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Abstract. We present an ontology that describes the domain of Public Transport by bus, which is common in cities around the
world. This ontology is aligned to Transmodel, a reference model which is available as a UML specification and which was devel-
oped to foster interoperability of data about transport systems across Europe. The alignment with this non-ontological resource
required the adaptation of the Linked Open Terms (LOT) methodology, which has been used by our team as the methodological
framework for the development of many ontologies used for the publication of open city data. The ontology is structured into
three main modules: (1) agencies, operators and the lines that they manage, (2) lines, routes, stops and journey patterns, and (3)
planned vehicle journeys with their timetables and service calendars. Besides reusing Transmodel concepts, the ontology also
reuses common ontology design patterns from GeoSPARQL and the SOSA ontology. As part of the LOT data-driven validation
stage, RDF data has been generated taking as input the GTFS feeds (General Transit Feed Specification) provided by the Madrid
public bus transport provider (EMT). Mapping rules from structured data sources to RDF were developed using the RDF Map-
ping Language (RML) to generate RDF data, and queries corresponding to competency questions were tested.
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on Open Data for Smart Cities?, and the development
of the open data guide by the Spanish Federation of
Municipalities and Provinces (FEMP) in 2017 [1] and
the catalogue of high-value open datasets for cities in

1. Introductionl

Open data initiatives across public administrations
worldwide date back to more than a decade ago. In the

specific case of Spanish cities, the most relevant land-
marks are associated to the first transposition of the
EU Public Sector Information directive in 2007!, the
publication of the UNE 178301:2015 technical norm

*Corresponding author. E-mail: eruckhaus @fi.upm.es.
Thttps://eur-lex.europa.eu/eli/dir/2003/98, https://www.boe.es/eli/
es/1/2007/11/16/37/con

2019 [2].

Domains that have been addressed in these ini-
tiatives include public sector, demography, environ-
ment, economy, commerce, transport and treasury,
among others. As part of the initiatives and projects

Zhttps://www.en.aenor.com/normas-y-libros/
buscador-de-normas/une?c=N0054318
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that have led the advancement of open data among
cities in Spain we can cite the Ciudades Abiertas®
project, a public-private collaborative project led by
four Spanish municipalities (Zaragoza, Madrid, San-
tiago de Compostela and A Corufia) with the general
aim to facilitate the implementation of common Open
Government policies that are reusable by many other
municipalities inside and outside Spain.

Among the project actions on open data, several
(12) ontologies are being developed using the Linked
Open Terms (LOT) methodology [3, 4]. These on-
tologies allow publishing Open Data homogeneously
across cities, using common CSU structures, as well
as following Linked Data principles [5]. They are be-
ing added to those that had been already developed
in the context of the Spanish network of Open Data
for Smart Cities*, and they correspond to a subset of
the catalogue of datasets included in the aforemen-
tioned FEMP open data guide [2]. All of the ontologies
are publicly available and versioned in GitHub’, with
the corresponding repositories including use cases and
user stories, requirements, the ontology implementa-
tion in OWL, the ontology HTML documentation in
Spanish and English, and example data and queries.

In the area of transport, three ontologies have been
developed so far under the umbrella of these initia-
tives, focused on the representation of open data about
Public Bicycles, Motor Vehicle Traffic and Public Bus
Transport. In this paper, we will discuss the latter, an
ontology that has been specifically developed for struc-
turing how to publish open data about public buses in
cities, beyond the current publication as GTFS feeds
(Google Transit Feed Specification) as well as using
ad-hoc formats and APIs. We have named it the Public
Bus Transport ontology (http://vocab.ciudadesabiertas.
es/def/transporte/autobus). Its corresponding GitHub
repository with all the intermediate and final artefacts
is available at https://github.com/CiudadesAbiertas/
vocab-transporte-autobus including a Readme in En-
glish®.

The scope of this ontology on public bus transporta-
tion is focused on the representation of static informa-
tion related to lines, routes, stops and timetables, and
real time information on expected arrival times to bus

3Open Cities in English, http://ciudadesabiertas.es

“https://github.com/opencitydata

SThe current catalogue of ontologies is available at http://vocab.
ciudadesabiertas.es/.

Shttps://github.com/Ciudades Abiertas/vocab- transporte-autobus/
blob/master/Readme-en.md

stops. Having this data on public buses (extensible to
other means of transport) is a very valuable element for
municipalities and citizens, as well as for third parties.
Such data is used for the management of services by
transport operators, for the use of these services by cit-
izens, and also for the provision of third-party services
in different areas such as traffic management, road in-
frastructure design and trip planning.

One important assumption that we needed to con-
sider in the development of this ontology was the
alignment with European policies, in particular the
regulation 2017/1926 [6] that states that starting De-
cember 2019, any operator or transport authority must
offer its data in formats that are compatible with Trans-
model [7], the European reference data model for pub-
lic transport information developed by the European
Committee for Standardization (CEN). Transmodel
underpins two concrete data formats that have been es-
tablished for the exchange of transport data: NeTEx [8]
and SIRI [9]. The importance of having the Public Bus
ontology aligned to Transmodel lies in the purpose of
the standard itself: interoperability among transporta-
tion systems of different transport agencies and opera-
tors thus facilitating multi modal transport and also the
use of transport systems across borders.

This alignment to Transmodel has been fulfilled
through the application of the Linked Open Terms
(LOT) methodology, a reuse-based methodology specif-
ically focused on developing ontologies and vocabu-
laries for the generation of Linked Data. Initially, in
a usual ontology reuse fashion, we tried to map the
concepts in our domain with those developed in the
Transmodel component ontologies, i.e. ontologies in
the SNAP project vocabulary catalog [10].

The European SNAP project [11], where the au-
thors of this paper have been also involved, had al-
ready developed an initial ontological transposition
of Transmodel in order to facilitate interoperability
among these formats and other popular formats such
as GTFS. There were drawbacks to this reuse process
related to the complexity of the SNAP ontologies and
to the fact that they are the result of a a partial trans-
position, i.e. the project focused on the GTFS trans-
position of some concepts in Transmodel and NeTEx.
Therefore, we adapted the reuse process in LOT, in or-
der to consider the non-ontological Transmodel UML
specification.

Based on the nature of the concepts defined in
Transmodel, we divided our ontological conceptual-
ization into three major modules: (1) Agencies, opera-
tors and the lines they manage, (2) Lines, routes, stops,
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and journey patterns, and (3) Planned vehicle journeys
with timetables and service calendars. However, the
encoding was done as one single ontology file in order
to simplify its publication and future maintenance.

Because of the complexity of the conceptual design,
we set ourselves to generate by hand RDF examples
of real-world data annotated with the ontology con-
cepts, which could be used for ontology validation pur-
poses. Additionally, as part of the LOT methodology,
RDF data were generated automatically taking as in-
put the GTFS feed provided by the Madrid public bus
transport provider (Empresa Municipal de Transportes
de Madrid). Data transformations were expressed us-
ing RML mappings [12], and materialised into RDF,
and SPARQL queries corresponding to the compe-
tency questions were tested.

The main contributions of this work can be summa-
rized as follows:

1. The development of a Public Bus Transport on-
tology aligned to the European Reference Data
Model, Transmodel.

2. A use case on the reuse of a semantically rich and
complex non-ontological resource, the Trans-
model UML specification, focusing on all the
challenges that this reuse posed.

3. The inclusion of the validation of the ontology
through real-world examples in the Implementa-
tion stage of the LOT methodology.

4. A set of RML mappings used to generate RDF
data, using as source GTFS data published by
the Madrid public bus transport provider. These
RDF datasets were then used to evaluate the on-
tology through the SPARQL implementation of
the competency questions.

In the next sections we describe related standards
and vocabularies for the transportation domain, and
preliminaries on the SNAP project and the LOT
methodology. Following, we describe our adaptation
of the LOT methodology and its application to our
use case. The next section describes in detail the three
modules of the Public Bus Transport ontology. Then
we describe the alignment to Transmodel and the chal-
lenges encountered, and finally we give our conclu-
sions and future lines of work.

2. Related Workl1

This section provides an overview of relevant data
standards and vocabularies for the representation and
exchange of data in the domain of transport.

2.1. Transport Data Standards?2

This section describes two well-adopted standards
for the representation of transport data, the GTFS stan-
dard and Transmodel.

2.1.1. GTFS3

The General Transit Feed Specification (GTFS) [13]
is a de-facto standard developed by Google and split
into a static component, GTFS Static, and a real-time
component, GTFS Realtime, that contains arrival pre-
dictions, vehicle positions and service advisories. It
has become popular due to its simplicity and to the fact
that it has been adopted not only by Google Maps, but
also by other route planning systems such as Open Trip
Planner, or Navita.io.

GTFS Static was developed for sharing the transit
static information on agencies, routes and their stops,
schedules, fares, among others. The specification de-
fines the headers of seventeen CSV files. In particu-
lar, Madrid’s transport authority (CRTM) and Madrid’s
public bus operator (EMT) provide a GTFS feed that
includes information on all of the entities except for
Fares. The most recent data is of April 2020.

2.1.2. Transmodel Data Model3

The Transmodel European Reference Data Model
for Public Transport, from now on denoted as Trans-
model, has been developed in the context of the Direc-
tive 2010/40/EU [6] on the framework for the deploy-
ment of Intelligent Transport Systems (ITS). In par-
ticular the priority action A includes the definition of
the necessary requirements to make EU-wide multi-
modal travel information services accurate and avail-
able across borders to ITS users. This includes the
availability of existing and accurate multi-modal trans-
port data, and the facilitation of electronic data ex-
change between public transport stakeholders.

Transmodel provides a complete and extensive set
of related concepts that covers diverse aspects of
Public Transport information for different transport
modes. The standard covers concepts on eight sub-
domains [7]: Network, Timing Information, Vehicle
Scheduling, Operational Monitoring and Control, Fare
Management, Passenger Information, Driver Manage-
ment, and Management Information and Statistics. The
connections among these sub-domains are shown in
Figure 1.

Our Public Bus Transport ontology covers agencies,
operators, lines, routes and their stops, timetables, and
arrival times. It does not cover passenger, driver or fare
information, nor operational monitoring and control or
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P4
Operational
Monitoring &

Control

P8 e P1-P2-P3
Management [ A Network, Timing
information&’ € I:Zfrs"f;‘g:n' Information and Vehicle:

Statistics Scheduling

P7
Driver
Management

P5
Fare
Management

Fig. 1. Sub-domains of the Transmodel ontology, their relationships
and associated standards.

management statistics. Thus, we will describe the main
concepts represented in the Network and in the Vehicle
Scheduling, and the Timing Information sub-domains.
The Network sub-domain [14] represents the topo-
logical descriptions of the spatial structure of a public
transport network which is built with points. An en-
tity Point is defined as the most basic entity of the net-
work model. It marks the location of bus stops, park-
ing places or other types of points. Links represent 1-
dimensional connections between points. An ordered
set of points or links is called a Link Sequence. These
are the generic building blocks of the Public Transport
network model. Their specialisations represent con-
crete special Public Transport objects, like scheduled
stop points, routes, journey patterns, among others.
The Timing Information and Vehicle Scheduling
subdomains [14], represent a Vehicle Journey to de-
scribe the movements of a transport vehicle from the
start point to the end point of a journey pattern on an
operating day. Among the common concepts that cut
across the subdomains are the ones related to organ-
isations [14], as different aspects of public transport
could be handled by different organisation parts, and
sometimes are subcontracted to third parties.

2.1.3. Transmodel UML Specification3

The current Transmodel UML specification is the
revised V6.0 version (http://www.transmodel-cen.eu/
model/index.htm). It has been divided into eight pack-
ages, seven of these packages correspond to the sub-
domains enumerated above, Timing Information and
Vehicle Scheduling have been joined into one pack-
age. Besides these packages, there is a Common Con-

cepts package [14] that covers concepts that are shared
by the different functional domains. Models in each
package are subdivided into more specific sub-models
up to three levels. We would like to point out that
time-related concepts are represented in the Service
Calendar sub-model in the Common Concepts pack-
age, in the Tactical Planning Components sub-model
in the Network Topology package, and in all of the
sub-models in the Timing Information and Vehicle
Scheduling package. This gives an idea of the exten-
sion and complexity of the specification.

Our Public Bus Transport ontology is aligned to
concepts in the Network and the Vehicle Scheduling
and Timing Information packages. Additionally, re-
garding the Common Concepts package, it is aligned
to concepts in the Responsibility, Generic Framework,
and Reusable Components models.

2.2. Ontologies for the transportation domain2

Different efforts in the transportation research lit-
erature deal with the definition and possible applica-
tions of ontologies in the transportation domain. The
survey by Katsumi and Fox [15] describes and com-
pares several ontologies pointing out their commonal-
ities and differences. Despite proposing different ap-
proaches in the modelling of domain concepts, all the
surveyed works highlight the relevance of ontologies
for transportation. Ontologies allow solving the chal-
lenges of data integration considering the great num-
ber of data sources from many transport stakeholders
published in different formats.

Next, we review some of the ontologies proposed in
the literature considering the scope addressed by the
Public Bus Transport ontology.

A transportation ontology to support the generation
of personalized content in travel planning for users is
proposed by de Oliveira et al. in [16]. The ontology
captures transportation journeys with an ad-hoc model
to represent lines, transportation modes, stop points,
duration and costs, reusing some concepts from the
Transmodel UML specification. The goal of this work
is to provide content personalization. It does not cover
the ontology development process nor any insight on
how the Transmodel concepts were reused.

Benvenuti et al. in [17] define an ontology-based
framework to support the monitoring of public trans-
portation services through the representation of knowl-
edge regarding indicators and their formulas, business
objectives, dimension analysis and the use of Trans-
model modules to compute these indicators. This is
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a use of Transmodel very different from the one pro-
posed in our work which is the representation of static
information related to routes and timetables, and real-
time information on expected arrival times.

The Transport Disruption Ontology [18] describes
events that can cause disruption on travels, focusing on
dynamic data that can provide real-time information to
passengers about the status of the service.

Finally, the Linked GTFS vocabulary [19] defines
an ontology to represent the entities and relationships
described in the GTFS specification. Despite having a
scope similar to the one of the Public Bus Transport
ontology, the Linked GTFS vocabulary strictly reflects
the GTFS specification and it is not aligned with the
standards mandated by the European regulation.

To the best of our knowledge, all the ontologies
available in the transportation research literature fo-
cus on limited scopes. In this context, the Public
Bus Transport Ontology and the presented methodol-
ogy would like to provide the basis for a more gen-
eral effort towards a comprehensive ontological model
for transportation exploiting the standardisation effort
made in the definition of Transmodel. Differently from
other ontologies for the transport domain, this ontol-
ogy is the result of the alignment to a standard that
is available as a set of UML models together with re-
quirements from experts in the domain.

2.3. Ontologies for Transportation in Smart Cities2

The challenge of data integration in the transporta-
tion domain is extremely relevant in the context of
smart cities where data from different stakeholders
need to be aggregated in a seamless way. In this sec-
tion, we describe related work defining vocabularies
for smart cities.

The Vocabulary for Vehicle Traffic’ and the Vo-
cabulary for Public Bicycle Sharing Systems® have
also been developed within the Open Cities project.
Both vocabularies are based on and extend the Sen-
sor, Observation, Sample, and Actuatory ontology
(SOSA) [20] ontology. Sensors represent devices
that collect traffic measurements and also represent
bicycle dock stations. Both vocabularies reuse the
GeoSPARQL ontology [21] to represent the “location”
concept, e.g. traffic device location, bicycle station lo-
cation.

The Public Transport Vocabulary’ was created in
collaboration with transport stakeholders in Madrid for
the description of the transport infrastructure domain.
This ontology reuses the terminology of the National
Public Transport Access Nodes (NaPTAN), a database
of public transport access points in Great Britain de-
scribing stops as well as transport terminals such as
train stations and airports.

Our Public Bus Transport ontology has replicated
the reuse of the SOSA and GeoSPARQL ontologies,
which has been one of the standard practices for Open
Cities ontologies. Besides this, the ontology is related
to the Vocabulary for Vehicle Traffic through its rela-
tionship to planned and unplanned traffic incidents.

3. Preliminariesl

This section describes the initial effort made within
the SNAP project for the development of an ontol-
ogy based on Transmodel and the general stages of the
LOT methodology used for our ontology development
activities.

3.1. The SNAP Project. Semantic National Access
Point2

The European regulation 2017/1926, requires each
European Member State to set up a National Access
Point (NAP), for multi-modal travel information for
all transport modes. Each transport stakeholder, should
contribute to the NAP with their static and dynamic
data, using a set of standard data formats identified
by the regulation and based on the European Standard
Public Transport Reference Data Model, i.e., Trans-
model. Specifically, concerning the exchange of static
scheduled data, the relevant data in the NAP should
use the CEN data exchange standard NeTEx [8]. For
the exchange of real-time public transport data, the rel-
evant parts of the CEN public transport data exchange
standard SIRI [9] are used.

The SNAP project developed a solution for trans-
port stakeholders that need to convert their data into
formats required by the regulation. The proposed so-
lution, based on Semantic Web technologies, imple-
ments data conversion, meanwhile, supporting the con-
stitution of a knowledge graph of multi-modal trans-
port data [22]. The SNAP converter adopts a reference

7http://vocab.ciudadesabiertas.es/def/transporte/trafico
8http://vocab.ciudadesabiertas.es/def/transporte/bicicleta- publica

“http://vocab.linkeddata.es/datosabiertos/def/transporte/
transporte-publico
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ontology as a global conceptual model enabling a two-
step conversion between two standards in the transport
domain: first, from the input standard to the ontology,
and then from the ontology to the target standard. To
enable this solution, the SNAP project kick-started an
effort to define an ontological transposition of Trans-
model'?, as the reference ontology used in the conver-
sion process.

As already mentioned, Transmodel is a really large
and complex model. The SNAP project, to start vali-
dating the proposed solution, implemented a first ver-
sion of the ontology focusing on a portion of the over-
all specification. The initial modules of the Trans-
model ontology have been defined to enable the con-
version of a static GTFS [13] feed, widely adopted
among transport stakeholders, to NeTEx, the required
standard by the European regulation. Given that Ne-
TEX is almost a serialization of Transmodel, the GTFS
specification has been used to identify the relevant por-
tion of Transmodel that should be prioritized in the on-
tology engineering process.

The Transmodel ontology currently defines five
modules, shown in Figure 2, that cannot be directly
mapped on the presented Transmodel sub-domains,
but reuse their terminology to define concepts and
properties. To obtain a proper ontological transposi-
tion, the implemented modules integrate newly defined
entities with already available vocabularies (e.g., the
Organization ontology'!, the Geo WGS84 ontology'?,
etc.). The Commons module defines general concepts
and properties that can be reused across all the other
modules. The Organisations module can be used to
describe different information about entities operating
and/or offering transportation services. The Journeys
module can be used to represent data related to a trans-
portation service, e.g., time tables, routes, vehicles and
their scheduling, etc.. The Facilities module contains
concepts and properties to describe facilities and, in
particular, stations and stop places. Finally, the Fares
module contains a simplified model for information
about fares, that needs to be extended to support the
full related Transmodel sub-domain.

3.2. LOT methodology?2

LOT is a lightweight methodology for the develop-
ment of ontologies and vocabularies [3]. It is based on

10pyblished online at http:/w3id.org/transmodel
Uhttps://www.w3.0org/TR/vocab-org/
2https://www.w3.0rg/2003/01/geo/

Organisations Journeys

Commons

Fares Facilities

Fig. 2. Initial modules of the Transmodel ontology and their rela-
tions.

Ontology

Ontology Ontology Ontology

requirements implementation publication maintenance

specification

Requirements Ontology Online ontology Issue tracker

Fig. 3. Linked Open Data Methodology (LOT) Stages.

the previous NeOn methodology and includes the fol-
lowing four major stages that can be seen in Figure
3: (1) Requirements Specification, (2) Implementation,
(3) Publication, and (4) Maintenance.

The aim of the ontology Requirements Specifica-
tion stage is to identify and define the requirements
the ontology should fulfil [4]. At the beginning of this
stage, the goal and scope of the ontology is defined,
following this, the domain is analyzed in more detail
by looking at documentation, data that has been pub-
lished, standards, formats, among others. Also, the use
cases and user stories are identified. Then, the require-
ments in form of competency questions and statements
are specified and validated by the stakeholders.

The goal of the Implementation stage is to build
the ontology using a formal language, based on the
ontological requirements identified by the domain ex-
perts [4]. This stage is iterative through several sprints
and it is comprised of the Conceptualization, Encod-
ing, and Evaluation processes. During the conceptual-
ization process, an ontology model is built and repre-
sented in a graphical language. We follow the Chowlk
visual notation'? that “’provides a set of visual blocks
to represent each element from the OWL ontology im-
plementation language...”.

Bhttps://github.com/oeg-upm/chowlk_spec
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One of the activities of the implementation stage is
ontology reuse. LOT is based on the NeOn method-
ology which develops nine scenarios for the develop-
ment of ontology networks. Among these scenarios
there is Scenario 3 on reusing ontological resources.
In this scenario, ontology developers reuse ontologi-
cal resources (ontologies as a whole, ontology mod-
ules, and/or ontology statements). Developers search,
assess, compare, select, and integrate the ontological
resources. Terms that have been extracted from the re-
quirements, that correspond to entities and relation-
ships, may be used for searching existing ontologies
that cover these concepts. Scenario 2 considers the
reuse of non-ontological resources (NORs), it is meant
for the transformation of mostly textual NORs with un-
derlying low expressiveness models such as thesaurus,
classification schemes, etc.

In the Encoding process, the ontology development
team generates a computable model represented in the
OWL language. The Evaluation process includes two
aspects: (1) ensuring that the requirements are ful-
filled; this is done through the translation of the com-
petency questions into the corresponding SPARQL
queries, and executing these queries against RDF test
data that has been annotated with terms in the ontol-
ogy, (2) guaranteeing that the ontology does not have
syntactic, modelling or semantic errors. The syntactic
validation may be done with any existing OWL val-
idator tool, and the semantic and modelling evaluation
is done by running an OWL (DL) reasoner, and by
discovering modelling pitfalls. Currently, we use the
OOPS! tool [23] for this task.

The aim of the Publication stage is to provide an on-
line human-readable documentation which generally
includes metadata (e.g. creators, contributors, creation
date, version), a description of the conceptual model
diagram, and all of the class and property restrictions
and annotation properties. The ontology and all of its
associated documents are usually published as a pub-
lic repository. The Maintenance stage includes updates
to ontology requirements that were not originally iden-
tified, and improvements, which in consequence may
trigger another ontology development iteration.

4. Adaptation of the LOT methodology1l
The description of the adaptation of the LOT method-

ology is focused on the ontology Implementation
stage, specifically we have adapted the activities of

Implementation

! 1

Evaluation

Gty > Encoding —

conceptualization u
H Syntactic
\ i Validation
Ontology model Ontology code Evaluation of
Modeling
T Pitfalls
i Ontology reuse : : Evaluation
through
_)' Examples
Reuse ontological :
e — I
Reuse non- i Evaluated
: ontological : ontology
reosurces (NOR)

NOR
i transformation

v

:: Ontology forward @
H engineering

Fig. 4. Public Bus Transport Ontology. Adaptation of LOT Imple-
mentation Stage. The "Ontology reuse” activity is expanded and the
”Evaluation through Examples” has been added to the Evaluation
activity.

conceptualization, ontology reuse, and evaluation in
order to carry out the alignment to Transmodel.

For the Public Bus ontology, the reuse includes
ontological as well as non-ontological resources (the
Transmodel UML specification, the glossary of Trans-
model terms and the NeTEx Schema). We have also
extended the Evaluation activity and have included an
additional form of evaluation, that is, the validation
through RDF real-world examples. The adaptation of
the Implementation stage can be seen in Figure 4.

Although LOT is based on the NeOn methodology,
because it is a lightweight methodology it only consid-
ers the reuse of ontological resources [3, 4]. Besides
this, non-ontological resources considered in “Sce-
nario 2: Reusing and Re-engineering Non-Ontological
Resources” in the NeOn [24] methodology refer to
low-expressiveness resources; in this case there was
reuse of a very rich and expressive non-ontological re-
source.

For the Public Bus Transport ontology, we devel-
oped an initial conceptual model without reuse of
Transmodel, which satisfied the requirements identi-
fied in the first stage of the methodology. Next, in the
reuse activity, under the scenario 2 of reuse of ontolog-
ical resources, we initially tried to map the concepts
in the initial conceptualization with those developed
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in the Transmodel component ontologies, i.e. ontolo-
gies in the SNAP Vocabulary catalog [11]. We reused
some of the concepts in these component ontologies
such as Transmodel Organisations, but were not able
to reuse the rest of the ontologies in the SNAP cata-
logue. The main drawbacks were that some of the com-
ponent ontologies are quite large and complex because
they encompass several of the models in the original
UML specification (e.g. the Journeys ontology) and
also some classes, attributes and implicit constraints
of the UML specification (e.g, cardinality, optional-
ity) were not developed: the SNAP ontologies contain
those concepts where there exists a mapping from the
GTEFS feed specification to Transmodel.

Because of these drawbacks it was necessary to re-
sort to scenario 2 of the NeOn methodology that cov-
ers the reuse of non-ontological resources (NORs), in
this case the reuse of the UML Transmodel specifica-
tion. To this effect, the NeOn methodology [24] de-
fines a re-engineering pattern which is comprised of
three main activities: (1) NOR reverse engineering to
create an abstract representation of the resource, (2)
NOR transformation to create the ontological model,
and (3) Ontology forward engineering to generate an
implementation of an ontology. Although these activi-
ties are meant for the transformation of NORs such as
thesaurus, classification schemes, lexicons, etc., they
can be applied to semantically richer UML specifica-
tions. For UML specifications there is already an ab-
stract representation of the resource, so step (1), re-
verse engineering, is not required. NOR transforma-
tion implies translating the UML representation to an
ontology representation, and Ontology forward engi-
neering consists in the implementation of the relevant
parts of the reused resource. It should be mentioned
that although we reused the UML specification, pre-
fixes and entity names that are defined in the Trans-
model ontologies were used in our conceptualization.

Additionally, because of the complexity and some-
times contrived conceptual design, we set ourselves to
generate examples of real-world data annotated with
the ontology. In the LOT methodology these examples
are part of the Publication stage. However, they were
used during the evaluation activity to validate with the
public transport experts if the Transmodel concepts in-
cluded in our ontology did in fact represent our spe-
cific Public Bus Transport domain. This verification
triggered some adjustments on the ontology concep-
tual design.

5. Public Bus Transport Ontology Development1

In this section we will describe the application and
results of the LOT stages and activities.

5.1. Requirements specification2

The requirement specification stage includes the
identification of the purpose and scope of the ontol-
ogy, and the specification of use cases, user stories, and
competency questions.

5.1.1. Purpose and Scope Identification.3

The Public Bus Transport ontology represents in-
formation about the public urban bus service for mu-
nicipalities in Spain. The requirements cover transport
authorities and operators, information on lines, routes,
journey patterns and their timetables, stops on each
route, information on expected bus arrival times for
each stop, and information on planned and unplanned
incidents that may affect the bus routes and their jour-
neys.

The ontology’s main stakeholders are: (1) The
city’s public bus agencies, operators, and authorities
(e.g., Madrid’s “Consorcio Regional de Transportes de
Madrid” is the public transport authority that super-
vises all types of public transportation, and its urban
public bus operator, the “Empresa Municipal de Trans-
porte (EMT)”); (2) The citizens, users of the service;
(3) The city council who is interested in a good qual-
ity service especially in the case of traffic incidents;
and (4) civil society or non-governmental organiza-
tions who want to analyze service fulfilment.

All of the stages in the ontology development pro-
cess were carried out with a team of domain experts
from public bus operators in the four Spanish munici-
palities that lead the project, and also people from the
public transport area in the city councils themselves.

5.1.2. Use case identification.3

Requirements identified by all the four municipali-
ties involved in the project together with the domain
experts were divided into two major thematic blocks:
(1) Information on lines, routes, stops, bus arrival
times, time on route forecast; only Madrid provides
information on incidents that can affect bus lines and
specific routes, but all of the cities deem this informa-
tion necessary; (2) Travelers and their use of public bus
transport; for this block Madrid considers necessary to
study the demand of travelers per stop or per line at dif-
ferent times of the day in order to generate indicators
and mobility reports.
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At this initial point of the requirements stage it was
decided to develop the first thematic block. From this
block the following use cases!* were derived:

1. The bus is a transport mode that reaches most
parts of the city and where value-added services
can be provided by the operator or third par-
ties. A user requires information on the route(s)
and their destination, timetables, and the stops
to board and alight and this in turn requires its
geolocation, the location of the bus, and the es-
timated time of arrival. A third party app could
compute in real time the best route based on stop
arrival times.

2. The quality of the public bus network is related
to offering an adequate public bus service, it is
essential to know if it is being provided normally
or if incidents are affecting it in such a way that
corrective actions are needed.

3. Journalists or researchers, non-governmental or-
ganizations, among others, may want to analyze
if public transport services are being provided
“correctly”: if the frequency established for the
line and its routes is met, and in general, the de-
gree of fulfillment of the service.

User stories include examples where a transport user
needs general information on lines and routes as well
as real time information for decision making on a spe-
cific trip. Other user stories are related to the analy-
sis of incidents and its relation to the specific lines or
routes in order for the operator/agency make decisions
regarding information for the user and corrective ac-
tions. Finally, there are examples that address prob-
lems of isolated stops, stops that may benefit from hav-
ing certain services and analysis of route options to
work districts or areas.

5.1.3. Functional Requirements Specification.3
Requirements in the form of statements and com-
petency questions were grouped in sections: transport
service, lines, stops, incidents, and buses. It should be
mentioned that specific vehicles (buses) and their in-
formation, are not part of the scope of this vocabulary.
However, expected arrival times of buses at each stop
is one of the requirements. Some of the competency
questions are related to geospatial data, for example
“What are the closest stops to a certain location for a
certain line route?”. There is also an English version

14https://github.com/CiudadesAbiertas/
vocab-transporte-autobus/wiki

of the competency questions'” that indicates for each
question, the corresponding user stories.

5.2. Implementation?2

The implementation stage includes the activities of
ontology conceptualization and reuse, encoding, and
evaluation.

5.2.1. Conceptualization and Reuse.3
The conceptualization is aligned with the ontology
design principles defined in [25] as follows:

— Clarity. Documentation is provided where all of
the classes and properties are described with ex-
tensions to the description of these concepts in the
Transmodel and SNAP documentation. Examples
from the city of Madrid are included in order to
make the documentation clearer.

— Coherence. The ontology is coherent in its natu-
ral language documentation and also in its logical
axioms, as shown by the results of the reasoner
execution.

— Extensibility. The ontology has been divided into
three major and intrinsically cohesive parts. Ex-
tending this ontology with other sub-domains of
public bus transport such as Fares is feasible and
would require to align it with Transmodel using
our LOT adaptation and to interconnect its classes
with existing classes in the rest of the ontology.

— Minimal ontological commitment. This guide-
line is related to extensibility and in this ontology
it is followed. The idea is that the representation
of the domain should cater to the needs of differ-
ent users, in our case it is a shared conceptualiza-
tion among different municipalities in Spain that
are representative of cities of different size and
also with diverse types of transport requirements.
Additionally, whenever there are properties that
are not shared by all the cities, these are defined
with no minimum cardinality restrictions.

— Minimal encoding bias. The ontology is repre-
sented in a graphical notation and shared and dis-
cussed with the municipalities and experts before
it is encoded.

The color code and graphical notation for the con-
ceptual diagrams as well as the ontology namespaces
can be seen in Figure 5. An initial conceptualization

Bhttps://docs.google.com/spreadsheets/d/
1DdA-Fg3VauSihrDUd573RDXzh4pCT6AtUnEjs_tTKFQ/edit?
usp=sharing
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Namespaces

|dcterms: hitp:/purl.org/dc/terms/

lgeosparq: http:/www.opengis. netiontigeospargl#

sf: hitp:/www.opengis.netiont/sf#

\geo: hitp:www.w3.0rg/2003/01/geoiwgsB4_pos#

[geo_core: https:/idatos.ign.es/def/geo_core#

schema: hitp://schema.org/

skos: hitp:/fwww.w3.0rg/2004/02/skos/cored

[tmjourney: https:/w3id.orgfransmodeljourneysi

[tmcommons: https=/w3id.org/transmodelicommons#
tmkaosjourney:htips:/ivocab.linkedata.es/kos/iransporiefautobus/
ltmorg: hitps:/fw3id.orgitransmodeliorganisations#

sosa: hitp/iwww.w3.org/ns/sosal

lesautob: http://vocab.cit iertas.es/defitransporte 15
lestraf: http:/ivocab.ciudadesabiertas es/defftransporteftraficos
lesdir:http:/ivocab.linkeddata.es/datosabiertos/def/urbanismo-
infraestructuras/direccion-postal#

Legend
Reused class ‘ ‘Onmlﬂgy class ‘ I ablectProperty
Reused class Ontology class
attributes attributes subClassOf
reused ontology
class class

skos:Concept

<<skos:inScheme schemaname>> Instance

e

taxonomy

Fig. 5. Namespaces and Graphical Notation for the Ontology Conceptual Models.

model was developed with reuse of the GeoSPARQL
[21] ontology to represent the stop location as a
Point, and of the https://schema.org/ Organization
class and properties. The model covers roughly the
main entities and relationships in the requirements as
can be seen in Figure 6. It should be noted that in case
of following a no-reuse approach, this model would
have needed further refinement in order to cover as-
pects of the requirements such as different route pat-
terns, timetables, and expected arrival times.

In a next step we mapped concepts in our domain to
those in the following ontologies:

— The GeoSPARQL [21] ontology’s Location pat-
tern to represent the stop location, specifically its
Location pattern that has a Feature class, i.e. the
entity that has a location, related to Geometry,
which in turn is related to the Point class for the
representation of the location coordinates.

— Schema.org [26] which is a general vocabulary
for structured data on the Web. We reuse its
ContactPoint class and properties for contacts
in the organizations involved in public bus man-
agement, and also several other attributes such as
startDate, endDate, name, and url.

— The dcterms vocabulary [27] which is maintained
by the Dublin Core Metadata Initiative. Terms
identifier and description are reused.

— The SOSA ontology [20] where the property
resultTime was reused in order to represent
the arrival time of buses as observations related
(hasFeatureOfInterest) to the stops where
they arrive in each route.

The next activity in this stage involved the reuse
of the Transmodel ontologies developed in the SNAP
project as well as other reference ontologies. A first at-
tempt to reuse these ontologies resulted in a very large
and complex conceptual model. At this point we di-
vided the ontology into three modules that correspond

to its sub-domains: (1) Bus organisations and manage-
ment, (2) Bus routes and journey patterns, and (3) Bus
planned vehicle journeys. Each of these modules has a
high degree of cohesion, i.e., most of the classes and
properties belong together in the same module.

Part I - Bus organisations (Base Model).

This portion of the ontology represents an overview
of the organisation and management of public bus
transport in cities. This conceptualization covers the
following information:

— Bus operators and the authorities they serve to.

— The lines that they manage together with their
graphical “presentation’.

— The routes made by each line (journeys and
timetables are expanded in the other parts).

— Incidents for which we reuse the Traffic vocab-
ulary'® developed in the context of the Ciudades
Abiertas project.

— Reuse of SNAP Organisations ontology (tmorg).

— Reuse the Transmodel L.ine concept, however, a
subclass esautob:Line was created to relate the
line to the incidents that affect it.

The conceptual model is shown in Figure 7.

Part II - Bus routes

We followed the steps described in Section 4 for the
reuse of the non-ontological Transmodel UML spec-
ification: (2) NOR transformation to create the onto-
logical model, and (3) Ontology forward engineering
to create an implementation. The ontological graphical
representation (step (2)) of parts of the Line Network
and Route sub-models of the UML specification can
be seen in Figure 8; this step was necessary to ensure
the correct (semantic) reuse of these concepts. We then
integrated this partial model into the complete concep-
tual model (step (3)) that is shown in Figure 9.

16http://vocab.ciudadesabiertas.es/def/transporte/trafico
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schema
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Ji
I
[ operator | nasoperator| authority |
operatesLine
lineHeadStop geospargl

DayType operatesinDayType

scheduleSection

lineEndStap
schedule routelnLine v

stop | location
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endSection sf:Point

| location +

Fig. 6. Public Bus Transport Ontology. Initial Conceptual Model.
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Fig. 7. Public Bus Transport Ontology. Organisation Conceptual Model (Base Model).

The conceptualization of this module includes the
following:

— Reuse of the Transmodel Line concept. Again,
the subclass esautob:Line is defined in order
to relate the line to the stops at the beginning and
end of the line.

— Aline is made up of several routes, and each route
is composed of a series of points on the route,
each point in the route is associated to a point that
is the functional centroid for a certain place, i.e.
the point represents the centre of the bus stop.

— We defined a class for stop, esautob:Stop, as a
subclass of Place, due to the need to represent
data and object properties that are very specific to
this domain.

We relate the stop to the postal address; we reuse

the existing Postal Address ontology'”.

— The location of the stop is represented through the
GeoSPARQL geolocation pattern (this was also
part of the initial conceptual model).

— Each route may have several journey patterns, re-
quirements state that stops may vary for example
during weekends, and a different journey pattern
may have been generated by an incident.

— For expected stop arrival times, we reused the

SOSA ontology[20] in order to represent the ar-

rival times as observations.

Thttp://vocab.linkeddata.es/datosabiertos/def/
urbanismo-infraestructuras/direccion-postal
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LinkSequence
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id id
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PointinLinkSequence
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shortName
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Fig. 8. NOR Transformation of Transmodel UML Network building
blocks: points, points in link sequences and link sequences.

Note that the Journeys ontology prefix (tmjourney)
and its entity names were reused. An example of RDF
data for this model where there are two journey pat-
terns is shown in Figure 10.

Part III - Bus vehicle journeys

This part presented in Figure 11 represents the
planned vehicle journeys and its service data (timeta-
bles). Similarly to Part II, we represented the corre-
sponding portions of the UML specification in our
graphical notation, and then integrated this partial
model into the conceptual model. The following infor-
mation was represented in this module:

— A vehicle journey follows a certain journey pat-
tern and can be made in one or more day types
such as a holiday or weekday.

— A service calendar has beginning and ending
dates, and each day in the service calendar is as-
sociated to a day type. Thus, on a certain date,
the information on which vehicle journeys are
planned for that date may be extracted from the
model.

— Each vehicle journey, because it is frequency-
based, is associated to a headway journey group
which is determined by minimum, maximum and
planned headway intervals.

This module mainly reuses the tmjourney prefix.

5.2.2. Encoding.3
Once the reuse activity was completed, we encoded
the ontology using the Protegé tool's.

5.2.3. Evaluation.3

We used the OOPS! tool to evaluate modelling pit-
falls. The report is shown in Figure 12. Results indi-
cate several pitfalls related to properties in reused on-
tologies that do not define domain and range. Another
group of pitfalls indicates that inverse properties have
not been declared; again, this is not critical unless it is
required for querying the annotated datasets. The com-
plete OOPS! report! is available in the GitHub reposi-
tory. The Hermit reasoner® was executed determining
that the ontology is consistent.

Next, we developed a few real-world examples
that allowed us to validate if the model is ade-
quate for representing the data in our domain. This
was specially important for the concepts of Route,
JourneyPattern and VehicleJourney. With
these examples we determined the need to simplify the
third module on bus vehicle journeys.

Finally, as part of the LOT methodology, directed-
by-data evaluation was carried out, i.e., evaluation
through semantified data real-world examples that
aims to test the ontology against the competency ques-
tions. RDF data was produced using (CSV to RDF)
RML mappings that were generated with the Ma-
peathor tool [28], a tool that eases mapping rules
creation by using a spreadsheet for the specifica-
tion. Source data was the GTFS feed provided by
the Madrid Regional Transport Consortium. Once
the mappings were generated, we constructed several
knowledge graphs (KG) using the RDFizer tool [29].
Again the mappings and KG were divided in corre-
spondence with the three modules. Examples of the in-
put to Mapeathor, the mappings, and the KG are pre-
sented in Figure 13. SPARQL queries that correspond
to the competency questions were developed. Queries
can be tried out through the GitHub repository?!. The
examples generated by hand to validate the ontology
and those generated thorugh mappings are available in
the GitHub repository?2.

18https://protege.stanford.edu/

19https://github.com/Ciudades Abiertas/vocab-transporte-
autobus/tree/master/Publication/OOPSevaluation

20http://www.hermit-reasoner.com/

2l https://github.com/Ciudades Abiertas/
vocab-transporte-autobus/blob/master/Examples/queries.md

22https://github.com/CiudadesAbiertas/
vocab-transporte-autobus/tree/master/Examples/data
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tmjourney madeUpOf (1..n)

tmiourney:on (1..1)

tmjourney:LinkSequence

—

dcterms:identifier:: xsd:string
schema:name :: xsd:string
tmjourney:distance xsd:double

b4

skos:Concept
<<skosinScheme tmkosjourney:
direction-type>>

tmjourney:Route

imjourney:directionType (1..1)

sosahasFeatureOfinterest (1..1)

dcterms::description :: xsd:string

tmjourney:madeUpOf (1..n)

]

tmjourney:JourneyPattern

tmjourney:PointinLinkSequence

Challenges and Results 13

tmjourney:
JjourneyPattern
AdvertisedFor (1..1)

imJourney:Destination

Display

tmjourney frontText::xsd:string

determs:identifier :: xsd:string

tmjourney:PointOnRoute

:: xsd:integer

tmjourney.distanceFromStart :: xsd:double

tmjourney.:vi

tmjour

esautob:RealTimePassingTime

sosacresultTime :: xsd:dateTime

tmjourney:madeUpOf (1..n) tmjourney:madeUpOf (1..n)
v
tmjourney: skos:Concept
stopUse (1..1) <<skos:inScheme
tmkosjourney:stop-use-type>>
tmjourney:viewedAs (1..1)
tmjourney:Point
(1.1 : tmjourney:viewedAs (1..1)
T T tmjour v tmjourney:StopArea
tmecommons:functional Imjoumey:tarAlighting :: xad:boolean dcterms: identifier :: xsd:string|
CentroidFor (1..1) tmjourney:forBoarding :: xsd:boolean schema: name :: xsd:string
tmeomn A nal tmeommons functional
CentroidFor (1..1) CentroidFor (1..1)
determs:identifier :: xsd:string
determs:description :: xsd:string
schema:name :: xsd:string
tmcommons:Place | p t ‘
geo [ |
geo_core ?

\
T J geosparql:

| organisations-lines

eature geosparqgl:Geometry

esautob:Stop hasGeometry
esautob:headOfLine (1..1) | KT-WKTLiteral

tmjourney:Line . B 1 -
esautob:endOiLine (1..1) schema,‘ur_\_(?dji xsd.u.ll )
H anel (0..1) =
| esautob:zone (0..1) :: xsd:string

esautob:Line :
schema:address (1..1) sf:Point

geo:lat::xsd:float

geo:long:xsd:float
geo_core XETRS8S:
geo_core:.yETRS!

Fig. 9. Public Bus Transport Ontology. Route, Journey Pattern, Stop Conceptual Model.

6. Alignment with Transmodell

In this section we describe the main challenges
encountered in the development of the Public Bus
Transport ontology and we give details on the align-
ment with the Transmodel UML specification. Table 1
presents the challenges and solutions.

Globally, challenges are related to taking a UML
model and transforming it into an OWL ontology,
which although it may seem as a straightforward pro-
cess it is not so: UML models do not encode all the
needed elements to address the domain restrictions and
are not necessarily consistent (as it happens in Trans-
Model). Additionally, the reused resources were de-
veloped under different perspectives of the domain
(Transmodel, NeTEx and SNAP), each with its own
documentation, glossary of concepts and implementa-
tions. Therefore, when we deal with ontologies that
cover specific aspects of this broad domain, we come
across with issues like breadth of documentation, over-

representation, and ambiguity. Details of the alignment
to the UML Transmodel specification follow:

— The UML Public Transport Network Topology
package is complex. The hierarchy for the classes
LinkSequence,PointInLinkSequence,Point,
and its subclasses for a route and journey pattern
is scattered across several UML models.
Alignment. A graphical ontological model of
these classes using our ontological graphical rep-
resentation language for a clearer visualisation.
Integration into Part II that covers routes and jour-
ney patterns. This model was presented in Section
5 under NOR ontology transformation.

It should be noted that cardinality restrictions
were implemented as OWL axioms. For exam-
ple, the PointInLinkSequence iS viewedAs
exactly one Point implemented as a qualified
cardinality restriction in OWL. An RDF Knowl-
edge Graph could be validated against these re-
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# Line 138

<http://vocab.ciudadesabiertas.es/recurso/transporte/autobus/linea/138> a esautob:Line ;
doterms:description "Linea 138, comienze en Cristo Rey y final en San Ignacic de Loyola®*“xsd:istring ;
esautob:startofline <http://vocab.ciudadesabiertas.es/recurso/transporte/autcbus/parada/460d>
esautcb:end0fLine <http://veocab.cludadesabiertas.es/recursc/transperte/autcbus/parada/5481> ;
tmjcurney:madelpOf <htt Jvocab.cludadesabiertas. es/recurso/transpoerte/autobus/rutasl3dax>
tmicurney:madelpdf <http://vocab.ciudadesabiertas.es/recurse/transporte/autobus/ruta/13dbs> |

# Route 138a from beginning te end of line

<http://vocab.ciudadesabiertas.es/recurso/transporte/autcbus/ruta/138a> a tmjocurney:Route ;
doterms:description “Ruta de ida de la linea 134 con inicic en Cristo Rey y destinc en San Ignacic de Loyola™ “xad:string :
tmjcurney:madeUpOf <http://vocab.ciudadesabiertas.es/recursc/transperte/autcbus/pointonroute/13da-4608> ;

tmjcurney:madeUpOf <http://vocab.cludadesabiertas.es/recursc/transperte/autcbus/pointonroute/138a-5481> .

# Point on Route 138a-4608

<http://vecab.ciudadesabiertas.es/recurso/transporte/autcbus/pointenroute/138a-4608> a tmjcurney:PointOnRoute ;
tmjcurney:order ~~ysd:integer :
tmicurney:viewed®s <http://vocab.ciudadesabiertas.es/recurse/transporte/autcbus/point/460as> .

# JourneyPattern 138al

<http://vecab.ciudadesabiertas.es/recurso/transporte/autcbus/journeypattern/138al> a tmjourney:JourneyPattern ;
tmjcurney:distance "12, 660"~ ~xsd:double ;
tmjcurney:cn <http://vocab.ciudadesabiertas.es/recursc/transpeorte/autcbus/ruta/13da> ;
tmicurney:madelpdf <http://vocab.ciudadesabiertas.es/recursc/transporte/autebus/stoppeintinjourneypattern/138al-4608» ;
tmjcurney:madeUpOf http://veocab.cludadesabiertas.es/recursc/transperte/autcbus/stoppointinjocurneypattern/13dal-5674 ;

tmjcurney:madeUpOf <http://vocab.ciudadesabiertas.es/recurse/transpeorte/autebus/stoppeintinjourneypattern/138al-5481> .
# StopPeintInJourneyPattern 138al-d4608

nteger ;
tmicurney:viewed®s <http://vocab.ciudadesabiertas.es/recurse/transporte/autcbus/point/460as> .
# JourneyPattern 138az
<http://vecab.ciudadesabiertas.es/recurso/transporte/autcbus/journeypattern/138a2> a tmjourney:JourneyPattern ;
tmjourney:distance "11,194"""xsd:double ;
tmicurney:on <http://vocab.ciudadesabiertas.es/recursc/transporte/autocbus/ruta/l13dax>
tmjcurney:madeUpOf <http://vocab.ciudadesabiertas.es/recursc/transpeorte/autebus/stoppeintinjourneypattern/138az-5674> ;
tmjcurney:madeUpOf <http://vocab.ciudadesabiertas.es/recursc/transpeorte/autebus/stoppeintinjourneypattern/138az-5481> .
# Point 4608
<http://vecab.ciudadesabiertas.es/recurso/transporte/autcbus/point/4608> a tmjcurney:Foint
tmoommens: functionalCentroidfor <http://vocab.ciudadesabiertas.es/recurso/transporte/autobus/parada/4608x> .
# Stop 4608
<http://vocab.ciudadesabiertas.es/recurso/transporte/autobus/parada/4608> a esautob:Stop @
doterms:description "Cristo Rey""“xsd:istring ;
schema:address <http://vocab.linkeddata.es/datosablertes/def/urbanisme-infraestructuras/direccicn-postal/cristo-reys .

<http://vecab.ciudadesabiertas.es/recurso/transporte/autcbus/stoppointinjourneypattern/138al-4608> a tmjourney:StopPointIndourneyFattern ;

esautob:generatedByIncidence <http://vocab. ciudadesabiertas.es/recursc/transporte/trafico/incidencia/%1%60FE2-4207-4B2F-44B0-3774B40E17 70>

Fig. 10. Example of Lines, Routes and Journey Patterns. There are two journey patterns for route 138a, the second journey pattern was generated

by an incident and has changed its first stop.

tmjourney:ServiceCalendar

tmjourney:JourneyPattern : skos:Concept
E [ lype>>
: tmjourney:directionType (1..1)
tmjourney:madeUsing (1..1)
t VehicleJ mlourneyDayType
mjourney:VehicleJourn
I n ey ey i xsd:string
dcterms:identifier :: xsd:string Xsd:siring
1 22 xsdistring schemazname : xsd:string
tmjourney:lastDepartureTime :: xst tmjourney: tmjourney] Duration :: tmjoL 3 On (1.0  xsdistring
tmjourney:lastDayOffset :: xsd:time composedOf (1..1) | tmjourney:departureTime :: xsd:time tmjourney:earliestTime :: xsd:dateTime
determs:dayLength :: xsd:dateTime
l imjourney:determinedBy (1..1} tmjourney:
specifying (1..1)
tmjourney:Headwayinterval tmjourney: determsidentifie)
i y:DayTyp y (1.0 :
determs:identifier :: xsd:strin tmjourney:date :: xsd:dateTime schematname :: xsd:string
tmjourney:minimumHeadway nterval ::

tmjourney:maximumt

tmrjourney:scheduledHeadwaylnterval

Fig. 11. Public Bus Transport Ontology. Vehicle Journey Conceptual Model.

Evaluation results

It is obvious that not all the pitfalls are equally important; their impact in the ontology will depend on multiple factors. For this reason,
each pitfall has an importance level attached indicating how impartant it is. We have identified three levels:

= Critical @ : It is crucial to correct the pitfall. Otherwise, it could affect the ontology consistency, reasoning, applicability, etc.

= Important @ : Though not critical for ontology function, it is impertant to correct this type of pitfall.

= Minor 7 : It is not really a problem, but by correcting it we will make the ontology nicer.

(Expand All] | [Collapse All]

Results for P04: i I I

1 case | Minor

Results for P11: Missing domain or range in properties. 17 cases | Important ©

Results for P13: Inverse r

not ici 32 cases | Minor

Results for P34: Untyped class. 1 case | Important ©

Fig. 12. Evaluation Report Generated by OOPS! .

tmcommons:shortName :: xsd:string
tmjourney:frol late
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stop_id,stop code,stop name,stop desc,stop lat,stop_lon,zone_id,stop url,location type,parent station,stop timezone,wheelchair boarding
par_6_161,161,Puerta de Alcald,Plaza de la Independencia 3,40.4206852894155,-3.68919127035982, A, http:/ /www.crtm. es, I, , Burope /Madrid, 2
par_6_162,162,Retiro,Avda de Méjico 8M,40.4196%98317684,-3.68826031065316,A, http: //www.crtm.es,0, ,Burope/Madrid, 2
par_6_164,164,Circulode Bellas Artes,Calle Gran Via 3,40.4189619874668,-3.69714696173351, A, http: //www.crtm.es, 0, , BEurope/Madrid, 2
par_6_168,16%, Santo Domingo,Calle Gran Via 56,40.4215877200394,-3.70761018385723 A, http: //www.crtm.es,0, Europe/Madrid, 2
(a) Madrid GTFS feed for Stops

(] Class URI
idParada esautob:Parada http://vocab.ciudadesabiertas.es/recurso/transporte/autobus/parada/{stop_code}
idPoint sf:Point http://vocab.ciudadesabiertas.es/recurso/trans porte/autobus/punto/p-{stop_code}
idAddress esdir:DireccionPostal http://vocab.ciudadesabiertas.es/recurso/trans porte/autobus/direccion/a-{stop_code}
idRuta tmjourney:Route http://vocab.ciudadesabiertas.es/recurso/trans porte/autobus/ruta/{route_id}
idPatronViaje tmjourney:lourneyPattern http://vocab.ciudadesabiertas.es/recurso/trans porte/autobus/ patron-viaje/pv-{route_id}
idHeadsign tmjourney:DestinationDisplay  http://vocab.ciudadesabiertas.es/recurso/transporte/autobus/headsign/h-{route_id}
idLinea esautob:Linea http://vocab.ciudadesabiertas.es/recurso/trans porte/autobus/linea/{line_id}
idPointLinkSequence tmjourney:PointinLi q e http://vocab.ci iertas.es/recursoftrans porte/autobus/pl uencia,pls-{ _id}-{id_parada}
idPuntoParada tmjourney:Point http://vocab.ciudadesabiertas.es/recurso/trans porte/autobus/punto-parada/pp-{route_id}-{id_parada}
idRutaParada tmjourney:Route http://vocab.ciudadesabiertas.es/recurso/trans porte/autobus/ruta/{route_id}
idPatronParada tmjourney:JourneyPattern http://vocab.ci iertas.es/recursoftrans porte/autobus/pat iaje/pv-{ _id}

(b) Input to Mapeathor. Rules for Triples Subjects
Predicate Object DataType ]
schema:name {trip_short_name} string idRuta
tmjourney:on recurso-autobus:ruta/{route_id} iri idPatronViaje
determs:description {stop_desc} string idParada
schema:name {stop_name} string idParada
schema:url {stop_url} iri idParada
geospargl:hasGeometry recurso-autobus:punto/p-{stop_code} iri idParada
geodlat {stop_lat} double idPoint
geo:long {stop_lon} double idPoint
schema:address recurso-autobus:direccion/a-{stop_code} iri idParada
locn:full Address {stop_desc} string idAddress
tmjourney:madeU pOf recurso-autobus:ruta/{route_id} iri idLinea

(c) Inputto Mapeathor. Rules for Triples Predicates and Objects

Fig. 13. CSV to RDF mappings specified in Mapeathor.

strictions using the Shapes Constraint Language
(SHACL)*.

— The UML timing-related information is repre-

sented in the Common Concepts, Network Topol-
ogy, and in the Timing Information and Vehi-
cle Scheduling packages. As the relevant con-
cepts are scattered in several packages, the indi-
vidual UML model graphical representations did
not provide clear information and were not used.
Alignment. A graphical ontological model that
represents all of the timing-related classes and
properties was created, it was validated through
real-world examples realizing that not all of the
concepts were needed. A reduced ontological
model was integrated into Part III that covers ve-
hicle journeys and their schedules.

— There is no clear Stop class in the UML speci-

fication. Several options exist for representing a
Stop in Transmodel, e.g. StopPlace, Place.
Alignment. As the stop in our domain is a physi-
cal place with certain data and object properties,
aclass esautob: Stop is defined as a subclass of
Place thatin turn is a subclass of Zone.

— There is not a clear match of the Transmodel

UML specification with the requirement to rep-

2https://www.w3.org/TR/shacl/

resent the frequency-based schedule of a journey
pattern for a certain type of day. A frequency-
based service is represented in the Timing In-
formation and Vehicle Scheduling UML pack-
age, specifically in the Frequency Based Service
model and it is related to the Vehicle Journey
class. However, the representation of an individ-
ual vehicle journey is not relevant to our domain.
Alignment. In Part IIl the vehicleJourney class
is related to the HeadwayJourneyGroup that in
turn is associated with its HeadwayInterval.
The RDF data examples and the generated RDF
data used for queries represent one vehicle jour-
ney instantiation per journey pattern with its rela-
tionships to the frequency-based timetables.
There is not a clear match of the Transmodel
UML specification with the requirement to repre-
sent the expected arrival times of buses in a cer-
tain stop.

Alignment. Reuse of the SOSA ontology. A stop
in a route is a Sensor where for a given times-
tamp (sosa:resultTime) there is an expected
arrival waiting period.

The Transmodel UML specification defines the
Point class as a ”A O-dimensional node of the
network used for the spatial description of the net-
work. The ontologies in the Open Cities project
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Table 1
General Challenges to the Development of the Public Bus Transport
Ontology
Challenge Solution

Documentation is scattered and
there are different versions avail-
able

Compilation of a set of docu-
ments to be consulted. Trans-
model UML V6 2017 pack-
ages is our reference docu-
mentation.

Transmodel official documenta-
tion is work in progress (last
version published on September
2019)

Constant review of documen-
tation which required several
iterations to make our ontol-
ogy more consistent

Extensive information on stan-
dards vs. lack of information on
implementation or examples

Creation of examples from the
very beginning to test the im-
plementations

Complex UML Transmodel spec-
ification

Generation of a graphical
ontological representation
of parts of the UML and
integration into the ontology

The same concept with different
semantics (Transmodel, NeTEx)

Creation of a consistent glos-
sary based on the examples

Concepts that are not represented
in the Transmodel UML specifica-
tion

Definition of new classes
and properties. Subclasses of
reused classes when appropri-
ate

Complexity of the resulting Part I
that covers bus routes and journey
patterns

Division of the conceptual di-
agram in two sections: (1)
Transmodel reused concepts
and (2) Public Bus Transport
ontology concepts

reuse the GeoSPARQL location pattern to rep-
resent locations of municipality-related “equip-
ment” e.g., buildings, bus stops. This pattern also

defines a Point class.

Alignment. Represent in the ontology both Point
concepts: tmjourney:Point is needed to rep-
resent the relation between points on routes and
journey patterns, and physical stop places, and
sf:Point represents the geographical location

of a stop.

7. Conclusions1

In this work we have presented an ontology for the

representation of data about public buses operating in
cities. This ontology is aligned to the the Transmodel
reference model. For this development we followed the
LOT methodology and adapted the Reuse activity to
the scenario of reuse of non-ontological resources, in
our case the Transmodel UML specification.
Although the Open Cities project did not require this
alignment we considered it as an added value, due to

the fact that such an alignment may facilitate the gen-
eration of Transmodel-compliant data in the future, as
required by the corresponding EU regulation. The on-
tology development team had also participated in the
development of the initial version of the Transmodel
ontology in the context of the SNAP project. There-
fore, both the complexity of the UML specification and
the early state of development of the SNAP ontologies
were known beforehand and were an advantage to the
development of the alignment.

In order to identify the Transmodel concepts that
represented the requirements, we followed a bottom-
up approach where we identified the concepts through
the Transmodel glossary, and then we built the graphi-
cal representation of these concepts by examining por-
tions of the UML models and submodels, and build-
ing our conceptualization. This may be a useful experi-
ence for other ontology developers in this or other do-
mains who wish to address similar ontology develop-
ment problems.

Future work includes improving the ontologies orig-
inally developed in SNAP with updates to existing
concepts from Transmodel, as well as adding other
classes and associations from the specification that
were not developed in the initial version of those on-
tologies. Additionally, we suggest dividing the encod-
ing of the Public Bus Transport ontology into the three
portions that were conceptualized and presented in this

paper.
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