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Abstract Engineering projects for railway infrastructure typically in-
volve many subsystems which need consistent views of the planned and
built infrastructure and its underlying topology. Consistency is typically
ensured by exchanging and verifying data between tools using XML-based
data formats and UML-based object-oriented models. A tighter alignment
of these data representations via a common topology model could de-
crease the development effort of railway infrastructure engineering tools.
A common semantic model is also a prerequisite for the successful adop-
tion of railway knowledge graphs. Based on the RailTopoModel standard,
we developed the Rail Topology Ontology as a model to represent core
features of railway infrastructures in a standard-compliant manner. This
paper describes the ontology and its development method, and discusses
its suitability for integrating data of railway engineering systems and
other sources in a knowledge graph.

With the Rail Topology Ontology, software engineers and knowledge
scientists have a standard-based ontology for representing railway topolo-
gies to integrate disconnected data sources. We use the Rail Topology
Ontology for our rail knowledge graph and plan to extend it by rail
infrastructure ontologies derived from existing data exchange standards,
since many such standards use the same base model as the presented
ontology, viz., RailTopoModel.
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1 Introduction

Rail infrastructure is the basis for a significant share of person and freight

transportation volume and is considered essential to reach climate goals.*
Throughout the lifecycle of rail infrastructure, different systems must work

together to ensure safe and reliable transport: track vacancy detection, signalling,

! https://uic.org/com/enews/article/norway-railways- essential- to-achieve-climate-
goals
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interlocking, route setting, freight logistics management, timetables, schedul-
ing, ticketing and passenger systems for journey planning and live passenger
information. Besides these operational systems, there are tools for engineering
the infrastructure as well as systems to assess and monitor the condition of all the
various parts of the infrastructure: field devices and the operational systems that
control them. To ensure safety and reliability, all these systems need consistent
models of the rail infrastructure they depend on.

Consistency of rail infrastructure data is currently achieved by the implement-
ation of many, often proprietary, data exchange interfaces. Railway infrastructure
managers and software vendors intend to reduce the effort of data import and
export interfaces by standardizing data exchange formats.

However, data exchange is often not a sufficient approach. On the one hand,
new use cases profit from an up-to-date integrated view of the data residing in
application-specific databases. Such use cases include asset management, pre-
dictive maintenance or global consistency checking. On the other hand, software
providers can reduce development effort by relying on standard data models both
by reusing domain knowledge of software engineers and omitting the implement-
ation of many proprietary interfaces.

Regardless of the concrete data integration approach, a widely accepted
common data model is necessary. Such a common data model is especially
useful in an industrial knowledge graph, where data is already represented as
RDF/OWL. Additionally, data integration is typically easier to handle in a
system using semantic web technologies than in systems based on UML data
models and relational databases.

Requirements Our ontology engineering process is guided by three types of
requirements: competency questions, functional requirements, and adherence to
data exchange standards and best practices. The following extends our previously
published requirements [5].

To support railway infrastructure engineering, we chose the following two
competency questions:

1. If a train runs from A to B on the railway network, which infrastructure
elements (including their orientation) will be traversed?
2. What are the possible paths between A and B on the railway network?

We have the following functional requirements regarding modelling the railway
domain and adherence to existing data exchange standards: (i) represent the
(logical) topology of a railway network, (ii) contain the main infrastructure
elements found in every railway network, such as tracks, switches and signals,
(iii) the (logical) position and orientation of these infrastructure elements in the
railway network must be defined and (iv) express logical aggregation, for example,
to denote to which station a signal or switch belongs.

When designing and publishing the railway ontology, we intend to increase ad-
option by following ontology engineering best practices. Specifically, the ontology
should be vendor-independent, easily reusable and openly available. The concepts
of the ontology must be well documented (especially important in engineering
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as it must be clear which concepts of the real world correspond to concepts of
the ontology) and the ontology should be minimal, in the sense that it should
contain no aspects not related to the topology of railway networks.

While we aim to stay inside the OWL 2 profiles for efficient reasoning (we
are specifically interested in OWL 2 RL for terminological reasoning) modelling
the domain accurately is more important. A more expressive ontology serves also
as a more accurate basis for secondary uses. For example, tools to automatically
create SHACL shapes for validity checking (e.g., Astrea [8]) or to automatically
create REST APIs (e.g., OBA [11]) do not depend on OWL 2 profiles and can
exploit more expressive input ontologies.

Since no previously published ontology fulfils all these requirements, we created
the Rail Topology Ontology (RTO). In this paper, we present the RTO and
describe our approach to develop and publish it.

The rest of this paper is structured as follows: Section 2 sets our work in
context to existing related work. Section 3 gives an overview of the RTO and
describes the ontology development approach. Section 4 assesses the ontology
with respect to the given competency questions and requirements. Section 5
concludes our work, summarizes the paper and gives an outlook on future work.

2 Related Work

Transportation Ontologies Several ontologies containing railway-related concepts
have been published in the past. Typically, the concepts and level of detail are
determined by the envisioned use case of the ontology. For example, OTN, a
general ontology of transportation networks, contains some railway concepts at a
level of detail sufficient to describe transportation between railway stations [16].
OTN is also an example of a reusable ontology, as it has been included in the
smart-city ontology kmdcity [3]. Daniele and Pires [9] describe an ontological
approach to logistics. Katsumi and Fox [14] survey ontologies for transportation
research. Although ontologies for transportation research often also contain
railway concepts, they lack the necessary detail to describe the topology of a
railway network at the operating level (e.g., switches, tracks, signals).

Data Integration Ontologies Heterogeneous data in railway system typically arise
in two ways. Either different subsystems of the railway system have a slightly
different view of the overall system, or there exist country- and vendor-specific
views of the same subsystem. For historic reasons, railway signalling is very
country-specific, especially in the European Union. Therefore, many ontologies
for integrating railway data have been developed by EU-funded research projects
and during European initiatives like SHIFT2Rail? and its predecessors. As one of
the first projects, the InteGRail project [19] developed ontologies to integrate the
major railway subsystems and provide a coherent view of the data. The RaCoOn

% https://shift2rail.org/
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ontology [21] was developed to demonstrate ontology-based data integration
of different subsystems and was used in the European Capacity4Rail® project.
The recent ST4RT [7] project leverages Shift2Rail Interoperability Framework
components to improve interoperability. Their prototype implementations in-
clude travel and ticketing applications. These ontologies typically focus on the
interoperability and mapping aspect and not on modelling the topology of the
railway network. Additionally, some ontologies were no longer available online
and maintained.

Railway infrastructure and signalling ontologies Some ontologies have been
developed especially for the formal verification of railway infrastructure. These
ontologies typically model the railway network in sufficient detail and allow
reasoning about the topology of the network. Examples of this class of ontologies
are the RT* ontology [15] and the RAISO ontology [2]. In principle, these ontologies
might answer our competency questions. However, these ontologies are not
available online and not aligned to relevant railway standards.

Existing standards and data formats The RailTopoModel (RTM) is a (UML-
based) model of railway infrastructure that has been standardized as IRS30100
(International Railway Standard) by the UIC (Union internationale des chemins
de fer/international union of railways) [22]. RailML is an XML-based standard
way to exchange railway data. The topological core of RailML is based on the
RTM [13]. EULYNX* standardizes interfaces and elements of signalling systems
and is also based on RTM. Similarly, IFC Rail® for building information systems
is also aligned with RTM. We selected RTM in its most recent version 1.1° as
the base resource for our ontology.

3 Rail Topology Ontology

For developing the Rail Topology Ontology, we followed the NeOn methodo-
logy [20]. In an extensive literature search (documented in the previous section) we
found no suitable ontology to satisfy our requirements. We implemented scenario
2 of the NeON methodology: “Re-engineering Non-Ontological Resources”.

The three activities of the first phase of Scenario 2 of the NeON methodology
are search, assessment and selection of an appropriate non-ontological resource.
The results of the first two activities are described in the previous section. Based
on our requirements, we selected RTM 1.1 as the main resource in the third
activity.

3 http://www.capacity4rail.eu/

4 https://www.eulynx.eu/
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3.1 Resource Engineering

The second phase, the resource engineering process, consists of the three activities
reverse engineering, resource transformation and ontology forward engineering.
The result of this phase is the RTO ontology.

Reverse Engineering We manually analysed the RTM specification and the UML
model before approaching the subsequent activities.

Resource Transformation For transforming the RTM UML model to OWL 2 we
adapt the approach of Zedlitz and Luttenberger [25] to our requirements. The
following list summarizes our conversion of UML modelling features to OWL 2:

UML classes are converted to OWL classes. UML generalizations are mapped
to subclass axioms. Sibling classes (classes with the same direct superclass)
are defined as disjoint.

UML attributes are converted to asymmetric, irreflexive OWL data properties
with a single class or a union of classes as domain and one data type in the
range.

UML data types are converted to the corresponding XML Schema data types
for primitive UML types, and to OWL custom data types for UML enumera-
tions.

UML associations are converted to OWL asymmetric, irreflexive object prop-
erties with a single class or a union of classes as domain and one class as the
range.

UML aggregations are converted in the same way as associations. Their ad-
ditional UML defined constraint — UML aggregations must be acyclic since
instances must not aggregate themselves — is not expressed

UML compositions are also converted like aggregations, but they are addi-
tionally defined as inverse functional.

UML multiplicities on ends of UML associations, aggregations and composi-
tions come in (only) three shapes in RTM:

0..* is ignored in the conversion.

1..% is converted to an existential restriction.

1 is converted to existential restriction and a (qualified) maximum cardinality
constraint.

UML Multiplicity Elements, which are annotations on the ends of UML
associations, are not considered by Zedlitz and Luttenberger [25]. There exists
only one instance of such an element in RTM: the range of the UML association
elementParts from OrderedCollection to NetElement is specified as {ordered}.
Intuitively, an OrderedCollection relates to an ordered list of NetElements. The
graph data model of RDF provides no canonical representation of ordered lists;
ontology engineers have to choose between several modelling patterns. Most
prominent, since they are defined by the RDF Schema specification [6], are the
different RDF containers (rdf:Bag, rdf:Seq and rdf:Alt) and RDF collections. For
RTO, we combine RDF collections with the standard “unordered” mapping of
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Figure 1. Schematic overview of the Base, Network and NetEntity packages

associations to allow simple unordered retrieval while at the same time keeping
the information about the order. Additionally, the Turtle serialization [1] provides
an intuitive shorthand syntax for RDF collections using parentheses.

The class, object and data property URIs are solely derived from the class,
association and attribute names, respectively. This allows straightforward trans-
formation of data, other models and user knowledge from RTM. However, we
have to (semi-automatically) ensure that this policy creates no inconsistencies. In
several cases multiple associations (attributes) were merged into a single object
(data) property. In every one of these cases the range of the property is a single
class. The domain is then defined as a union of classes.

Mapping to Upper Ontology The upcoming part 14 of the ISO 15926 standard”,
currently a working draft [24], serves as an upper ontology for the RTO. Originally,
ISO 15926 aimed at integration of lifecycle data of oil and gas plants. Later the
scope widened, and the standard was positioned as a generic industrial upper
ontology. Part 14 formalizes the ISO standards concepts in an OWL 2 ontology.

We manually mapped all RTO top-level classes and some subclasses as well
as some object properties to respective classes and object properties of the upper
ontology.

Ontology forward engineering In this last activity, we define the additional object
property reaches to simplify reachability queries necessary for answering the
competency questions. We give a more detailed explanation of this property in
Section 3.3.

3.2 Overview of the Rail Topology Ontology

This section gives an overview of RTM and RTO. For details on the RTM classes
we refer the reader to IRS 30100 standard [22] and the RTM 1.1 specification®.
RTM describes its UML class model in six different packages. We describe
the ontology using the same package structure only for didactic reasons, as OWL
has no “package” construct.
Figure 1 visualizes the three smallest packages: Base, Network and NetEntity.

" once standardized, available at https://standards.iso.org/iso/15926/part14
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Figure 2. Schematic overview of the Topology package

The Base package provides the BaseObject to denote objects/instances which
are identifiable by some id. NamedResource is the base class for all instances
which can be named. name and longname are defined as subproperties of rdfs:label
and rdfs:comment, respectively.

The Network package provides concepts to describe rail Networks at different
levels of detail. One Network can have multiple LevelNetworks, each describing the
Network at the given descriptionLevel. The recommended description levels are
‘macro’, ‘meso’ and ‘micro’. Informally, a macro LevelNetwork represents nodes
(e.g. railway stations) and lines, a meso LevelNetwork additionally represents the
tracks between nodes, and a micro LevelNetwork represents the railway network
in detail, i.e., the topology as defined by switches, tracks and crossings.

The NetEntity package includes the base class for NetEntities, which are rail
infrastructure entities. LocatedNetEntities can be located on the rail network
using the Locate package. The core topology ontology does not contain specific
subclasses (e.g. signals, level crossings...) of Netentities. These must be provided
by additional ontologies, if required.

The Topology package, shown in Figure 2, is used to define the topology of a
railway network. The NetElement subclasses define segments of the rail network.
PositionedRelations define the connection and navigability between NetElements
using the properties navigability, positionOnA and positionOnB. For example,
a PositionedRelation with positionOnA 0, positionOnB 1 and navigability "AB"
expresses that movement of a train is only possible from A to B between the
0-end of the elementA and the 1-end of the elementB of the PositionedRelation.

The CompositionNetElement class aggregates NetElements using the Element-
PartCollections. The modelling of the {ordered} association end of the elementPart
association allows users to retrieve the element parts of OrderedCollections and
UnorderedCollection in a uniform (unordered) manner.
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Figure 3. Schematic overview of the PositioningSystem package

Ordered access is possible via the object property elementPartList, which links
the OrderedCollection to an RDF collection. The following listing shows the Turtle
serialization of an OrderedCollection oc1 with its parts ne2, nel and ne3, in that
order:

<ocl> a topo:0OrderedCollection ;
topo:sequence 1 ;
topo:elementPartList ( <ne2> <nel> <ne3> )
topo:elementPart <nel>, <ne2>, <ne3>

3

Figure 3 shows the classes for describing positioning systems. Positioning
systems are either GPS-based or linear positioning systems that are typically
used in line-based railway positioning. PositioningNetElements from the Topology
package are assigned positions via the AssociatedPositioningSystem class.

The Location package (Figure 4) establishes the connection between the
NetEntity instances and the topology defined by the NetElements. Again, for
the details, we refer to the RTO and RTM documentation. The main purpose
of the Location package is to assign either a linear location or a spot location
to a NetEntity by relating it to concepts of the Topology and PositioningSystem
packages. The applicationDirection property defines in which direction a NetEntity
is active, e.g., a railway signal with application direction “normal” is only relevant
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Figure 4. Schematic overview of the Location package

for train movement if the train is moving from 0 to 1 on the corresponding
NetElement of the signal.

Compatibility with RailTopoModel 1.1 The ontology was built to be compatible
with the UML model of RTM 1.1 to simplify the transition between RTM and
RTO. This simplifies not only the transition between RTM and RTO for human
users, but also simplifies the development of ontologies based on standards which
are themselves based on RTM. Contrary to the RTM UML model, all object
properties derived from UML associations were defined in singular form instead
of the plural used for associations with a maximum cardinality greater than 1 in
the RTM UML model. Since object properties link a subject to a single object
entity and not collections of entities, their names should be singular.

3.3 Directed Reachability

Answering reachability queries—i.e., determining which infrastructure elements
are reachable by a train moving through the rail network—constitute an important
application of the topology ontology. On the micro level of a railway topology, it is
often necessary to compute reachability without changing direction. We call this
directed reachability. Directed reachability can only be defined for LinearElements,
because by traversing a NonLinearElement we lose the information about the
orientation of the train on the element. Unfortunately, writing a SPARQL query
to obtain directly reachable LinearElements is non-trivial, since we have to consider
the different (local) orientations of the topology elements.

In principle, a train can traverse a LinearElement in two directions. In RTM
nomenclature, this corresponds to moving from the beginning (IntrinsicCoordinate
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Figure 5. Example: reaches relation

0) of a LinearElement to the end (IntrinsicCoordinate 1) or, vice versa. We therefore
can define directed reachability with a relation reaches between IntrinsicCoordinates.
Informally, :icl :reaches :ic2 expresses that a train leaving a LinearElement at
IntrinsicCoordinate :ic1 can reach the IntrinsicCoordinate :ic2 without changing
direction.

Figure 5 shows an example consisting of a NetElement track representing
a track and the NetElements switch_tip, switch_left and switch_right rep-
resenting the NetElements of a railway switch. The directed edges correspond
to the reaches relation, e.g., a train leaving the track at the coordinate 1 can
reach the left and right branches of the switch. A train entering the switch over
the left /right branch can only reach the track, but not the other branch of the
switch. The reaches relation has the following noteworthy properties:

— The directions 0/1 are local directions. There is no direct relation to a global
direction of the overall rail network or line. Therefore, it is possible for the
reaches relation to directly go from a IntrinsicCoordinate 0 to a IntrinsicCo-
ordinate 1, and vice versa (see example).

— If the underlying rail network is acyclic, the reaches relation consists of
two unconnected subgraphs. Each subgraph is a directed acyclic graph and
corresponds to one possible train direction.

Deriving directed reachability with SPARQL In the following, we describe how
to derive the reaches object property using SPARQL 1.1. SPARQL 1.1 property
path expressions can compute undirected reachability of RTO instances. However,
directed reachability requires a complicated SPARQL query, taking into account
the navigability of the PositionedRelations as well as considering the local direction
of the NetElements. The example SPARQL 1.1 CONSTRUCT query in Listing 1
computes the reaches object property. The VALUES clauses handle the different
orientations of the two LinearElements and the PositionedRelation. The materialized
reaches object property can then be used for more complicated queries like
determining the order of elements or the paths between elements.

Listing 2 shows an example SPARQL query to use the reaches property
in a SPARQL property path expression to retrieve the transitively reachable
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Listing 1. Example SPARQL 1.1 query to compute directed reachability for LinearEle-
ments

PREFIX : <https://w3id.org/rail/topo#>
CONSTRUCT {
?icSource :reaches 7icTarget
}
WHERE {
?nr a :PositionedRelation ; # PositionedRelation -> NetElements
7elemSource 7?neSource ; ?posOnSource ?usageSource ;
?elemTarget ?neTarget ; 7posOnTarget 7usageTarget

# Ensure mnavigability of PositionedRelation
{ ?nr :navigability "Both" } UNION { ?nr :navigability ?navSingle }

# Navigate from linear NetElements to intrinsic coordinates

?neSource a :LinearElement ;
:associatedPositioningSystem/:intrinsicCoordinate ?icSource

?neTarget a :LinearElement ;
:associatedPositioningSystem/:intrinsicCoordinate 7icTarget

# IntrinsicCoordinate -> numeric coordinate
?icSource :intrinsicCoord 7iccSource
?icTarget :intrinsicCoord 7iccTarget

# Leave source NetElement at end 0O or 1
VALUES (?usageSource ?7iccSource ) {

(1 1.0 )

€] 0.0 ) }

# Traverse over target NetElement from end 0 or 1 to the other end
VALUES (?usageTarget 7iccTarget) {

(o 1.0)

(1 0.0) }

# navigate NetRelation 2?nr either A -> B or B -> A

VALUES (?7elemSource 7elemTarget 7posOnSource ?posOnTarget ?navSingle) {
(:elementA :elementB :positionOnA :positionOnB "AB") # A -> B
(:elementB :elementA :positionOnB :positionOnA "BA") } # B -> A

LinearElements when leaving the LinearElement named "switch_front" at its
end 1. For the example given in Figure 5 the SPARQL query would return
"switch_left" and "switch_right" as bindings for the variable 7targetlabel.

Still, some graph properties are hard or impossible (number of paths between
two elements) to express in SPARQL. In these cases the reaches object property
can be converted to a graph representation suitable for a graph library like
networkx®, which provides standard graph algorithms.

3.4 Ontology Publication

We publish the RTO under the weak copyleft Mozilla Public License Version
2.0. The ontology and documentation is available under a permanent URL from
W3ID http://w3id.org/rail/topo. Additionally, the ontology is indexed by Linked
Open Vocabularies [23].7 The ontology contains metadata annotations for the

8 https://networkx.org
9 https://lov.linkeddata.es/dataset /lov/vocabs/rto
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Listing 2. Example query retrieve reachable target NetElements in direction 1.0 of the
?source LinearElement

PREFIX topo: <https://w3id.org/rail/topo#>

SELECT 7source ?targetlabel

WHERE {

?source a topo:LinearElement ; topo:name "switch_front" ;
topo:associatedPositioningSystem/topo:intrinsicCoordinate ?ic .

?ic topo:intrinsicCoord 1.0 ;
topo:reaches+/ " topo:intrinsicCoordinate/
“topo:associatedPositioningSystem/topo:name ?targetlabel.

ontology itself, as well as classes and properties. The ontology documentation was
partly generated by WIDOCO [10]. The tool also helped publishing the ontology
and its documentation following existing best practices: depending on the agent
(standard HTTP browser, ontology editing tool) and the used HTTP Accept
header, either the documentation or the ontology (in JSON-LD, RDF/XML,
N-Triples or Turtle format) is served to the client.

4 Ontology Assessment and Discussion

In this section we discuss the ontology’s suitability to address the requirements
stated in Section 1, give arguments on potential adoption and outline a use case
scenario.

Requirements Both competency questions ask for paths and elements on these
paths. RDF and the RTO model can express all the information needed to answer
these questions. Although standard SPARQL cannot return paths including the
traversed “edges” and “nodes”, custom software can be used to retrieve the
necessary information from RTO instance data.

We now discuss whether and to what extent RTO fulfils the functional
requirements: (i) The topology package of RTO represents the logical topology
of a rail infrastructure network. (ii) The main infrastructure elements can be
represented by using the LocatedNetEntity class. Following RTM, we deliberately
abstained from explicitly modelling infrastructure elements in RTO. If more fine-
grained classes for different infrastructure elements (for example the mentioned
tracks, switches and signals) are needed, extensions of that class will be necessary.
(iii) Modelling position and orientation of infrastructure elements is a core
functionality of RTO. (iv) Aggregation of networks at different levels of abstraction
is also a core feature of RTO.

The resulting ontology is vendor-independent since it is based on the interna-
tional standard RTM 1.1. By following best practices for publishing ontologies,
the resource is openly available and should be easy to reuse.
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Ezpressivity The ontology is contained in OWL 2 DL but not contained in any
of the OWL 2 Profiles QL, RL or EL. The following OWL 2 features used in the
UML conversion are not contained in the OWL 2 profiles:

— Union of classes in rdfs:domain due to merging of object and data properties
with the same name. The alternative of differentiating individual associations
and attributes by more precise and verbose naming, for example based on
association and domain class name, makes the model more cumbersome to
handle: SPARQL queries become harder to read and write due to increased
length and, more importantly, users would hardly accept more complicated
object and data property names than the ones they know from RTM.

— Existential restriction resulting from the conversion of the UML cardinalities.
There is no alternative way to express a (minimum) cardinality of 1 in the
three OWL 2 Profiles. However, cardinalities are necessary and useful in
many scenarios (for example for the mentioned tools for automatic SHACL
shapes or REST API creation).

— Definition of custom data types from the mapping of UML enumerations and
their use in the range of data properties.

— The use of finite data types such as Boolean, float or double, which is
forbidden in OWL 2 QL. RTO inherits these data types from RTM. The
remedy of falling back to xsd:string is considered infeasible since it would
severely limit data validation (for example via SHACL).

When selecting a reasoner for RTO data, users must be aware of these limitations.

Use Case We use the RTO in our in-house rail knowledge graph. Its main data
sources are different rail infrastructure engineering tools. The knowledge graph
provides global access to the otherwise disconnected engineering data.

To set this isolated data into a spatial and network context, we integrate
data supplied by the European Union Agency for Railways (ERA) with their
EU-wide rail infrastructure database “Registers of Infrastructure” (RINF)!C. Rail
infrastructure managers of all EU countries are obligated to provide data about
their infrastructure, which is then published by RINF. With RTO, we can access
data of these sources using one common model independent of the source data.

General To base the ontology on an existing standard avoids “reinventing the
wheel” and allows a subject-matter expert for the existing standard to identify
the common concepts easily. Also, it is unrealistic to expect that a newly created
railway ontology without any relation to existing standards will be adopted by
the community.

On the other hand, as the standard is based on UML the model-especially
the class hierarchy and naming conventions—might feel unfamiliar to knowledge
engineers used to OWL ontologies.

Although the RTM way of modelling the railway topology might not be
intuitive for the non railway expert, it has been well documented why the

10 https://www.era.curopa.eu/registers__en#trinf
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complexity is necessary [12]. A basic knowledge of the railway domain is necessary
to use the ontology effectively. Other aspects like the use of the Location package
can be overwhelming for the beginner. This is one of the reasons why we will try
to accompany the ontology with corresponding SPARQL queries and instance
data to illustrate the use of the ontology.

Deriving the ontology from an existing standard enables easier data exchange
with existing systems. As the existing standard is based on UML, data exchange
is not entirely without effort because of the required mapping between the RTM
UML model and the corresponding XML schema (RailML) for serialization. This
additional mapping complexity would not exist in standards directly based on
RDF/OWL.

For sustainability of the ontology, we maintain the RTO internally through its
use in our internal rail knowledge graph. In this knowledge graph, we integrate
and provide access to data from several rail infrastructure data sources. The
RTO serves as a core schema for this integration. Externally, we further develop
the RTO within the new RailML semantic modelling working group.

5 Summary and Future Work

With the RTO we address the first of our previously identified challenges in
creating a rail knowledge graph [4]: the lack of a standard ontology for rail
infrastructure engineering. We believe that standard modular ontologies are a
prerequisite for the adoption of semantic technologies in industry. Also, we have
experienced in the past that the lack of standard (UML) data models created a lot
of inefficiencies and effort for data integration, even when the data models were
only slightly incompatible. This ontology should foster collaboration between the
semantic web community and the railway community.

Specializations of the LocatedNetEntity class with different types of rail infra-
structure elements are necessary. These include switches, signals and tracks on the
micro level and operating points, lines and section of lines on the macro level. Due
to the tight alignment to RTM, the RTO can be a good basis for the development
of more specialized rail infrastructure ontologies derived from standard specifica-
tions based on RTM, specifically for developing ontologies derived from RailML,
EULYNX or IFC Rail. This approach helps to accelerate ontology development
and to integrate data of these different formats. Furthermore, the ontology could
serve as a starting point for mapping between railway infrastructure ontologies.
In the new RailML ontology working group, we are working on a RailML-based
infrastructure ontology.

When integrating data in a knowledge graph, instance linking (or alignment)
is another important task. The RTO topology data have special challenges
concerning this task. To accommodate a broad range of use cases, RTM (and thus
RTO) leaves a lot of modelling freedom, which makes instance alignment harder.
We are investigating different approaches to this problem and for improving the
data integration process.
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