
Semantic Visualization of Biochemical Databases
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Abstract. Extracting and visualizing information from biochemical data-
bases is one of the most important challenges in biochemical research.
The huge quantity and high complexity of the data available force the
biologist to use sophisticated tools for extracting and interpreting accu-
rately the information extracted from the database. These tools must
define a graphical semantics associated to the data semantics in accor-
dance with biologist usages. The aim of these tools is to display complex
biochemical networks in a readable and understandable way. In this pa-
per we define the notion of customizable representation model, which
allows the biologist to change the graphical semantics associated to the
data semantics. The approach is also generic since our graphical seman-
tics is common to several kinds of biochemical networks. We also defined
adaptive graph layout algorithms taking into account the particular se-
mantics of biochemical networks. We show how we implemented these
notions in the BioMaze project1.

1 Introduction

Data visualization is an important research area in bioinformatics. The availabil-
ity of the complete sequence from more than 50 genomes of organisms ranging
from bacteria to human leads to huge biochemical databases, and this critical
mass of data is still rapidly increasing.

Biochemical databases typically contain information about biochemical en-
tities such as compounds, genes, and polypeptides, as well as the interactions
between them. There are two categories of interactions: (1) transformations, such
as reactions (between compounds), expressions (of a gene that lead to synthe-
sis of polypeptides), assembly-disassembly (between biochemical entities) and
(2) control, like catalysis (a polypeptide catalyzes or inhibits one or more bio-
chemical reactions), or activation-deactivation (turning on or off the biochemical
function of a polypeptide).

? This work was partially funded by the Wallonia Region under the BioMaze project.
1 The partners of the Biomaze project (http://cs.ulb.ac.be/research/biomaze/)

are Université Libre de Bruxelles, Université Catholique de Louvain-la-neuve and
Facultés Universitaires Notre-Dame de la Paix de Namur.



The term biochemical pathway or biochemical network regroups different fam-
ilies of networks. Metabolic pathways are networks of biochemical reactions cat-
alyzed by polypeptides resulting from the expression of a gene. This expression
is controlled by a set of parameters like transcription factors, activation, inhi-
bition, etc. For this reason metabolic pathways are said to be genetically regu-
lated. These regulatory actions are represented in metabolic regulation networks.
Finally, signal transduction networks describe the information transfer from a
cellular location, typically the extra cellular medium, to another, typically the
cell nucleus.
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Fig. 1. Metabolic pathway of the methionine synthesis. The boxes represent the bio-
chemical reactions and the arrows show the direction (from substrates to products).

As pointed out by [4] there is a great deal of variation in the structure of
different biochemical databases, such as Swiss-Prot, GenBank, or BioCyc. We
can distinguish two types of approaches: either the database aims to represent
as much as possible our biological knowledge, or the contents of database is
structured according to particular application objectives. As a consequence the
quality of data extraction depends on the quality of the database structure.



Further, the quality of the analysis depends on the quality of the data extraction
from the database. Finally, high-performance visualization tools are needed due
to the huge amount of data.

Biochemical databases are used in many different research areas. For exam-
ple, the pharmaceutical industry can reduce the time and the cost of design of
new drugs with what is called rational design: biochemical databases can be
used to identify a drug target, to find metabolites involved in a particular path-
way, or to find polypeptides that catalyze a specified reaction. In toxicology,
these databases can be used for simulate in silico the introduction of a spe-
cific biochemical compound in the metabolism, asking all pathways implied by
this introduction. Biochemical databases can also be used in bacteriology: the
knowledge of the complete genome and the metabolic networks of bacteria can
be useful for taking advantage of it (e.g., in bio-degradation) or for fighting it.

Since visualization plays a key role in this kind of applications, it has to
outline the semantics of data in a readable way. A representation model describes
the graphical semantics associated to each element. For example, a reaction may
be represented by a box having some width and height, the compound by a circle
of some radius in which a particular icon is shown, etc. A representation model
has to be chosen with care, because it determines the comprehension of the data
semantics.

This paper focuses on the visualization problem and the solutions proposed
by the BioMaze project. The objective of the project is to develop tools for
the storage, analysis, and visualization of biochemical pathways, in particular
(1) metabolic pathways with genetic regulation, (2) signal transduction, and (3)
interaction graphs describing all possible interactions between two biochemical
entities. Section 2 describes the global context of the BioMaze project. In Sec-
tion 3 we review the visualization problem and its implementation in popular
biochemical databases, while Section 4 describes our solution to these visual-
ization problems. Finally, in Section 5 we summarize our work and give further
perspectives.

2 The BioMaze Project

A major challenge of the post-genomic era is to determine the functions of all
the genes and gene products at the genome level. In order to improve the predic-
tion of such functions it is important to take in account the information about
the different organization levels of the living cell. In particular, it is necessary
to consider the set of physical and functional interactions between genes and
proteins. Such interactions form networks of cellular processes, called biochem-
ical networks, which include metabolic networks, regulatory networks for gene
expression, and signal transduction.

The huge quantity of data available and its continuous growth, the need to in-
tegrate such information, as well as the necessity of sophisticated software tools
for manipulating it represent true challenges for the research in bioinformat-
ics. New tools for integrating, querying, extracting, analyzing, and visualizing



biochemical databases are essential for the pharmaceutical and biotechnology
industry, in particular for the design of new drugs and vaccines. Such highly
sophisticated tools must be designed by multi-disciplinary teams, and require
recent results in computer science in areas such as operational research (graph
algorithms, constraint logic programming, automatic learning, form recognition,
etc.), databases (huge schema management, object-oriented interfaces, evolu-
tion, meta-data, etc.), and visualization (multi-resolution, multi-representation,
complexity management, etc.).

The aim of the BioMaze project is to develop a set of tools including:

1. an information system allowing to represent information about biochemical
networks, and including functions for evolution management, generation, and
documentation;

2. an open system of specialized software components to exploit biochemical
data, including extraction, analysis, navigation, and visualization; and

3. a Web interface given access to the services providing by those specialized
components.

2.1 The BioMaze Information System

Nowadays many companies in the pharmaceutical and biotechnology sectors
use approaches at the genomic scale in the design of more specific drugs. This
requires the characterization of both the function of individual genes or proteins
as well as the physical and functional interactions in which they participate.

Existing general databases, such as Swiss-Prot [2] and GenBank [1], may be
used to certain extent for determining if a group of genes is implied in a particu-
lar cellular process (e.g., in a metabolic pathway). This approach is limited since
the information contained in most databases is not appropriate for establishing
functional relations between genes and their products. Further, these databases
store their information mostly in text form, making difficult its computer anal-
ysis. For this reason, more specialized databases representing information on
cellular processes and interactions were developed (e.g., EcoCyc [7]). However,
most of these databases cope with only one type of biochemical networks (either
protein-protein interactions, gene regulations, or signal transduction) and offer
very restrictive analysis tools.

The goal of the aMaze database [9], which underlies the BioMaze project,
is to provide a rich source of information about different protein functions and
cellular processes. In particular, aMaze allows to associate individual biological
entities and interactions into large complex networks describing different types
of cellular processes.

The aMaze data model [13, 14] comprises three basic classes of objects: Bio-
chemical Entity, Biochemical Interaction, and Process. A Biochemical Entity
represents physical entities (such as protein, gene, compound, etc.) and their
structural properties (e.g., gene position on the chromosome). A Biochemical
Interaction represents molecular activities, which can be of several types. Entity
Processing has Biochemical Entities as input and as output (such as chemical



reaction, and protein-protein interaction). On the other hand, Control has a Bio-
chemical Entity as input and another Biochemical Interaction as output (e.g.,
a catalysis is an interaction between a protein and a reaction). Finally, Process
represents a collection of interconnected elements. It allows to build graphs of
biochemical pathways at various levels. They can be built at the enzyme and
metabolite level by considering the chemical reactions as nodes and linking them
through their inputs and outputs, or at the pathway level by considering whole
pathways as nodes and linking those via common key metabolites.

The aMaze model covers a large variety of activities (transcriptional reg-
ulation, attenuation, macromolecule processing, transport, etc.) and processes
(metabolic regulation, signal transduction) and deals with spatial locations and
compartments. These last two aspects are important for interactions, for exam-
ple a transduction by phosphorylation in the nucleus cell can be differentiated
from the same interaction in cytoplasmic medium.

The aMaze database provides a rich description of the current state of our
knowledge about biology and biochemical processes. However, since this knowl-
edge evolves as new results from biological research become available, the database
schema must also evolve for reflecting this knowledge. It is well-known that
database evolution is a labor-intensive activity, since a modification of the database
schema implies modifications of all related database components both at the
schema level (e.g., tables, constraints, programs, forms, Web interfaces, etc.) and
at the data level (e.g., migrating data from old structures to new structures).
Thus, CASE tools are needed for ensuring the coherence of all such modifica-
tions.

The BioMaze project uses DB-Main [5], a powerful CASE tool allowing for-
ward and reverse engineering. The aMaze database is described in DB-Main
using a generalized entity-relationship conceptual schema with inheritance, ag-
gregation, etc. From this conceptual schema the logical and physical schemas of
the database are generated. DB-Main copes with many logical models including
relational, object-relational, and semi-structured (XML) models, as well as the
physical models of many available DBMSs, in particular PostgreSQL on which
the aMaze database is currently implemented.

One of the objectives of the BioMaze project is to extend the DB-Main tool
with sophisticated services for schema evolution. Such services include: (1) auto-
matic documentation of the database addressed for both users and developpers
of other tools, (2) code generation, allowing to produce schema definition (in
SQL, Java, and XML) and mappings between these schemas, (3) management
of the evolution, coping with the propagation of semantic modifications to the
different schemas and mappings, and isolating the applicative components from
such modifications. However, as we will se later, the other components of the
BioMaze tool that manage annotation, retrieval, and visualization must also deal
with the evolution of the underlying database.



2.2 Analysis Tools

In order to allow an efficient exploitation of biochemical databases, sophisti-
cated analysis tools are needed. Such tools allow the user to select, search, and
navigate complex biochemical networks. A common requirement is the search
of specific paths into a particular network, for example (1) finding all processes
transforming the compound A into B in less than X steps, where the term trans-
form refers to a biochemical reaction or to a gene expression, or (2) finding all
reactions catalyzed by a set of genes (sub-graph extraction).

The search of similarities is another important requirement when analyzing
biochemical networks. For example, it is necessary to compare the metabolic
pathways of different organisms (in designing specific drugs) or of different tis-
sues (in understanding diseases and treatment design). It is also necessary to
determine common characteristics as well as differences between networks, and
to predict missing elements.

In the context of the project we are developing tools for discovering recur-
ring topological patterns among biochemical networks, at different resolution
levels. Such tools also allow to discover similarities and differences between such
networks. These tools are developed using constraint logic programming on the
Oz-Mozart platform [15]. They are based on methods coming from operational
research and algorithmics, including artificial learning and statistical methods.

3 Visualization Issues

We describe next the problems raised by the visualization of biochemical net-
works. In this paper we consider that such networks are represented by bipartite
graphs whose nodes are either biochemical entities or interactions.

3.1 Representation Model

We call representation model the graphical semantics used to represent the data
stored in a biochemical database, in particular the biochemical networks. Choos-
ing a representation model is of paramount importance because it has to convey
the semantics represented by the data.

Although researchers in bioinformatics do not agree about which represen-
tation model to use, two schools emerge: one represents metabolic pathways as
usual in biochemistry books, as in BioCyc [7], while the second one proposes
more expressive models for such pathways, like the Khon model [8], the Cook
model [3] or the Maimon and Broming model [10]. An example of the Kohn
representation model is given in Figure 2.

The problem with simple models is that they are sometimes ambiguous: e.g.,
an arrow in the Kegg model is used both for representing the input/output of
a reaction but also in phosphorylation (i.e., the addition of a phosphate group),
or in other cellular transport interactions. On the other hand, although the
expressive models convey a rich semantics, the problem is that they are difficult
to understand and to read.



Fig. 2. The Kohn representation model. This model represents the data semantics
precisely but, sometimes, it is hard to read.

3.2 Database Evolution and Dynamic Diagram Generation

As already said, the database underlying BioMaze frequently evolves to reflect
new knowledge resulting from research in cellular biology. Since the visualization
tools have to deal with this evolution of data semantics, the diagrams must be
generated dynamically, i.e., they are displayed upon user request. This contrasts
with some biochemical representation tools, like Kegg [6], in which diagrams are
realized manually.

Therefore, given a graph representing a biochemical network, the visualiza-
tion tools must compute the position of each graphical element and draw it
without overlapping and minimizing edge crossing. This is a traditional prob-
lem of graph layout. In addition, the tool have to deal with the fact that the
visualization of metabolic pathways differs from the visualization of interaction



graphs. Metabolic pathways follow a main direction outlining the process, while
interaction graphs do not. In [13] is suggested to represent metabolic pathways
horizontally (see Figure 1) and regulatory actions vertically. To resolve this prob-
lem we must introduce graphical constraints associated to particular subgraphs.

3.3 Signal Transduction Graphs

Signal transduction graphs represent the processes of information transfer from
a cellular location to another, typically from the exterior of the cell to its nu-
cleus. From the visualization point of view, signal transduction graphs must
be understood as a particular case of general metabolic pathways in which the
interactions are of specific type.

One issue is to ensure that the graphical semantics stays coherent with the
semantics used for metabolic pathways, unlike some biochemical tools. Another
issue is to represent the cellular context (i.e., cellular locations and compart-
ments) in which the interactions take place.

3.4 Interaction Graphs

An interaction graph represents all possible interactions between two entities of
the same type (e.g., polypeptide-polypeptide or gene-gene) or of different type
(e.g., gene-polypeptide). This kind of graph can contain up to 3000 nodes but, in
general, the interesting interactions to visualize do not exceed 500 nodes. Such
graphs are not visualized like metabolic pathways, since particular graphical
constraints have to be adopted.

Here we have two important issues: (1) how to display in a readable way
huge graphs of many thousand nodes and (2) devising efficient mechanisms for
filtering the graph and for allowing users to find set of interactions in which they
are interested.

3.5 Navigation

An important visualization issue is the ability to navigate into the database from
a graphical selection. Two types of navigation exist: (1) basic navigation allowing
the user to obtain textual information about a graphical element, for example the
name and other characteristics of a compound, and (2) an advanced navigation
allowing to user to create queries from graphical selection, for example finding
all pathways where two selected compounds are involved.

4 The Visual BioMaze Approach

This section describes our approach to the problem of visualizing biochemical
networks. This approach has been implemented in the the BioMaze visualization
module, called Visual BioMaze, resulting into an efficient and flexible visualiza-
tion tool.



4.1 Customizable and Generic Representation Models

An innovative aspect of our approach is the definition of representation models
that are both customizable and generic. These two aspects are explained next.

As we have seen in Section 3.1, biologists do not agree on the representation
model used for visualizing biochemical networks. Therefore, each tool imple-
ments a particular representation model. In order to provide a flexible visual-
ization tool, instead of choosing a particular model we introduced the notion of
customizable representation model. This means that the same biochemical net-
work can be visualized with different representation models. The tool provides
several predefined models but the users can also customize such models accord-
ing to their research needs. Further, users may explore alternative representation
models over the same biochemical network.

As a consequence, this approach allows two new interesting possibilities: (1)
users can devise or adapt a model to highlight particular aspects in which they
are interested (2) if the database schema evolves and if the information about
which entities has evolved is known, a new representation model expanded with
these new entities can be (semi-)automatically generated. This latter feature
provides an elegant solution for the problem of visualizing an evolving database.

On the other hand, the Visual BioMaze tool aims at representing three types
of networks: metabolic pathways, signal transduction networks, and interaction
networks. The three types of networks are represented as graphs, where the nodes
are either biochemical entities (compound, gene, polypeptide) or interactions
(reaction, control, signal). Our approach to represent the three types of graphs in
an integrated visualization tool is to define a general representation model. This
model describes the graphical semantics associated to each entity and interaction
node, regardless of the graph type.

As a consequence, we can cope with graphs having mixed types. An example
of a network composed of a signal transduction part and a metabolic part arrives
when a liver’s cell receives the signal that the sugar rate increases in the blood
(transduction) and its response in which the insulin acts (metabolic pathway).
Since we allow typed subgraphs, the visualization module can recognize the
different subgraphs and apply specific graphical constraints according to the
subgraph type.

4.2 Implementation

We use XML for implementing representation models. Such models are based
on an XML Schema definition that prescribes the correctness of the model and
provides validation features.

The current representation model defines two objects types, Element and
Link corresponding, respectively, to nodes and edges of biochemical graphs. An
element defines the graphical semantics associated to each possible interaction,
control, and biochemical compound, while a link defines the graphical seman-
tics for the edges between such elements. The code below, extracted from the
Visual BioMaze default representation model, represents compounds by a circle



of radius 15 in which an icon compound.bmp is displayed; the identifier of the
compound is shown outside the circle (see Figure 3).

<Element>
<Type>Compound</Type>
<Glyph>

<Shape>
<Circle>

<Radius>15</Radius>
</Circle>

</Shape>
<BorderColor>None</BorderColor>
<FillColor>None</FillColor>
<Text>

<Present>true</Present>
<Content>?ID</Content>
<Position>Out</Position>

</Text>
<Icon>

<Present>true</Present>
<Location>/image/compound.bmp</Location>

</Icon>
<BorderVisibility>true</BorderVisibility>

</Glyph>
</Element>

The different tags are as follows. Type defines the node type. Glyph defines
the associated graphical semantics and is composed of the following elements.

1. Shape, defining the shape associated to the element, that can be Box, Circle,
Ellipse, Arrow, and Tshape. The allowed shapes and their particular at-
tributes are defined using XML Schema.

2. Text, defining the text associated to the element. As shown in Figure 3,
the text associated to elements can be displayed outside the shapes (e.g.,
for compounds) or inside them (e.g., for reactions). This is defined by the
Position tag. Further, the text can be either a generic text or a particular
attribute of the represented object (e.g., its identifier). This is expressed by
introducing a ? character (e.g., ?ID in the above example).

3. BorderColor and FillColor defining the colors of the border and the inte-
rior of the shape.

4. Icon, defining if an image must be shown in the shape.
5. BorderVisibility, defining if the shape border is visible. This provides an

easy way to introduce new shapes to characterize an interaction. Indeed, if an
interaction must be represented by a complex form that does not correspond
to the predefined shapes, the user can introduce it as an icon and set the
border visibility to false.
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Fig. 3. a) A compound is represented by a circle in which an icon is inserted, and b)
A biochemical reaction is represented by a box.

The XML Schema code below defines the possible values for the Type tag of
Element. If the database evolves and a new kind of element (i.e., interaction)
appears, we can add it to the possible elements and define its link to the other
types.

<xs:simpleType name="ElementType">
<xs:restriction base="xs:string">
<xs:enumeration value="Reaction"/>
<xs:enumeration value="Compound"/>
<xs:enumeration value="Catalysis"/>
<xs:enumeration value="Expression"/>
<xs:enumeration value="InhibitionNode"/>
<xs:enumeration value="Gene"/>
<xs:enumeration value="Polypeptide"/>

</xs:restriction>

The Link tag defines the graphical semantics associated to the edges between
interaction types. The example below represents the links from catalysis to re-
actions by a line whose head is a circle of radius 18 in which is displayed the
icon catalyze.jpg and the text +, and without tail (see Figure 4).

<Link>
<Between>

<From>Catalysis</From>
<To>Reaction</To>

</Between>
<Effect>Continuous</Effect>
<Color>Black</Color>
<Head>

<Present>true</Present>
<Glyph>

<Shape>
<Circle>
<radius>18</radius>

</Circle>
</Shape>
<BorderColor>Black</BorderColor>
<FillColor>None</FillColor>
<Text>

<Present>true</Present>



<Content>+</Content>
<Position>In</Position>

</Text>
<Icon>

<Present>true</Present>
<Location>/images/catalysis/catalyze.jpg</Location>

</Icon>
<BorderVisibility>true</BorderVisibility>

</Glyph>
</Head>
<Tail>

<Present>false</Present>
</Tail>
<width>4</width>

</Link>

The different tags are defined as follows:

1. Between: defines the interactions for which the edge is defined.
2. Effect: describes the line style.
3. Head and Tail: defining the glyphs for the extremities. These glyphs can

not be defined if the Present tag is set to false. The head and tail glyphs
are important in biochemical network visualization, since some interactions
such as inhibition or catalysis are represented by a specific form at the edge
extremities.
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Fig. 4. Example of a representation model. When representing links (e.g., from a catal-
ysis to a reaction), graphical elements such as the head glyph, the line effect, the color,
etc., are customizable by the representation model.

4.3 The Visual BioMaze Graph Layout Algorithm

Many research efforts have been realized for many years in the area of graph
layout and efficient graph layout algorithms have been developed. However, such



algorithms are devised for general graphs and do not take into account semantic
issues. These algorithms are inadequate for biochemical networks since these
networks have associated particular semantics.

For example, a metabolic pathway follows a main direction that the visual-
ization has to outline to represent it efficiently; further the regulatory pathway
associated to it cannot be distributed around the pathway but also follows a
specific direction. The same observation can be made about transduction signal
graphs where the visualization has to outline the message direction.

Graph layout algorithms taking into account data semantics are currently
a research domain, and there exists commercial tools that provide proprietary
solutions. Our approach is to define a graph layout algorithm that is adaptive,
adjusting itself to particular subgraph motifs. We are currently developing an
algorithm capable of finding linear, cyclic, or hierarchical subgraphs, and locally
applying a specialized graph layout. Further, we also provide interchangeable
graph layout, giving the user the possibility to choose an existing algorithm, or
to define his own.

4.4 The Visual BioMaze Prototype

BioMaze and aMaze are developed in Java under Eclipse [12], a powerful and
extensible platform provided by IBM. Under this framework, BioMaze and the
BioMaze visualization module, Visual BioMaze, are developed as plug-ins.

Figure 5 shows a snapshot of the first Visual BioMaze prototype. It provides
the following functions:

1. dynamic generation of a metabolic pathway with a simple graph layout al-
gorithm,

2. the user can apply and define different representation models to the graph
to be displayed (the default model is that described by van Helden in [13]),
and

3. the user can implement his own graph layout algorithm and load it by the
Visual BioMaze tool.

The visualization module takes advantage of the extensibility features pro-
vided by Eclipse, thus allowing users to customize and extend it. For example,
if the user wants to define his own graph layout algorithm, he can create a new
plug-in that implements a predefined interface. When the user copies it into the
plug-in Eclipse directory the new graph layout algorithm is available in the Vi-
sual BioMaze preference pages. If the user wants to distribute it, he only needs
to provide the plug-in. In the current version, the user must write the whole
graph layout algorithm, but a future version will modularize the different steps
of the algorithm allowing the user to define individual steps of it.

The following features will be addressed in the next version of the prototype:

1. Expand the representation model for signal transduction. Indeed, the current
XML Schema definition cannot specify the graphical semantics associated to
an interaction in a particular cellular location.



Fig. 5. The first Visual BioMaze prototype under the Eclipse platform.

2. Introduction of graphical constraints: e.g., in a metabolic pathway the main
direction has to be outlined vertically and the regulation path horizontally.
Graphical constraints will force the graph layout algorithm to consider these
directions. The challenge is to find a trade-off between the expressivity of
these constraints and their efficient implementation.

3. To implement a legend editor that provides a user-friendly interface for defin-
ing and customizing representation models. Instead of manipulating XML
files, the user visually defines the representation model with appropriate di-
alog boxes. The editor will then automatically generate the corresponding
XML file.

4. To implement an advanced navigation system allowing users to formulate
queries when clicking on graphical elements.

5. Introduction of the concepts of multi-resolution and multi-representation.
Multi-resolution provides the mechanisms for displaying the graph at differ-
ent levels of detail. Multi-representation provides the mechanisms for con-
sidering a particular fact from different viewpoints. In the context of Geo-
graphical Information Systems, we have explored these two concepts in the
project MurMur [11].

6. Definition of filters for interaction networks to provide the user a mechanism
for selecting the interactions in which he is interested.



5 Conclusion

Nowadays, visualization of biochemical networks is an important challenge in
bioinformatics. With the increasing quantity of available information it is essen-
tial to use powerful tools for retrieving accurate information from biochemical
databases and for visualizing it efficiently. The BioMaze project attempts to
answer these needs.

In this paper we described the overall objectives of the BioMaze project. Then
we presented our approach for visualizing biochemical networks. It consists in
defining customizable and generic representation models that provide a general
framework where the user can define and apply any representation model on the
graph to be visualized. Similarly, we defined adaptive and interchangeable graph
layout algorithms taking into account the particular semantics of biochemical
networks and allowing the user to define his own algorithm. We described how
we implemented these notions in the first prototype of the Visual BioMaze tool
using XML and the facilities provided by the Eclipse platform.
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