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Abstract Graph-based knowledge representation is a hot topic for some
years and still has a lot of research potential, particularly in the ad-
vancement in the application of graph-theory for creating benefits in
the biomedical domain. Graphs are most powerful tools to map struc-
tures within a given data set and to recognize relationships between
specific data objects. Many advantages of graph-based data structures
can be found in the applicability of methods from network analysis, topo-
logy and data mining (e.g. small-world phenomenon, cluster analysis). In
this paper we present the state-of-the-art in graph-based approaches for
multi-touch interaction on mobile devices and we highlight some open
problems to stimulate further research and future developments. This
is particularly important in the medical domain, as a conceptual graph
analysis may provide novel insights on hidden patterns in data, hence
support interactive knowledge discovery.

Keywords: Graph Based Interaction, Graph Theory, Graph-based Data
Mining, Multi-Touch, Interactive Node-Link Graph Visualization.

1 Introduction and Motivation

Graphs and Graph-Theory [1] are powerful tools to map data structures and to
find novel connections between single data objects [2,3]. The inferred graphs can
be further analyzed by using graph-theoretical and statistical techniques [4]. A
mapping of already existing and in medical practice approved knowledge spaces
as a conceptual graph and the subsequent visual and graph-theoretical analysis
may bring novel insights on hidden patterns in the data, which exactly is the goal
of knowledge discovery [5]. Another benefit of the graph-based data structure
is in the applicability of methods from network topology and network analysis
and data mining, e.g. small-world phenomenon [6, 7], and cluster analysis [8, 9].
The main contribution of this paper is a blend of graph-theory and multi-touch
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interaction to stimulate further research; these ideas follows exactly the HCI-
KDD approach of bringing together ”the best of two worlds” [10]; both concepts
applied together can offer enormous benefits for practical applications.

This paper is organized as follows: In section 2 we provide a short glossary to
ensure a common understanding; in section 3 we discuss the state-of-the-art in
multi-touch interaction, multi-touch gesture primitives, and multi-touch graph
interaction. In section 4 we present the state-of-the-art in node-link graphs and
interactive node-link graph visualization. In section 5 we provide an example of
an empirically proved biomedical knowledge space and in section 6 we discuss
some open problems in order to stimulate further research; we conclude the paper
with a short future outlook.

2 Glossary and Key Terms

Network: Synonym for a graph, which can be defined as an ordered or unordered
pair (N,E) of a set N of nodes and a set E of edges [3]. Engineers often mention:
Data + Graph = Network, or call at least directed graphs as networks; however,
in theory, there is no difference between a graph and a network.

Undirected Graph: each edge is an unordered pair of nodes, i.e., E ⊆ {(x, y)|x, y ∈
N} [1].

Directed Graph: each edge is an ordered pair, i.e., E ⊆ {(x, y)|x, y ∈ N}, and
the edge (x, y) is distinct from the edge (y, x) [1].

Relative Neighbourhood Graphs (RNG): introduced by Toussaint (1980) [11],
they capture the proximity between points by connecting nearby points with a
graph edge; the various possible notions of “nearby” lead to a variety of related
graphs.

Sphere-of-Influence Graph (SIG(V)): Let Cp be the circle centered on p with
radius equal to the distance to a nearest neighbour of p. SIG(V) has node set V
and an edge (p, q) iff Cp and Cq intersect in at least two points.

Multi-touch: refers to the abilities of a touch-screen [12], to recognize the pres-
ence of two or more points of contact. This plural-point awareness is often used
to implement advanced functionalities such as pinch to zoom or activating cer-
tain subroutines attached to predefined multi-touch gestures [13].

Graph Mining: is the application of graph-based methods to structural data
sets [14], a survey on graph mining can be found here [15].

Pattern Discovery: subsumes a plethora of data mining and machine learning
methods to detect complex patterns in data sets [16]; applications thereof are,
for instance, subgraph graph mining [14] and string matching [17].
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Frequent Subgraph Mining: is a major challenge of graph mining and relates to
determine all frequent subgraphs of a given class of graphs. Their occurrence
should be according to a specified threshold [14].

Small World Networks: are generated based on certain rules with high clus-
tering coefficient [3,18] but the distances among the vertices are rather short in
average, hence they are somewhat similar to random networks and they have
been found in several classes of biological networks, see [19].

Cluster Analysis Problem: refers to partitioning a collection of n points in some
fixed-dimensional space into m < n groups that are “natural” in some sense
(m � n) [8, 9].

Cyclicity: Graph property measuring structural complexity, introduced by
Bonchev et al. [20].

Branching: a precise definition of the concept of branching still remains a chal-
lenge [21, 22], but several indices have been suggested to measure branching in
trees, including the Bonchev-Trinajstić index [23] and the Wiener index [24].

3 State-of-the-Art I: From Multi-touch Interaction
to Multi-touch Graph Interaction

3.1 Multi-touch Interaction

Multi-touch input is a classic topic in Human–Computer Interaction and an
active area of research with a history of several decades [13], [25].

Touch screens put the fingers in touch with the content in computer screens,
consequently are considered as the most natural of all input devices [12]. The
most obvious advantage of touch screens is that the input device is also the
output device. Enhancing the advantages of the touch paradigm even more,
multi-touch input can sense the degree of contact in a continuous manner along
with the amount and location of a number of simultaneous points of contact [13].
A good introduction into multi-touch technologies can be found at the Natural
User Interface Group, an open source HCI community [26].

Inspired by studies on human-short term memory requirements during key-
board operation by Alden et al. (1972) [27], Mehta et al. (1982) [28] laid the
foundations for the triumph of multi-touch technologies, which today dominate
the input technology of smartphones and tablets, and their success is also related
to the renaissance in stylus-based input technologies [29].

Several studies have shown that multi-touch can be beneficial for interaction
[30], [31], [32], and can particularly be useful for applications in the biomedical
domain [33], [34], [35], [36].
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However, this area is still a not well covered research area, e.g. a search for
title=“multi-touch interaction” on the Web of Science (WoS) resulted in only 13
hits, topic =“multi-touch interaction” brought still only 47 results (as of April,
19, 2014). The most recent work is “A Fast and Robust Fingertips Tracking
Algorithm for Vision-Based Multi-touch Interaction” by [37]. The oldest paper
is on “Flowfield and beyond: Applying pressure-sensitive multi-point touchpad
interaction” by [38], and the most cited (17 references as of April, 19, 2014)
is “ThinSight: Versatile Multi-touch Sensing for Thin Form-factor Displays” by
[39].

Most relevant for our paper are the recent advances in the development of
multi-touch gesture sets. There is a lot of research available on sketch recognition
and free-hand gesture recognition, see e.g. [40], [41], [42], [43], [44], but there are
only few works on the construction of gesture sets for multi-touch applications:
Wu et al. (2006) [45] identify the creation of multi-touch gesture sets as a relevant
problem, and provide guidelines to build effective sets, and a more recent work
is [46], a very recent work is [47].

3.2 Multi-touch Gesture Primitives

Kammer et al. [48] defined the basic information supplied for gesture recogni-
tion as coordinates on a two-dimensional surface, and proposed strategies for
formalization of gestural interaction on multi-touch surfaces. The resulting Ges-
ture Formalization For Multi-Touch language (GeForMT) attempts to describe
continued contacts by introducing five language elements:

1. the Pose Function, which describes the shape of the recognized contact on
the touch device,

2. Atomic Gestures, such as MOVE, POINT, DEPOINT, LINE, CIRCLE
3. Composition Operators,
4. the Focus of the gesture,
5. and Area Constraints, which describe the relative movement of atomic ges-

tures.

The basic multi-touch gestures, common across all different devices, are shown
in Fig. 1, ranging form simple tapping to the more complex rotation gesture [49].

1. Tap: A single tap is recognized by quickly touching the device (POINT) and
immediately releasing the finger (DEPOINT); typically used to press an input
control or select an item.

2. Double/Multi Tap: Repeated taps and releases with a single finger (1F).
3. Tap and Hold : Defined as touching and holding (HOLD) the multi-touch sur-

face. Also referred to as “Press and Hold” or “Long Press”.
4. Two/Multi Finger Tap: A single touch down with two (2F) or more fingers.
5. Drag: The drag gesture is defined as touching down and moving the fin-

ger in an arbitrary direction, whilst keeping contact with the touch device.
Stopping the movement and releasing the dragged object ends the gesture.
Dragging is typically used for scrolling and panning.
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6. Two/Multi Finger Drag: Drag gesture executed with multiple fingers.
7. Flick : A drag gesture which adds momentum by releasing the moved object

before stopping the finger movement; generally used for faster scrolling and
panning.

8. Pinch: The pinch gesture is recognized by touching down with two fingers,
usually thumb and index finger, and either close (JOIN) or open (SPREAD)
both fingers without releasing the touch device. The gesture ends once both
fingers are stopped and released. “Pinch open” and “Pinch close” gestures
are usually paired with the zoom function.

9. Rotate: Defined as touching down with two fingers and performing a clock-
wise or counter-clockwise rotation with both fingers, stopping the movement
and releasing both fingers.

1x 2x 1x

Fig. 1. Multi-touch Interaction Primitives: Tap – Double Tap – Tap and Hold – Two
Finger Tap; Drag – Double Finger Drag – Flick – Pinch – Rotate

3.3 Multi-touch Graph Interaction

A search for TI=“multi-touch graph interaction” as well as TS=“multi-touch
graph interaction” on the WoS resulted in 0 hits. Even TI=“touch graph inter-
action” (and TS as well) did not return any results. The Google search allintitle:
“Multi-touch Graph Interaction” resulted in exactly one hit – a paper by [50]
presented at the 2010 ACM International Conference on Interactive Tabletops
and Surfaces, which received so far 18 citations as of April, 2, 2014.

Schmidt et al. [50] focus in their paper on redesigning node-link graph explor-
ation interfaces for use with multi-touch input.
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4 State-of-the-Art II: From Node-Link Graphs to
Interactive Node-Link Graph Visualization

4.1 Node-Link Graphs

Node-link graphs are critical in many domains and raise specific interaction
challenges; for example:

1. congestion of nodes and links [51],

2. crossing of links [52], and

3. overview and detail [53].

The use of multi-touch input to address these challenges is a hot and promising
research issue, because the increase in available contact points may support more
significant edge detangling.

Multi-point input has been shown to enable better collaborative analysis
[54]. By applying multi-touch capabilities to graph manipulations one can extend
the possibilities of graph interaction through combinations of simple actions.

4.2 Interactive Node-Link Graph Visualization

There is not much work available on Interactive node-link Graph Visualization:
Graph layouts have been often applied, but because of the scale and complexity
of real world data, these layouts tend to be dense and often contain difficult to
read edge configurations [55].

Much previous work on graph layouts has focused on algorithmic approaches
for the creation of readable layouts and on issues such as edge crossings and
bends in layout aesthetics [56, 57].

There are only a few interactive approaches which try to mitigate problems
such as edge congestion include zoom and local magnification techniques [55,58–
60]. These approaches tend to work on the graph as a whole or focus on
the nodes, despite the fact that edges had been identified as one of the central
aesthetic issues.

Recent interaction advances that deal directly with edges in connected dia-
grams include Wong et al.’s EdgeLens [51] and EdgePlucking [61], Holten’s
edge bundling [62] and Moscovich et al.’s link-based navigation techniques [63].
EdgeLens and EdgePlucking aim to reduce edge congestion by interactively mov-
ing and bending edges while preserving the location of nodes; in edge bundling,
adjacent edges are bent and grouped into bundles, in order to reduce visual clut-
ter in node-link diagrams. While the former approaches provide techniques to
clarify the graph structure, Moscovich et al. focus on content-aware navigation
in large networks.
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5 Example of an Empirically Proved Biomedical
Knowledge Space

Our experiences with a large data set clearly showed the advantages of graph-
based data structures for the representation of medical information content. The
graph is derived from a standard quick reference guide for emergency doctors
and paramedics in the German speaking area; tested in the field, and constantly
improved for 20 years: The handbook ”Medikamente und Richtwerte in der Not-
fallmedizin” [64] (German for Drugs and Guideline Values in Emergency Medi-
cine, currently available in the 11th edition accompanies every German-speaking
emergency doctor as well as many paramedics and nurses. It has been sold 58,000
times in the German-speaking area. The 92-pages handbook (size: 8 x 13 cm)
contains a comprehensive list of emergency drugs and proper dosage information.
Additionally, important information for many emergency situations is included.
The data includes more than 100 essential drugs for emergency medicine, to-
gether with instructions on application and dosage depending on the patient
condition, complemented by additional guidelines, algorithms, calculations of
medical scores, and unit conversion tables of common values. However, due to
the traditional list-based interaction style, the interaction is limited to a certain
extent. Collecting all relevant information may require multiple switches between
pages and chapters, and knowledge about the entire content of the booklet. In
consequence to the alphabetical listing of drugs by active agents, certain tasks,
like finding all drugs with common indications, proved to be inefficient and time
consuming.

Modeling relationships between drugs, patient conditions, guidelines, scores
and medical algorithms as a graph (cf. Fig. 2) gives valuable insight into the
structure of the data set.

Each drug is associated with details about its active agent and pharmacolo-
gical group; brand name, strengths, doses and routes of administration of dif-
ferent products; indications and contraindication, as well as additional remarks
on application. Consequently, a single drug itself can be represented as connec-
ted concepts. Shared concepts create links between multiple drugs with medical
relevance, and provide a basis for content-aware navigation.

The interconnection of two drugs, namely adrenaline and dobutamine, is
shown in Fig. 3. The left-hand side illustrates the main three types of rela-
tions inducing medical relevance; shared indications, shared contra-indications
and shared pharmacological groups. Different node colors are used to distinguish
between types of nodes such as active agents, pharmacological groups, applica-
tions, dosages, indications and contra-indications. The right-hand side highlights
the connection of adrenaline and dobutamine by a shared indication.

Links to and between clinical guidelines, tables and calculations of medical
scores, algorithms and other medical documents, follow the same principle. On
the contrast to a list-based interaction style, these connections can be used for
identification and visualization of relevant medical documents, to reorganize the
presentation of the medical content and to provide a fast and reliable contextual
navigation.
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Fig. 2. Graph of the medical data set showing the relationship between drugs,
guidelines, medical scores and algorithms

Fig. 3. Interconnection between two drugs, “Adrenaline” and “Dobutamine”; connec-
tions to and between clinical guidelines, tables and calculations of medical scores,
algorithms and other medical documents, follow the same principle
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6 Open Problems

Still unsolved problems include:

Problem 1. What is the maximum number of edges of an RNG in R
3? It is known

that it has at most O(n
4
3 ) edges, but no supra-linear lower bound is known.

Problem 2. That the SIG has at most 15n edges in the plane follows from a
theorem of Erdös & Panwitz [65], but the best lower bound is 9n. It is also
known that the SIG has a linear number of edges in any fixed dimension [66],
and bounds on the expected number of edges are known [67], but again tight
results are not available.

Problem 3. What is the structural interpretation of graph measures [19, 68]?
Graph measures are mappings which maps graphs to the reals. Thus, they can be
understood as graph complexity measures [19, 68–70]. Investigating their struc-
tural interpretation relates to understand what kind of structural complexity
they detect. Cyclicity, branching and linearity (path-like) are examples theoreof.

Problem 4. Multi-touch graph-based interaction requires to visualize large net-
works meaningfully. So far, there has been a lack of interest to develop efficient
software beyond the available commercial software.

Problem 5. Canwe generate unique fingerprints ofmulti-touch interaction graphs?
Similar work but in the context of structural chemistry has alreadybeen performed
by Dehmer et al. [71, 72].

Problem6. Which structural properties possess themulti-touch interactiongraphs?
This calls for investigating graphclasses beyond small world and randomnetworks.

Problem 7. Which known graph classes are appropriate to model multi-touch
interaction graphs properly? For instance, small world networks or special hy-
pergraphs seem to be applicable. What kind of structural properties do the
multi-touch interaction graphs have?

Problem 8. Are multi-touch interaction graphs structurally similar to other
graphs (from known graph classes)? This calls for a comparison of graph classes
and their structural characteristics.

Problem 9. Which graph measures are suitable to determine the complexity of
multi-touch interaction graphs? Does this lead to any meaningful classification
based on their topology?

Problem 10. What is interesting? Where to start the interaction with the graph?
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7 Conclusion and Future Outlook

The explosive growth of complexity of networks have overwhelmed conventional
visualization methods and future research should focus on developing more ro-
bust and efficient temporally aware clustering algorithms for dynamic graphs, i.e.
good clustering will produce layouts that meet general criteria, such as cluster
colocation and short average edge length, as well as minimize node motion
between time steps [73].

Attacking aforementioned open problems, introduces several exciting and
unique challenges. As an example, extensive investigation of structural prop-
erties of multi-touch interaction graphs, using large sets of generated graphs,
seems to be an ideal starting point in addressing multiple unsolved problems. A
comparison of these graph measures might give insightful conclusions, and might
lead to a distinct characterization of multi-touch interaction graphs (problems
5 and 6). By further investigation of these structural characteristics, one could
identify existing graph classes which are suitable to model multi-touch inter-
action, or reveal the need for a distinct graph class (problems 7 and 8). This
requires an exhaustive comparison of known graph classes and their structural
properties, as well as their limitations.

As mentioned above, the complexity of multi-touch interaction graphs should
be investigated by using numerical graph invariants [19]. By using some distinct
graph invariants such as graph entropy, distance measures and degree-based
measures, one could determine their characteristic distributions and compare
them with other graphs. This leads us to the question whether the structure of
multi-touch interaction graphs is really different, i.e., whether these graphs have
a different characteristic compared to others.
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