for system users, mostly due to the constraints of the presentation forms that
are used to display the resources and their properties. For instance, tables, matrices, and
spreadsheets are highly efficient for many sorting, searching and filtering purposes but
are poor in visualizing relationships along multiple dimensions. Alternative presenta-
tion forms are needed, particularly for the visualization of relationships that result from
shared properties.

1.1 Using Graphs to Visualize Shared Properties

Graphs are highly appropriate to visualize multiple relationships within a limited set
of resources [Mutton and Golbeck 2003]. A common way of presenting resources and
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their properties as nodes connected by edges is shown in Fig. la: All resources that
share a certain property are linked to it and are therefore also indirectly related to each
other via this property (e.g., resources A, B, C, and D are all connected via property 3
in Fig. 1a). This kind of graph visualization is well-known and widely used for showing
different types of relationships in a variety of fields. However, when used to visualize
resources that are highly interrelated via shared properties, this visualization type has
two main limitations regarding readability and usability:

— A high number of shared properties leads to many n-ary relations, resulting in a
rather dense graph.

— A dense graph increases the probability of crossing and partially overlapping edges
and nodes and can thus hamper visual tracking of relations or even lead to misin-
terpretations [Frasincar et al. 2006].

In order to overcome these limitations we developed an advanced graph visualiza-
tion — the ChainGraph — that particularly supports the exploration of relationships and
commonalities between resources by arranging their shared properties in chains (see
Fig. 1b). Basically, it visualizes indirect, n-ary relations between resources as one-to-
one relations and thus resolves high densities and edge crossings. Shared properties can
easily be identified and interrelated resources can be explored by following the chains.

In the following, we present this approach in more detail. First, we explain the
general idea, describe a generation algorithm and give an example in Section 2. In
Section 3, we report on results of a user study where we compared the ChainGraph
approach with a common graph visualization, in particular with respect to their ability
to support the exploration of shared property relations in highly interconnected resource
collections.

(b)

Figure 1: Visualizing resources and shared properties with (a) a common graph and (b)
the ChainGraph in a force-directed layout [Fruchterman and Reingold 1991]
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2 The ChainGraph Approach

The basic idea of the ChainGraph approach is best described by comparing it with a
common way of visualizing resource collections in a graph as it is shown in Fig. la. In
common graph visualizations, each resource and each property is typically represented
by exactly one node. If a property is shared by many resources, the force-directed lay-
out [Fruchterman and Reingold 1991] arranges the resource nodes radially around the
property node (cp. property 3 in Fig. la). In the ChainGraph, by contrast, property
nodes are connected with only two resource nodes at most. This is realized by multi-
plying property nodes in the visualization: Every property that is shared by more than
two resources is represented by several nodes arranged in a chain that connects the re-
source nodes (cp. property 3 in Fig. 1b). Although this multiplication increases the total
number of nodes and edges in the graph, it can significantly reduce the graph’s density
and the number of crossing and overlapping edges compared to common visualizations.
As a consequence, connections within a chain must be interpreted in a transitive man-
ner, i.e., all resources along one chain are related to each other via the same property,
independently of their order.

However, in opposite to common graph visualizations, the order in which resources
are added has a strong impact on the layout of the resulting ChainGraph. This is best
illustrated by a small example.

2.1 Example

Suppose we have a set of resources, each of them with certain properties, as it is shown
in Table 1. Furthermore, suppose that these resources should be visualized in a Chain-
Graph with shared properties arranged as chains.

Property pl | Property p2 | Property p3 | Property p4 | Property p5

Resource A + +
Resource B + + + +
Resource C + + +
Resource D + + + + +

Table 1: Resources and shared properties

Fig. 2 shows two alternative ways of adding resources to generate a ChainGraph.
The resulting visualizations both display the data that is given in Table 1, however, the
left layout is rather hard to read whereas the right one shows an optimal ChainGraph.
Being aware of these differences, we developed an algorithm that generates Chain-
Graphs with optimal layouts for given sets of resources and shared properties.
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Figure 2: The order in which resources are added to generate a ChainGraph highly
affects the quality of the resulting layout.

2.2 Algorithm

The algorithm first defines what data is given and what should be computed (see Al-
gorithm 1). Note that the ChainGraph is described as a set of chains connecting the
resources. Thus, every property is represented by a chain, independently of the number
of resources that shares a property.

Algorithm 1 Definitions

R = {r1,...,m } I/ given set of resources

P = {p1,....,pm} /I given set of properties

f : R — P(P) /l given mapping: every resource has certain properties

/I ChainGraph definition:

C ={(e1,...,en) € R™ | n € {1,...,1}} // set of chains connecting the resources
g : C < P /] bijective: there is one chain for each property

addAtFront : (z,(e1,....,en)) — (T, €1, ..., €n)

addAtEnd : ((e1,...,en),x) — (€1, ..., €n, )

e A O T ol > e

Starting from a set of resources R and their properties f(R), Algorithm 2 adds the
resources step by step to the chains. In every step, two decisions need to be made: which
resource to add next and where to add it. Generally, we want resources that share many
properties (i.e., have many commonalities) to be placed as close as possible to each
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other. This is already relevant when drawing the first pair of resources. Consequently,
we start with the two resources that share most properties (see Algorithm 2, line 1 and
2, or Fig. 2, step 1).

Algorithm 2 Adding resources to the chains

Require: R, f(R),C // a set of resources and their properties, plus the empty chains
I: InitialPair = {a,b € R |VYe,d € R: (|f(a)N f(b)] > |f(e) N f(d)])}

2: addToChains(Initial Pair, C') // pair of resources with most shared properties
3: UnboundR = R — Initial Pair [/ set of resources that is not bound to chains yet
4: while Unbound # () do
5. next = null
6:  maxzCLevel = —1 // initial max constraint level
7. for all z € Unbound do
8: if constraintLevel(C, x) > mazCLevel then
9: next = x // new most constrained resource
10: maxCLevel = constraintLevel (C, x)
11: end if
12:  end for

13:  addToChains(next, C) // add most constrained resource
14:  Unbound = Unbound — next
15: end while

Besides the number of shared properties, some additional issues need to be consid-
ered when selecting the resources that should be added next. With the constraint Level
we defined a heuristic value that selects resources in an order that leads to an optimal
ChainGraph layout. Given a set of chains C, the constraint Level of a certain resource
x is computed by the following formula:

numSharedProps(C, x)
(minNumConnectedRes(C, z) + | Alternatives(C, x)])*

constraintLevel (C, x) =

The formula weights the selection priority of all resources that have not already
been added to the graph based on the following three heuristic strategies:

1. numSharedProps: If a resource shares many properties with the already drawn
resources it also produces many new edges (i.e., many shared properties = higher
constraint level).

2. minNumConnectedRes: If a resource would get connected to only a few of the
already drawn resources it would produce a more parallel arrangement of the chains
(i.e., few connected resources = higher constraint level).
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3. Alternatives: If there are only few alternatives to add a resource in a way that it
gets connected to the found minimal number of already drawn resources
(minNumConnectedRes) it should be added as early as possible (i.e., few con-
nection alternatives = higher constraint level).

In each generation step, the constraintLevel is calculated for all resources that
have not yet been added to the graph (see Algorithm 2, lines 4-12). The resource with
the highest constraint Level is added next (line 13).

3 Evaluation

In a first evaluation, we tested if system users understand the general visualization ap-
proach of the ChainGraph and if they benefit from it when exploring resource collec-
tions that contain shared properties. We performed a comparative user study where we
visualized resources and shared properties both with the ChainGraph and a common
graph visualization (as shown in Fig. 1). Since we were particularly interested in how
well the graphs support the visual tracking of shared properties and the identification of
commonalities we defined the following three user tasks:

1. Find the pair of resources that shares most properties.
2. Find all properties that are shared by a given pair of resources.
3. Find all properties that are shared by a given triple of resources.

Twelve participants, mainly students, took part in the study, with an average age
of 29 (ranging from 22 to 47). All subjects had experiences with graph visualizations,
by a general familiarity of 7.7 (median of 8.5) on a scale of 1 to 10. We presented the
two types of graphs along with the three tasks to all participants. Each graph type and
each task were shortly introduced and explained by an example. To control learning
effects, we interchanged the presentation order of the two graph types and randomly
assigned the participants to one of the settings. We kept the number of resources and
properties constant (six each) but varied the number of interrelations (i.e., the ratio of
shared properties). Overall, we thus applied a 2x3x3 within-subject design with vari-
ables graph type, task and shared properties ratio. The participants had to complete an
evaluation sheet after solving all three tasks with one of the two graph types. They were
additionally asked to compare both types in a final questionnaire.

3.1 Results

Overall, the ChainGraph performed very well in the user study. Nine of the twelve par-
ticipants preferred using the ChainGraph to solve the tasks of the study. It also reached

! The resource is added in a way that it gets connected to the found minimal number of already
drawn resources (minNumConnectedRes).
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slightly better results in the evaluation sheets: Fig. 3a shows the user ratings on the
four dimensions attractiveness, control, understandability and effectiveness that were
generated from the items of the evaluation sheet (higher value = better rating).

Furthermore, the participants quickly understood the ChainGraph layout and did not
report serious difficulties in using it to accomplish the tasks; the colored edges proved to
be helpful in following the chains (cp. Fig. 1b). Although the compactness of the com-
mon graph was considered positive, the study participants complained about the high
number of crossings edges and overlapping nodes in this type of visualization (cp. Fig.
la). Regarding the average time that was needed to accomplish the tasks, the Chain-
Graph performed significantly better in the first task (see Fig. 3b). This indicates that
the specific ChainGraph layout assists particularly in the identification of commonal-
ities. Of course, the results are limited to the tasks of the user study and need further
validation in real use cases with other user groups.

~e-Common graph attractiveness 100 Common graph ChainGraph

- mm OEm

-=-ChainGraph 90 = -_-==
3 80 Increasing number of shared properties

2

effectiveness control

20

Time needed (in sec)
@
o

understandability Task 1 Task 2 Task 3

(a) (b)

Figure 3: Results from the comparative study: a) user ratings for both graph types on
the four evaluation dimensions, b) time needed to accomplish the tasks

4 Discussion

With the ChainGraph we introduced a new visualization approach for shared properties
in resource collections. Since the ChainGraph represents shared properties by multiple
nodes it avoids an agglomeration of resource nodes around property nodes and thus
reduces the graph’s general density. This decreases the probability for edge crossings
and overlaps and therefore fosters readability and usability of the graph visualization.

4.1 Limitations

Depending on the distribution of properties, the ChainGraph approach might provide
only limited support or no benefits at all. For instance, the ChainGraph visualization
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would be identical to a common graph visualization in distributions where all prop-
erties are shared by exactly and only two resources; albeit such distributions are very
unusual in real application scenarios. Another case are resource collections with no
shared properties: The ChainGraph approach supports the exploration, discovery, and
understanding of relationships and commonalities based on shared properties but offers
no specific visualization for properties that are not shared at all. A general limitation of
the ChainGraph is its relatively large size that results from the multiplication of property
nodes. We developed the ChainGraph for the visualization of a limited set of resources
of interest but not as a visualization for the whole structure of large resource collections.

4.2 Related Work

A lot of research has been conducted with the aim of drawing more understandable
and readable graphs [Di Battista et al. 1994]. The reduction of edge crossings is one
major goal in many of the proposed optimizations. Several algorithms have been de-
veloped that tackle this problem with various heuristics (e.g., by simulated annealing
[Davidson and Harel 1989], by multidimensional scaling [Kruskal and Seery 1980] or
by a combination of heuristics [Tunkelang 1992]). However, none of these optimization
approaches applies mechanisms that multiply nodes or arrange nodes in chains to im-
prove relationship discovery and exploration. With the ChainGraph we thus proposed
a visualization approach that is of particular interest to the field of information and
knowledge management. It might provide a valuable alternative to common presenta-
tion forms for resource collections when relationships and commonalities between the
resources are in the user’s interest.

4.3 Future Work

In this paper, we focused on the description and evaluation of a static ChainGraph visu-
alization. We have not discussed benefits resulting from an interactive implementation
where certain chains of properties can be shown or hidden and gradually extended by
the user in order to follow some “information scent” [Pirolli et al. 2003]. A closer look
at the information seeking strategies that users apply when exploring resource collec-
tions with the ChainGraph remains a topic for future work.
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