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ABSTRACT

A LAYOUT ALGORITHM FOR GRAPHS WITH
OVERLAPPING CLUSTERS

Can Cagdag Cengiz
M.S. in Computer Engineering
Supervisor: Assoc. Prof. Dr. Ugur Dogrusoz
July, 2014

Graphs are often used for visualizing relational data such as social or biological
networks. Numerous methods have been proposed for automatic layout of simple
graphs. However, simple graphs are usually insufficient in displaying relational
information, since relational information is often clustered. Clustering models
traditionally assume that each data point belongs to one and only one cluster;
however, in complex networks, these clusters often overlap.

For effective visualization of clustered graphs, the nodes in the same clus-
ter should be placed together, respecting general graph drawing criteria such as
avoiding node-node overlaps, minimizing edge crossings, and minimizing the total
drawing area. Clustered graph layout problem becomes even more challenging
when cluster overlaps are allowed.

Here, we present a new algorithm for automatic layout of graphs with overlap-
ping clusters based on force directed layout approach. The graph is first divided
into zones according to clusters and their intersections, and new additional forces
are introduced to the traditional spring embedder algorithm to keep nodes in the
same cluster together, trying to keep neighboring nodes in separate clusters at a
safe distance. Spring constants had to be fine-tuned to achieve a fast and effective
layout operation. The algorithm was implemented and validated within a new
layout style named Cluster Layout in the layout module of ChiEd visualization

tool.

Keywords: Graph visualization, graph layout, force directed placement, clustered

graph, visualization software.
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OZET

KESISEN KUMELENMIS CIZGELER IGIN BIR
YERLESTIRME ALGORITMASI

Can Cagdag Cengiz
Bilgisayar Miithendisligi, Yiiksek Lisans
Tez Yoneticisi: Dog. Dr. Ugur Dogrusoz
Temmuz, 2014

(iizgeler sosyal ya da biyolojik aglar gibi iligkisel bilgilerin gorsellestirilmesinde
siklikla kullanilmaktadir. Basit cizgelerin otomatik olarak gorsellegtirilmesi ve
yerlestirilmesi i¢in simdiye dek pek cok yontem onerilmesine karsin iligkisel bil-
giler genellikle kiimelenmis oldugundan basit ¢izgeler icin geligtirilen yontemler
genellikle yetersiz kalmaktadir. Kiimeleme modelleri geleneksel olarak her veri
noktasinin yalnizca bir kiimeye ait oldugunu varsayar, ancak karmagik aglarda

bu kiimeler genellikle kesismektedir.

Kiimelenmis cizgelerin etkin bir gekilde gorsellegtirilmesi icin kogelerin
cakigmamasi, kenar kenar kesme sayilarinin az olmasi ve toplam yerlegim alaninin
kiiciik olmas1 gibi genel ¢izge gosterim kriterlerinin saglanmasinin yani sira,
ayni kiime i¢inde yer alan kogelerin birbirine yakin olacak sekilde yerlestirilmesi
gerekir.  Kiimelerin kesigimleri de goz ontine alindiginda kiimelenmis c¢izge

gorsellegtirme problemi daha da karmagiklagsmaktadir.

Bu caligmada kesigen kiimeler igeren cizgeler igin kuvvet yonelimli yeni
bir otomatik yerlestirme algoritmasi sunulmugtur. Bu algoritmayla kiimeler
kesigimlerine gore bolgelere boliiniir ve geleneksel kuvvet yonelimli modele ayni
kiime icerisinde kalan koseleri bir arada tutacak ve ayri kiimelerdeki komgu
koseleri giivenli bir mesafede yerlestirecek yeni kuvvetler eklenir. Ayrica, hizh ve
etkin bir gorsellestirme igin yay sabiti ayarlamalar1 yapilmasi zorunlu olmustur.
Algoritma, ChiEd gorsellegtirme aract igerisinde Cluster Layout adinda yeni bir

yerlestirme stili olarak denendi ve uygulamaya kondu.

Anahtar sozcikler: Cizge gorsellestirme, cizge yerlestirme, kuvvet yonelimli

yerlestirme, kiimelenmis cizge, gorsellestirme yazilimu.
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Chapter 1

Introduction

1.1 Motivation

Information visualization is a scientific field that aims to increase human under-
standing on large data by visual representations. Visual elements help humans
to perceive data in a more effective way. It is possible to find relationships, to
discover similarities and to identify patterns in data with information visualiza-
tion methods. Besides, visual elements help people to stay focused on a given
subject. Instead of looking at a large textual table, a graph can explain much
more about the nature of the information [23]. Maps, charts, graphs, dendograms
can be given as examples of information visualization tools (Figure 1.1). Infor-
mation visualization has applications in many areas such as scientific research,
data mining (Figure 1.2), crime mapping (Figure 1.3), and marketing analysis
(Figure 1.4).

As the graphical user interfaces evolved, the number of modern software that
has visual features have increased. Visualization of relational data is usually
achieved by graphs (Figure 1.5). Social, biological or computer networks can be
given as examples for areas, where the graphs are used for visualization. Com-
puter based visualization of relational information as graphs, makes it possible to

make changes or queries over the data in an interactive way. Interactive graphs



Figure 1.1: Thermal maps of a dual-core AMD Athlon IT 240 processor while
running various CPU SPEC2006 [1]
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Figure 1.2: A screenshot from the Data Surveyor software that depicts the change
of a property by age from a given database for data mining purposes [2]
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Figure 1.3: A visualization of homicides across Philadelphia since 2006 [3]
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Figure 1.4: A visualization that shows the mobile searches for restaurants by
location of the customers based on data provided by Google. [4]



also allow integration with other software systems via pre-defined standards such
as SBML [24] or GraphML [25]. [9]
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Figure 1.5: A graph of the interacting characters in Christian Bible as a social
network [5]

Graph drawing is basically a pictorial view of a discrete set of objects (nodes)
and a relation among these objects (edges). Nodes are usually drawn as circles,
rectangles or dots, while edges are drawn as line segments or arcs. If the graph
is directed, arrows are used for edge drawings. There are infinitely many ways to

draw a single graph. [26]

Any of these infinite arrangements of nodes and edges is a layout. In visual-
ization of complex data that is represented with graphs, it is important to present
a good layout of the graph to the user to make the graph readable and under-
standable. There are several criteria for good graph layout. The main aesthetics
imply low number of edge crossings and overlapping nodes, and even distribution
of nodes on the drawing area. Adjacent nodes should be close to each other and
the size of the drawing area should be small in a good layout. [27] In Figure 1.6,

there is a random tree with 30 nodes and 60 edges drawn with three different



layout approaches. The graph at the bottom is the most readable graph and it
also satisfies the criteria of the scientific literature. The graph looks smaller in

two upper drawings since the drawing area is large for random placement and

circular layout.
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Figure 1.6: A random graph of 30 nodes drawn randomly, with circular layout

and CoSE layout respectively. [6]

One popular method for graph layout is using physical analogies [13]. This
approach is known as the spring embedder algorithm. Spring embedders take
the graph as a closed physical system where nodes are represented by positively

charged particles and edges are represented by tiny springs in between these



particles. Particles repel each other while the springs keep the connected nodes

closer to each other.

Relational information to be represented by graphs are usually clustered or
hierarchically organized into groups in real life. Computer networks are usually
clustered to provide fast and reliable services to clients Figure 1.7. An example
to the hierarchical groups is organelles in a human cell. A cell is composed of
cell wall and cytoplasm and the organelles that interact with each other within

cytoplasm.
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%Firewall-US

Figure 1.7: A cluster network graph that includes connectivity to clients, other
servers in an organization, and management and operations consoles. Clustered
VPN servers are shown in the shaded oval. [7]

Clustered graphs have been used in the past as a concept to represent more
complex types of relationships with similar properties. The information is usually
clustered and these clusters may overlap in the nature of biological, social and
computer networks. There is a biological network with overlapping clusters in
Figure 1.8. Genes are clustered according to the processes they are involved in this
network. A gene that is involved in multiple processes resides in the intersection of

these clusters. Although there is a huge effort to visualize relational information,

6



the literature is still lacking in taking clustered structures into account during

automatic layout.

Figure 1.8: A network of genes which belong to 5 distinct biological processes.
3]

1.2 Contribution

In this thesis, we extended the compound spring embedder layout algorithm
(CoSE) in order to visualize relational data with overlapping clusters. The spring
embedder algorithm is modified with additional repulsion, spring forces and grav-

itational forces so that

e When a convex hull is drawn around the nodes in a cluster, it only includes

nodes that belong to this cluster.

e The clusters are separated in such a way that overlapping regions are close

to the clusters that they belong to.



The algorithm was implemented as the Cluster Layout style of a layout and
visualization library named Chisio. The algorithm was tested with small world
graphs and some real life graphs. Preserving asymptotic running time complexity
and the eye-pleasing properties of CoSE, the number of nodes that are placed
inside the boundaries of other clusters are minimized with a reasonable overhead

that is due to the calculation of new forces.



Chapter 2

Background and Related Work

2.1 Graphs

2.1.1 Basics and Definitions

A graph G = (V, E) is a pair of a vertex (node) set V and an edge set E. Two
vertices u and v (u,v € V) are connected by an edge e = (u,v). Therefore,
elements of E are subsets of V' with two elements. Graph G is named as the
owner graph for all edges and vertices. All vertices v € V and edges e € E
are members of graph G. When an edge e = (u,v) is given, u and v are called
neighbors or adjacent vertices or adjacent nodes. Also these two nodes are said
to be incident to e. Two edges are said to be adjacent if they share a common
node. [28]

Geometry of a graph may vary according to the application that it is going to
be used in. Vertices can be represented by dots, circles, squares and many other
shapes. Edges are usually denoted by straight or dashed lines or arcs between
vertices. If the graph is directed, edges are represented by arrows. In order to
store the geometry of a graph, the position of the nodes need to be kept at the

least. The point that keeps the position of a node may be any reference point



according to the implementation. A graph with 41 nodes is given in Figure 2.1.

Figure 2.1: A random graph with 41 nodes visualized by ChiEd software [6]

A path (walk) in a graph is a sequence of nodes and edges that starts with a
node and ends with a node such that adjacent nodes and edges in the sequence
are neighbors. Number of edges in a path is the length of the path. A node
can appear multiple times in a walk. Distance is the length of the shortest path
between two nodes. In a graph, there can be more than one such path between

two nodes. [29]

A compound graph is denoted by C' = (V, E, F') where V is nodes, E is edges
and F is the inclusion graph [9]. The inclusion graph F = (V, F') is a rooted tree
to hold the hierarchical structure of the compound graph. In a compound graph
E N F = (), which means a node cannot be connected to its children or parent
nodes. For the compound graph in Figure 2.2,

V ={a,b,c,d,e, f,g,h,i,5}

E={{a,b},{a, g}, {d, e}, {d, g}.{f, g}. {f, h},{g, h},{i, j}}
F ={be,bd,be,cf,cg,ch,ei,ej}

10



Figure 2.2: A simple compound graph [9]

The relational information to be visualized may be grouped into several cat-
egories. When the entities in data have relations with each other and they have
a set-like structure, it is convenient to visualize them with a clustered graph. In
a clustered graph, nodes are assigned to clusters. If a node belongs to multiple
clusters, then the graph is one with overlapping clusters. In Figure 2.3, the nodes
are assigned to clusters and their cluster id numbers are written on them. Cluster
bounds are drawn with polygons around the nodes. The graph on the right hand
side is a graph with overlapping clusters since a node belongs to both clusters 1

and 3 and another node belongs to clusters 2 and 3.

2.1.2 Real Life Graphs, Small World Networks, and Scale
Free Networks

Real life graphs are those that represent real life relational information. For
instance, a friendship map of a social network can be represented by such a
graph (Figure 2.4). A biological network is another example of a real life graph
(Figure 2.5).



Figure 2.3: Two clustered graphs where one has no overlapping cluster (left)
while the other does (right) [6]
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Figure 2.4: A friendship map from facebook data [10]
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Figure 2.5: ABB3 neighboring from PathwayCommons database visualized by
Cytoscape [11] (left) and ChiBE [12] (right)

A small world graph is a special type of mathematical network. In small
world graphs, most of the nodes are not adjacent, but there are short paths to
reach a node from another one. To be more precise, a graph is said to have the
small-world property if the mean distance between pairs of nodes is small relative
to the total number of nodes in the network. Usually, it is not desired that the
distance between the nodes grow faster than logarithmic scale as the number of

nodes is increased linearly. Given the distance as ¢,

¢ = O(logN)

Many networks in real life exhibit small world graph properties; therefore small
world graphs are good for analysis of these networks and related algorithms. Road
maps, food chains, neural networks, telephone call graphs, distributed systems,
social influence networks, protein networks, transcriptional networks in biology
are some examples to the concepts that show small world property. [30, 31] It is

also useful for creating synthetic data for studies.

There are many proposed models for small world networks. Erdos-Renyi [32]
proposed a model that exhibits a small average shortest path length. The
clustering coefficient for Erdos-Renyi model is low. However, Watts and Stro-

gatz realized that many real-world networks have a small average shortest path

13



length, along with a high clustering coefficient that tends to cluster the nodes to-
gether. [33]. They proposed a new small-world graph model that provides these

features.

Watts and Strogatz model is implemented in Boost graph library as a graph
generation tool [34]. In this model, the graph is a ring graph, where each vertex is
connected to its k nearest neighbors. Edges in the graph are randomly rewired to
different vertices with a probability p (Figure 2.6). Here, p and k are determined
by the user. Since nodes are always connected to the closest neighbors, small-
world graphs have a high clustering coefficient, and the random rewiring makes

it possible to have a small diameter.

Figure 2.6: A Watts and Strogatz network with a neighboring of four nodes and
a random rewiring of 3 percent for each edge.

Another kind of synthetic network that is based on the real life information
is scale free networks [35]. It is developed to mimic the characteristics of World
Wide Web and genetic networks. In scale free networks, the probability P(k)
that a vertex in the network interacts with k other vertices decays as a power

law, following

14



Pk) ~k™,2<~y<4

Scale free networks are generated by creating a node at each time step and
connecting it to existing nodes according to the principal of “preferential at-
tachment”, where nodes with a higher degree have a higher probability of be-
ing selected for attachment. At a timestep, the probability p of creating an
edge between an existing node v and the newly added vertex is given to be
p = deg(v)/|E|, where deg(v) is the degree of v and |E| is the number of edges in
the network. Scale free networks are implemented in JUNG library to generate

synthetic networks [36]. A scale-free network of 60 nodes is given in Figure 2.7.

Figure 2.7: A scale free network of 60 nodes.
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2.2 Graph Drawing and Layout

As the amount of data grows, it is harder to represent it on the graph in such a
way that it is understandable. Layout of the graphs often need to be automated to
make use of the visual materials on analysis. There are several quality measures
for graph drawings to evaluate their aesthetics and usability [26]. Neighboring
nodes should be adjacent to provide the notion that the nodes are related. Nodes
should not overlap and edge crossings should be minimized to increase readability.
The drawing area should be small relative to the closest distance between any
two vertices. The aspect ratio of the bounding box that surrounds the graph is

also important.

There are several graph layout methods proposed for a good looking graph.
Since every network has different characteristics, it is not possible to say that a

method produces the best results for all graphs.

2.2.1 Force Directed Layout

Drawing on physical analogies is a widely used method for general graphs, de-
signed free from any structural constraints. Here, the graph is considered as a
physical system of interacting objects where the minimal energy state is consid-
ered as an informative layout. Physical analogies are useful in the way that they
are intuitive. Since it is an everyday experience for humans, it is easier to un-
derstand and implement these algorithms. Besides, results are satisfactory since

overlaps are avoided and edge crossings and drawing area are minimized [13].

Figure 2.8 shows an example, where the nodes are replaced with positively
charged balls and the edges are substituted with springs in between. When
this physical model is set free, positively charged balls will repel each other and
springs will avoid the connected particles drift apart. Such a model can provide
even distribution of nodes on the drawing area because of the repulsion forces
and holds the adjacent nodes together. This model can be expressed either in

terms of total energy of the system or in terms of forces. In this concept, force
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directed layout is a popular method in graph drawing. In force directed layout,
the system comes to the equilibrium state when all forces cancel each other. If
this equilibrium state is not reached, the system is stopped after a predefined

number of iterations.

Figure 2.8: The spring analogy for graph layout [13]

Given an undirected graph G = (V, E), let p = (p,)vev be a vector of vertex
positions p, = (z,,¥,) in the plane. [p, — p,| being the Euclidian distance be-
tween positions p, and p, and }sz being the unit vector pointing from p, to p,,
Eades [26] models a spring embedder where the repulsion and spring forces are

defined as:

frep(pu7pv) -
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‘pu _pv| —g

fspring (pua pv) = Cspring * lOg * PvPu

Here, cyep and cgpring are repulsion and spring constants respectively. [ denotes
the spring length. Repulsion forces are applied between every pair of non-adjacent
nodes. Instead of more realistic spring forces a logarithmic force is applied for
the spring analogy for a weaker attraction to balance the repulsion forces. Spring
forces are applied only between adjacent nodes since they are sufficient to keep
the neighbors at a reasonable distance. In Figure 2.9 a qualitative impression
of the forces a vertex u exerts on v is given, depending on the distance between
them.

Magnitude

Distance
Figure 2.9: The magnitude of spring embedder forces [13]
In order to prevent the disconnected nodes to be placed apart from the rest

of the graph, a weak gravitational force is also proposed, directed to the center

of the drawing area.
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The system should converge to a stable state after some iterations. Node
positions that do not correspond to a system at equilibrium imply positive internal
stress. Nodes are iteratively moved at time ¢ according to a net force vector
F,(t), to relax the stressed system. F,(t) is the sum of all spring and repulsion
forces that act on v. After computing F,(t) for all nodes, each node is moved
o times this vector. This constant o is used to prevent nodes from changing
its position too much to drift apart in a single iteration. After computing the
forces iteratively, system comes to a stable state. A brief description of the spring

embedder algorithm is given in Algorithm 1.

Algorithm 1 Brief description of the spring embedder algorithm [13]

function SPRINGEMBEDDER(Graph G(V, E), Placement p = (p,)yev)
for ¢ < 1 to maximum number of iterations do
for v € V do
Ey(t) + Zu:{u,v}ezE frep(Pu, Po) + Zu:{u,v}eE fspring(Pu, Pv)
end for
for v eV do
Dy <_pv+0"Fv(t)
end for
end for
end function

2.2.2 CoSE: Compound Spring Embedder

Compound Spring Embedder is a graph layout algorithm based on force-directed
placement, which is extended to work also on compound graphs. In addition
to that, CoSE can also handle non-uniform node sizes, inter-graph edges and

clustered graph structures. [14]

CoSE extends the mechanical model proposed by Fruchterman and Reingold.
It simulates the mechanical system where nodes and edges are modeled by posi-

tively charged particles and springs respectively.

A compound node is treated as a single object in CoSE [14]. Tt is modeled like
an elastic cart. In a compound node, compound structure is kept as a child graph.

A compound node has its own center. It can move in orthogonal directions. Its

19



size can vary depending on the bounding box of its child graph. (Figure 2.10)
Repulsive forces are calculated per graph. In other words, there is no interaction
between a node in child graph and a node in parent graph for the sake of simplicity
and efficiency. Ideal edge lengths of intra-graph edges are predefined per layout
and are equal to each other. Ideal edge lengths of inter-graph edges are calculated

with proportion to the compound depth.

Figure 2.10: Part of a sample compound graph (left) and the corresponding
physical model used by CoSE [14]

Many layout algorithms assume nodes as points or uniform sized shapes mak-
ing it easier to calculate distances between the nodes. CoSE supports different
node sizes by calculating the distance between the nodes. This distance is the
clipping points of the line that passes through the centers of the nodes. Although

it is costly, it is needed for compound node support.

CoSE starts with initialization of the spring and repulsion constants. At first
nodes are placed randomly. After the initialization, attraction, repulsion and
gravitational forces are applied iteratively to the system. Temperature of the
system is cooled down periodically to allow the system to stop at a stable state.

The system stops after total movement of the nodes is less than a threshold value.
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The attraction forces are calculated for each edge while the repulsion forces
are calculated for every node pair. The repulsion force between two nodes is
not calculated if the distance between them is higher than some threshold value.
Since it is still needed to calculate the distances, the complexity of one iteration
of CoSE algorithm is O(|E| + [V?]).

Later, Karacelik improved the runtime of CoSE algorithm by using FR-Grid
Variant method, multi level scaling and GPU parallelism [9)].

2.2.3 ChiLay: Chisio Layout

Chisio Layout (abbreviated as ChiLay) is an open source graph layout library [37].
It can be used by interactive graph editing tools to layout different types of graphs
such as simple, compound, clustered or hierarchically structured graphs. It can
be used locally or remotely. ChiLay has some popular layout algorithms already
implemented such as Force Directed Layout, Spring Layout, Sugiyama Layout,
and AVSDF Layout. Algorithms developed by Bilkent University Information
Visualization Group are also included in ChiLay. Those algorithms are CiSE,
CoSE, Cluster Layout, and SBGN Layout.

There are two separate levels to point out the layout and view related infor-
mation of a layout (I-level) and view (v-level). Each l-level graph object is related
to a v-level object. The graph objects hold pointers to the node and edge objects
along with other graph data. A node object has graph property too. However,
this is not a pointer to the root graph. It is for compound nodes to hold the
sub-graph information such as inner nodes and edges that the node represents.

ChiLay has an object oriented design that is modular and extendible. [38]

Data structures that we used through the implementation of the algorithm
follow the software architecture of ChiLay Library. For clearity, the core structure
in layout level is given in Figure 2.11 and 2.12. LGraphObject is the base class for
all objects in the layout level such as LGraph, LNode and LEdge. LGraphObject
holds the reference for view-level objects with vGraphObject property. Each node
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has a reference to his owner graph since compound nodes have their own graphs
to hold the other nodes within. Edges have source and target pointers. Also all
nodes have their incident edges listed. LGraphManager has the complete graph
topology. There is the compound graph structure in LGraphManager. It also

maintains the inter-graph edges.
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Layout class is the base class for all layout algorithms that are implemented
in Chisio according to the structure in LGraphManager. Both layout and graph
manager classes hold references to each other. Each l-level node and edge is
associated with a v-level node and edge, respectively. Layout class makes the
necessary callbacks to update methods in the view level. The changes in layout
level are reflected to the view level objects via updates after the layout process
is done. The manipulations on the view level objects are reflected to the layout
level objects since view level objects implement the Updateable interface. Chisio
gives the users the opportunity to customize layout algorithms. Also pre and
post layout operations may be performed by customizing the respective methods
in Layout class. In addition to these customizations, new layout styles can be

implemented by extending Layout class.

Chisio Layout can be used both locally, as part of an application, or remotely,
for instance by a web application. ChiEd: Chisio Editor [6] is a graph visualiza-
tion application in Java for creating, editing and layout of compound or clustered
graphs as well as flat graphs. It uses the ChiLay component for layout services.
All of the layout algorithms implemented in ChiLay can be used to visualize
graphs in ChiEd. 2.13. Users also can deploy Chisio to a server to benefit from
the remote layout services. In order to use Chisio Layout as a remote service
properly, the graph geometry should be saved in XML format that conforms to
the schema given in Chisio Programmers Guide. After that, the saved XML con-
tent must be sent to the server via an HTTP request. Server takes the request,
performs the layout operation and sends back an XML content that has the graph
geometry after layout process. In Figure 2.14, there is a web application that uses

ChiLay’s layout services remotely.

2.3 Automatic Visualization of Overlapping

Sets

Visualization of hierarchical information is usually described by sets. Many tech-

niques are proposed for visualization of sets. These techniques include tree maps
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Figure 2.13: A screenshot from ChiEd [6]
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Figure 2.14: i-Vis Sample Application that uses ChiLay remotely. [15]
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and directed acyclic graphs. However, these methods result in a visualization
that is too complex and hard to analyze. Euler diagrams are suitable matches

for visualizing overlapping sets.

Euler diagrams are graphical representations that show sets and their inter-
sections. In an Euler diagram, a set is a region bounded by a closed curve or
polygon. Set intersections are shown by overlaps of these bounded regions. (Fig-
ure 2.15) Although Euler diagrams are used in visualizing sets for hundreds of
years, the problem of automatic generation of these diagrams is a relatively new
topic.

Stomach/ e Stomach/

Duodenum Duodenum
Mouth

Colon

-

Subject 1 Subject 2
Stomach/ Stomach/
Duodenum  Co°" Duodenum o100

Mouth Steol  Mouth Stool

Subject 4

Subject 3

Figure 2.15: An Euler diagram that depicts the bacterial biogeography of the
human digestive tract. [16]

Simonetto et al. proposed an algorithm for drawing Euler diagrams auto-
matically [17]. They proposed the concepts of zones, classes and an intersection
graph. In order to provide a better understanding of the study, some terminology

will be introduced.

Given a subset S of the sets in the Euler diagram, a zone is a region in the
diagram where all and only the elements of S intersect. A zone is also the subset

of elements contained by region.
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Classes are the sets illustrated in the drawing of the Euler diagram.

In Figure 2.16, classes are represented by capital letters and zones are repre-
sented by lowercase letters and their combinations. The listing of the classes is

given as input to the algorithm in set notation.

M

fm

Figure 2.16: Class and zone naming conventions for the algorithm to visualize
the overlapping sets. [17]

For instance, the input for the Euler diagram in Figure 2.17 is as follows.

Monuments = {Eiffel Tower, Colesseum, Taj Mahal, Big Ben, Great Wall of
China, Statue of Liberty}

France = {Wine, Baugette, Eiffel Tower}
Italy = {Colesseum, Pasta, Pizza}

In Figure 2.17, the red colored set contains world monuments, the green col-
ored set contains things that are typically Italian, and the blue colored set con-
tains things that are typically French. The red colored set shares the element
“Colosseum” with the green colored set and the element “Eiffel Tower” with the

blue colored set as demonstrated through overlaps of the regions.

The algorithm firstly forms an intersection graph from the input sets. Algo-

rithm basically works as follows:

e Construct a planar drawing of the intersection graph.

e Build a grid graph around the intersection graph, mapping nodes of inter-

section graph to zones.
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Figure 2.17: An Euler diagram drawn using the algorithm to visualize the over-
lapping sets. [17]

e Insert the elements into their zones and apply a force directed algorithm to

obtain a good placement.

e Select colors and textures for the classes and use Bezier curves to draw the

class boundaries.

Each node in the intersection graph is a zone. There is an edge between two
nodes if their related zones are adjacent. In Figure 2.18, the intersection graph for
the Euler diagram above is given. The drawing of the intersection graph should
be planar and should minimize the number of edge crossings to avoid undesired
overlaps in the visualization of sets. A force directed layout algorithm is applied
to the intersection graph to achieve this. Applying force directed algorithm also

paves the way for the faster convergence of the overall algorithm.

Mapping between the intersection graph and the regions in the Euler diagram
is done through another graph named grid graph (Figure 2.19). The grid graph
draws the rough boundaries of the Euler diagram by enclosing each node and
edge of the intersection graph. The boundaries are drawn in non overlapping
regions of the plane. To construct the grid graph, a set of non-overlapping circles

are computed. These circles are placed around each node such that the centers of
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Figure 2.18: Intersection graph for the example Euler diagram.

the circles are the positions of the nodes of the intersection graph. These circles

are small enough to avoid overlaps.

(a) (b} (c) (d)

Figure 2.19: Overview of Simonetto’s drawing algorithm. (a) Initial intersection
graph. (b) Intersection graph with layout. (c) The algorithm constructs a grid
graph around the layout of the intersection graph. (d) Elements of the sets are
added to the drawing, and the algorithm runs several iterations of a force directed
layout algorithm. [17]

After that, node and edge regions are defined in the grid graph. Elements
are placed inside these circles according to the sets they belong to. Then, the

drawing of the grid graph is refined by a force directed layout algorithm.

Lastly, the final set boundaries are drawn with Bezier curves and each set is

refined by a distinct color.
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2.4 Polygons and Separating Axis Theorem

A polygon is a closed region of the plane enclosed by a simple cycle of straight
line segments. A simple cycle means that nonadjacent segments do not intersect
and two adjacent segments intersect only at their common end point [39]. Tri-
angles, rectangles, and octagons are all examples of polygons. A convex hull is
a list of ordered points in software systems. They are implemented as polygons.
The polygonal chain constructed from this ordered list of points determines the
boundary of the polygon. A convex hull reflects a convex polygon, that is, for
any pair of points p, ¢ € S the line segment pq is completely contained in S where

S is a polygon [40]. See Figure 2.20 for the examples of convex and non-convex

polygons.

Figure 2.20: Convex and non-convex polygons [18]

In order to detect if two convex polygons intersect, Separating Axis Theorem
is used. Let P and @) be two convex polygons and [ be a line on the same plane.
Separating Axis Theorem states that if a line [ divides the plane into two subsets

S1 and Sy such that P € S; and () € S,, then the P and ) are not intersecting.

This theorem is highly applicable to software systems, providing a faster so-
lution than pixel based algorithms. The idea is to find a line in between two
polygons to prove that they are not intersecting. There are infinitely many lines
on a plane so in order to obtain a solution, linear projections of the polygons are
taken with respect to the normal vectors to the polygon edges. An outline of the

algorithm is given in Algorithm 2.

In Figure 2.21, algorithm checks if two polygons are overlapping. As the
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Algorithm 2 Algorithm to check if two polygons are overlapping

function AREPOLYGONSINTERSECTING (Polygon A, Polygon B)
for all edges in A and B do
find the axis perpendicular to the current edge.
project both polygons on that axis.
if projections overlap then
return false
end if
end for
return true
end function

axes perpendicular to the edges are calculated, it is possible to find a minimal
translation vector to separate the polygons(Figure 2.22). If one of these polygons

are pushed apart by this vector, polygons do not intersect.

Figure 2.21: Two polygons with separating axis in between them (left) and Sep-
arating Axis Theorem implementation is visualized for two separate polygons
(right) [18]

2.5 Generating Overlapping Clusters

Real life data is usually clustered and the clusters are overlapping in many cases.

One example to this is multifunctional proteins. Protein-protein interaction (PPI)
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Figure 2.22: Separating Axis Theorem implementation is visualized for two in-
tersecting polygons [18]

networks show the modularity of processes in a cell and makes the protein func-
tions more understandable. In PPI networks, nodes are proteins and edges are
direct physical interactions. PPI networks are usually clustered as functional
modules. Here, multifunctional proteins reside in more than one cluster making

the network a graph with overlapping clusters.

Becker et al. presented a clustering method named OCG (Overlapping Cluster
Generator) [41]. The algorithm decomposes a network into overlapping clusters.
The algorithm is verified by PPI networks. The multifunctional proteins appeared

at the intersection of clusters.
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Chapter 3

Overlapping Cluster Layout
Algorithm

Simonetto et al. proposed an algorithm to visualize overlapping sets. We decided
to visualize graphs with overlapping clusters, inspired by their work on sets. In
the graphs used for this study, a node can belong to multiple clusters. Although
this problem is encountered in many real life cases, there is no other study on

this in the literature.

There is no standard representation for the visualization of clusters or sets.
The previous ones mostly use circular visualization assigning different shapes or
colors to cluster elements. The approach varies depending on the specific domains

that the graphs are used in.

More important point is that no previous method suggests a way to visualize
graphs with overlapping clusters. Using simpler geometric shapes such as ellipses,
circles or rectangles to bound the clusters is problematic in visualizing overlapping
clusters. The main reason is that they waste too much space on the drawing area.
When there are overlaps between the clusters these empty spaces affect the total
area and the graph readability even worse. A good example is Venn diagrams.
Venn diagrams usually depict the sets as circular shapes and the fact is it is

impossible to draw a Venn diagram to visualize all intersections of 4 or more

34



sets [42].

Therefore it is more convenient to use polygons obtained by the convex hull
method as a bounding shape for clusters to keep the drawing area of each cluster
as small as possible to be able to save space for the intersecting regions (Fig-
ure 3.1).

MNode Mode
Mode

Node L
Node

Figure 3.1: A cluster of two nodes bounded by a rectangle (left), an ellipse
(middle) and a convex hull (right) where convex hull occupies the least space.

3.1 Zone Graph

In our modification on Simonetto’s algorithm, first we build a zone graph for the
clustered graph to be drawn. This is an upper level graph such that we call it
to be virtual, since it is not contained in the original graph data. This virtual
graph corresponds to the intersection graph in Simonetto’s study on overlapping
sets. In this virtual zone graph, nodes correspond to zones, which are cluster
intersections and the non-intersecting parts of a cluster. In a zone graph, edges
are placed between the non-intersecting zones and their corresponding cluster
intersection zones. Since the zone graph is undirected, the order of the lowercase
letters does not matter. In Figure 3.2, there are three clusters, drawn as a Venn
diagram. On this figure, lowercase lettered areas are zones, and uppercase letters
represent clusters. A single lowercase letter represents a non-intersecting zone
while multiple lowercase letters stand for an intersection zone. The corresponding
zone graph for such a cluster structure is also given in Figure 3.2. Edges and nodes

in the zone graph are called zone edges and zone nodes, respectively. When we use
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the term graph, we will be referring to the actual graph (the clustered, possibly
having overlapping clusters). For the virtual graph that represents zones, on the

other hand, we use the term zone graph.

A B c

OSOSCSONO

Figure 3.2: A cluster structure given as a Venn diagram (above) and its corre-
sponding zone graph representation (below)

The shape that we choose to use for zones is crucial for our approach to
be successful. Not only the shapes of the zones directly affect the quality of
our layouts, but also they are crucial for the running time of the algorithm.
As explained formerly, we use convex polygons as zone shapes (Figure 3.3). A
zone polygon covers all nodes that reside in the zone. Notice here that nodes
themselves are allowed to have varying dimensions, represented with rectangles.
Convex polygon operations are less costly to calculate when they are compared to
the concave polygons. Convex polygons provide a better packing than rectangles

and circles, so the drawing area is kept small.

3.2 Modified Spring Embedder

After building the zone graph as explained, the layout for this graph is performed
together with the whole graph with a force directed approach iteratively. We

build our algorithm on CoSE layout. Zones are considered as positively charged
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Figure 3.3: A graph with overlapping clusters with six zones: 1, 2, 3, 1&2, 1&3
and 2&3 (left) and their corresponding zone polygons respectively: dark blue,
light blue, yellow, purple, brown and black (right)

particles and the edges between the zones act as the springs (Figure 3.4). Posi-
tively charged zones repel each other and springs keep the related non-intersecting

zones and intersection zones close to each other.

The forces for the zone graph are calculated in each iteration like the tradi-
tional spring embedder forces. The forces for the zone graph are added to the
related nodes in the actual graph in each iteration. After moving the nodes in the
graph according to the total force, the positions and shapes of the zone polygons

are recalculated.

The algorithm Cluster Layout is based on CoSE algorithm. We propose ad-

ditional forces to the traditional spring and repulsion forces.

Calculation of the repulsion forces between the zone nodes is built over the
method that calculates the repulsion forces in CoSE. After the forces are calcu-
lated for the actual graph, repulsion forces are calculated for the zone nodes with
the method given in Algorithm 3. Here, Z and |Z| denotes the zones and the

number of zones, respectively. Similarly N is the set of nodes. n.zone is the zone
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Figure 3.4: A clustered graph with each cluster represented with a different color
(left) and the corresponding force directed model for the graph (right). Note that
nodes 3 and 4 belong to two clusters.

node that n resides in. z denotes a zone node such that z € Z.

Algorithm 3 Brief description of the method to calculate the repulsion forces
for zone nodes
function CALCULATEZONEGRAPHREPULSIONFORCES(Z)
for i < 0to |Z| —1do
for j < i+ 1to |Z] do
CALCULATEREPULSIONFORCE(z;, z;)
end for
end for
for all n € N do
N. frep = N frep + N.20NE. frep
end for
end function

The repulsion forces for the zone nodes are calculated the same way as CoSE
nodes. The method to calculate the repulsion force between each pair of nodes is
briefly explained in Algorithm 4. The clipping points are the intersection points
of the polygons and the line segment between the centeroids of the polygons. If
zones overlap, the repulsion force becomes equal to the amount of overlap in x and
y directions. If they do not overlap, the distance between the zones are calculated
along with the clipping points of the zones and the force is inversely proportional

to the square of the distance between them. Also, there is a repulsion constant
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to control the amount of repulsion.

Algorithm 4 Brief description of the repulsion force calculation between two
nodes
function CALCULATEREPULSIONFORCE(n;, n;)
if n,.CALCULATEOVERLAP(n;,overlap) then
M. frep <— overlap
Nj.frep < —overlap
else

Calculate distance between n; and n;

f — REPULSION_CONSTANT
rep distance

end if
return f,.,
end function

The CalculateOverlap method is executed for each node pair depending on the
geometric shape of the nodes. For zone nodes, this method adopts the separating
axis theorem implementation. The method returns a Boolean value to identify
if there is an overlap along with the smallest translation vector as the smallest
vector to separate these two zones. The Calculate Overlap method for zone nodes

is briefly explained in Algorithm 5.

Algorithm 5 Brief description of the method of a zone node z; that detects if
there is an overlap with a zone node z; and returns the overlap amount

function CALCULATEOVERLAP(z;, overlap)
overlap <~ CONVEXPOLYGONOVERLAP(n;.polygon, n;.polygon)
if overlap # 0 then
return true
else
return false
end if

end function

The ConvexPolygonQOuverlap method calculates the minimum translation vec-
tor according to separating axis theorem. Its implementation is given in Ap-

pendix A.

The spring forces for the zone graph are calculated in a very similar way to
the repulsion forces. The CalculateSpringForces method is modified to calculate

the spring forces in zone graph caused by the zone edges.
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The spring lengths are crucial to keep the neighboring nodes at a safe distance.
Ideal edge lengths for the edges are determined for each edge at the beginning of
layout to be used during the layout process. Since we want to keep the nodes that
reside in the same cluster close to each other, we propose different edge lengths
according to the cluster connectivity. We have three types of edges in a graph
with overlapping clusters named intra-zone, zone-neighbor, and inter-zone edges
in increasing lengths. An edge is intra-zone if it connects two nodes of the same
zone, zone-neighbor if it connects two nodes of the same cluster but different

zones, and inter-zone if it connects two nodes of different clusters (Figure 3.5).

BENN—
4 Zone Neighbor . —

Inmm | I
[ 4 l l
Inter-Zone \ ; I|

Figure 3.5: A graph with overlapping clusters to show different edge types in our
layout algorithm.

With E, being the list of zone edges, e, € E., e,.target and e,.source being
the target and source zone nodes of e, respectively, the spring force calculation

method for the zone graph is explained in Algorithm 6.

Apart from the gravitation to the center of the drawing area, an additional
gravitational force is applied to each node. This new gravitational force points to
the center of the zone polygon that the node belongs to. This provides compact-
ness for the graph. The calculation method is explained in Algorithm 7 where Z

is the set of zones, N is the set of nodes and g is the local gravitation constant.

The overall modified spring embedder method is given in Algorithm 8. While
updating the bounds for the graph, the zone polygons are also updated after each
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Algorithm 6 Brief description of the method to calculate the spring forces for
the zone graph

function CALCULATEZONEGRAPHSPRINGFORCES()
for all e, € E, do
CALCULATESPRINGFORCE(e,.target, e,.source)
end for
Apply calculated forces to the zone members
for all n € N do
n'fspring < n-fspring + n-20n€~fsprz’ng
end for
end function

Algorithm 7 Brief description of the method to calculate the gravitational forces
for the zone graph

function CALCULATEZONEGRAPHGRAVITATIONALFORCES()
for all z € Z do
for all n € z do
distanceX < n.x — z.x
distanceY < n.x — z.y
n.gravitationForceX < —g * distanceX
n.gravitationForceY < —g x distanceY
end for
end for
end function
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iteration.

Algorithm 8 Brief description of the method to calculate the gravitational forces
for the zone graph

function SPRINGEMBEDDER()
for t + 1 to maximum number of iterations do
Update Bounds
Calculate Spring Forces
Calculate Zone Graph Spring Forces
Calculate Repulsion Forces
Calculate Zone Graph Repulsion Forces
Calculate Gravitational Forces
Calculate Zone Graph Gravitational Forces
Move Nodes
end for
end function
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Chapter 4

Experimental Results

In order to test the execution time and quality of layouts produced by Clus-
ter Layout, a set of real life graphs, synthetic small world network graphs, and

synthetic scale free network graphs are used [34].

Some of these real life graphs were obtained from the literature and were
readily clustered by the authors, considering real properties of the entities repre-
sented by the nodes. The synthetic small world graphs, on the other hand, were
generated using Small World Generator of Boost Graph Library [34]. For these
synthetic graphs and some of the real life graphs that were not clustered, we used

Becker’s Overlapping Cluster Generator [41] to obtain overlapping clusters.

For performance comparisons, tests are run with the same graphs and the same
system configuration of a Java VM running on 2.13 GHz Intel(R) Core(TM) i3
CPU and 3 GB of installed memory. The results are compared to CoSE algorithm
for running time. The main quality criterion has been based on the number
of nodes that were incorrectly placed inside the boundaries of clusters that a

particular node does not belong to (Figure 4.1).

The running time comparison of Cluster Layout and CoSE for the Watts and

Strogatz small world network graphs is given in Figure 4.2. The running time
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Figure 4.1: A graph with overlapping clusters in which the nodes that are incor-
rectly placed inside the boundaries of other clusters are painted red. Nodes are
labeled with the cluster IDs.

comparison for scale free networks is given in Figure 4.3. In these tests, we an-
alyzed the change in running time with respect to number of nodes as well as
number of clusters. The same graphs are clustered with OCG with changing the
maximum cluster size from 15 nodes to 40 nodes. The results are the average run-
ning time of 10 layouts for each graph in miliseconds. Additional forces increase

the running time two to three times.

3500

3000

e COSE
2500

— Cluster Size Max 15

2000 e Cluster Size Max 20

1500 === Cluster Size Max 25

=== C|uster Size Max 30

1000

== Cluster Size Max 35

=====Cluster Size Max 40

500 +

T T T T 1
a 50 100 150 200 250

Figure 4.2: Running time comparisons of CoSE and Cluster Layout for synthetic
small world graphs up to 200 nodes

The number of nodes that are placed inside the boundaries of other clusters

for CoSE and Cluster Layout is given in Table 4.1. Again the numbers are
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Figure 4.3: Running time comparisons of CoSE and Cluster Layout for synthetic
scale free network graphs up to 500 nodes

40 | 60 | 80 | 100 | 120 | 140 | 160
CoSE [1.1(13.3|11.2]30.2|48.7|60.9 | 84.7
Cluster | 0.1 | 1.5 ] 3.6 | 24.8 |129.9| 599 | 81.7

Table 4.1: The number of nodes that are incorrectly placed inside the boundaries
of other clusters for CoSE and Cluster Layout for small world networks
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the averages of 10 layouts for each graph. With our Cluster Layout algorithm,
number of misplaced nodes are greatly reduced especially for small to medium
sized graphs. The plots to compare the number of misplaced nodes for small world
networks and scale free networks are also given in Figure 4.4 and Figure 4.5. Some

layout examples of the small world graphs are given in Figure 4.6.
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30
// // Cluster Size Max 40
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10 ——

Figure 4.4: A plot that depicts the number of nodes that are placed inside the
boundaries of other clusters for CoSE and Cluster Layout using small world net-
works

We also tested Cluster Layout algorithm with the clustered real life graphs
from the literature. In Figures 4.7, 4.8, 4.9, 4.10, and 4.11, there are some example
layouts of these real life graphs with CoSE and Cluster Layout.

Despite the increase in the running time and the total drawing area, the num-
ber of nodes that are placed inside the boundaries of other clusters is minimized,
especially for small to medium sized graphs. The algorithm gives excellent results
for small world graphs up to 120 nodes due to the nature of those networks. In
small world networks, the average distance between the nodes is small and the
graph topology is closed such that after layout, the intersection zones reside on the
middle of the drawing area, which are surrounded by a circle of non-intersecting
zones. The dense structure causes to nodes to get closer to each other, therefore
there are many misplaced nodes in the middle of the drawing area. Another rea-

son is that, apart from CoSE, new forces cause the overall system to converge in
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Figure 4.5: A plot that depicts the number of nodes that are placed inside the
boundaries of other clusters for CoSE and Cluster Layout using scale free networks

later iterations. Algorithm always give better results for scale free networks. The
number of misplaced nodes is minimized when it is compared to CoSE. For real
graphs, algorithm gives visually good results up to 300 nodes. Since the force
directed layout is normally expected to yield nice layouts for up to 100 nodes [13],
the results are satisfactory for the graph drawing criteria through a visual inspec-
tion. Although there is an increase in running time due to the calculation of

new types of forces, the algorithm is still suitable for interactive use, at least for

graphs of small to medium sizes.
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Figure 4.6: Small world graphs of 40, 60 and 80 nodes clustered with OCG and
laid out with CoSE (left) and Cluster Layout (right). Nodes that are placed
inside the boundaries of other clusters are painted red.
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Figure 4.7: A real life graph of 242 nodes, based on gondola gene data laid out
with CoSE (left) and Cluster Layout (right) [19]

Figure 4.8: A real life graph of 84 nodes, based on MST Transmission data, laid
out with CoSE (left) and Cluster Layout (right) [19]
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Figure 4.9: A real life graph of 186 nodes, based on Triticeae Glycolysis Chloro-
plast, laid out with CoSE (left) and Cluster Layout (right) [20]

Figure 4.10: A real life graph of 34 nodes, based on Karate Club data, laid out
with CoSE (left) and Cluster Layout (right) [21]
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Figure 4.11: A real life graph of 83 nodes, protein-protein interaction network of
yeast, laid out with CoSE (left) and Cluster Layout (right) [22]
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Chapter 5

Conclusion

In this study, we propose an algorithm to visualize graphs with overlapping clus-
ters. Inspired by the Simonetto’s work on visualizing overlapping sets [17], we
divide the clustered graph into sections called zones. Zones are formed consid-
ering the intersection of the clusters. Assigning an edge between the zones that
make up a cluster, we define a virtual zone graph for the divided sections. Our
algorithm is built on Compound Spring Embedder (CoSE) algorithm calculating
the newly introduced forces for this virtual graph, while calculating forces for
the other nodes in the traditional way. This way, we manage to show the nodes
in overlapping regions in between the cluster regions that they are shared. The
number of nodes that reside in the boundaries of other clusters is decreased dras-
tically for small to medium sized graphs at the cost of an increase in the total

drawing area and running time by a constant factor.

We tested the algorithm with real life graphs, synthetic scale free network
graphs, and synthetic small world graphs. We get satisfactory results in real life
graphs up to about 300 nodes. The number of misplaced nodes is minimized
for scale free networks. Because small world networks have more cycles, as the
number of nodes increase the new forces fail to separate the clusters. However,

the results are again satisfactory up to around 120 nodes.
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5.1 Parameter Tuning

Parameters like spring constant, repulsion constant, and cooling factor should be
considered to be tuned since they change the quality and the running time of the

layout directly.

Higher spring constants caused the graph to come to an equilibrium state
slower. Higher repulsion constants mean larger drawing area, but visually better

results.

In this work, modifying the constants at each step of development, we slightly
increased the repulsion constant. We also proposed new edge types and fine
tuning on their desired lengths is done experimentally to have the best possible

visual results.

5.2 Future Work

A disadvantage of the algorithm is the running time overhead due to the new
forces. The effort to lower the running time may be achieved by using GPU
parallelism for polygon calculations. This may be useful especially for larger

graphs where there are many zones.

At the time this work was done, there was a small number of work on clustering
algorithms that allows overlapping clusters. As the number of work on this area
increases, new tests can be applied to fine tune the algorithm with respect to the

clustering caused by the new clusterers.

5.3 Availability

All of the improvements that are mentioned in this thesis are implemented under

overlapping clusters branch of Chisio Layout (ChiLay) project. It is stored in a
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Google Code [37] project.
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Appendix A

Code

public static PointD normalizeVector (PointD v)
{
double denom = (v.x * v.x) + (v.y * v.y);
denom = Math.sqrt (denom);
double x = v.x / denom;
double y = v.y / denom;

return new PointD(x, y);

VAL

* Returns the projection of a given wector on the z—y

* Cartesian plane.

*/

public static PointD getXYProjection(double magnitude,
PointD direction)

double sin = direction.y/(Math.sqrt (
(direction .xxdirection .x)+
(direction .yxdirection.y)));

double cos = direction.x/(Math.sqrt (
(direction .x*direction .x)+
(direction .yxdirection.y)));

double x = magnitude % cos;

double y = magnitude * sin;

return new PointD (x,y);

VAL

* This method is a dot product operator

*/

public static double dot(PointD pl, PointD p2)

{

return pl.x*xp2.x + pl.y*p2.y;

VAT

* Gather up one—dimensional extents of the projection

* of the polygom onto this azis.

*/

public static double[] gatherPolygonProjectionExtents
( ArrayList<PointD> p, PointD v)

double [] out = new double [2];
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// Initialize extents to a single point, the first vertezx

out [0] = IGeometry.dot(v, p.get (0)); // min

out [1] = IGeometry.dot(v, p.get (0)); // maz

// Now scan all the rest, growing eztents to include them
for (int i = 1; i < p.size (); ++i)

{

double d = IGeometry.dot(v, p.get(i));
if (d < out[0])

out [0] = d;
else if (d > out[1])
out [1] = d;
¥
return out;
}
VAT
% This method tests if two convex polygons overlap.
* Method is based on the separating axis theorem. It only
* uses only the edges of the first polygon (polygon ’pl1”)
* to build the list of candidate separating azes.
*/
public static Object [] findSeparatingAxis
(ArrayList<PointD> pl, ArrayList<PointD> p2)
{

Object [] overlapInfo;

int aVertCount;

int bVertCount;

double minOverlap = Double . NEGATIVE_INFINITY ;
PointD minVector = new PointD (0,0);
overlapInfo = new Object [2];

aVertCount = pl.size ();
bVertCount = p2.size ();

// Iterate owver all the edges

int prev = aVertCount —1;

for (int cur = 0 ; cur < aVertCount ; ++cur)

// Get edge wector.

PointD edge;

double ex = pl.get(cur).x — pl.get(prev).x;
double ey = pl.get(cur).y — pl.get(prev).y;

edge = new PointD (ex, ey);

// Rotate vector 90 degrees (doesn’t matter which
// way) to get candidate separating azxis.

PointD v;

double vx = edge.y;

double vy = —edge.x;
v = IGeometry.normalizeVector (new PointD (vx,vy));
if ((v.y < 0.0))
{
—(v.x);
vy = —(v.y);
}

// Gather exztents of both polygons projected

// onto this azis

double [] plBounds;

double [] p2Bounds;

plBounds =
IGeometry.gatherPolygonProjectionExtents (pl,

p2Bounds =
IGeometry . gatherPolygonProjectionExtents (p2,
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// Is this a separating azis?

if (plBounds[1] < p2Bounds[0])

{
overlapInfo [0] = 0.0;
overlapInfo[1] = minVector;

return overlaplInfo;
else

// megative owverlap
double overlap;
overlap = p2Bounds[0] — plBounds[1l] ;
if (Math.abs(overlap) < Math.abs(minOverlap))
{
minVector = v;

minOverlap = overlap;

if (p2Bounds[1] < plBounds[0])
{
overlapInfo [0] = 0.0;
overlapInfo[1] = minVector;

return overlapInfo;
else

// positive owverlap
double overlap;
overlap = p2Bounds[1] — plBounds[0];
if (Math.abs(overlap) < Math.abs(minOverlap))
{
minVector = v;

minOverlap = overlap ;

}
// Next edge

prev = cur;

// Failed to find a separating azis
overlapInfo [0] = minOverlap;

overlapInfo[l1] = minVector;

return overlapInfo;

VAT

* This method returns false if there is a separating

* azis between the polygons. If there is no separating

* axis, method returns true.

*/

public static Object [] convexPolygonOverlap
(ArrayList<PointD> pl, ArrayList<PointD> p2)

Object [] overlapInfol;
Object [] overlapInfo2;
// Using P1’s edges for a separating azis
overlapInfol = IGeometry.findSeparatingAxis(pl, p2);
if ((double) overlapInfol [0] == 0.0)

return overlapInfol;

// Now swap roles, and use P2’s edges
overlapInfo2 = IGeometry.findSeparatingAxis(p2, pl);
if ((double) overlapInfo2[0] == 0.0)

return overlapInfo2;

// No separating azis found. They must overlap .
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// Return the minimum magnitude vector.

if (Math.abs ((double) overlapInfol [0])
< Math.abs ((double) overlapInfo2[0]))

! overlapInfol [0] = —((double) overlapInfol [0]);
return overlapInfol;
}
else
{
return overlapInfo2;
}
}
VAT

* This method takes two line segments (two points

* for each line) and calculates their intersection.

« If they do not intersect it returns a point with

* coordinates (—1, —1).

*/

public static PointD findIntersectionOfTwoLineSegments
(PointD plA, PointD p2A, PointD plB, PointD p2B)

// wariables to use

PointD intersectionPt = new PointD ();

double slopeA ;

double slopeB;

double constantA ;

double constantB;

// calculate equations of lines A and B

slopeA = (p2A.y — plA.y) / (p2A.x — plA.x);

slopeB = (p2B.y — plB.y) / (p2B.x — plB.x);

constantA = plA.y — (slopeA x plA.x);

constantB = plB.y — (slopeB x plB.x);

if (slopeA == Double.NEGATIVE_INFINITY ||
slopeA == Double.POSITIVE_INFINITY)

intersectionPt.x = plA.x;
intersectionPt.y = (slopeB * plA.x)
+ constantB;

}
else if (slopeB == Double. NEGATIVE_INFINITY ||
slopeB == Double.POSITIVE_INFINITY )
{
intersectionPt.x = plB.x;
intersectionPt.y = (slopeA x plB.x)
+ constantA;
}

else if (Double.isNaN(slopeA) ||
Double.isNaN (slopeB))

{
return new PointD(—1,—-1);

}

else

{
// calculate intersection point for lines A and B
intersectionPt.x = (constantB — constantA) /

(slopeA — slopeB);
intersectionPt.y = (slopeA x intersectionPt.x)
+ constantA ;
}

// check if the intersection point is an element
// of the line segment
if (isPointOnLineSegment (plA, p2A, intersectionPt))
{

if (isPointOnLineSegment (plB, p2B,

intersectionPt))
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return intersectionPt;

}
}
// if the lines do mnot intersect, return (—1,—1)
intersectionPt.x = —1.0;
intersectionPt.y = —1.0;
return intersectionPt;
¥
VAT

* This method takes an ArrayList of polygon points

* that is sorted according to adjacent edges and

* two points for a line segment to calculate their
* intersection. If they do not intersect it returns
* a point with coordinates (—1, —1).

*/

public static boolean getPolygonIntersection
(ArrayList<PointD> polygonA ,
ArrayList<PointD> polygonB,
double [] result)

PointD clipPtA;
PointD clipPtB;

result [0] = —1.0;
result [1] = —1.0;
result [2] = —1.0;
result [3] = —1.0;
Object [] overlap;

if (polygonA.size () > 3 && polygonB.size () > 3)

{
PointD centerA = getPolygonCenter (polygonA);
PointD centerB = getPolygonCenter (polygonB);

clipPtA = findIntersectionOfTwoLineSegments
(centerA , centerB,
polygonA . get (0),
polygonA . get (
polygonA .size () —1));

for (int i = 1;
i < polygonA .size (); i++4)
{
if (clipPtA.x != —1.0
&& clipPtA .y != —1.0)
{
break;
}
clipPtA
findIntersectionOfTwoLineSegments
(centerA , centerB ,
polygonA .get (i—1),
polygonA .get (i));
}
clipPtB = findIntersectionOfTwoLineSegments
(centerA , centerB,
polygonB . get (0),
polygonB . get (
polygonB .size () —1));
for (int i = 1;
i < polygonB.size ();
i++)
{
if (clipPtB.x != —1.0
&& clipPtB.y != —1.0)
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break;
}
clipPtB =
findIntersectionOfTwoLineSegments
(centerA , centerB,
polygonB . get (i —1),
polygonB.get (i));

}

result [0] = clipPtA .x;
result [1] = clipPtA .y;
result [2] = clipPtB .x;
result [3] clipPtB .y;

// if the polygons are overlapping,
// then the clip points are the centers

if ((result[0] == —1.0
&& result [1] == —1.0)
|| (result[2]==-1.0
&& result [3]==-1.0))
{
result [0] = centerA .x;
result [1] = centerA.y;
result [2] = centerB.x;
result [3] = centerB.y;
return true;
}
return false;
¥
else
{
return false;
}
¥
VAL

* This method takes an ArrayList of polygon points and

* calculates its center. Returns a point that is the

* position of the center.

*/

public static PointD getPolygonCenter
(ArrayList<PointD> polygon)

double [] centroid = {0, 0};
double signedArea = 0.0;

double x0 = 0.0; // Current vertex X
double y0 = 0.0; // Current vertez Y
double x1 = 0.0; // Next vertezx X
double yl = 0.0; // Nexzt wvertez Y

double a = 0.0; // Partial signed area

// For all vertices exzcept last
if (polygon.size() < 3)

{
System .out.println (”Not_a_valid_polygon”);

¥

else

{
for (int i = 0; i < polygon.size() — 1; i++4)
{

x0 = polygon.get(i).x;
y0 polygon.get(i).y;
x1 = polygon.get(i + 1).x;
vyl = polygon.get(i + 1).y;
a = (x0 x yl) — (x1 * y0);
signedArea 4= a;
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centroid [0] += (x0 + x1) x a;
centroid [1] += (y0 + yl) x a;

}

// Do last wertex

x0 = polygon.get(polygon.size() — 1).x;
y0 = polygon.get(polygon.size() — 1).y;

x1 = polygon.get (0).x;

yl = polygon.get(0).y;

a = (x0 * yl) — (x1 * y0);
signedArea 4= a;

centroid [0] 4= (x0 + x1)=*a;
centroid [1] 4= (y0 + yl)=*a;
signedArea x= 0.5;

centroid [0] /= (6.0 * signedArea);
centroid [1] /= (6.0 * signedArea);

return new PointD (centroid [0],centroid [1]);

public static boolean isPointOnLineSegment

(PointD linePointA , PointD linePointB, PointD point)

double ac = Math.sqrt (((linePointA .x — point.x) =
(linePointA .x — point.x)) +
((linePointA .y — point.y) x*
(linePointA .y — point.y)));
double bc = Math.sqrt (((linePointB.x — point.x) =*
(linePointB .x — point.x)) +
((linePointB.y — point.y) =
(linePointB.y — point.y)));
double ab = Math.sqrt (((linePointA .x — linePointB.x) x*
(linePointA .x — linePointB.x)) +
((linePointA .y — linePointB.y) =
(linePointA .y — linePointB.y)));

if (Math.abs(ac + bc — ab) < TOLERANCE)
return true;
else

return false;
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