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Abstract. The universe of biochemical reactions in metabolic pathways
can be modeled as a complex network structure augmented with domain
specific annotations. Based on the functional properties of the involved
reactions, metabolic networks are often clustered into so-called pathways
inferred from expert knowledge. To support the domain expert in the
exploration and analysis process, we follow the well-known Table Lens
metaphor with the possibility to select multiple foci.
In this paper, we introduce a novel approach to generate an interactive
layout of such a metabolic network taking its hierarchical structure into
account and present methods for navigation and exploration that pre-
serve the mental map. The layout places the network nodes on a fixed
rectilinear grid and routes the edges orthogonally between the node po-
sitions. Our approach supports bundled edge routes heuristically mini-
mizing a given cost function based on the number of bends, the number
of edge crossings and the density of edges within a bundle.

1 Introduction

To fully comprehend and appreciate the existing knowledge on chemical pro-
cesses in living organisms it is essential to develop suitable tools to explore and
navigate through vast amounts of information stored in biological databases. In
biochemistry, complex networks defined by interactions and relations between
different chemical compounds are considered as pathways, such as regulatory
pathways controlling gene activity or metabolic pathways comprising chemical
reactions for synthesis, transformation and degradation of organic substances in
biological systems.

In this work, we combine and apply information visualization techniques to
present the complete set of biochemical reactions of metabolic pathways in a
eucaryotic cell supplying means of exploration and navigation. Although the
emphasis of this paper is placed on biochemical network data, the presented
application is not limited to this area. Instead, it can handle any large graph
carrying arbitrary annotational information by mapping given data properties
to attributes being visualized by the software. To capture the complex chemical
interactions of such a reaction network, metabolic pathways may be modeled as
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Fig. 1. A hyperedge depicting a transaminase reaction, which converts amino acids
into corresponding alpha-keto acids and vice versa. In this example, the enzyme As-
partate Aminotransferase converts the substrates L-Aspartate (amino acid) and 2-
Ketoglutarate (alpha-keto acid) [input nodes] into the products Oxaloacetate (alpha-
keto acid) and L-Glutamate (amino acid) [output nodes]. Many reactions are reversible,
so the direction of the hyperedge simply gives a hint on the reaction’s chemical equi-
librium.

hypergraphs, where unlike a regular graph, each edge can connect an arbitrary
number of nodes. In this hypergraph model, each substance is represented by
a node of the graph, and each reaction by a (directed) hyperedge connecting
the input node set—substrates—with the output node set—products— of the
chemical reaction (see Fig. 1). To obtain a hierarchical graph, each metabolic
pathway is represented by a node at the top level, where the pathway’s reaction
network constitutes the nested graph at the bottom level. The division into
separate pathways, although based on expert knowledge, is somewhat arbitrary
and may not be a strict partition of the graph. Nevertheless, we consider the
clustering of the node and edge set as a partition to obtain a strictly confined
hierarchy on the graph. Compound nodes and reactions belonging to more than
one pathway are simply duplicated for the sake of simplicity of the resulting
graph. This step has two benefits: layouting the graph will be a much simpler
task, and we can use the hierarchy to explore the network in a top-down manner
by examining the top-level graph at first and adding additional information on
pathways of interest by expanding nodes.

2 Related Work

The visualization of large and complex biological networks is one of the key anal-
ysis techniques to cope with this enormous amount of data. Here, the layout of
networks should be in agreement with biological drawing conventions and draw
attention to relevant system properties that might remain hidden otherwise [14,
13]. Further important issues are the preservation of the so-called mental map [1]
when applying small changes to the graph and the possibility of clustering nodes.
Depending on the concrete network drawing, there are further important visual
representation and interaction techniques that play important roles, e.g., nav-
igation in the complete network, focusing on parts of the network, or gradual
differentiability of nodes with less importance (side metabolites) [12]. However,
only little research has been done in the past to solve the special layout and
visualization problems arising in this area. A lot of the most used software sys-
tems for the visual analysis of generic biological networks, i.e., different kinds of
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networks like regulatory networks or protein-protein interactions, only provide
implementations of standard graph drawing algorithms, such as force-directed
or hierarchical approaches [8].

Cytoscape [5] is one of the most popular tools for generic biochemical net-
work visualization and supports a number of standard graph layout algorithms.
Filtering functions are provided to reduce network complexity. For instance, the
user can select nodes and edges according to their name and other attributes.
This system allows a simple mapping of data attributes to visual elements of
nodes and edges. VisANT [4] is another system designed to visualize generic
biochemical networks. In addition to the features of Cytoscape, it provides sta-
tistical analysis tools, e.g., based on node degrees or the distribution of clustering
coefficients. Their results are displayed in separate views, such as scatter plots.

Especially for metabolic networks, large and hand-drawn posters were pro-
duced in the past, for example, Nicholson’s pathway map [9] or the widely-
used metabolic pathway poster published by Roche Applied Science [18]. Other
projects have created graphical representations of metabolic networks and offer
them via web pages (e.g., the BioCyc collection [7]). The widespread pathway
drawings of the Kyoto Encyclopedia of Genes and Genomes (KEGG) database
[16], see also Section 3, were also produced by hand. These drawings are con-
nected via links, but real interaction is not available. Because of their manual
generation, they are well readable and can thus serve as an example in terms of
quality and user conventions. Moreover, the availability of these representations
has established a de facto standard for metabolic network drawings: it features
near-orthogonal drawings where, for example, important paths are aligned or
relevant subgraphs are placed close to the center of the drawing [14, 13].

Newer approaches are based on a close interdisciplinary work between re-
searchers in visualization and biochemistry. An example is the Caleydo frame-
work [21] that extends the standard pathways of KEGG into 2.5D, similar to the
report of Kerren [12] and the work of Brandes et al. [15], combined with brush-
ing, highlighting, focus&context, and detail on demand. In this way, it supports
the interactive exploration and navigation between several interconnected (but
static!) networks.

Saraiya et al. [19] discussed the requirements of metabolic network visualiza-
tion collected from interviews with biologists. They observed five requirements
that are important for biologists working on pathway analysis, but still not com-
pletely realized in existing visualization systems (adapted from [10]):

1. automated construction and updating of pathways by searching literature
databases;

2. overlaying information on pathways in a biologically relevant format;
3. linking pathways to multi-dimensional data from high-throughput experi-

ments, such as microarrays;
4. overlooking multiple pathways simultaneously with interconnections between

them; and
5. scaling pathways to higher levels of abstraction to analyze effects of complex

molecular interactions at higher levels of biological organization.
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Currently, our approach addresses several of the aforementioned requirements
and improves the most previous work by using of interaction techniques from
information visualization. Our new, interactive layouts are based on the KEGG
data (Req. 1), and we provided the visualization with an intuitive focus&context
view. In this way, we can handle, for example, the complete metabolism of a
generalized eucaryotic cell (Req. 4) by following Shneiderman’s mantra [20]:
overview first, zoom and filter, details on demand. If the user explores the path-
ways interactively, the visualization approach preserves the mental map. To the
best of our knowledge, no other system can provide that to this extent. Our
system is also able to embed textual information into the drawings and to use
glyphs/icons for the representation of lower-level subgraphs if needed, similar to
the Pathway tools [3]. The integration of more complicated attributes as well
as biological patterns regarding topological substructures are still missing. Here,
other tools, such as BioPath [6], still have an advantage to be fully accepted by
biologists.

The generation of the actual layout of the hierarchical pathway graph is mo-
tivated by the style of the “official” KEGG diagrams to be consistent with the
domain experts expectations. The diagrams usually use the orthogonal style for
drawing edges. To avoid overlapping labels, we ensure a minimum separation
of the diagrams elements by using a regular grid based approach. Algorithms
for orthogonal grid drawing have been widely studied; we cannot provide an ex-
tensive overview here and refer the reader to [8, 26] for an introduction. These
approaches often follow a topology-shape-metrics approach [25]: First, compute
a planar embedding of the input graph, possibly planarizing it by augmenting
vertices at crossings, second, compute an orthogonal representation of the em-
bedding, and finally generate coordinates by compaction of the orthogonal repre-
sentation. Usually, edges are not allowed to run simultaneously on the same grid
segment, i.e., connection between two neighboring grid positions. The pathways
of the KEGG database can be converted into graphs, but a planarization of them
requires an enormous amount of augmented vertices. If edges are not allowed to
run on the same grid segment, their layout dominates the area of the drawing
resulting in poor resolution. Furthermore, as a pathway constitutes a semantic
entity, they should be presented as a unit and without diagram elements from
foreign pathways interfering. No existing orthogonal drawing algorithm was able
to take these constraints into account, therefore we developed our own that does
not planarize the graph but keeps track of edge crossings and heuristically mini-
mizes them, allows “edge bundling” although it penalizes it, shows pathways as
units and performs dynamic compactions based on the currently focused parts
of the pathway hierarchy.

3 Network Data Source

The development of graph interaction techniques especially suited to fit bio-
logical problems makes it necessary to experiment with realistic datasets. To
generate artificial graph data is of course possible, but it is hard to estimate the
required complexity of such datasets to simulate realistic scenarios. The Kyoto
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Encyclopedia of Genes and Genomes (KEGG, [16]) System provides annotated
pathway data facilitating the construction of metabolic pathway graphs of differ-
ent sizes. KEGG is one of the major bioinformatics resources publicly accessible.
It integrates genomic, chemical, i.e., molecular, and systemic functional informa-
tion describing cellular processes and organism behavior. It provides a knowledge
base for systematic analysis in bioinformatics research and the life sciences. We
extracted the hypergraph structure including semantic information as discussed
in [17]. The constructed graph covers the complete metabolism of a general-
ized eucaryotic cell and contains 4980 compound and 154 pathway nodes, 4943
reactions and 1248 inter-pathway edges.

4 Hierarchical Orthogonal Grid Layout

A hypergraph H = (V,E) as an extension of the graph concept allows the ele-
ments of E called hyperedges to connect multiple vertices. Conceptually, a chem-
ical reaction can be described as a hyperedge between compounds that are mod-
eled as vertices. This requires a mark whether a vertex is a substrate or product.
We model the data in the KEGG database as a hierarchy of one top-level graph
that contains a vertex for each pathway and one hypergraph per pathway. If
two pathways exchange compounds according to KEGG, both a regular edge
exists between them in the top level graph as well as an edge between the two
hypergraphs representing the two pathways.

The layout of the hierarchical KEGG hypergraph is generated by converting
the hypergraphs of the hierarchy into their corresponding bipartite graphs and
computing a layout of this graph hierarchy. The generated layout is orthogonal
to match the style of the official KEGG diagrams. Furthermore, its vertices’
positions lie on a grid to ensure both a minimum separation between labels and to
make the algorithm both simpler and faster. The layout algorithm allows multi-
edges but no loops and proceeds recursively—parents before their children. For
each graph of the hierarchy, the layout consists of three phases named: Vertex
Position, Edge Routing, and Edge Bundling.

In the Vertex Position phase, we try to find a unique integer position
for each vertex that minimizes the stress: the amount of error that takes place
by the projection of the “high-dimensional” graph-theoretic distances to the
geometric distances between the vertices positions. As vertices and edges are
laid out on a regular grid, the Manhattan distance is used as geometric distance.
When an edge leads outside the graph, its hierarchy parent has already been
laid out. Thus, the direction from which the edge enters the graph is known.
For each of the four orientations, we temporarily add a port vertex to the graph
and connect the edges to foreign graphs to that port. Unlike the other graph’s
vertices the position of ports is fixed on the boundary of the grid in the upcoming
optimization phase.
We implemented a stress minimization algorithm inspired by Kamada and Kawai
[22]: starting from an inital random integer positioning of vertices, we select a
vertex with high local stress and find a continuous position for that vertex where
its local stress becomes minimal using the Newton-Raphson method. We insert
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it then at the closest integer position not taken by any vertex. We compared
this method with two different approaches. A brute force version picks a random
vertex and tests all integer positions in a vincinity of its position and insert it at
the best position. A simulated annealing [23] variant picks a random vertex and
new position in the vincinity of the old position, but performs the insertion only
on improvement and deterioration with decreasing likelihood. We found that the
brute force method optimized quality as it is difficult to trap this method in a
local minimum. The simulated annealing is very fast, but does not provide nearly
the same quality. All heuristics terminate after a fixed number of iterations that
is proportional to the number of vertices.
The Edge Routing phase computes a combinatorial description of an edge
routing along the edges of the regular grid. The vertices’ positions are not altered
by this phase. The combinatorical description is computed one edge at a time
and after all edges have been processed once, an iterative process removes single
edges and adds them again optimizing on the global cost of the layout. Given a
combinatorial description of the current edge routing, we construct a route graph
that consists of the original graph’s vertices and the grid’s edges as vertices and
edges for valid transitions between these elements. Given this representation,
we are able to compute the optimal routing of an edge by solving a single-pair-
shortest-path instance on the route graph. The optimality is given by a cost
function that takes the number of crossings, the number of bends, the length
of an edge, and the “density” of edges on a grid segment into account. Note
that the quality of the resulting configuration depends both on the original
vertices’ positions and the actual order of edge insertions. Good performance
was achieved when inserting the edges in the order of increasing distances of
their incident vertices. To reduce runtime and memory consumption, we use
the A∗ search algorithm [24] to solve the SPSP instance using the Manhattan
distance as heuristic.

The Edge Bundling phase shifts segments of edges’ routes orthogonal to
the grid segments they lie on to remove overlaps. It preserves the edges’ relative
ordering and straightens them in the process. This problem can be solved for each
row and each column separately. We generate for each row and each column a
directed acyclic graph that contains line segments as vertices and edges between
these lines, if they are ordered in the combinatorial edge routing. Any topological
numbering of this graph gives a displacement that avoids occlusions between
edge routes of the same column/row, and using the topological numbering of
minimum weight packs the edge bundles nicely together.

5 Graph Interaction

The graph interaction and exploration methods described in this section have
all been implemented in our visualization software. The grid layout algorithm
is the central component of the adapted Table Lens method to explore hierar-
chical graphs. We firstly present this technique with supplementary search and
highlighting operations and explain later how the graphical user interface lets
the user apply these methods to interact with the metabolic network graph.
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5.1 Exploration Techniques

Two fundamental navigation operations on hierarchical graphs are node expan-
sion to reveal the node’s nested graph and collapse. For 2D graph representa-
tions, it is natural and desirable to present a flat graph at all times regardless
the graph’s expansion state. This means that the expansion of a node requires
it to be hidden and replaced by its nested graph. The inverse operation replaces
the nested graph by its parent. The well-known Table Lens metaphor [2] applied
to hierarchical graph exploration fulfills this requirement. It is an established
focus&context method to give an overview on large tabular datasets to examine
obvious patterns and to provide detailed view on specific items at the same time.
In our application, pathway nodes at the top level are placed in the center of a
cell, edges are routed along the cell borders as intended result of the previously
presented layout algorithm. When a node is expanded, the row and the column
are enlarged in which the node is situated. Edges leading to and from one of the
four ports (see Sec. 4 and Fig. 4 for example) of the pathway node are elongated
while the remaining elements keep their relative position.This approach follows
Ben Shneiderman’s mantra of visual information-seeking: overview first, zoom
and filter, details on demand [20]. Our application supports this concept in the
following ways:
Overview first. The grid layout algorithm positions top-level nodes on a regular
grid where each grid position can be regarded as a cell in a table. The user starts
with examining the completely collapsed graph, i.e., only top-level nodes are vis-
ible. The application allows to display a node simply by showing the associated
pathway’s name as caption (see Fig. 2) or by creating an iconized view of the
node’s nested graph.
Zoom and Filter. We have implemented semantic zooming to display labels once
a certain threshold is reached. Tool tips add additional information on each
pathway node. If enabled, icons in top-level nodes depicting the nested graph
give a quick hint on the pathway’s size and complexity.
Details on Demand. The user can expand selected pathway nodes to explore the
detailed network of chemical reactions. In contrast to the established Table Lens
method, an arbitrary number of cells (pathways) can be enlarged (multiple foci)
and examined in detail (see Fig. 3 and 4). Advanced selection and highlighting
techniques facilitate and support the exploration process: selecting a pathway
node highlights all objects belonging to that cluster. Selecting a specific reac-
tion node highlights all edges to the associated substrate and product nodes.
Selecting a compound node highlights all reactions this compound is involved
including its connections to adjacent pathways.

5.2 Design of the Graphical User Interface

The GUI of the visualization software basically consists of three components,
see Fig. 6 and 7.

The Graph View at the left hand side of the window renders the graph and
provides an interface to interact with or edit the topology of the graph directly.
Each graphical object can be individually selected, and applicable properties can
be assigned via a context menu. The integrated graph editing capability allows
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Fig. 2. The top-level graph of the ”Car-
bohydrate Metabolism” (bright) and re-
lated pathways (dark). The highlighted
nodes can be expanded to reveal the de-
tailed reaction network.

Fig. 3. Detailed view of the expanded
node ”Citrate Cycle (TCA)”. The high-
lighted compound node ”Acetyl-CoA”
plays a central role within this pathway
and establishes several connections to ad-
jacent pathways.

the user to manually construct pathway graphs or to modify a given layout
either generated by the algorithm or loaded from file. Expanding or collapsing
individual nodes can be performed by either double-clicking a node or selecting
the operation via the associated entry in the context menu.

The Data Browser displays the hierarchical structure of the grap (explorer
layout) and grants access to textual or numerical attributes of each graph ele-
ment. Generic graph element properties, e.g., edge width, node size and shape,
color or transparency, can be manipulated, and the effects will be directly dis-
played in the graph view. A simple search function among the textual attributes
can be used as a filter to highlight and select a group of graph elements. This
is an intuitive way to state queries like ”Select all pathways containing the com-
pound Pyruvate” (see Fig. 5). Highlighting elements matching a given search
pattern is also propagated to the top-level.

The Algorithm Info Area at the bottom-right hand side displays textual out-
put giving feedback on the progress of invoked graph or layout algorithms and
to present search results, cf. Fig. 7.

6 Performance Results

Our KEGG import routine is suitable to construct pathway graphs of different
size and complexity. To implement, test and demonstrate the discussed tech-
niques, we constructed two graphs. Images 2 through 5 were created from 17
pathway files downloaded from the KEGG database covering the complete car-
bohydrate metabolism. Additional non-expandable pathway nodes were created
when referenced in one of the input files. A graph with a total of 649 compound
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Fig. 4. Three expanded pathway nodes:
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5.4.2.4

5.4.2.2

2.7.1.1

2.7.1.2

1D-my o

nositol 1,3,4

-tetrak

2.7.1.63

2.7.1.69 PTS

-Arb-EIIC,

2.7.1.69

PTS-Asc

4.1.1.32

3.2.1.86

1.1.99.8

4.1.1.49

1.2.7.5

1.2.7.6

1.2.1.9

1.2.7.1

3.1.3.57

Ferricy to

chrome b5

N-Acety l

-D-glu

cosamine

Chitin

D-Gluc

osamine

Chitobiose

D-Glucos

amine 6

-phosphate

UDP-N

-acety l-D

-glucosamine

N-Acety lne

uraminate 9

-phosphate

UDP-N

-acety l-D

mannosamin

Mucopoly s

accharide

2-Amino

-2-deoxy -D

-gluconate

D-Gluco

saminide

Gly colipid

UDP-N-acety

-2-amino-2

-deoxy

ominic acid(

-reducing N

- or O-acy lne

Gly cop

rotein

3.2.1.52

D-Fruct

ose 6

-phosphate

1.6.2.2

N-Acety l

muramate

1.1.1.158

2.5.1.71.1.1.136

2.4.1.165.1.3.14

1.1.1.-

3.1.4.-

5.1.3.144.1.3.32.7.7.43

1.14.18.2

3.1.3.29

2.7.7.43

2.5.1.56

2.5.1.57

3.1.3.-

2.7.1.60

5.1.3.9

3.5.1.25

2.3.1.4

5.1.3.8

2.7.1.59

3.2.1.14

2.7.1.69

PTS-Dgl

3.2.1.14

2.3.1.96

3.2.1.132

2.7.1.69

PTS-Nag

2.3.1.157

2.7.7.23

3.5.1.33

1.1.3.-

1D-my o

nositol 1,4,5

-tetrak

4-Hy droxy

-2-oxog

lutarate

D-my o-Inosit

1,3,4

trisphosphate

my o-Inositol

hexak

isphosphate

1D-my o

nositol 3,4,5

-tetrak

D-my o-Inosito

1,2,4,5,6

-penta

1D-my o

-Inositol 1,3,

4,5,6-pent

1D-my o

nositol 1,3,4

-tetrak

Inositol

,2,3,5,6-pent

kisphosphate

D-my o-Inosito

3,4

bisphosphate

D-Glucose 6

-phosphate

1-Phospha

tidy l-D-my o

-inositol

Phosphatid

y linositol

-3,4,5

Inositol

1-phosphate

D-Gluc

uronate

-Phosphatidy

-1D-my o

-inositol 4

1-O-Met

hy l-my o

-inositol

3.1.3.36

2.7.1.149

2.7.1.153

3D-(3,5/4)

-Trihy drox

cy clohexane

2.7.1.151

3.1.3.67

2.7.1.151

3.1.3.56

3.1.3.62

2.4.1.11

2.7.1.127

2.7.1.134

3.1.3.8

2.7.1.140

2.7.1.134

3.1.3.56

3.1.3.57

3.1.3.64

3.1.3.66

3.1.3.25

5.5.1.4

1.13.99.1

3.1.3.25

3.1.4.3

4.6.1.13

2.7.1.67

2.7.1.137

3.1.4.11

PLCE PLCZ

3.1.3.64

3.1.3.25

2.1.1.39

2.7.1.158

1.1.1.18

D-2,3-Diketo

4-deoxy -epi

-inositol

3-Oxopr

opanoate

D-Gly cera

ldehy de

3-phosphate

2-Deoxy -5

-keto-D

gluconic acid

Gly cerone

phosphate

5-Deoxy

glucur

onic acid

2,4,6/3,5

-Pentah

y droxy cy

2.7.1.92

1.2.1.18

1.2.1.27

4.1.2.29

1.-.-.-

Citrate

(3S)-3

-Carboxy -3

-hy droxy pro

iolE1.1.1.18

(S)-Malate

Acety l-CoA

3-Phospho-D

-gly cerate Gly colate

Gly cola

ldehy de

Ethy lene

gly col

Gly oxy late

Formate

Oxalate

H+

Hy drogen

Formy l

phosphateOxaly l-CoA

cis-Ac

onitate

Isocitrate

Succinate

3-Oxal

omalate

3-Ethy

lmalate

2-Hy droxy

3-oxoadipate

Butanoy l

-CoA

Pentan

oy l-CoA

3-Propy

lmalate

4.2.1.3

Oxaloa

cetate

5.3.1.22

2.3.3.12

2.3.3.7

3.5.1.56

4.1.3.134.1.3.1

4.1.3.16

3.5.1.68

3.5.1.27

3.5.1.9

3.5.1.10

4.2.1.3

1.2.1.17

4.1.1.8

1.1.3.15

glcE glcF

2.8.3.2

1.1.1.26

1.1.1.29

1.2.3.5

4.1.1.2

1.12.7.2

1.2.3.4

1.1.1.77

2.3.3.1

1.1.1.26

1.1.1.29

1.1.1.60

4.1.1.47

2.3.3.9

5.1.2.5 3.3.2.41.3.1.7

1.1.1.92

3.1.3.18

1.1.1.93

D-Glucose 6

-phosphate Pectin

D-Xy lose

1,4-beta-D

-Xy lan

Pectate

D-Galac

turonate

Sucrose

6-phosphate

Cellulose UDP-glu

curonate

beta-D

Glucuronosid

beta-D

-Glucose

D-Glucose

UDP-g

lucose

alpha

-D-Glucose

CDP-3,6

-dideoxy -D

-glucose

alpha-D

-Glucose 1,6

bisphosphate

D-Glucose 1

-phosphate

CDP-g

lucose

1,3-beta-D

-Glucan

Maltose

Maltod

extrin

Dextrin

Cy clomal

todextrin

alpha,alpha

-Trehalose

beta-D

-Glucose

1-phosphate

Maltose

6'-phosphate

CDP-4

-dehy dro-3,6

-dideoxy

DP-4-dehy d

-6-deoxy

-D-glucose

SucroseCellobiose

Starch

alpha

-D-Glucose

D-Fructose

D-Fructose

Cellobiose

Cellulose

(2,6-beta

D-Fructosy l)

Cellotriose

Cellop

entaose

Celloh

exaose

Celloh

eptaose

Sucrose

-6-phosphate

Maltose

Isomaltose

.7.1.1 2.7.1.

2.7.1.4

3.2.1.26

1.1.99.13

3.2.1.20

3.2.1.26

3.2.1.4

3.2.1.91

2.4.2.24

3.1.3.24

2.4.1.29

4.1.1.35

2.7.1.69

PTS-Scr

4.2.1.45

2.7.1.41

3.6.1.9

2.4.1.342.4.1.14

1.1.1.22

5.1.3.6

2.7.7.33

2.7.1.106

2.7.1.10

2.4.1.432.7.7.9

3.1.1.11Thiamin

diphosphate

2.7.7.27

5.4.2.2

2.3.1.61

2.4.1.18

3.1.3.12

5.4.2.6

3.2.1.1

3.2.1.20 2.4.1.8

2.4.1.4 2.4.1.10

2.4.1.10

3.2.1.74

3.2.1.65

3.2.1.74

3.2.1.74

3.2.1.74

3.2.1.74

3.2.1.74

2.4.1.7

3.6.1.21

3.2.1.10

3.2.1.3

Maleic acid

(S,S)-Butane

-2,3-diol

Succinate

(R)-Acetoin

Fumarate

(R,R)-Butane

-2,3-diol

(R)-Malate

Butanoy l

phosphate

Poly -beta

-hy drox

y buty rate

Butanal

Butanoy l

-CoA

Acetoac

ety l-CoA

Croton

oy l-CoA

Glutacony l

-1-CoA

Acety l-CoA

(S)-3

-Hy droxy -3

-methy lgl

Acetoa

cetate

(R)-3

-Hy droxy but

anoy l-CoA

1-Butanol

3-Buty noate

3-Buty n

-1-al

Diacety l

3-Buty n

-1-ol

1.2.99.3

1.1.99.8

1.2.1.3

4.2.1.27

3.1.1.22

2.8.3.5

6.2.1.16

1.1.1.157

1.1.1.61

1.1.1.36 4.1.3.4

4.2.1.17

2.3.3.10

1.1.1.35

2.3.1.9

5.1.2.3

3.1.1.75

2.3.1.-

5.3.3.3

2.6.1.194.1.1.15

1.3.1.44

1.3.99.2

1.2.1.10 1.2.1.16

1.2.1.24

1.1.1.-

4.2.1.31

2.2.1.6

5.1.2.4

1.1.99.2

4.1.1.70

3.1.2.11

1.1.1.76

4.2.1.-

1.1.1.5

D-Mannose

6-ph

osphate

L-Sorbose

alpha

-D-Glucose

D-Fruct

ose 1

-phosphate

D-Manni

tol 1

-phosphate

1,4-beta-D

-Mannan

Manno

gly can

D-Sorbitol

D-Gly cer

aldehy de

(Alginate)n

L-Rham

nulose

L-Rhamnu

lose 1

-phosphate

2-Dehy dro-3

-deoxy -L

-rhamnonate

(S)-Lact

aldehy de

beta-D

-Fructose 6

-phosphate

GDP-6-deoxy

-D-talose

D-Mannose

1-ph

osphate

L-Rhamn

ono-1,4

-lactone

6-Deoxy

-L-galactose

2-Dehy dro-3

-deoxy -D

-f uconate

(R)-Lact

aldehy de

Sorbose

1-phosphate

1.1.1.21

2.7.1.69

PTS-Fru

1.1.1.187

5.3.1.5

1.1.1.11

1.1.1.67 3.1.3.22

3.1.3.-

5.3.1.7

2.7.1.69

PTS-Mtl

3.2.1.78

2.7.1.1

2.7.1.2

Propy noate

.7.1.1 2.7.1.

2.7.1.4

2.7.1.1052.7.7.22

1.1.1.271

5.4.2.8

2.7.7.132.7.7.30

1.1.1.140

2.7.1.69

PTS-Gut

4.2.2.3

2.4.1.33

2.7.1.56

5.3.1.14

4.1.2.13 2.7.1.28

4.1.2.19

4.1.2.13

3.1.1.654.2.1.90

3.1.3.11

3.1.3.37

2.4.1.-

4.1.2.17

2.7.1.51 4.2.1.67

3.6.1.21

1.1.1.- 2.7.1.69 PTS

-Sor-EIIC,2.7.1.52

(S)-2-Met

hy lmalate

(Z)-But-2-ene

-1,2,3

tricarboxy lat

Propanoy l

phosphate

1-Aminocy cl

opropane-1

-carboxy late

Propan

oy l-CoA

Propen

oy l-CoA

(S)-Lactate

Lacto

y l-CoA

(S)-Methy l

malony l-CoA

Methy lm

alonate

Succinate

Succiny l

-CoA

(2S,3R)-3

y droxy butan

-1,2,3

Propan-2-ol

beta-Al

any l-CoA

2-Methy

lcitrate

3-Hy dro

xy propi

ony l-CoA

Acetone

Acetoa

cetate

3-Hy droxy

propanoate

Acetoac

ety l-CoA

Acety l-CoA

2-Hy droxy bu

tanoic acid

3-Oxopr

opanoate

4.1.1.41

2-Propy n

-1-ol

Propinol

adeny late

2.3.1.54

2.7.2.1

2.7.2.15

1.2.1.27

5.1.99.1

4.2.1.99

1.2.1.18

6.4.1.3

3.1.2.17

2.1.3.1

6.2.1.1

6.2.1.17

2.8.3.1

6.2.1.4

6.2.1.5

5.4.99.2

4.1.3.30

2.8.3.1

1.2.7.1

2.6.1.192.6.1.18

1.2.1.3 1.2.99.3

1.1.1.59

1.1.99.8 1.2.1.18

2.1.3.1

4.2.1.27

1.1.1.80

2.8.3.8

4.1.1.4

4.1.1.9 6.4.1.2

ACCB, bccP

3.5.99.7

1.1.1.27

1.2.1.18

4.2.1.17

UDP-L

-Ara4FN

UDP-L

-Ara4N

UDP-L

-Ara4O

UDP-D

-galactose

UDP-g

lucose

UDP-glu

curonate

UDP-D-gal

acturonate

UDP-6-sulf

oquinov ose

UDP-L

-iduronate

D-Glucose 1

-phosphate

alpha-D

-Galactose 1

-phosphate

TDP-6-deoxy

-L-talose

dTDP

-glucose

UDP-L

-rhamnose

alpha-D

-Xy lose

1-phosphate

dTDP-D

galacturonate

DP-4-dehy d

-6-deoxy

-D-glucose

L-Ara

binose

beta-L

-Arabinose

1-phosphate

alpha-L

-ArabinanPentosan

dTDP-D

-glucuronate

1.1.1.

- 2.1.2.-

up:Q7VUF1

2.6.1.-2.7.8.-

1.1.1.186

3.13.1.1

5.1.3.2 4.2.1.46

1.1.1.134

1.1.1.133

5.1.3.13

5.1.3.2

1.1.1.22

4.1.1.35

2.7.7.24

2.7.7.33

5.1.3.12 2.7.7.9

4.2.1.76

1.1.1.-

5.1.3.6

2.7.7.11

4.1.1.67

5.1.3.5

2.7.7.10

2.7.1.44

3.2.1.-

D-Ribose

1,5-bis

phosphate

2.7.7.373.2.1.37

2.4.1.43

3.2.1.-

1.1.1.1335.1.3.13

2.7.1.46

2.4.2.24

D-Glucono

-1,5-lactone

3.2.1.55

D-Gluco

nic acid

D-Ribose

5-phosphate

6-Phospho

-D-gl

uconate

beta-D

-Glucose

alpha-D

-Ribose

1-phosphate

D-Ribul

ose 5

-phosphate

2-Deoxy

-D-ribose

5-phosphate

beta-D

-Glucose

6-phosphate

2-Dehy dro-D

-gluconate

2-Phospho-D

-gly cerate5.3.1.9 1.1.1.49

1.1.1.435.1.3.1

2.7.6.15.4.2.2

5.4.2.7

2.7.1.11

2.7.1.15

2.2.1.1

2.7.1.134.3.1.9

2.7.1.45

4.2.1.12

3.1.1.31

2.7.1.12

4.2.1.39

1.1.3.4

1.1.3.5

1.1.99.10

2.2.1.2

1.1.1.472.7.1.-

1.1.1.215

4.1.2.9

Oxalosu

ccinate

Fumarate (S)-Malate

Oxaloa

cetate

Acety l-

CoA

Isocitrate

cis-Ac

onitate

Citrate

Succinate

N6-(lipo

y l)ly sine

4.1.1.-

N6-(dihy drol

ipoy l)ly sine

2-Oxogl

utarate

3-Carboxy -1

-hy droxy p

ropy l-ThPP

1.2.4.2

Phosphoen

olpy ruv ate

1.2.4.2

6.2.1.4

6.2.1.5

6.2.1.4

6.2.1.5

2.3.3.8

1.1.1.42

1.1.1.41

1.1.1.42

4.2.1.2

1.2.4.1

1.8.1.4

2.3.1.12

1.2.7.1

4.1.1.32

Enzy me N6

-(dihy droli

poy l)ly sine

2-(alpha

Hy droxy ethy

l)thiamine

Propane

-1,2-diol

Gly cerone

phosphate

Formate

Oxaloa

cetate (S)-Malate

Acety l

phosphate

Malon

y l-CoA

(R)-2-Hy dr

oxy butane

-1,2,4-tric

Acetoac

ety l-CoA

Acety l-CoA

Acetal

dehy deAcetate

(R)-S

-Lactoy lglu

tathione

(S)-Lactate

(R)-Lactate

1.2.7.1

Thiamin

diphosphate

4.1.1.31

4.1.1.38

4.1.1.49

2.7.9.1

2.7.9.21.2.1.23

3.1.2.6

1.1.1.21

6.4.1.1

4.4.1.5

1.2.1.22

1.1.1.28

1.1.1.79

5.1.2.1

4.1.1.3

1.2.3.6

2.3.1.54

1.1.99.16

2.3.3.9

1.2.2.21.1.1.27

1.2.3.3

2.3.1.8

6.2.1.1

6.2.1.16.2.1.13 2.7.2.12

1.2.99.3

1.2.99.6

4.1.3.22

4.1.3.25

1.2.1.10

EUTE

2.3.3.6

2.3.3.13 4.1.3.-

2.3.1.12

1.8.1.4

3-Dehy dro-L

-gulonate 6

-phosphate

1.2.1.49

1.1.2.5

beta-D

Glucuronosid

1.1.3.3

2.7.2.1

2-Dehy dro-3

-deoxy -D

-gluconate

D-Fruct

uronate

D-Altronate

D-Glucose 1

-phosphate

D-Tagat

uronate

D-Glucur

onate 1

-phosphate

2-Dehy dro-3

-deoxy -6

-phospho-D

L-Gulonate

UDP-g

lucose

UDP-glu

curonate

L-Xy lulose

D-Xy lon

olactone

D-Gly cera

ldehy de

3-phosphate

D-Xy lose

2-Dehy dro-3

-deoxy -D

-xy lonate

D-Ribitol 5

-phosphate

2.7.1.16

D-Ribulose

Ribitol

D-Xy lulose 5

-phosphate

D-Ribul

ose 5

-phosphate

L-Xy lulose 5

-phosphate

L-Ribulose

L-Arabitol

D-Arabitol

3-Dehy dro-L

-gulonate

L-Ribulose 5

-phosphate

4-Deoxy -alp

-D-gluc-4

-enuronosy l)

Digalac

turonate

5-Dehy dro-4

-deoxy -D

-glucuronate

4R,5S)-4,5,6

-Trihy droxy

-2,3

L-Xy lonate

Gly cerone

phosphate

L-Ly xonate

L-Xy lulose 1

-phosphate

4.1.2.-

2.7.1.53

5.1.3.4

5.-.-.-

1.1.1.137

2.7.7.40

1.1.1.11

2.7.1.17

4.1.2.284.2.1.82

1.1.1.10 1.1.1.21

1.1.1.9

2.7.7.9

1.1.1.45

4.1.2.14

4.1.3.16

2.7.1.43

1.1.1.19

2.7.1.45

2.7.7.44

5.3.1.12

1.1.1.15

3.2.1.67

1.1.1.130

3.2.1.15

3.1.1.11

(R)-Acetoin

1.1.1.125

2.7.1.5

(S)-2-Ace

tolactate

Itaconate

cis-Ac

onitate

(S)-2-Met

hy lmalate

Gly oxy late

Mesac

onate

2-Hy droxy

glutarate

L-ery thro-3

-Methy l

maly l-CoA

L-threo-3

Methy lmalate

L-Glu

tamate

L-threo-3

-Methy l

aspartate

Parapy

ruv ate

(R)-2-Met

hy lmalate

4-Hy droxy -4

-methy l

glutamate

Propanoy l

phosphate

4-Methy lene

-2

-oxoglutarate

6.3.1.73.5.1.67

4.2.1.35

4.1.3.22

4.1.3.25

4.1.3.17

4.2.1.34

4.1.1.6

5.4.99.1

6.2.1.5 2.8.3.7

2.2.1.6

4.2.1.56

4.2.1.-

Galactitol 1

-phosphate

D-Galac

tono-1,4

-lactone

D-Fructose

D-Glucose 1

-phosphate

UDP-D

-galactose

2-Dehy dro-3

-deoxy -D

-galactonate

D-Gala

ctonate

alpha-D

-Galactose 1

-phosphate

Sucrose

Raf f inose

alpha-D

-Glucose 6

-phosphate

alpha-D

Galactosy l-(

->3)-1D-my o

Melibiitol

Epimel
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Fig. 5. Bottom-level graph. Reaction
network of pathways associated with the
carbohydrate metabolism. The search re-
sult for ”Pyruvate” is highlighted includ-
ing its incident edges.

nodes, 50 pathway nodes, 814 reaction hyperedges and 149 regular inter-pathway
edges was created. The portion of the graph containing the hyperedges and
nodes was converted into a bipartite graph, where the previous hyperedges are
displayed as rectangular nodes (yellow) labeled with the EC numbers of the cat-
alyzing enzymes and the nodes as ellipses (green) labeled with the compound’s
chemical name, resulting in a total number of 1,513 nodes and 1,861 edges.
This graph could easily be handled by the visualization software. On an Intel R©

Xeon R© (2 GHz, 32 GB RAM) machine, response times of the graphical user
interface were less than 0.2 sec for any operation discussed previously enabling
a smooth interaction with the displayed graph. A second example was more
complex. After converting the hypergraph portion into a bipartite subgraph, the
graph describing the complete metabolism of a generalized eucaryotic cell had a
total number of 10,067 nodes and 11,706 edges. Depending on the visible portion
in the scrollable graph view area, any collapse/expand operation took up to 4
sec if the complete graph was visible, and up to 2 sec if one pathway was located
in the visible area. The response times for scrolling, zooming, and highlighting
elements for the worst-case scenario (all pathways expanded) were less than 0.75
sec if up to 1/4 of the graph’s elements were visible, and less than 0.25 sec if the
visible portion was 1/10 of the completely laid out graph.
The runtime of the grid layout algorithm heavily depends on the choice of pa-
rameters. For large graphs, the brute-force method testing all grid positions
naturally takes longer compared to the simulated annealing method. The choice
of the area ratio a = 4 · |V | generally produced more aesthetic layouts for cyclic
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Fig. 6. GUI of the Visualization and Editing Tool. The top-level graph consisting of 154
pathway vertices with 4 expanded pathways. The node ”Glycolysis/Gluconeogenesis”
was selected in the Data Browser (right, top) resulting in highlighting all its compound
and reaction nodes including connections to adjacent pathways.

and chain-like structures because of the larger space available to unfold those
substructures, but resulted in increased runtime for the brute-force method.

7 Conclusion

The proposed software is able to layout and display complex graphs with a high
number of elements. The development process was intensively accompanied by
domain experts from biology and biochemistry. For metabolic pathway networks,
not only the graph topology is relevant, a high number of additional attributes—
textual annotations in our case—need to be visualized. Semantic zooming and
focus&context methods are applied to accomplish this goal, instant highlighting
of graph elements fitting the pattern of a string based search operation is an
intuitive way to extract specific information on the dataset. The main benefit of
the adapted Table Lens method is the preservation of the mental map. Many of
the visualization tools lack this key feature. Even though node expansion and
collapse produce very discrete and rather abrupt changes in the graph appear-
ance, only the row and the column of the grid position are affected while the
remaining elements keep their relative position. In combination with continuous
zooming, it is a straightforward task to explore even large graphs. Highlight-
ing individual or groups of edges greatly facilitates the tracking of routes. In
the presented grid layout algorithm, vertex placement and edge routing are per-
formed in two separate steps. This offers the opportunity to develop alternative
node placement routines fitting the specific needs of pathway visualization in the
future.
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Fig. 7. A more detailed view of the bottom level graph. This portion of the graph dis-
plays the pathway Starch and Sucrose metabolism. The Algorithm Info Area (bottom,
right) gives feedback on invoked algorithms and displays search results. In this scenario,
a search for the term alpha-D-Glucose was performed and resulted in 13 matches being
highlighted in the Graph View and in the hierarchical Data Browser view.
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