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Abstract 

 
A novel way to represent knowledge using extended 
semantic networks as underlying model is presented. This 
approach extends the semantic network idea from its 
frequent application in presenting human-readable data 
correlations into a basis for a general computerized data 
modelling technology. The method was successfully 
applied using biological data from the Swiss-Prot and 
TrEMBL sections of the UniProt knowledge base to fa-
cilitate high throughput data mining applications. It is 
also shown that the method can be effectively used to 
automatically generate the relational implementation of a 
persistent warehousing system containing data from het-
erogeneous resources. The approach is extended to an 
object-oriented level, including the automated creation of 
object-relational mappings between objects held as data 
structures in an application framework and the underlying 
relational data warehouse component. The technology is 
used as persistency level of parts of the UniProt web site 
(see http://www.ebi.uniprot.org). 
 
Keywords: Knowledge Representation, Data Modelling, 
Semantic Networks, Data Warehousing, Applications in 
Biology. 
 

1. Introduction 
 
We present a data modelling approach using semantic 
networks to represent knowledge, which proved to be 
capable of storing and retrieveing data of high complexity 

in an effective and efficient manner. It can also be 
automatically translated into a relational schema, 
facilitating a smooth object-relational translation that 
keeps maintenance on a single level. Persistency for read 
purposes can be generated without human interaction, 
enhancing quick implementations of data warehousing 
systems. The technology was successfully implemented 
to model highly complex data in the Swiss-Prot and 
TrEMBL databases, which are currently being unified 
with the PIR [1] database under the UniProt [2] initiative 
into an integrated protein knowledgebase. Rigid object-
oriented or relational data models of this data required 
high maintenance in the past to keep up to date with the 
progressing semantics of protein annotation.  
Additionally, a multitude of specialized protein databases 
exist, for which UniProt will be a central reference point 
to which they link, and from where many of them are 
cross-referenced in return. To be able to make maximum 
use of the UniProt effort in terms of data retrieval and 
data mining, a queryable data warehouse system is re-
quired that provides quick, easy, and reliable access to the 
contents of the knowledgebase. The possibility to seam-
lessly integrate information from external resources 
alongside knowledgebase data is essential. To facilitate 
this, a data model was needed that reflected the fine 
grained and complex structures of protein data, a task that 
proved to be non trivial to achieve in object-oriented and 
relational ways. With the presented technology based on 
semantic networks, a protein data model could be imple-
mented that resolved the following inherent difficulties in 
representing protein data. To model data sources of other 



origins will in general include similar problems that 
might be resolved by the use of the presented technology. 

Conflicting and supportive data 
Cross-referencing between data sources is in many cases 
not maintained in a strictly synchronized way. For exam-
ple, Swiss-Prot and the InterPro [3] database of protein 
families, domains and functional sites cross-reference 
each other. According to the InterPro content of 
IPR000005, Swiss-Prot protein P40931 (Myeloprolifera-
tive leukemia protein) contains a Helix-turn-helix, AraC 
type domain. This domain hit was considered as false 
positive in Swiss-Prot, which lead to the removal of the 
cross-reference to IPR000005 from the Swiss-Prot entry, 
while the reference from InterPro to Swiss-Prot still ex-
ists. A query that selects all proteins from this particular 
family using a data warehouse containing both resources 
will return ambiguous results depending on the direction 
the cross-reference is represented. 
Some data is supportive rather than conflicting. In the 
case of entry Q44501, the protein name is "Dimeric (2Fe-
2S) protein" in TrEMBL, and "ferredoxin [2Fe-2S] fesII" 
in the PIR. For some mining purposes both names need to 
be taken into account, while for statistical analysis of the 
individual databases only the corresponding name is 
required. In a single data warehouse, supportive data 
needs to be tagged with a pointer to its origin, so that 
queries in both integrative and individual ways are possi-
ble. 

Fine grained data structures and implicit semantics 
Sequence data is firmly rooted in the flat file tradition. 
The Swiss-Prot flat file has evolved over more than 15 
years into a complex structure, containing detailed infor-
mation in a human readable textual format.  
 

 
Fig. 1: Interconnected data in a Swiss-Prot entry. Cita-
tions are presented in reference blocks (grey background) 
and linked to various other data items like organisms 
(OS) and sequence features (FT). 
 
As biological research advanced, the original syntax of 
the flat file was not able to represent all the information 
units scientists liked to find in this database. To represent 
detailed annotations, textual structures were gradually 
introduced, which pointed from almost any arbitrary data 

item to any other within the entry. A quite remarkable 
example of that complexity is protein entry P27162 
(Calmodulin 1), of which some parts of the flat file entry 
are shown in Fig. 1. 
The protein described in this entry can be found in the 
four plants mentioned in the OS lines of the flat file entry. 
There are five literature reference blocks in this entry, 
each containing an individual citation. The organism, on 
which the citation reports is annotated in the RC line of a 
reference. The citation in the example refers to only one 
of the plants, namely B.dioica. The authors report a modi-
fication in the protein sequence of this plant, in which 
they found a Threonine (T) instead of Isoleucine (I) at 
position 136 in the protein sequence. This fact is found in 
the FT line. The information extracted from Galaud et al. 
is therefore distributed over several data items, most of 
which is found in the reference block, some in the OS 
line, and some in the feature table. A data model of this 
protein entry needs to store the links between those data 
items. That way, for instance, the link number to citation 
five in the FT line can be increased automatically, if a 
new literature reference is inserted before the citation it 
refers to. 
The internal version of the TrEMBL flat file contain 
additional information that facilitates tracking annotation 
units to its sources, a feature needed for bulk clean-ups in 
the work flow. This sort of information is kept in evi-
dences linked by evidence tags: 
 

 
Fig. 2: Internal section and evidence tags in an entry 
from TrEMBL. 
 
The Keywords "Oxidoreductase" and "Plastoquinone" 
were inserted by the RuleBase automated annotation 
system, from annotation rules RU000317V2.40 and 
RU000319V1.79, respectively. The tags EA1 and EA2 
establish the link between the keyword annotations and 
the resource that produced them. The "NAD" keyword 
contains multiple evidences: it was imported from the 
EMBL data bank, which is described by the EI3 evidence 
line, and is additionally confirmed by RuleBase 
RU000317V2.40, indicated by EA1. 

Frequent format changes 
Over the last decade exponential growth of protein data 
has been observed, doubling the number of entries in the 
Swiss-Prot and TrEMBL databases about every 18 
months. Not only have protein numbers increased, but so 
has the knowledge about protein properties. Swiss-Prot, 
TrEMBL, and their successor UniProt are committed to 
presenting this knowledge to users, resulting in frequent 
format extensions and semantic changes. This produces a 
large maintenance overhead, of which mainly the persis-
tency level, i.e. the relational model of the data, is af-
fected. 



Request for supplements 
For some data warehousing applications, the content of 
an entry in UniProt needs to be enhanced with data from 
additional sources. For mining applications, databases 
such as CluSTr [4] are highly valuable. This resource is 
not cross-referenced in UniProt, but CluSTr refers to 
UniProt and can hence be linked to the corresponding 
entries. The presented data structure enables a quick and 
easy inclusion of such additional data sources.  
 
2. Semantic Networks with Annotated Nodes 

and Edges 
 
The basic idea of representing complex relations inside 
data sets in semantic network representation goes back to 
the sixties [5]. Applications of this are mind maps [6] and 
concept maps [7], which are frequently used for brain-
storming purposes in a graphical way rather than as data 
models. Mind maps use textual annotation on the nodes, 
and concept maps use textual annotation on both nodes 
and edges of the graph. Those structures cannot represent 
data in a computerized way, since a human intervention is 
needed to extract and understand the inherent meaning of 
the diagrams that are represented in a mere textual way. 
To allow structural analysis of the graph, semantic net-
works were enriched by additional expressive means. 

Typisation of Nodes and Edges 
The concepts of object orientation such as inheritance or 
polymorphism can be used to structure the implementing 
data types. General types, such as the AristotleNodes and 
AristotleEdges themselves can be used to describe gen-
eral properties, while the extending classes encapsulate 
specialized data items. 
The methods getNodes(Class nodeType) and  
getEdges(Class edgeType) of the Aristotle class (see Fig. 
3) will only return those nodes and edges of the given 
type of the parameter Class. This enhances simple queries 
to select all nodes or edges of general or special types.      

Empty Nodes and Annotated Nodes 
Empty nodes are introduced to keep the real world enti-
ties and their references apart, giving the structure of the 
data an additional dimension. Objects in the real world 
interact with each other, a fact that often has to be re-
flected in data structures. For example, objects do have 
names so they can be identified, but these are mere refer-
ence structures that do not affect the inherent properties 
of the objects themselves or their interactions. References 
have textual or numerical annotations like the character 
string of a name. All that is known about a real world 
entity itself can be regarded as references to the objects 
rather then a property. This at first sight artificial con-
struct can be used to handle entities where there are mu-
tually supportive references (see Fig. 5). 

Multiple Edges between Nodes 
Real world entities often refer to each other in more than 
one way, which frequently needs to be represented in the 
object model of those entities. The Aristotle model uses 

multiple edges between nodes to refer between the same 
two entities to be able to represent such cases.  
 

3. Aristotle Semantic Networks 
 
An Aristotle semantic network is based on a graph struc-
ture consisting of two kinds of nodes and a single kind of 
edge (see Fig. 3).  
 

 
Fig. 3: The UML model of an Aristotle semantic network. 
A network consists of an arbitrary number of nodes and 
edges. Reference nodes and edges can be annotated, 
while objects remain empty. All internal objects are ab-
stract and can be typed using inheritance. 
 
Edges and nodes of AristotleReferences can contain 
annotation, while AristotleObjects contain no further 
structure at all. AristotleObjects and their descendants are 
empty structures that can be used as hubs to which 
information in the form of AristotleReferences are linked 
using AristotleEdges. All entities except the semantic 
network itself are abstract and need to be extended by 
structures representing application data. 
 

4. Extensional Components 

Controller Unit 
The network itself is kept general to be able to model a 
variety of nodes or edges as long as they are extensions of 
AristotleEdge and AristotleNode. This set up does not 
prevent the introduction of links and annotations in an 
uncontrolled and unstructured fashion. To avoid this, the 
traditional separation between data model and controller 
unit is a valuable extension of the Aristotle idea. It takes 
care of a clean mapping between real world data items 
and their representations in the network. 



Automatic Translation to Relational Database  
Schema 
Semantic networks model relations between entities are, 
by nature, similar to relational schemas. Edges and nodes 
can be mapped to a database implementation automati-
cally, facilitating the storage of the complete content of 
the network structure in a relational way. 
AristotleNodes can be mapped to tables and Aristot-
leEdges to foreign-key relationships between tables in a 
traditional data-warehouse snowflake/star schema. In 
order to entirely map semantic network relations to ta-
bles, the introduction of typed relations extended the 
classical approach. Therefore, a three-way relation be-
tween two AristotleNode tables and one AristotleEdge 
table is used to represent a typed relationship between 
two nodes. For most models, basic annotation implemen-
tations containing simple data items like character strings, 
numbers or dates are sufficient. An automated translation 
of those annotations can easily be achieved without the 
usage of further object-relational mapping software. 
 

5. Results 
 
Using the semantic model, the difficulties described in 
the introduction can easily be resolved. As with other 
types of modelling there is no unique way to represent 
data in an Aristotle semantic network. The following 
diagrams contain crude visualisations of the solutions. 
The focus is on applications operating on the data rather 
than humans reading it. The potential of the approach in 
terms of being able to query the structure are discussed.   

Fine grained vs. general queries 
It is essential to be able to query all entities of a general 
data type in the vast network representation of a protein 
entry. For instance, the set of all features of the protein 
sequence are needed to understand the topology of the 
protein. Individual querying is also required, for example 
to be able to query all sequence conflicts reported in the 
literature. 
To achieve this, the inheritance mechanism on nodes was 
used. The abstract SequenceFeature class, which extends 
an AristotleNode was introduced to generally represent 
such features. It is modelled with a start and end position 
and a textual description and always refers to the protein 
sequence. The individual feature types present in UniProt 
extend this abstract class. Most of theses features do not 
go beyond the definition of the SequenceFeature itself, 
but some add data fields of their own to represent addi-
tional pieces of information. 
The UniProt model also takes advantage of edge inheri-
tances, which are used to describe the nature of the link 
between data items. Some annotations are added due to 
experimental evidences, a fact that can be expressed by 
letting all those edges extend an abstract Experimen-
talEvidence edge. Others are merely predicted, which can 
be expressed by extending an abstract PredictedAnnota-
tion edge. Realizations of these edges contain the exact 
nature of the experiment or predictor that was used to 

generate the particular annotation and can be queried 
individually.  

Conflicting data 
The case of out of sync cross-references can be modelled 
using the presence and absence of edges. All edges in the 
network are directed, thus two equal references between 
the same nodes pointing in opposite directions are used to 
express the fact that references are in synch. Out of synch 
data is represented by a single edge. 
 

 
Fig. 4: The modelling of data conflicts. Left: The protein 
contains the domain only according to the content of 
InterPro. Right: The protein contains the domain accord-
ing to both, Swiss-Prot and InterPro. 
 
This means queries asking for all proteins contained in 
InterPro and belonging to IPR000005 can be kept distinct 
from queries asking for all proteins from Swiss-Prot 
cross-referencing InterPro IPR000005 (see Fig. 4). 

Supportive data 
The concept of empty nodes representing real world enti-
ties can be used to collect data from various sources re-
ferring to a single annotation type. 
 

 

 
 
Fig. 5: Modelling supportive data. A single protein Aris-
totleObject (white) is referred by two distinct but valid 
names from two separate resources. 
 
This structure can be queried to retrieve not only names 
known for a protein, but also which particular name is 
available in which of the individual resources (see Fig 5).  

Complex structures 
The complexity of the data from the flat file example in 
the introduction (see Fig. 1) can be translated into a se-
mantic network of which parts are shown in Fig. 6.  
 



 
 
Fig. 6: Complex data dependencies between real world 
entities (white), references (grey) and annotations on 
nodes and edges. 
 
The example shows the relationship between objects, in 
this case the protein, the organisms where it can be found, 
and its sequence. Some references to those objects like 
one organism name and a citation are also presented. 
Object–object relations, object-references relations and 
reference–reference relations are typed (not shown) and 
can be annotated with additional information.  

Model and Controller  
Controller classes were introduced that ensured the net-
work semantically represented the real world protein data 
in a well-structured way. The following code fragment 
(see Fig. 7) shows the use of a controller of an Aristotle 
semantic network implemented in the Java language. All 
the methods in the entry object are mapped to operations, 
i.e. queries and modifications of the underlying graph 
structure.  
 
// the controller 
Entry entry = ...; 
 
// the model 
Aristotle a = ...; 
 
// controller – model communication established 
entry.setAristotle(a); 
 
// the taxonomy of the organism from where the 
// protein was extracted this data item is 
// annotated in all UniProt entries 
Vector taxonomy = entry.getTaxonomy(); 
 
// condition 
if( entry.hasInterProHit("IPR000001") && 
    taxonomy.contains("Viridiplantae")) { 
 
  // implication 
  e.addKeyword("Chloroplast"); 
} 
 
Fig. 7: Code fragment showing the use of the model – 
controller separation. An Entry object is the controller 
class to an Aristotle semantic network, which contains all 
the information about a particular protein. 

Minimisation of Maintenance 
The approach proved to reduce maintenance work con-
siderably. The example below shows the format of the 
recently introduced Swiss-Prot alternative splicing anno-
tation. This was the first time that the annotation items 
Comment (CC) and Feature (FT) were linked by an anno-
tation structure. 
 

 
 
Fig. 8: Illustration of the introduction of the Swiss-Prot 
ALTERNATIVE PRODUCTS comment. In general it links 
to one or more VARSPLIC Features. In this example 
isoform A1 is obtained through two sequence modifica-
tions, while A3 requires only one. 
 
Using the Aristotle technology, the link between the 
Swiss-Prot "ALTERNATIVE PRODUCTS" comment in 
the CC line and the “VARSPLIC” Feature in the FT line 
required the introduction of a new Swiss-Prot Alterna-
tiveProducts comment extending an AristotleReference 
and a new AristotleEdge between those Comments and 
the respective Feature. No modifications had to be intro-
duced in the relational schema, since no former parts of 
the model had to be changed and the new information 
entities were automatically added to the schema using a 
direct model to relational schema translation.  
 

6. Discussion 
 
The Aristotle technology was successfully introduced in 
data mining applications on UniProt, where each entry 
was represented in a semantic network that could be 
accessed and modified by object-oriented access classes. 
A standard data-mining algorithm was used to learn from 
well-trusted information contained in Swiss-Prot entries 
and to produce decision trees describing these data [8]. 
Those decision trees are then applied on entries in 
TrEMBL. All the necessary data items were stored as 
Aristotle semantic networks both on the application and 
persistency level. 
Using this approach it was possible to apply about 30.000 
annotation rules from the Spearmint project on more than 
1.000.000 database entries in less than 2 hours. This re-
duced application time by an order of two magnitudes 
compared to the application of 450 rules, as described in 
Fleischmann et al. [9]. The results of the annotation runs 
are stored together with the data originally present in the 
entries inside an Aristotle data warehouse. Annotation 
stemming from human curators and automatically gener-



ated annotation is kept apart using different types of Aris-
totleEdges to link between the entry and the respective 
annotation items. That way statistical analyses on auto-
mated annotation and data from manual curation can be 
generated separately and browsed individually. Since the 
described mechanism to automatically generate the per-
sistency layer was used, changes and additions to the flat 
file formats could be accommodated with little mainte-
nance. 
The technology to automatically translate Aristotle se-
mantic networks into relational representation is used as 
the read only back end of the UniProt data base. Data in 
form of Aristotle objects representing protein entries can 
be browesed at http://www.ebi.uniprot.org.  
The use of Aristotle semantic networks to model, modify 
and store data can be effective in a computationally ex-
pensive and data intensive domain such as protein biol-
ogy. Using the presented technologies, implementations 
of object relational mappings on complex data items 
proved superior to traditional approaches. Maintenance 
could be focused to a single layer, namely the correlation 
between the semantic network itself and the object-
oriented wrapper classes around it. 
 

7. Conclusion 
 
We suggest consideration of this technology in any prob-
lem field that  

1. deals with data that undergoes frequent 
changes.  

2. requires a read only persistency level and ob-
ject-relational mappings.  

3. needs to assemble and link data from 
heterogeneous sources.  

The approach fits well into traditional model-view-
controller designs. Aristotle models can be easily trans-
ferred to object-oriented and relational structures, hence 
avoiding the necessity for additional object relational-
mappings. 
As for the controller interface to the data model a query 
interface to the physical relational database management 
system will be required in the future. If the data model is 
modified, the relational schema is bound to change ac-
cordingly, rendering legacy SQL queries worthless. This 
maintenance overhead can be avoided by implementing 
access classes or an application tailored query engine to 
the warehouse that serves external requests. Remote 
components that make use of such a query engine need 
not be maintained in case of data format changes as long 
as the server is kept up to date with the modifications in 
the schema. 
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