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Abstracts

Abstract

With the explosion of the number of ontologies and vocabularies available in the semantic web, ontology libraries
and repositories are mandatory to find and use them. Their functionalities span from simple ontology listing with
metadata description to rich platforms offering various advanced ontology-based services: browse, search,
visualization, metrics, annotation, recommendation, data access, etc. Studying ontology repositories opens then
a wide spectrum of informatics research questions in areas such as knowledge representation, semantic web,
data integration, natural language processing, ontology alignment and more. Ontology repositories are usually
developed to address certain needs and communities. BioPortal, the ontology repository built by the US National
Center for Biomedical Ontologies is the most important resource in biomedicine. It relies on a domain
independent open technology that we have contributed to build (at Stanford) and extensively reused and
extended for our research (at University of Montpellier) and applications to biomedicine and agronomy.

In this manuscript, we present and discuss six high level challenges for ontology repositories and services:
(i) standardize and extend metadata used to describe ontologies and use these metadata to facilitate ontology
evaluation, identification and selection; (ii) multilingualism, which requires rethinking ontology repositories to
embrace (and encourage) the multilingual semantic web; (iii) all issues related to ontology alignment, not just
the automatic generation of mappings, but also their extraction, storage, validation, etc., (iv) the design of better
and new generic ontology-based methods especially for processing free text data, (v) the use of ontologies for
semantic annotations & linked data; and finally, (vi) scalability & interoperability of the different semantic
resources management platforms. For each challenge, we describe and point to results obtained in the context
of our ontology repository projects over the last 12-years, especially the NCBO, SIFR, PractiKPharma and
AgroPortal projects. We believe our results illustrate potential solutions to move forward in this domain of
research.

Keywords

Ontologies, ontology libraries & repositories, semantic web, ontology metadata, ontology services, ontology-
based services, ontology selection, ontology alignment, ontology enrichment, terminology extraction, semantic
annotation, semantic indexing, linked data.

Résumé

L'explosion du nombre d'ontologies et de vocabulaires disponibles dans le web sémantique rend les portails
d'ontologies obligatoires pour trouver et utiliser ces ressources. Leurs fonctionnalités vont de la simple liste
d’ontologies décrites avec quelques métadonnées, a des plateformes riches et offrant divers services:
navigation, recherche, visualisation, métriques, annotation, recommandation, acces aux données, etc. L'étude
des portails d’ontologies ouvre ainsi un large spectre de questions de recherche en informatique dans des
domaines tels que la représentation des connaissances, le web sémantique, I'intégration de données, le
traitement du langage naturel, I'alignement d’ontologies, etc. Les portails d'ontologies sont généralement
développés pour répondre a certains besoins et communautés. BioPortal, le portail d’ontologies construit par le
US National Center for Biomedical Ontology est la ressource la plus importante en biomédecine. Il s'appuie sur
une technologie ouverte indépendante du domaine que nous avons contribué a créer (a Stanford) et largement
réutilisé et étendu pour nos recherches (a I'Université de Montpellier) dans nos applications en biomédecine et
agronomie.

Dans ce manuscrit, nous présentons et discutons six grands défis pour les portails d'ontologies et les services qui
y sont liés: (i) normaliser et étendre les métadonnées qui décrivent les ontologies et utiliser ces métadonnées
pour faciliter I'évaluation, l'identification et la sélection des ontologies; (ii) le multilinguisme, qui nécessite de
repenser les portails d'ontologies pour adopter (et encourager) le web sémantique multilingue; (iii) toutes les
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questions liées a I'alignement des ontologies, pas seulement la génération automatique de mappings, mais aussi
leur extraction, leur stockage, leur validation, etc. ; (iv) I'amélioration et la conception de nouvelles méthodes
génériques basées sur des ontologies, en particulier pour le traitement des données textuelles ; (v) l'utilisation
d'ontologies pour I'annotation sémantique et les données liées; et enfin (vi)le passage a I'échelle et
I'interopérabilité des différentes plateformes de gestion de ressources sémantiques. Pour chaque défi, nous
décrivons les résultats obtenus dans le cadre de nos projets sur les portails d'ontologies au cours des 12 derniéres
années, en particulier les projets NCBO, SIFR, PractiKPharma et AgroPortal. Ces résultats illustrent des solutions
possibles pour ce vaste domaine de recherche.

Mots clés

Ontologies, portail d'ontologies, web sémantique, métadonnées d'ontologies, services basés sur les ontologies
et pour les ontologies, sélection d'ontologies, alignement d'ontologies, enrichissement d'ontologies, extraction
terminologique, annotation sémantique, indexation sémantique, données liées.
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Chapter |I.

Prelude

Mount Rainier National Park

I.1  Organization of the manuscript

This document is a synthesis of my research activities started during my postdoc at Stanford University in
September 2007 and pursued in my current assistant professor position at University of Montpellier, since 2010.
For 12 years, | have been working in the semantic web area [1-3], designing, implementing, experimenting and
evaluating scientific methods and technologies for ontologies and their use.

This manuscript is inspired from a communication produced for a keynote presented during the 4t Symposium
on Information Management and Big Data (SIMBig) 2017 [CJ47]. | hereby present my work taking as a common
denominator “ontology repositories” as they represent the framework in which | have designed and
experimented ontology services (i.e., for ontologies) and ontology-based services (i.e., using ontologies) within
applications to biomedicine and agronomy. | will elicitate six different research challenges in this area and then
present my work concerned with each of these challenges. Consequently, | do not present my work
chronologically, but sub-domain by sub-domain.

This work has been accomplished in the context of several collaborative projects, described later, first as Stanford
University then at University of Montpellier in partnership with several teams, colleagues and students that |
explicitly acknowledge here.

The rest of this manuscript is organized as follows:

e Chapterl. Prelude (page 9). In the rest of this chapter, | provide a short biography for the reader to visualize
my background and professional path. | also list here the different funding schemes and projects that have
supported my research as well as the collaborations and people supervised.

e Chapter Il. Introduction (page 15) announces the scientific content of this manuscript. | quickly introduce
the overarching subject of this manuscript —ontology repositories and ontology-based services— then |
propose six challenges for ontology repositories that will be the prism for presenting my research results
of the last 12 years.

e Chapter Ill. Background (page 19) provides the necessary background information for appreciating the rest
of the manuscript and the contributions. | define ontology libraries and repositories and survey the ones
available today. | focus on the NCBO BioPortal ontology repository, a platform at the center of my research
when | was postdoc at Stanford. Then, | will explain how we have reused this technology and continued our
work in this area within the SIFR and AgroPortal projects which are the main contexts of my research at
Montpellier. For both projects, | list the main results obtained (and provide references); each will be more
extensively described in the rest of the manuscript.

e Chapter V. Challenges, propositions and results (page 29) is the most significant chapter of this manuscript
because it contains the scientific contributions. | will present how my work contributed (and still
contributes) to address the challenges previously introduced. In each subsection, | quickly introduce my
work done in this area, summarize the results, and point to the relevant publications detailing the
contributions.

e Chapter V. Conclusion and Perspectives (page 71) concludes the manuscript and reviews my vision for
ontology repositories and ontology-based services and future work in this domain of research.

e Chapter VI. Curriculum Vitae (page 79) is the first annex of this manuscript. It contains a detailed CV
covering all my research activities, training, team & projects and a complete list and analysis of my
publications. It also covers my teaching activities.
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e Chapter VII. Selected Publications (page 101) is the second annex of this manuscript. It is a reproduction
of a selection of important publications which content is partially reported in this manuscript. In the rest of
the document, | cite my publications and communications using [CJ#] and list them in a specific section of
the CV (page 79). Those must be distinguished from other references cited only by number and available in
the References section, page 199. When a reference will be in bold e.g., [CJ10], it means the publication is
included in 0. | also include work currently under preparation or review and in that case, it will be referred
as [CJ-UR#] and listed at the end of the main list of publications.

.2 Short biography

| obtained a BSc, MSc, and PhD in Informatics from University of Montpellier in Nov. 2006. | had a French
government PhD grant and was supervised by Pr.Stefano A. Cerri while working on “Dynamic Service
Generation” with multi-agent systems, grid and service-oriented computing in the context of the European FP6-
IST ELeGl project (002205). Then | served as a postdoc for 3 years (2007-2010) at the Stanford Center for
BioMedical Informatics Research (BMIR) within Pr. Mark A. Musen’s group where | was working closely with
Pr. Nigam H. Shah, on semantic annotations of biomedical data using biomedical ontologies in the context of the
National Center for Biomedical Ontology (NCBO) project supported by the National Institutes of Health (U54-
HG004028). | contributed actively to the design, evolution and development of the NCBO BioPortal, an ontology
repository widely used in the biomedical informatics community. With the NCBO team, we won the 15t prize at
the International Semantic Web Conference, Semantic Web Challenge 2010 with our ontology-based web
application for searching and mining biomedical data.

Since September 2010, | am Assistant Professor at University of Montpellier, researcher at the Laboratory of
Informatics, Robotics, and Microelectronics of Montpellier (LIRMM) and computer science teacher to the
students of Ecole Polytechnique Universitaire de Montpellier. | have taught programming, computer
architecture, web applications, semantic web to engineer students. From 2015 to 2018, | was back at Stanford
BMIR as visiting scholar.

Since 2013, | am the principal investigator of the SIFR project (Semantic Indexing of French Biomedical Data
Resources — www.lirmm.fr/sifr ) interested in designing ontology-based services first for French biomedicine but
also in agronomy. The project was mainly funded by the French National Research Agency (ANR) Young
Researcher program (ANR-12-JS02-01001) and the H2020 Marie Sktodowska-Curie program (701771) which both
supported my mobility to Stanford. | am also co-PI of PractiKPharma project (Practice-based evidences for
actioning Knowledge in Pharmacogenomics — http://practikpharma.loria.fr) supported by ANR (ANR-15-CE23-
0028). | lead the AgroPortal project (http://agroportal.lirmm.fr), a repository of ontologies and vocabularies for
agronomy and related domains (agriculture, plant science, food and biodiversity); this project gathers several
national research institutions (INRA, IRSTEA, CIRAD, IRD) but also involve important international organizations
(FAO, CGIAR, H2020 eRosa, RDA Agrisemantics). From June 2019 | will be the principal investigator of D2KAB
project (Data to Knowledge in Agronomy and Biodiversity — www.d2kab.org) supported by ANR (ANR-18-CE23-
0017). D2KAB’s objective is to create a framework to turn agronomy and biodiversity data into knowledge —
semantically described, interoperable, actionable, open— and investigate scientific methods and tools to exploit
this knowledge for applications in science & agriculture. D2KAB project brings together a unique multidisciplinary
consortium of 12 partners to achieve this objective.

| am interested and have experience in several domains such as biomedical/agronomical informatics, ontologies
and the semantic web, knowledge representation, data integration, semantic annotation, information retrieval
and text mining, distributed systems, agents, service-oriented computing, collaborative systems, and web
science. | am the (co)author of +80 publications cumulating more than 2200 citations, including 23 international
journals in multiple domains (biomedical informatics, semantic web, distributed systems & Al), 6 as first author,
3 as last. Since 2010, | co-supervised 3 PhD students (J-A Lossio, G. Surroca, A. Annane) each time at 33% (with
two other supervisors) and since 2007, 12 MSc students.

| was local chair of the 10t European Semantic Web Conference (ESWC) 2013 (350-person conference) and
organizer of the Semantics for Biodiversity Workshops (S4BIODIV) 2013 & 2017. | am a member of several
workshop and conference program committees related to life sciences and informatics including: ISWC (2017-
2018), WWW 2012&2018, ESWC 2017, SWATA4LS (2015-2018), BioOntologies (2010-2017), WebSci 2012, ITS
(2012&2014) MedEx (2010-2011). | reviewed articles for several journals such as Bioinformatics (Oxford
Journals), BMC Bioinformatics (BioMed Central), Web Semantics (Elsevier), Biomedical Informatics (Elsevier),
Biomedical Semantics (BioMed Central). | also chair the Web Science Montpellier and AgroHackathon Meetups.

As a teacher, | was also interested in the use of ICT in education, especially the use of iPads in the classroom. In
2014, | was program chair of a track at the French ICT in Education Conference and for 3 years | coordinated a
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http://www.lirmm.fr/sifr
http://practikpharma.loria.fr/
http://agroportal.lirmm.fr/
http://www.d2kab.org/

pedagogical innovation with ICT group at Polytech Montpellier. | am recipient of the French ministry distinction
(PES) since 2013.

Figure 1 presents a summary of my professional timeline. Chapter VI contains my complete curriculum vitae and
shall be consulted for complete enumeration and listings.

";"e”u/"\?“ ; ’POLYTECH' b lrzia—
MONTPELLIER
o LIRMM
ATER Assistant Professor Return MSCA
U, Montpellier 3 & LRMM Polytech Montpellier & LIRMM INRIA & LIRMM
2006-2007 20102015 2018-2019

. INRIA delegation
(1 year)
'Y L]

1Yesr recruitment

Agro
Portal

ANR MSCA
Practik SIFRm

3years

I

Ll
PhD 3 Years CNRS delegation 3vears T
Nov. 2006 (1 year) ®
I I Assistant Professor
A Polytech Montpellier & LIRMM

Postdoc Visiting scholar 2018

Stanford BMIR I\ Stanford BMIR

2007-2010 2015-2018
[ PhDAmina Annane ]
[ PhD Guillaume Surroca ]

Figure 1. Professional timeline.

.3 Research support and people involved

Since 2011, | have been independently supporting my research activities with different grants and funding
sources; | obtained approximatively 2M€ of research funding as summarized in Table 1.

Table 1. Funded grants (as leader). The amounts are the support explicitly allocated to LIRMM, when relevant
the total amount allocated (not total budget) of the project is detailed in parenthesis.

Project (#) Program Date Amount  Type of Collaboration Topic
(Total) support

TUBO CNRS PICS 2011-  18K€ operating  Stanford BMIR,  Ontology repository

2013 costs CHU Rouen interoperability
French GDR STIC-Santé collaborative 2012 1K€ operating =~ CHU Rouen
actions costs
Univ. Montpellier 2 scientific council = 2012-  90K€ PhD UMR TETIS Terminology extraction
PhD student grant 2015 fellowship and ontology enrichment
SIFR (ANR-12-JS02-  ANR JCIC call 2013- | 277K€ project Stanford BMIR, = Semantic indexing, ont-
01001) 2012 2017 CHU Rouen, ology repositories, know-

UMR TETIS ledge representation
French CNRS, support for H2020 2014 3K€ operating  CIRAD Application for EU project
project preparation costs related to ViewpointS
ANR IBC of Montpellier young 2014 10K€ operating Complement for SIFR.
researcher grant (ANR-11-BINF-0002) costs Kick off of AgroPortal
AgroPortal (ANR- Labex NUMEV ~ 2014-  46K€ 1-year Multiple Building first AgroPortal
10-LABX-20) call 2015 engineer prototype
PractiKPharma ANR generic 2015- | 137K€ project LORIA (Nancy), Electronic health records
(ANR-15-CE23- call 2015 2019 (677K€) HEGP (Paris), text mining and
0028) CHU St Etienne pharmacogenomics
SIFR mobility H2020-MSCA-  2016- @ 265K€ project Stanford BMIR,  Support for mobility in
(701771) IF-2015 2019 INRIA (Zenith &  the context of SIFR and
Wimmics) AgroPortal

e-Tera (partner of ANR MRSEI 2016- @ 5K€ operating  INRA-DIST, IRD Roadmap for e-
H2020 eRosa) 2017 (24K€) costs infrastructure in agri-food
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AgroPortal (ANR- IBC of Mont- 2016-  100K€ postdoc Multiple Community support and
11-BINF-0002) pellier WP5 2018 outreach for AgroPortal
VisaTM / BSN-10 2017-  15K€ postdoc INRA Versailles, Text & data mining,
AgroPortal 2018 (160K€) CNRS-INIST semantic resources
Lingua / AgroPortal NUMEV-Agro- 2017 90K€ postdoc INRA Ontology mapping
(ANR-10-LABX- CEMEB Montpellier, lifecycle in AgroPortal.
0001-01) Interlabex CNRS-CEFE Collaboration with GACS
EUDAT Semantic Working group 2018 6KE postdoc H2020 EUDAT, Ontology portal
(30K€) eScience interoperability

Factory
H2020 OpenMinTed (OMTD) call for 2018 15K€ postdoc H2020 Text & data mining,
tender OpenMinTed semantic resources
D2KAB (ANR-18- ANR generic 2019-  (300K€) project INRIA (Wim- Data to knowledge in
CE23-0017) call 2018 2023 950K€ mics), INRA, agronomy and bio-

IRSTEA, CNRS- diversity. AgroPortal, and

CEFE, ACTA linked data
Joint Montpellier- CNRS LIA 2019- NA operating  LIRMM, Medical robotics,
Stanford 2023 cost Stanford (3 underwater robotics and
Laboratory teams) Semantic Web

The work presented in this manuscript, when realized after my postdoc, has been done either by me directly or
with someone (intern, PhD student, postdoc, engineer) under my supervision or co-supervision with other
permanent colleagues as synthetized in Table 2. Since 2015, we work as a subgroup with regular meetings,
exchanges and reporting. The skills and profiles of the subgroup members are always very different as our
projects. We have investigated several research questions with students and postdocs and concretely
experimented and transferred them into applications and prototypes with our engineers. Six team members
came to Stanford during my mobility: V. Emonet, A. Annane, A. Tchechmedjiev, A. Abdaoui, C. Goehrs, S. Zevio.

Table 2. Team supervision from 2012 to 2018.

Juan-Antonio PhD 2012- SIFR um2 M. Roche & M. Postdoc Univ. of
Lossio Ventura student 2015 Teisseire Florida, USA
Khedidja MSc 2013 SIFR ANR
Bouarech student
Guillaume PhD 2013- SIFR ANR P. Lemoisson & S.  Industry (Agixis)
Surroca student 2017 /ViewpointS Cerri
Awa Dia Student 2014 ViewpointS Cirad P. Lemoisson & G.
eng. Surroca
Soumia Melzi MSc 2014 SIFR ANR
student
Luc-Henri Méric Student 2014 ViewpointS Cirad P. Lemoisson & G.
eng. Surroca
Vincent Emonet Engineer 2015- SIFR ANR Ing. Univ of
2017 Maastricht, NL
Anne Toulet Engineer 2016- AgroPortal NUMEV, IBC, Ing. CIRAD
2018 /VisaTM BSN, OMTD (Montpellier)
Amina Annane PhD 2015- SIFR ESI Algeria &  Z. Bellashene & F.  Postdoc IRIT
student 2018 /PractiKPharma  Eiffel prog. Azouaou (Toulouse)
Soléne Eholié MSc 2016 SIFR ANR S. Bringay & M. Industry
student Tapi-Nzali (Amadeus IT)
Andon Postdoc 2016- PractiKPharma ANR S. Bringay Adjunct Assit.
Tchechmedjiev 2018 Professor (Ales)
Amine Abdaoui Postdoc 2016- PractiKPharma ANR S. Bringay Industry (Stack
2017 Labs)
Clement Goehrs MD & MSc 2017 PractikPharma personal Industry
student (Synapse Med)
Stella Zevio MSc 2017 PractiKPharma ANR S. Bringay & A. Doctorat LIPN
student Tchechmedjiev (Paris)
Elcio Abrahao Postdoc 2018- AgroPortal Labex Agro K. Todorov & P. Industry (Brazil)
2020 Neveu
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[.4  Collaborations

| have always considered my research activities as collaborative ones. Either in the lab, locally in the Montpellier
research ecosystem, nationally or internationally, | have always tried to reach out to other colleagues interested
in similar topics and with who we can join our forces for a better scientific impact.

At LIRMM: A part from the contributions and exchanges related to the multi-agent systems & interaction
research group “SMILE” (S. Cerri), | have strongly interacted and worked with members of other teams, especially
the data and text mining “ADVANSE” team (S. Bringay, M. Roche, M. Teisseire); the ontology alighment & linked
data “FADQO” team (Z. Bellahsene, K. Todorov, F. Scharffe); the big data and scientific workflow “ZENITH” INRIA
team (P. Valduriez, P. Larmande).

Within the Montpellier research ecosystem: During SIFR, | co-supervised 2 PhD students with researchers from
UMR TETIS (M. Roche, M. Teisseire, P. Lemoisson). The AgroPortal initiative rapidly found an echo locally that
have encouraged us to concretize the project in Montpellier. Since 2014, it brought me to collaborate with IRD
(P. Larmande) on agronomic linked data (AgroLD project) and AgroPortal; CIRAD (M. Ruiz), Bioversity
International (E. Arnaud), INRA (P. Neveu, P. Buche), CNRS-CEFE (E. Garnier) on several use cases for AgroPortal.
More recently, | have started a partnership with ANR network #DigitAg and IRSTEA (V. Bellon-Maurel) for data
interoperability projects on digital agriculture.

Nationally: The collaborations mainly happened during formal projects (cf. Table 1). Within SIFR, | started the
project with the CISMeF group of CHU Rouen (S. Darmoni), and then had multiple interactions with other
organizations such as INSERM LIMICS (J. Charlet), related to French biomedical ontologies, CHU Nancy (N. Girerd)
on knowledge extraction form electronic health records. Within the ANR PractiKPharma consortium, led by LORIA
(A. Coulet), | also collaborate with HEGP hospital (B. Rance & A. Burgun) and CHU St Etienne (C. Bousquet).
AgroPortal found interests with other INRA research groups (C. Pichot, C. Nédellec, C. Pommier) but also with
INRA Scientific and Technical Information department (S. Aubin, O. Hologne) with who | closely collaborate since
2016 on agri-food data interoperability within AgroPortal, VisaTM, eRosa/eTera projects and several working
groups of the Research Data Alliance. Since 2017, both within VisaTM and the GDR SemanDiv, | exchange with
CNRS-INIST (C. Francois, D. Vachez) on accessing and sharing semantic resources. At the national level, current
or past industrial exchanges include: Sanofi (T. Pages), Ontologos (C. Million), Logixys (P. Dugénie), Mondeca
(F. Amardeilh), eScience Data Factory (Y. Le Franc).

Internationally: See CV (Chapter VI) for before 2011. After being recruited at LIRMM, | have kept and extended
the collaboration with Stanford BMIR (M. Musen), with the Protégé & NCBO groups. This collaboration has
allowed us to develop an expertise in Montpellier on ontology services and repositories, the core of the work
presented in this manuscript. In the last three years, the context of AgroPortal brought me to join and work with
several international working groups such as RDA Vocabulary and Semantic Services Interest Group where | co-
lead the ‘ontology metadata’ task group (www.rd-alliance.org/groups/vocabulary-services-interest-group.html);
the H2020 eRosa (e-infrastructure Roadmap for Open Science in Agriculture — www.erosa.aginfra.eu) project
community (especially INRA, WUR, AgroKnow, FAO); the GACS project working group (J. Keyser) to design the
Global Agricultural Concept Scheme; the AgBioData group (www.agbiodata.org) which gathers model organism
databases in agriculture in the US; the RDA Agrisemantics working group (S. Aubin, C. Caracciolo -
http://agrisemantics.org) and RDA Wheat Data Interoperability working group (E.Dzalé - www.rd-
alliance.org/groups/wheat-data-interoperability-wg.html) as a use case for AgroPortal. We have also worked
with the Food Agriculture Organization (V. Pesce) in the GODAN Action project on the design of the Agrisemantics
Map of Data Standards (http://vest.agrisemantics.org). Since 2016, | have started a collaboration with Indian
Statistical Institute (B. Dutta), on ontology metadata.

13
HDR — Clement Jonquet


http://www.rd-alliance.org/groups/vocabulary-services-interest-group.html
http://www.erosa.aginfra.eu/
http://www.agbiodata.org/
http://agrisemantics.org/
http://www.rd-alliance.org/groups/wheat-data-interoperability-wg.html
http://www.rd-alliance.org/groups/wheat-data-interoperability-wg.html
http://vest.agrisemantics.org/

14
Ontology Repository and Ontology-Based Services



Chapter II.

Introduction

North Cascades National Park

A key aspect in addressing semantic interoperability is using ontologies as a common denominator to structure
data, make them interoperable and turn them into structured and formalized knowledge. Ontologies formalize
the knowledge of a domain by means of concepts, relations and rules that apply to that domain [4, 5]. When
properly built, ontologies allow representing data with clear semantics that can be leveraged by computing
algorithms to search, query or reason on the data. One way of using ontologies is by means of creating semantic
annotations. An annotation is a link from an ontology term to a data element, indicating that the data element
(e.g., article, experiment, clinical trial, medical record) refers to the concept [6, 7]. These annotations can then
be used to build semantic indexes to leverage the knowledge inside the ontologies for better information mining
and retrieval [8].

The semantic web produces many vocabularies and ontologies to represent and annotate any kind of data. In
2007 Swoogle’s homepage [9] announced searching over 10000 ontologies. Today, a simple Google Search for
“filetype:owl” returns around 34K results. How much ontologies are available online now? The big data deluge
and the adoption of the semantic web technologies to describe and link these data [10] have made the number
of ontologies grow to numbers for which machines are mandatory to index, search and select them. It has
become cumbersome for domain experts to identify the ontologies to use so that automatic recommender
systems have been designed to help them with this task, as for instance in the biomedical domain [CJ13, CJ8]. In
addition of being spread out, ontologies are in different formats, of different size, with different structures and
from overlapping domains. Therefore, with big number of ontologies new problems have raised such as
describing, selecting, evaluating, trusting, and interconnecting them.

The scientific community has always been interested in designing common platforms to list and sometime host
and serve ontologies, align them one another, and enable their (re)use [11-14]. These platforms range from
simple ontology listings, rich libraries with structured metadata, to advanced repositories (or portals) which
feature a variety of services for multiple types of semantic resources (ontologies, vocabularies, terminologies,
taxonomies, thesaurus) such as browse/search, visualization, metrics, recommendation, or annotation.

In this manuscript, we will focus on ontology repositories, as they are the framework in which we have designed
and experimented ontology-services (i.e., for ontologies) and ontology-based services (i.e., using ontologies).
Ontology repositories allow to address important questions:

¢ If you have built an ontology, how do you let the world know and share it?

e How do you connect your ontology to the rest of the semantic world?

e If you need an ontology, where do you go to get it?

e How do you know whether an ontology is any good?

e If you have data to index or represent, how do you find the most appropriate ontology for your data?
o If you look for data, how may the semantics of ontologies help you locate them?

More generally, ontology repositories help “ontology users” to deal with ontologies without managing them or
engaging in the complex and long process of developing them. As any other data, repositories help making
ontologies FAIR (Findable, Accessible, Interoperable, and Re-usable) [15] as we will explained in Section IV.1.
From our experience working first on: (i) the US National Center for Biomedical Ontologies (NBCO) BioPortal, the
most widely adopted biomedical ontology repository [CJ19][16]; (ii) the SIFR BioPortal, a specific local instance
of BioPortal to address the French speaking biomedical community [CJ65]; and (iii) AgroPortal, an ontology
repository for agronomy [CJ10]; we review and discuss six challenges in designing such platforms:
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Metadata, evaluation and selection. Ultimately, ontology repositories are made to share and reuse
ontologies. But which ontology should we reuse? With too many different and overlapping ontologies,
properly describing them with metadata and facilitate their evaluation, identification and selection becomes
and important issue [17]. We believe, as any other data, ontologies must be FAIR and although there are
multiple dimensions to make ontologies FAIR, one will agree that developing open ontology repositories is
one of them. Repositories are the best environment in which the metadata about ontologies can be
described and valued. However, can we say that ontology developers describe their ontologies with relevant
metadata properties that will facilitate manual or automatic search, identification and selection of
ontologies? There exists a significant number of metadata vocabularies that could be used for ontologies
but none of the existing ones can completely meet this need if taken independently. In this section, we will
present our work on ontology metadata adopting first the perspective of designers of an ontology repository
and report on our effort to develop a unified ontology metadata model for this repository; and second by
presenting our effort in generalizing this work by collaboratively building a new shared specification for
describing ontologies and semantic resources in general. In this section, we will also present our work in
building automatic ontology recommendation algorithms and tools.

Multilingualism. We live in a multilingual world, so are the concepts and entities from this world. The
semantic web offers now tools and standards to develop multilingual and lexically rich ontologies [18].
Recently, ontology localization, i.e., “the process of adapting and an ontology to a concrete language and
culture community” [19], has become very important in the ontology development lifecycle, but when
efforts are made to properly represent lexical or multilingual information, it is rarely leveraged by ontology
repositories. Repositories must be able to deal with multiple languages which means being able to deal with
interface and content internationalization. While interface is easy, content internationalization is complex
as semantic resources can be monolingual or multilingual and a repository must incorporate multilingual
features at every level (search, mappings, annotation, etc.). To the best of our knowledge, there exist today
no ontology repository fully multilingual. In this section, we will describe our choices and propositions made
in 2014 to internationalize the NCBO BioPortal. Then, we will present some of our work in the context of the
SIFR project, where we are building the SIFR BioPortal to host ontologies and terminologies with French
labels. We will explain how we have addressed some of the requirements for multilingual ontology
repositories — but not built one yet — especially with a new metadata model and by reconciliating multilingual
ontology mappings between French medical terminologies in the SIFR BioPortal and their English counter
parts in the NCBO BioPortal.

Ontology alignment. No conceptualization is an island. It is now commonly agreed data interoperability
cannot be achieved by means of a single common ontology for a domain, and interlinking ontologies is the
way forward. But the more ontologies are being produced, the more the need to identify mappings
(correspondences) between different ontologies of the same domain becomes important. This process is
known as ontology matching or ontology alignment. Building algorithms to identify these mappings, is itself
a scientific challenge [20], but when dealing with ontology repositories, we also must address all the issues
related to storing, retrieving, merging, scoring and evaluating these mappings so to create a valuable
resource for the community addressed by the repository. In this section, we will present several of our
researches in this area ranging from: (i) Analyzing, in 2009, what 4 million mappings in the NCBO BioPortal
tell us about the ontologies themselves, the structure of the ontology repository, and the ways in which the
mappings can help in the process of ontology design and evaluation; (ii) Creating new automatic ontology
alignment algorithms and methods especially using existing ontology alignments as background knowledge;
(iii) Making AgroPortal the reference platform for mapping extraction, generation, validation, evaluation,
storage and retrieval by adopting a complete semantic web and linked open data approach and engaging
the community.

Generic ontology-based services (especially for free text data). On reason to adopt semantic web standards
and use ontology repositories is to benefit from multiple services for —and based on— ontologies. No one
likes to reimplement something already existing and that can be generalized to another ontology just by
dropping it in a repository. The portfolio of ontology-based services available in repositories should then
grow. These services are ‘generic’ if they are domain independent i.e., not specific to a domain, group of
ontologies, specific format or design principles. One important use of ontologies is for processing natural
language: they can support multiple applications such as semantic annotation of free text, automatic
translation or sentence generation, semantic search, terminology extraction and more. In this section, we
will show how ontologies can be used for text data and present various results we have obtained in working
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on semantic annotation of free text, first building in 2009 the NCBO Annotator, one of the most used
ontology-based annotation web service in biomedicine and second by investigating similar questions but for
French biomedical data within the SIFR project and exploring the challenges of dealing with clinical text.
Then, we will show how text data can be used for ontologies by presenting our work in automatic
terminology extraction and ontology enrichment.

5. Annotations and linked data. Ontologies and vocabularies are the backbone of semantically rich data (linked
open data, knowledge bases, semantic indexes, etc.) as they are used to semantically annotate and interlink
datasets[5, 7]. Besides the scientific interest of capturing and formalizing the knowledge of a domain, the
main reason why ontologies are developed is for representing and semantically accessing data. The use of
ontologies is established as one of the requirements for FAIR data [15]. Therefore, there exists a challenge
in interconnecting ontology repositories with semantically rich data repositories and enable semantic search
and data access directly from the repositories. In this section, we will present our efforts in building semantic
knowledge bases and connecting them with an ontology repository. We will first present the NCBO Resource
Index, a large-scale ontology-based index of more than 50 heterogeneous biomedical resources, integrated
within the NBCO BioPortal. Then we will present other related work on using ontologies to build knowledge
bases in agronomy or pharmacogenomics. Finally, as an alternative to ontologies, we will introduce an
exploratory research designing a brain-inspired knowledge representation approach where semantic and
social web contributions are merged into an adaptive knowledge graph which is then topologically, rather
than logically, explored and assessed.

6. Scalability & interoperability. The community of ontology developers and users is growing both horizontally
(i.e., new domains) and vertically (i.e., new adopters inside a domain). More and more ontologies are being
developed and therefore, more and more ontology libraries and repositories are built. There is a challenge
for ontology repositories to scale to high number of ontologies, while still addressing the five previously
described challenges. In addition, when multiple repositories are created, they must be interoperable to
ensure their users that they will not have to work with multiple web applications and programming
interfaces if their ontologies of interest are not all hosted by the same repositories. In this section, we will
present our vision to achieve this challenge and illustrate some steps forward. We strongly believe that
sharing a common technology is the best way to make ontology repositories interoperable. This is the main
motivation behind our reuse of the NCBO technology to build SIFR BioPortal and AgroPortal.

In the rest of the manuscript, we will detail these challenges and describe or point to results obtained in the
context of our multiple ontology repository projects. In some sense, this manuscript is an index of 12-years of
published research in the domain of ontology repositories and ontology-based services. For each challenge, we
will not report or cover all related work published in the literature, but we will provide sufficient references to
previous published work to appreciate and evaluate our contributions on each topic. We do not claim to have
solved all the problems identified by these challenges, rather to have significantly contributed to potential
solutions and progress in that domain of research.
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Chapter IlI.

Background

Yellowstone National Park

[1I.1 Ontology libraries and repositories

With the growing number of ontologies developed, ontology libraries and repositories have always been of
interest in the semantic web community. Ding and Fensel (2001) introduced the notion of ontology library and
presented a review of libraries at that time:

“A library system that offers various functions for managing, adapting and standardizing groups of
ontologies. It should fulfill the needs for re-use of ontologies. In this sense, an ontology library
system should be easily accessible and offer efficient support for re-using existing relevant
ontologies and standardizing them based on upper-level ontologies and ontology representation
languages.”

The terms “collection”, “listing” or “registry” are also used to describe ontology libraries. All correspond to
systems that help reuse or find ontologies by simply listing them (e.g., DAML or DERI listings) or by offering
structured metadata to describe them (e.g., FAIRSharing, BARTOC, Agrisemantics Map). But those systems do
not support any services beyond description, especially based on the content of the ontologies.

Hartmann et al., (2009) introduced the concept of ontology repository, with advanced features such as search,
browsing, metadata management, visualization, personalization, mappings and an application programming
interface to query their content/services:

“A structured collection of ontologies (...) by using an Ontology Metadata Vocabulary. References
and relations between ontologies and their modules build the semantic model of an ontology
repository. Access to resources is realized through semantically-enabled interfaces applicable for
humans and machines. Therefore, a repository provides a formal query language.”

By the end of the 2000’s, the topic was of high interest as illustrated by the 2010 ORES workshop [21] or the 2008
Ontology Summit.! The Open Ontology Repository Initiative [22] was a collaborative effort to develop a federated
infrastructure of ontology repositories. At that time, the effort already reused the NCBO BioPortal
technology [23] that was the most advanced open source technology for managing ontologies but not yet
packaged in an “virtual appliance” as it is today (cf. Section lll.2.2). More recently the initiative studied
OntoHub [24] technology for generalization but the Open Ontology Repository Initiative is now discontinued.

In parallel, there have been effort do index any semantic web data online (including ontologies) and offer search
engines such as Swoogle and Watson [9, 25-27]. We cannot talk about ontology library or repositories for those
“semantic web indexes”, even if they support some features of ontology repositories (e.g., search). Other similar
products are terminology servers which are usually developed to host one or a few terminologies for a specific
community (e.g., SNOMED-CT terminology server); they are usually not semantic web compliant and do not
handle the complexity of ontologies.

In the biomedical or agronomic domains there are several standards and/or ontology libraries such as
FAIRSharing (http://fairsharing.org) [28], the FAO & GODAN led Agrisemantics Map of Data Standards
(http://vest.agrisemantics.org), and the agINFRA linked data vocabularies (http://vocabularies.aginfra.eu). They
usually register ontologies and provide various metadata attributes about them. However, because they are
registries not especially focused on vocabularies and ontologies, they do not support the level of features that
an ontology repository offers. In the biomedical domain, the OBO Foundry [29] is a reference community effort
to help the biomedical and biological communities build their ontologies with an enforcement of design and

1 http://ontolog.cim3.net/wiki/OntologySummit2008.html
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reuse principles that have made the effort very successful. The OBO Foundry web application
(http://obofoundry.org) is not an ontology repository per se, but relies on other applications that pull their data
from the foundry, such as the NCBO BioPortal [CJ19], OntoBee [30], the EBI Ontology Lookup Service [31] and
more recently AberOWL [32]. In France, we can also mention HeTOP, the Health Terminology Ontology
Portal [33] which supports several multilingual features (but mostly focus on French).?

Not specific to life sciences, there exist other ontology libraries and repository efforts such as the Linked Open
Vocabularies [34], OntoHub [24], and the Marine Metadata Initiative’s Ontology Registry and Repository [35].
More recently, we created the SIFR BioPortal [CJ65] prototype to build a French Annotator and experiment
multilingual issues in BioPortal [CJ19]; and we developed AgroPortal, a vocabulary and ontology repository for
agronomy and neighboring domains such as food, plant sciences and biodiversity [CJ10].

D’Aquin and Noy, (2012) and Naskar and Dutta, (2016) provided the latest reviews of ontology repositories. In
Table 3, we provide a non-exhaustive —but quite rich— list of ontology libraries, repositories and web indexes
available today. We only very partially address here the so called “terminology servers” which are similar
platforms but deal with semantic resources less complex than ontologies. For examples, ANDS vocabulary
service, NERC vocabulary server, SNOMED terminology server, Ortolang, Terraref, CLARIN vocabulary services,
etc. These ad-hoc platforms mostly built independently of the semantic web effort are recently evolving to adopt
SKOS (Simple Knowledge Organization System) [37], the W3C Recommendation for terminology and vocabulary.
For instances, Finto or Loterre have adopted SKOSMOS [38] as backend technology; ANDS or NERC are SKOS
compliant.

Table 3. Non-exhaustive list of ontology libraries, repositories and web indexes available today. We also
included some known “technology” that can be “reused” to setup an ontology repository. Blue cells are projects
in life sciences. The symbol * identifies ontology repositories which reuse(d) NCBO technology.

OBO Foundry NCBO BioPortal*

WebProtégé Ontobee

Romulus EBI Ontology Lookup Service
DAML ontology library AberOWL

Colore CISMEF HeTOP

Agrisemantics Map of Data Standards SIFR BioPortal*

FAIRsharing OKFN Linked Open Vocabularies
DERI Vocabularies ONKI Ontology Library Service
OntologyDesignPatterns MMI Ontology Registry and Repository™
SemanticWeb.org ESIPportal*

W3C Good ontologies AgroPortal*

TaxoBank OntoHub

BARTOC Finto

GFBio Terminology Service
agINFRA Linked Data Vocabularies
0eGOV

Swoogle
Watson
Sindice
Falcons

EcoPortal (proposition end 2017)*
Ontoserver
Loterre

NCBO Virtual Appliance (Stanford)
OLS technology (EBI)

LexEVS (Mayo Clinic)

Intelligent Topic Manager (Mondeca)
SKOSMOS

Abandoned projects include: Cupboard, Knoodl, Schemapedia, SchemaWeb, OntoSelect, OntoSearch,
OntoSearch2, TONES, SchemaCache, Soboleo

2 For a comparison of the NCBO BioPortal and CISMeF HeTop, see our work done at the beginning of the SIFR project [CJ53].
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[11.2  Focus on the NCBO BioPortal

[11.2.1 BioPortal, a “one stop shop” for biomedical ontologies

In the biomedical domain, BioPortal (http://bioportal.bioontology.org) [CJ19][16], developed by the National
Center for Biomedical Ontologies (NBCO) at Stanford, is considered now as the reference open repository for
biomedical ontologies originally spread out over the web and in different formats. There are around 770 public
ontologies in this collection as of end 2018. By using the portal’s features, users can browse, search, visualize
and comment on ontologies both interactively through a web interface, and programmatically via web
services. The majority of BioPortal ontologies were contributed by their developers directly to the portal. A
number of ontologies come from OBO Foundry [29], and BioPortal also includes publicly available terminologies
from the Unified Medical Language System (UMLS) [39], a set of terminologies which are manually integrated
and distributed by the US National Library of Medicine. BioPortal also includes ontologies that are developed in
a variety of formats, including OBO file format, UMLS’s RRF format and of course the semantic web standards
OWL, RDF(S), and more recently SKOS. Such ontologies include the NCI Thesaurus, Human Disease Ontology, the
Medical Subject Headings (MeSH), the Systematized Nomenclature of Medicine — Clinical Terms (SNOMED-CT),
the Gene Ontology, the Foundational Model of Anatomy, and more.

NCBO BioPortal has adopted from scratch semantic web technologies e.g., ontologies, mappings, metadata,
notes, and projects are stored in an RDF3 triple store [40] and the functionalities have been progressively
extended in the last 12 years. NCBO technology is now mature and quite robust considering the constant
augmentation of the number of ontologies in the portal as illustrated by Figure 2.
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Figure 2. Evolution of the number of ontologies in NCBO BioPortal over the last 10 years (source [41]).

In the semantic web and linked open data world, the impact of BioPortal is easily illustrated by the famous linked
open data cloud diagram (Figure 3, http://lod-cloud.net) that since 2017 includes ontologies imported from the
NCBO BioPortal (most of the Life Sciences section).

Within BioPortal, ontologies are used to develop an annotation workflow, the NCBO Annotator [Cl41], that has
been used inside the portal to build the NCBO Resource Index, a database of several biomedical data resources
indexed using the knowledge formalized in ontologies to provide semantic search features and enhance
information retrieval experience [CJ15]. Both applications will be later described respectively in Section 1V.4 and
IV.5.

3 The Resource Description Framework (RDF) is the W3C language to described data. It is the backbone of the semantic web.
SPARQL is the corresponding query language. By adopting RDF as the underlying format, an ontology repository based on
NCBO technology can easily make its data available as linked open data and queryable through a public SPARQL endpoint.
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Figure 3. The Linked Open Data cloud in early 2018 (source: http://lod-cloud.net). Manyt of the Life Sciences
section in pink are from resources harvested and integrated inside NCBO BioPortal. Note that the diagram only
contains NCBO BioPortal data as of 2013. Since then BioPortal has doubled in size.

[11.2.2 Reuse of the NCBO technology

An important aspect is that NCBO technology [23] is domain-independent and open source. A BioPortal virtual
appliance*is available as a server machine embedding the complete code and deployment environment, allowing
anyone to set up a local ontology repository and customize it. It is important to note that the NCBO virtual
appliance has been quite regularly reused by organizations which needed to use services like the NCBO Annotator
but, for privacy reason, had to process the data in house. Via the virtual appliance, NCBO technology has already
been adopted for different ontology repositories in related domains and was also originally chosen as
foundational software of the Open Ontology Repository Initiative [22]. The Marine Metadata Interoperability
Ontology Registry and Repository [35] used it as its backend storage system for over 10 years, and the Earth
Sciences Information Partnership earth and environmental semantic portal [42] was deployed several years ago.
We are also currently working on the SIFR BioPortal and AgroPortal projects described next section.

4 www.bioontology.org/wiki/index.php/Category:NCBO Virtual Appliance
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In the context of our projects, to avoid building new ontology repositories from scratch, we have considered
which of the technologies cited Section Ill.1 were reusable. While most of them are “open source,” only the
NCBO BioPortal® and OLS® are really meant for reuse, both in their construction, and with their documentation
provided. SKOSMOS is another alternative, but only support SKOS vocabularies. Although we cannot know all the
applications of other ontology repository technologies, the visibly frequent reuse of the NCBO technology
definitively confirmed it was the best candidate for our SIFR and AgroPortal projects. Also, of the two candidate
technologies, we believe NCBO technology implements the highest number of required features in our projects
(cf. [CJ10] for details). There are two other major motivations for reusing this technology: (i) to avoid re-
developing tools that have already been designed and extensively used and instead contribute to long term
support of a shared technology; and (ii) to offer the same tools, services and formats to biomedical (French &
English) and agri-food communities, to facilitate the interface and interaction between their domains.

[11.3 Two collaborative ontology repository projects

In this section, we briefly introduce the SIFR and AgroPortal projects within which we design and develop two
ontology repositories. We have worked during each project on various subjects (annotation, metadata,
alignment, term extraction, etc.) but in most of the cases our research can be connected to the repositories. For
each project, we list the main results obtained (and provide references); each of these results will be more
extensively described in Chapter IV.

[11.3.1 Semantic Indexing of French Biomedical Data Resources (SIFR)
11.3.1.1  Scientific context, objective and partnership

The volume of data in biomedicine is constantly increasing. Despite a large adoption of SIFR
English in science, a significant quantity of these data uses the French language. Biomedical

data integration and semantic interoperability are necessary to enable new scientific pr(j]’ect
discoveries that could be made by merging different available data [43]. A key aspect to

address those issues is the use of terminologies and ontologies to structure biomedical data and make them
interoperable [44—-46]. The community has turned toward ontologies to design semantic indexes of data that
leverage the medical knowledge for better information mining and retrieval. However, besides the existence of
various English tools, there are considerably less ontologies available in French and there is a strong lack of
related tools and services to exploit them [47]. This lack does not match the huge amount of biomedical data
produced in French, especially in the clinical world (e.g., electronic health records).

The Semantic Indexing of French Biomedical Data Resources (SIFR — www.lirmm.fr/sifr) project investigates the
scientific and technical challenges in building ontology-based services to leverage biomedical ontologies and
terminologies in indexing, mining and retrieval of French biomedical data. Our main goal is to enable
straightforward use of ontologies freeing health researchers to deal with knowledge engineering issues and to
concentrate on the biological and medical challenges; especially when exploiting ontologies for free text data.
Indeed, researchers have called for the need of automated annotation methods and for leveraging natural
language processing tools in the curation process. Still, even if the issue is being currently addressed for English,
French is not in the same situation: there is little readily available technology (i.e.,“off-the-shelf” technology)
that allows the use of ontologies uniformly in various annotation and curation pipelines with minimal effort.

The SIFR project (ANR 2013-2017) originally brought together several young researchers at LIRMM to achieve
this objective. Dr. Clement Jonquet coordinates the project. He was accompanied by two young researchers
(HDR): Pr. Sandra Bringay and Dr. Mathieu Roche both expert in biomedical data/text mining. In addition, highly
qualified and experienced partners are associated to the project: (i)°Stanford BMIR, a worldwide leader providing
(English-)ontology-based services to assist health professionals and researchers in the use of ontologies to design
biomedical knowledge-based systems; (ii)°The TETIS group, a joint applied research unit (AgroParisTech, IRSTEA,
CIRAD) specialized in geographic information, environment and agriculture. ANR support for SIFR ended in
August 2017, but the project continues until end 2019, supported by the European H2020 Marie Sktodowska-
Curie program and the PractiKPharma project (ANR 2015-2019) in which we continue our work.

5 The technology has always been open source, and the virtual appliance has been made available since 2011. However, the
product became concretely and easily reusable after BioPortal v4.0 end of 2013.

6 The technology has always been open source but some significant changes (e.g., the parsing of OWL) facilitating the reuse
of the technology for other portals were done with OLS 3.0 released in december 2015.
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111.3.1.2  Methods

Within SIFR, we have developed the SIFR BioPortal (http://bioportal.lirmm.fr), an open platform to host French
biomedical ontologies and terminologies based on the technology developed by the NCBO. The portal facilitates
use and fostering of terminologies and ontologies which were only developed in French or translated from
English resources and are not well served in the English-focused NCBO BioPortal. As of end 2018, the portal
contains 28 public ontologies and terminologies (+ 6 private ones) that cover multiple areas of biomedicine, such
as the French versions of standards terminologies (e.g., MeSH, MedDRA, ATC, ICD-10) but also multilingual
ontologies such as Rare Human Disease Ontology, OntoPneumo or Ontology of Nuclear Toxicity. Ontologies have
been offered by the CISMeF group from Rouen University Hospital, or taken from the UMLS, or directly uploaded
by users. When ontologies are multilingual, we directly connect to the main NCBO BioPortal and only parse the
French content —so users do not have to upload their multilingual ontologies twice. The SIFR BioPortal has been
released in June 2015 and actively used and improved since then.”

The original motivation in building the SIFR BioPortal was to design an ontology-based indexing workflow and
develop the SIFR Annotator (http://bioportal.lirmm.fr/annotator) to address the lack of out-of-the-shelve openly
and easily accessible semantic annotation system for French. The service is originally based on the NCBO
Annotator, a web service allowing scientists to utilize available biomedical ontologies for annotating their
datasets automatically but was significantly enhanced and customized for French. The SIFR Annotator service
processes raw textual descriptions, tags them with relevant biomedical ontology concepts and returns the
annotations to the users in several formats such as JSON-LD, RDF or BRAT. In building the SIFR BioPortal and
Annotator our vision was to embrace semantic web standards and promote openness and easy access.

Within the SIFR project, we have worked on several research questions from semantic indexing, text mining,
terminology extraction, ontology enrichment, disambiguation, multilingualism in ontologies and semantic
annotation in order to offer the community with services and applications capable of leveraging the use of
biomedical ontologies in their data workflows. For instance, in order to extract specialized terminology from
free texts in French, our approaches (J-A. Lossio’s PhD) are based on new ranking functions that combine
statistical and linguistic methods for highlighting relevant terms. Then we offer a complete methodology to
identify (non)polysemic terms and choose the appropriate attachment in an already existing ontology. As
another example, we developed a new agent-centered graph-based knowledge representation approach,
called ViewpointS (G. Surroca’s PhD), that enables to merge formal data representation (e.g., from the semantic
web) with informal users’ contributions (e.g., from the social web) and reveals relevant semantic paths between
resources.

Users & Researchers SIFR
Researchers 2

Mine, Produce

Search,
Integrate,

French

Annotator

Semantically
enabled
data systems

OHtoIogy—based
Annotations

Figure 4. Building semantic data systems using annotated data within SIFR.

7 https://github.com/sifrproject/bioportal web ui/wiki/Release-notes
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111.3.1.3  Main results

We provide a listing of SIFR project’s main results. Each of them will be described in more detail in Chapter IV:

e 65 scientific publications and communications including: 13 international articles journal such as in
Information Retrieval, Bioinformatics, Web Semantics. 29 international conferences (such as ISWC, IDEAS,
MIE, KEOD, MEDINFO, EKAW). 3 PhD thesis. Full listing available here: http://bit.ly/194ImnR.

e We achieved an exhaustive comparison of CISMeF HeTOP and NCBO BioPortal [CJ49], including the
comparison of the annotation workflow and made HeTOP terminologies exportable in OWL.

e We deployed, customized and maintain an ontology repository for French biomedical
ontologies/terminologies, the SIFR BioPortal (http://bioportal.lirmm.fr) that hosts 28 terminologies and
ontologies and offer multiple ontology-related services to the community [CJ65].

e We developed a French biomedical ontology repository including the SIFR/French Annotator
(http://bioportal.lirmm.fr/annotator). A service that for a given piece of text returns biomedical ontology
concepts directly mentioned in the text or semantically expanded [CJ65][CJ2].

e We developed the BioTex methodology and tool (http://tubo.lirmm.fr/biotex) for automatic extraction of
biomedical terms from plain text using existing extraction methods (e.g., C-Value) as well as keyword-based
indexing methods (e.g., Okapi, Tf-Idf) [CJ13][CJ93].

e We developed a proxy web service for the NCBO Annotator
(http://bioportal.lirmm.fr/ncbo_annotatorplus) that offers, for English, access to new features that has
been investigated and implemented within SIFR [CJ8].

e We reconciled 228K multilingual mappings between French and English biomedical
ontologies/terminologies and stored them as linked data in the SIFR BioPortal [CJ29].

e We worked on automatic detection of emotion on public heath forums using text mining techniques and
we have built a patient vocabulary out of public patient-written online resources
(http://bioportal.lirmm.fr/ontologies/MUEVQ) [CJ26].

e We conceived a semantic indexing and knowledge representation approach, called ViewpointS that
captures formal data and informal contributions into an evolutionary knowledge graph [CJ11].

e Within PractiKPharma project (http://pratikpharma.loria.fr), we are enhancing the annotation workflow to
capture clinical narrative and semantically annotate electronic health records from the G. Pompidou
Hospital to extract pharmacogenomics knowledge [CJ2][CJ-UR2].

SIFR enabled the emergence of new research domain at LIRMM and materialized an important international
collaboration with Stanford BMIR. SIFR offered the French speaking biomedical community (e.g., clinicians,
health professionals, researchers) highly valuable ontology-based services that will enhance their data
production and consumption workflows. In addition, the results of the project are not limited to French (also
include English, Spanish) and we are also transferring our results in the agronomic domain by kicking-off the new
AgroPortal project (http://agroportal.lirmm.fr) described hereafter.

SIFR’s developments source code is open source and available on https://github.com/sifrproject.

[11.3.2 AgroPortal: a vocabulary and ontology repository for agronomy
11.3.2.1  Scientific context, objective

Agronomy, food, plant sciences, and biodiversity are complementary scientific
disciplines that benefit from integrating the data they generate into meaningful
information and interoperable knowledge. Many vocabularies and ontologies are
produced to represent and annotate agronomic data. For instances, the Plant
Ontology [48], Crop Ontology [49], Environment Ontology [50], and more recently, the Agronomy Ontology [51],
TOP Thesaurus [52], Food Ontology [53], Process and Observation Ontology [54], the IC-FOODS initiative’s
ontologies [55], and the animal traits ontology [56]. Semantic interoperability is a key issue for agronomy, and
the use of ontologies a way to address it [57]. Similarly, resolving semantic heterogeneity has been identified as
a key aspect to data integration, sharing and reuse for biodiversity and ecological sciences [58, 59]. Ontologies
have opened the space to various types of semantic applications [60], to data integration [61], to process and
transformation description [62] or decision support [63]. However, those ontologies are spread out over the web
(or even unshared), in many different formats and types, of different size, with different structures and from
overlapping domains. Therefore, there is need for a common platform to receive and host them, align them,
and enabling their use in agro-informatics applications. There exists a need of a one-stop-shop for ontologies
in the agronomy, food and biodiversity domains enabling to identify and select an ontology for a specific task as
well as offering generic services to exploit them in search, annotation or other scientific data management
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processes. For instance, plant genomics produces a large quantity of data (annotated genomes), and ontologies
are used to build databases to facilitate cross-species comparisons e.g., [64]. Recently, it has been established
that the scientific challenges in plant breeding have switched from genetics to phenotyping and that standard
traits/phenotypes vocabularies are necessary to facilitate breeder’s data integration and comparison [65]. The
need is also for a community-oriented platform that will enable ontology developers and users to meet and
discuss their respective opinions and wishes.

The AgroPortal project, is a community effort started by the Montpellier scientific community (LIRMM, IRD,
CIRAD, INRA, Bioversity International) to build an ontology repository for agronomy and related domains. Our
goal is to facilitate the adoption of metadata and semantics to facilitate open science and the production of
FAIR data. By enabling straightforward use of ontologies, we expect data managers and researchers to focus on
their tasks, without requiring them to deal with the complex engineering work needed for ontology
management.

11.3.2.2  Driving agronomic use cases

The AgroPortal project has been led from scratch by five driving agronomic use cases that participated in the
design and orientation of the project to anchor it in the community:

e Agronomic Linked Data (AgrolLD — http://agrold.org) project [CJ3] which develops methods for agronomic
data integration and knowledge management within agronomic sciences to improve information
accessibility and interoperability using semantic web and linked open data technologies. AgroLD is more
extensively described in Section 1V.5.2.

¢ INRA Linked Open Vocabularies (Lovinra — http://lovinra.inra.fr) an initiative of the INRA’s Scientific and
Technical Information department to publish vocabularies produced or co-produced by INRA scientists and
foster their reuse beyond the original researchers.

e RDA Wheat Data Interoperability (WDI) working group of the Research Data Alliance (RDA — https://rd-
alliance.org ) which goal is to provide a common framework for describing, representing, linking and
publishing wheat data with respect to open standards [CJ9].

e The Crop Ontology project (www.cropontology.org) of the Consultative Group on International Agricultural
Research (CGIAR) and Biodiversity International have goals to publish online fully documented lists of
breeding traits used for producing standard field books[49]; and to support data analysis and integration
of genetic and phenotypic data through harmonized breeders’ data annotation. The Crop Ontology
contains 18 species-specific ontologies in addition to ontologies related to the crop germplasm domain.

e The Agrisemantics Map of Data Standards (http://vest.agrisemantics.org), that has been recently kicked
off under the umbrella of the GODAN Action and Food and Agriculture Organization of the UN [CJ111].

111.3.2.3  Methods and main results

Mid-2015, by reusing the NCBO BioPortal technology [CJ68][CJ88], we have designed AgroPortal
(http://agroportal.lirmm.fr), an ontology repository for the agronomy domain but also food, plant, and
biodiversity sciences (illustrated in Figure 5). AgroPortal [C)J10] offers a robust and reliable advanced prototype
that features ontology hosting, search, versioning, visualization, comment, and recommendation; enables
semantic annotation, stores and exploits ontology alignments, and enables interoperation with the semantic
web. The AgroPortal specifically satisfies requirements of the agronomy community in terms of ontology formats
(e.g., SKOS vocabularies and trait dictionaries) and supported features (offering detailed metadata and advanced
annotation capabilities).

AgroPortal version v1.4 was released in July 2017.8 The platform currently hosts 106 ontologies, with more than
2/3 of them not present in any similar ontology repository (like NCBO BioPortal), and 7 private ontologies. We
have identified 90 other candidate ontologies and we work daily to import new ones while involving/informing
the original ontology developers. The platform already has more than 100 registered users and some
vocabularies are visited more than 100 times per month.

In addition to its core repository of ontology mission, AgroPortal also offers many applicable tools, including a
mapping repository, an annotator, an ontology recommender, and community support features. Our vision was
to adopt, as the NCBO did, an open and generic approach where users can easily participate to the platform,
upload content, and comment on others’ content (ontologies, concepts, mappings, and projects).

8 https://github.com/agroportal/documentation/wiki/Release-notes
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While working on the AgroPortal project we have implemented several new features and worked on guidelines
and recommendations with several community groups, both described hereafter. Each item will be described in
more detail in Chapter IV:

e New features implemented within the SIFR BioPortal have been made available also inside AgroPortal,
including: multilingual ontologies practices, mapping related functionalities, semantic annotation scoring
and contextualizing, new ontology formats. They are described in detail in [CJ10].

e We have implemented a new metadata model to better support descriptions of ontologies and their
relations, respecting recent metadata specifications, vocabularies, and practices used in the semantic web
community [CJ5]. The new model supports new functionalities for ontology identification and selection
including facilitating the comprehension of the agronomical ontology landscape by displaying diagrams and
charts about all the ontologies in the repository.

e We partnered with the AgrolLD project to produce an RDF knowledge base of 100M triples created by
annotating and integrating more than 50 datasets coming from 10 data sources with 10 ontologies [CJ3].
The knowledge base help solve complex biological and agronomical questions related to the implication of
genes/proteins in, for instances, plant disease resistance or high yield traits (Section 1V.5.2).

e We have participated to the RDA Wheat Data Interoperability working group recommendations [CJ9] which
promote standards for most important data types —identified by the wheat research community
(nucleotide sequence variants, genome annotations, phenotypes, germplasm data, gene expression
experiments, and physical maps). For each of these data types, the guidelines recommend best practices
in terms of use of data formats, metadata standards and ontologies.

e We partnered with the GODAN Action and FAO to build a broadly scoped global map of standards (i.e.,
library) in agri-food [CJ111]. To achieve this, we built on top of the existing VEST Registry, and added
bidirectional mechanisms linking the new map with AgroPortal mainly to import ontologies and
vocabularies from AgroPortal to the map.

e We have participated to the AgBioData consortium (www.agbiodata.org) recommendations for sustainable
genomics and genetics databases for agriculture [CJ4]. AgBioData groups several agricultural biological
databases, data archives and knowledge bases who strives to identify common issues in database
development, curation, and management.

e We have joined the Global Agricultural Concept Scheme (GACS) project working group led by CABI, FAO,
NAL and GODAN to participate in the establishment of a common hub of concepts for agri-food.
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e Within the VisaTM project, we partnered with the H2020 OpenMinTed project which builds a shared
infrastructure for text and data mining, to import any AgroPortal ontologies (or any NCBO-like ontology
repository) in the OpenMinTed platform for use in text and data mining workflows [C)62].

e We are developing ontology mapping capabilities to align AgroPortal ontologies in order to set up the bricks
of a lingua franca for agronomy and biodiversity. We are investigating issues related to mapping extraction,
generation, validation, evaluation, storage and retrieval focusing on some targeted ontology first and using
GACS as a common hub. This work is still in progress.

With the experience acquired in the biomedical domain and building atop of an already existing technology, we
think that AgroPortal offers a robust and stable reference repository that will become highly valuable for the
agronomic, agriculture, food, plant sciences and biodiversity domains.

AgroPortal’s developments source code is open source and available on https://github.com/agroportal.
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Chapter IV.

Challenges,

Devils Tower National Monument

propositions

and results

In the following sections, we describe some challenges we have identified by working on ontology repositories
and exchanging with different user communities. In each case, we describe results obtained on the topic and
point to the relevant publications for more details.

IV.1 Challenge 1: Metadata, evaluation and selection

The first questions we ask ourselves when entering a bookstore are often: “Where is the book | am looking for?”
or “Which book will | discover and pick up today?” The same questions are true for ontology libraries. To address
them:

We need better description of the ontologies, with precise and harmonized metadata and
we need means (including automatic ones) to facilitate evaluation, identification and
selection of the ontologies of interest.

Concerning metadata: As any resources, ontologies, thesaurus, vocabularies and terminologies need to be
described with relevant metadata to facilitate their identification, selection and reuse. Metadata is now
identified as a requirement to make the data FAIR [15]. But as any other data, ontologies have themselves to
be Findable, Accessible, Interoperable, and Re-usable.® Although there are multiple dimensions to make
ontologies FAIR, one will agree developing open ontology repositories and libraries is one of them. For ontologies
to be FAIR, there is a need for metadata authoring guidelines and for harmonization of existing metadata
vocabularies —taken independently none of them can completely describe an ontology. Ontology libraries and
repositories also have to play an important role. Indeed, some metadata properties are intrinsic to the ontology
(name, license, description); other information, such as community feedbacks, or relations to other ontologies
are typically information that an ontology library shall capture, populate and consolidate to facilitate the
processes of identifying and selecting the right ontology(ies) to use.

When someone is interested in an ontology, he/she may like to know: Who edited or contributed? When? What
methodology or tool was used? Which natural language is used? Which formats are available? What are the
metrics? Is it free to use or licensed? Who is using it? In addition, when someone is interested about ontologies
of a domain, he/she may like to know: How ontologies can be grouped together? Which are most used? What
are the relations between them? What are the common practices? Who are the key contributors of the domain?
Or the most important organizations? All this information can be represented by metadata properties. Capturing

9 This is also identified by the FAIR principle 12: “(meta)data use vocabularies that follow FAIR principles.”
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that information is both a technical challenge —we need models, tools and automated population— and a data
curation challenge. Indeed, the information or metadata about an ontology is often dispatched within websites,
scientific articles, documentation or sometimes not existing at all, except in the brain of the original ontology
developers. Clear guidelines are necessary on what to describe and how. For instance, the recent Minimum
Information for Reporting of an Ontology initiative (https://github.com/owlcs/miro) [66] proposes the MIRO
guidelines to ontology developers when reporting an ontology, e.g., in a scientific article.

In reviewing the current practices related to describing ontologies and using ontology metadata vocabularies,
we have observed some limitations, lack of harmonization and confusions in the practices. This is not surprising
when considering the efforts needed to just identify the potentially relevant vocabularies that could be used to
describe ontologies.?® Indeed, a few of these vocabularies are dedicated to ontologies (e.g., the Ontology
Metadata Vocabulary (OMV) [67], the Descriptive Ontology of Ontology Relations (DOOR) [68], the Vocabulary
of a Friend (VOAF) [69]), or datasets (e.g., the Vocabulary of Interlinked Datasets (VOID) [70], the Data Catalog
Vocabulary (DCAT), or Schema.org) and others capture more general metadata (e.g., Dublin Core (DC) and DCMI
Metadata Terms (DCT) [71], the Provenance Ontology (PROV), Description of a Project (DOAP)). They are often
not maintained anymore, sometimes very specific or too general and of course, they are rarely aligned one
another despite their significant overlaps. Furthermore, there have been several ontology repository projects
that did not also took the problem seriously enough to support the description of their ontologies with standard
vocabularies [36, 72]. With the exception of the Linked Open Vocabularies registry [34], the MMI Ontology
Registry and Repository [35], and to some extent, the NCBO BioPortal [CJ19], the question of harmonization and
standardization of ontology descriptions have not really been a central matter, although this is changing now
(e.g., the OBO Foundry community metadata effort). The Linked Open Vocabularies was a good counter example;
it has developed and adopted VOAF as a unified model to describe metadata and relations between vocabularies.
Now, even if the metadata vocabulary is limited (16 properties), the platform has more than 600 resources
described with the same model.

Concerning evaluation and selection: When available and properly harmonized, metadata facilitate the ontology
evaluation, identification and selection processes, which has been assessed as crucial to enable ontology
reuse [17, 66, 73, 74]. Ontology evaluation has been defined as the problem of assessing a given ontology from
the point of view of a particular criterion, typically in order to determine which of several ontologies would best
suit a particular purpose [75, 76]. Identification and selection (or recommendation) of an ontology are the
processes of choosing the right ontology for a given task when searching for ontologies in an ontology library.

Early contributions in the field of ontology evaluation date back to the beginning of 90s and were motivated by
the necessity of having evaluation strategies to guide and improve the ontology engineering process [77-79].
Some years later, with the birth of the semantic web, the need for reusing ontologies across the web motivated
the development of the first ontology search engines [9, 25—-27], which made it possible to retrieve all ontologies
satisfying some basic requirements.

Ontology recommendation is fundamentally an ontology evaluation task because it addresses the problem of
evaluating and consequently selecting the most appropriate ontologies for a specific context or goal [17, 80]. The
process of recommending ontologies is a complex process that comprises not only enumerating a list of
ontologies with class names matching a specific term, but also evaluating all candidate ontologies according to a
variety of criteria, such as coverage, richness of the ontology structure [81-83], correctness, frequency of use
[84], connectivity [81], formality, user ratings [85], and their suitability for the task at hand. In the following, we
will present our work in building the NCBO Recommender [CJ12][CJ13].

IV.1.1 Harnessing the power of unified metadata in an ontology repository

In [CJ5], we adopt the perspective of designers of an ontology repository and report on our effort to develop a
unified ontology metadata model for this repository. We measure the model impact on facilitating ontology
descriptions, identification and selection. To do so, we reviewed the current practices related to describing
ontologies and using ontology metadata vocabularies. This review was made to build a list of metadata
properties that can be used to describe ontologies inside our own ontology repository. The objective of this work
is not to propose another “vocabulary” for ontology metadata but to address the need of a common metadata

10 Here, we consider the terms ontologies, terminologies, thesaurus and vocabularies as the type of knowledge organization
systems [226] or knowledge artifacts [227]. Those are the subjects we are interested in describing. However, to facilitate the
reading, we use the word ontology to identify the subject that is described by metadata (e.g., Movie Ontology, Human Disease
Ontology, MeSH thesaurus, etc.) and the word vocabulary to identify the semantic resources used to described ontologies
(e.g., OMV, DC, DCAT, etc.).
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model inside an ontology repository i.e., implementing a way to compare ontologies side by side and describe
the global landscape of all the ontologies in a library or repository. We have:

e Reviewed the most standard and relevant vocabularies (23 totals e.g., DC, VOID, OMV, DCAT, etc.) to
describe metadata for ontologies. For each of these vocabularies, we have selected the significant
properties to describe objects that an ontology could be considered a certain type of e.g., dataset, an asset,
a project or a document. For instance, an ontology may be seen as a prov:Entity object and then the
property prov:wasGeneratedBy may be used to describe its provenance.

e Reviewed the current use of metadata vocabularies by sampling 805 ontologies and measuring which
vocabularies (and which properties in those vocabularies) are actually used by ontology developers.

e Studied some of the most common ontology repositories available in the semantic web community, and
especially the NCBO BioPortal to capture in our list, the properties that were actually implemented by the
repositories but that would represent an information not specific to the portal.

As the result, we obtained a list of 346 relevant properties to describe different aspects of ontologies that we
have categorized for better understanding. Someone developing an ontology will of course not have to fill them
all but can consider them as a list of candidate properties to use. We then grouped those properties into a unified
and simplified model of 127 properties that includes the 46 properties originally offered by the NCBO BioPortal
and reuses properties of the reviewed metadata vocabularies for the rest. We have implemented this new
ontology metadata model within AgroPortal.

With a new edition interface and a common model available for all the ontologies in the repository, we have
then spent a significant amount of time to edit and curate ourselves ontology descriptions, and we have asked
the ontology developers to validate our edits and complete them. Now all the ontologies within AgroPortal are
described with the same unified metadata model. This has resulted in three important new features
summarized Table 4, including our capability to automatically aggregate information about ontologies to
facilitate the comprehension of the whole agronomical ontology landscape by displaying diagrams, charts and
networks about all the ontologies in the repository (grouping, types of ontologies, average metrics, most
frequent licenses, languages or formats, leading contributors & organizations, most active ontologies, etc.) as
illustrated in Figure 6 and Figure 7.

Table 4. Summary of metadata use within AgroPortal ontology repository [CJ5].

Description  Gives all the metadata Allows to search, order and select Allows to explore the
information about a specific ontologies using a facetted search agronomical ontology landscape
ontology. approach, based on the metadata. by automatically aggregating the

metadata fields of each
ontologies in explicit
visualizations (charts, term clouds
and graphs).

New The whole “Additional Four additional ways to filter This page did not exist in the

compared Metadata” block which ontologies in the list (content, original NCBO BioPortal.

to BioPortal = corresponds to properties from  natural language, formality level,
our new model. Plus the “Get type) as well as two new options to
my metadata back” buttons. sort this list (name, released date).

Example http://agroportal.lirmm.fr/onto = http://agroportal.lirmm.fr/ontologi = http://agroportal.lirmm.fr/landsc

(user logies/ONTOBIOTOPE es ape

interface)

Example http://data.agroportal.lirmm.fr | http://data.agroportal.lirmm.fr/ont = E.g., to get omv:hasLicense

(API call) Jontologies/ANAEETHES/submi | ologies property

ssions/2?display=all

http://data.agroportal.lirmm.fr/s
ubmissions?display=hasLicense

An evaluation survey conducted with AgroPortal’s users shows evidence of the influence of ontology metadata
on ontology identification and selection and reports on the very positive evaluation of the new functionalities by
AgroPortal’s users. Thanks to this new unified model served by a stable application programming interface,
metadata descriptions of AgroPortal ontologies have already been automatically harvested by two external
ontology libraries: the Agrisemantics Map of Data Standards (http://vest.agrisemantics.org) [CJ111] and
FAIRsharing (http://fairsharing.org).
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Figure 6. AgroPortal’s new Landscape page: http://agroportal.lirmm.fr/landscape (part 1).
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Figure 7. AgroPortal’s new Landscape page: http://agroportal.lirmm.fr/landscape (part 2).

In [CJ5], we present how to harness the potential of a complete and unified metadata model with dedicated
features in an ontology repository, however we did not pursue the goal of mixing all the reviewed vocabularies
into a new “integrated vocabulary” that could become a standard for describing ontologies (e.g., a new OMV);
although the clear need for metadata authoring guidelines and for harmonization of existing metadata
vocabularies has been identified. A generalization of this work is studied in a community driven standardization
effort presented hereafter.
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IV.1.2 Metadata vocabulary for Ontology Description and Publication (MQOD)

The Research Data Alliance’s Vocabulary and Semantic Services Interest Group (VSSIG)!! seeks to develop
community-based approaches and recommendations to make knowledge organization systems (i.e., controlled
vocabularies, ontologies, and their associated services) FAIR. The VSSIG develops recommendations to address
the needs of research communities and software developers for discovering and using multi-disciplinary
controlled vocabularies and ontologies published on the web. In this context, several task groups were created,
including the “Ontology metadata” one in which we (C. Jonquet, A. Toulet and B. Dutta) are involved as leaders.
The work of this task group consists in discussing and prototyping a new integrated ontology metadata standard
that can be used to describe any semantic resources and will be based mostly on previous metadata vocabularies.

In [CJ24], we have generalized our work done within AgroPortal and in collaboration with B. Dutta from the Indian
Statistical Institute, Bangalore, we propose a new version of the Metadata vocabulary for Ontology Description
and publication, called MOD 1.2 which succeeds previous work published in 2015 [72] and shall be a successor
of OMV [67] which did not reuse any standard vocabularies at that time. The criteria for inclusion within MOD
1.2 of a property to describe its primary class mod:Ontology, were the following, considered by order of
importance:

1. Relevance for describing an ontology —the property may have a sense if used to describe an ontology.

2. Semantic consistency —there must not be any conflict (e.g., disjoint classes) if someone would describe an
ontology with all the listed properties. For instance, an ontology may be of type omv:Ontology,
foaf:Document, owl:Ontology, prov:Entity.

. Being included in a W3C or Dublin Core recommendation.

. The frequency of use as found in studying ontology metadata vocabularies.

5. Priority to vocabularies specific for ontologies rather than to the ones specialized for the more general

objects (cc:Work, dcat:DataSet, sd:Service, etc.).

H~ W

MOD 1.2 is defined in OWL and consists of 19 classes and 88 properties most of them to describe the
mod:Ontology classe.? Figure 8 provides a representation of the model in terms of its main classes, object & data
properties. MOD 1.2 may serve as (i) a vocabulary —such as an application profile— to be used by ontology
developers to annotate and describe their ontologies, or (ii) an explicit OWL ontology to be used by ontology
libraries to offer semantic descriptions of ontologies as linked data.

Using the MOD 1.2 OWL model, we manually created a small knowledge base consisting of metadata about eight
agronomical ontologies selected from AgroPortal3 (AGROVOC, Gene Ontology, NAL Thesaurus, NCBI Organismal
Classification, Protein ontology, AnaEE Thesaurus, IBP Crop Research Ontology, and Sequence Types and
Features Ontology) which are very precisely described thanks to the work presented in the previous section. The
knowledge base supports a variety of new queries, for instances: which is the most popular ontology editing
tool? Who are the key contributors in a domain? How many ontologies are produced by OBO Foundry group?
What are the projects using the Protein Ontology? What are the ontologies endorsed by the RDA Wheat Data
Interoperability WG and the National Science Foundation? These queries were expressed in SPARQL and
successfully run over the knowledge base. The above italicized query is shown below. It returns the title and the
creator of the ontologies endorsed by RDA WDI and NSF. A couple of such sample SPARQL queries are also
available on GitHub.

SELECT DISTINCT ?Ontology ?Author
WHERE {

{x a mod:Ontology; omv:endorsedBy <https://www.rd-alliance.org/groups/wheat-data-
interoperability-wg.html> ; dct:title ?Ontology .}
UNION
{?x a mod:Ontology; omv:endorsedBy
<http://dbpedia.org/resource/Category:National_Science_Foundation> ; det:title ?Ontology .}
OPTIONAL {?x dct:creator ?PAuthor .} }

11 https://www.rd-alliance.org/groups/vocabulary-services-interest-group.html

12 The OWL file and versions are publicly available (https://github.com/sifrproject/MOD-Ontology).

13 The process was since then semi-automatized and we can now build MOD 1.2 knowledge bases with a significant number
of instances.
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Our future goals are: (i) to automatize the process of creating mod:Ontology instances using the application
programming interfaces of the main ontology libraries (e.g., BioPortal, AgroPortal, OBO Foundry). This will enable
to export the content of these libraries without doing any change to their internal data models; (ii) to release
knowledge base as linked open data consisting of metadata for ontologies covering a significant amount of
ontologies; and (iii) to offer a SPARQL endpoint to provide local and remote advanced queries on the knowledge
base.
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Figure 8. A snapshot of MOD 1.2 [CJ24]. A complete diagram is available at https://qithub.com/sifrproject/MOD-
Ontology.

In the context of the RDA VSSIG ontology metadata task group, and to drive our future work on MOD, we wanted
to understand how ontology developers author metadata and how ontology users appreciate these metadata.
To assess the need of the community, we conducted early 2018 a survey on ontology metadata. We wanted to
evaluate current practices and draw recommendations in terms of metadata standards for ontologies. We had
168 responders with different level of expertise in ontologies. Roughly, the analyses show an interesting paradox:
on one hand, ontology users recognize the importance of metadata and expect rich semantic descriptions when
searching for an ontology, but on the other hand, ontology developers do not describe their resource enough
and use only a limited number of properties among the existing ones. The expected information is generally not
present in the ontology metadata description, even though properties exist to describe them. Another
interesting point shows many ontology developers use their own way to describe metadata but if they use a
metadata vocabulary, they will choose among the most-known ones i.e., W3C or Dublin Core recommendations.
A complete analysis of this survey is currently under preparation for publication [CJ-UR1].

IV.1.3 NCBO Recommender: a biomedical ontology recommender web service

The number and variety of ontologies in certain domains is now so large that choosing one for an annotation
task or for designing a specific knowledge-based application is quite cumbersome. Besides, re-usability is a
desired practice in ontology development both because the process of building an ontology from scratch is long
and hard and because the community needs to avoid the multiplication of several competing ontologies to
represent similar knowledge. Automatic ontology selection or recommendation has been a subject of interest to
facilitate ontology reuse [17][86]. There are several uses cases for ontology recommendation:

e Re-use existing ontologies when constructing new ones;
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o |dentify the most appropriate ontology for a given domain;
e Support an annotation workflow.

Therefore, ontology recommendation has emerged has a key issue in biomedicine [84, 87-90]. Recommending
biomedical ontologies is a challenging task. The great number, size, and complexity of biomedical ontologies,
as well as the diversity of user requirements and expectations, make it difficult to identify the most
appropriate ontologies to annotate biomedical data. The manner in which recommendation occur depends on
user settings. In some cases, the recommendation process can be long and non-automatic; the user can
participate in the process (e.g., answer questions to refine the query) to enhance the accuracy of results. In other
cases, a quick and fully automated approach is required, such as when ontology selection occurs at runtime in
an application.

In [CJ13], we conceived and developed within BioPortal the Biomedical Ontology Recommender web service,
later called simply the NCBO Recommender. The system provided a quick automated recommendation with
minimal user burden. We considered two main recommendation scenarios differentiated by the type of input
provided by the user:

e Corpus-based recommendation: Given a corpus of textual metadata describing some elements of a
biomedical dataset, our system recommends appropriate ontologies to annotate the dataset with ontology
concepts.

e Keyword-based recommendation: Given a set of keywords/terms representative of a domain of interest,
our system recommends appropriate ontologies to consider for re-use or extension for researchers building
new ontologies or semantic applications.

The service recommended based on three criteria. The first one was coverage, or the ontologies that provide
most terms covering the input text. The second was connectivity, or the ontologies that are most often mapped
to by other ontologies. The final criterion was size, or the smallest ontologies in number of concepts. The service
scored the ontologies as a function of scores of the annotations created using the NCBO Annotator web
service [CJ41] and relied on all the ontologies in BioPortal. The approach used both a syntactic concept
recognition step (string matching with concept names & synonyms) and a mapping expansion step to enforce
reference ontologies (expand annotations with mappings). In[CJ13], we evaluated and discussed
recommendation results generated by different heuristics in the context of three real world use cases. Overall,
evaluators agreed on the utility of the recommendations provided both for their keyword and corpus datasets.

To the best of our knowledge, the NCBO Recommender was the first biomedical ontology recommendation
service, and it became widely known and adopted by the community.'* However, the service had some
limitations, and a significant amount of work has been done in the field of ontology recommendation since its
release. This motivated us to analyze its weaknesses and to design a new recommendation approach.

In [CJ12], we have applied our previous experience in the development of the original NCBO Recommender and
the BiOSS system [84] to conceive a new version of the NCBO Recommender (2.0). The new recommendation
approach evaluates the relevance of an ontology to biomedical text data according to four different criteria:
(1) coverage, or the extent to which the ontology covers the input data; (2) the acceptance of the ontology in the
community; (3) the level of detail of the ontology classes that cover the input data; and (4) the specialization of
the ontology to the domain of the input data. This new version of the service combines the strengths of its
predecessor with a range of adjustments and new features that improve its reliability and usefulness. The user
interface is illustrated in Figure 9.

In [CJ12], to evaluate our approach, we compared the performance of the NCBO Recommender 2.0 to the
previous version of 2010 using data from a variety of well-known public biomedical databases (PubMed, the
Gene Expression Omnibus (GEO) and ClinicalTrials.gov). We used the API provided by the NCBO Resource
Index [CJ15] to programmatically extract data from those databases. Our evaluation shows NCBO Recommender
2.0 returns higher quality suggestions than the original approach, providing better coverage of the input data,
more detailed information about their concepts, increased specialization for the domain of the input data, and
greater acceptance and use in the community. In addition, it provides users with more explanatory information,
along with suggestions of not only individual ontologies but also groups of ontologies to use together. It also can
be customized to fit the needs of different ontology recommendation scenarios.

14 1n 2015, before the release of the new Recommender described hereafter, there were 57 citations to the NCBO
Recommender paper [CJ17] and the service received 95 calls per month on average in 2013 (which is quite significant for a
web service that is intrinsically made to be used only once per recommendation scenario need).
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Figure 9. Interface of the Recommender 2.0 in the NCBO BioPortal [CJ12]. For the text entered by the user (here
a list of keywords), ontologies are ranked following a final score computed from different scores obtained for each
recommendation criteria.

Our approach for ontology recommendation was designed for the biomedical field, but it can be adapted to work
with ontologies from other domains so long as they have a resource equivalent to the NCBO Annotator, an API
to obtain basic information about all the candidate ontologies, and their classes, and alternative resources for
extracting information about the acceptance of each ontology. Because it is integrated in the NCBO technology,
the Recommender is already available within the SIFR BioPortal and AgroPortal. We shall note that these
services do not yet rely on the new metadata model presented Section IV.1.1 as discussed in Section V.2.

Because the subject is still very much of interest in the semantic web community, we are currently working with
the NCBO group at Stanford and Loughborough University on a review of automatic ontology selection and
recommendation systems. This work is currently in progress.

V.2 Challenge 2: Multilingualism

Scientific discoveries that could be made with help of ontologies to annotate, integrate, mine and search data,
are often limited by the availability of ontology-based tools and services only for one natural language, usually
English, for which there exist the most ontologies. Recently, ontology localization, i.e., “the process of adapting
an ontology to a concrete language and culture community” [19], has become very important in the ontology
development lifecycle, but when efforts are made to properly represent lexical (e.g., using Lemon [91]) or
multilingual information (e.g., using LexOMV [92] or Lemon translation module [93]) are made, it is rarely
leveraged by ontology libraries and repositories. In the future:

We need ontology repositories to entirely support interface and content
internationalization and be multilingual by enabling a complete use of their
functionalities and services for multilingual ontologies or monolingual ontologies linked
one another.

We distinguish interface internationalization —which consists of displaying static elements of the user interface
(e.g., menu names, help, etc.) in different languages and enabling to switch from one language to another—from
content internationalization —which consists in displaying an ontology repository content (e.g., ontology labels,
mappings, etc.) in another language. However, the need goes beyond internationalization (which is mainly
related to display) to to enable a complete use of the functionalities and services of the repository for any
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multilingual or monolingual ontologies and data. We call a multilingual ontology, an ontology that provides labels
or lexicalizations in different natural languages and uses the standard ways to differentiate them (e.g., rdfs:label
et xmllang property with values in ISO-639-3) or a rich lexical representation (e.g., Lemon). For instance, Orphanet
ontology [94] was constructed with labels in 5 languages. We call a language specific ontology, or a monolingual
ontology, an ontology with labels in a unique natural language that usually serves as the basis for
conceptualization. These ontologies are either being originally developed in a given language or are the result of
a translation of an ontology in another language. For instance, MeSH-fr is the specific French version of MeSH
translated by the French INSERM organization (http://mesh.inserm.fr).

Multilingualism must be handled in a proper semantically rich and consistent manner (i.e., using the appropriate
semantic web mechanisms and vocabularies) enabling use of ontologies independently of the language and
therefore enabling cross lingual search, annotation and mining of data indexed with ontologies. Multilingualism
became an important issue with the explosion of data being released and linked over the web today. Within the
semantic web community research about multilingualism has gained a lot of interest in the last years [18]. Several
approaches have been proposed to add lexical information to ontologies such as SKOS-XL, Lexvo [95], Lingvoj,
resulting on the proposition of the Ontolex-Lemon standard [91]. For instance, instead of using rdfs:label or
skos:*Label, one can use the SKOS-XL extension to define labels as classes with property skosxl:literalForm for the
label itself. This reification of the label property allows defining further properties for labels e.g., acronym, short
forms, translations. This solution offers a richer description of what a label is and support entailment to SKOS.
The state-of-the-art for adding complex lexical information to an ontology is the Ontolex-Lemon (LExical Model
for ONtologies) model done within the Monnet EU project, which is designed to represent lexical information
about words and terms relative to an ontology. Lemon allows for instance, to add part-of-speech information to
terms thanks to a clear separation of the lexicon and ontology layers in the model. Lemon perfectly defines how
to represent translations within a multilingual ontology® and being multilingual certainly means to parse Lemon
translation descriptions in an ontology repository. A recent extension offers mechanisms to represent even more
precisely multilingual content in ontologies [93] by reifying the translation relation into a class with specific
attributes.

In the biomedical domain, the UMLS Metathesaurus, a set of terminologies which are manually integrated and
distributed by the US National Library of Medicine [39], does contain terminologies in other languages than
English. In addition, the HeTOP repository [33] also offers translated terms in multiple languages, especially
French, and enables cross lingual search but most of its content is not publicly or easily accessible (e.g., no web
service API or ontology download functionality). In both cases, the underlying approach is one of a common
meta-model for all the integrated ontologies which means that there exists a unique class for concepts (e.g., the
UMLS Concept Unique Identifiers (CUI)) and additional label properties offer translations to multiple languages.
This is different from the NCBO BioPortal approach which does not build a global thesaurus but keep each
ontology separated and use alighments to interconnect them.

In [CJ51], we presented a roadmap for addressing multilingualism in the NCBO BioPortal, which takes English as
primary language. We proposed a set of representations to support multilingualism in the repository and to
enable a complete use of the functionalities and services for any kind of ontologies and data. In the following
sections, we will first review this roadmap and then explain how we have addressed some of the requirements
for multilingual ontology repositories.

IV.2.1 Aroadmap for making BioPortal multilingual

In [CJ51], after explaining why NCBO BioPortal is not multilingual, we established some elements required to
implement representation of multilingual content (cf. Figure 10):

1. Representation of natural language property for an ontology. We call natural language, the language
(French, English, Spanish, etc.) used when defining the class labels in an ontology. This language property
has not to be confused with the format language used to describe the ontology (OWL, RDFS, RRF, etc.).
We proposed to use the property omv:naturallanguage from OMV [96].

2. Representation of translation relations between ontologies. We call a translation, the relation between
two monolingual or multilingual ontologies, in different languages, that represent mainly the same
knowledge resource (domain, topics, classes, relations). For instance, MeSH-fr is a translation of MeSH.
Other relations between ontologies can also be used to be more specific. We proposed to use and extend
the DOOR ontology [68] which is the state-of-the-art about ontology relationships.

15 “A Translation is a special case of SenseVariation involving two lexical senses in different languages that stand in a
translation relation in the sense that they can be exchanged for each other without any meaning implications.”
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Representation of the distinction between ontologies with multilingual content. We proposed to extend
OMV within BioPortal’'s metadata model to include and formalize the distinction between multilingual
ontologies and language specific ontologies.

Representation of multilingual mappings. A multilingual mapping states that the terms in the mapped
ontologies are a translation of one another (between the natural languages of the ontologies). For
instance, Mesh-fr/mélanome has a multilingual translation mapping to Mesh/melanoma. We proposed to
represent multilingual mappings (i.e., one-to-one mappings) between concepts from ontologies in
different languages as any other BioPortal mapping, but with a specific relation taken from the GOLD
ontology (http://linguistics-ontology.org/) [97] i.e., the gold:translation property (or sub-properties).

These elements are mainly at the level on metadata description of the ontology. We have addressed the three
firsts when working on AgroPortal’s new metadata model and the fourth one when working on reconciling
alignments (cf. next section). We are currently consolidating the recommendations within our work on MOD,
presented in SectionlV.1.

Then, in a roadmap for a multilingual BioPortal, we proposed two steps:

5. Reconciliation of multilingual mappings. Language specific ontologies that have been produced by

translating another ontology will not always precisely describe a way to resolve translations between
concepts. If the two ontologies do not use the same URIs, then a one-to-one multilingual mapping need to
be reconciled between the ontologies to connect each concept to its translation. Therefore, we need to
implement several methods to extract multilingual translation mappings between translated ontologies
and then reconcile them into the BioPortal mapping repository.

. Internationalization of the portal. Once multilingual mappings are reconciled within BioPortal, and
multilingual ontologies are properly handled, content internationalization of the portal becomes possible.
One can switch from a user interface display to another using a contextual link (e.g., clicking on a language
flag): in the case of a multilingual ontology a simple change of the label displayed is necessary whereas in
the case of a monolingual ontology the concept being displayed has to change using the multilingual
translation mapping if exists. Services, such as the Annotator can be used with a language parameter for
the language of the given text data. In addition, we will have to translate the user interface (menu, help)
and make sure the portal can switch from one language to the other (as any other web application).

We have addressed #5, described hereafter. But not yet worked on #6.
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Figure 10. Representations of multilingual content in BioPortal [CJ51]. New elements proposed are in orange.
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IV.2.2 Multilingual mapping reconciliation between English-French biomedical terminologies

Even if multilingual ontologies are now more common, for historical reasons, in the biomedical domain, many
ontologies or terminologies have been translated from one natural language to another resulting in two
potentially aligned monolingual ontologies but with their own specificity (e.g., format, developers, and versions).
Most often, there is no formal representation of the translation links between translated ontologies and
original ones and those mappings are not formally available as linked data. However, these mappings are very
important for the interoperability and the integration of multilingual biomedical data.

To ensure semantic interoperability, it is not enough to just translate ontologies, we must also formally keep the
link between objects of the translated ontologies and the original ones [98, 99]. We call reconciliation the process
of re-establishing this link formally.2® These multilingual mappings, once established and represented in a formal
way, can have multiple applications [100]. For example, they allow performing a multilingual indexing of
biomedical resources, which allows multilingual semantic search. A user types in a query using French terms and
retrieves results within English data resources (and vice-versa). In the context of the SIFR project, we wanted to
be able to retrieve from a French concept in the SIFR BioPortal, its corresponding English concept in the NCBO
BioPortal and vice versa. Our goal was also to improve the French Annotator workflow and enable the annotation
of French text with English ontologies.

In [CJ29], we conducted a study on ten French terminologies hosted on the SIFR BioPortal that we wished to
formally align with their original English versions hosted on the NCBO BioPortal. All English terminologies came
from the UMLS Metathesaurus (version 2015AA) and were imported by the NCBO team in the NCBO BioPortal
using the umls2rdf tool (https://github.com/ncbo/umls2rdf). The French terminologies came from the UMLS or
were provided by the CISMeF group as an OWL file. In this second case, the translations were generally produced
or synthesized by CISMeF.

In order to store our multilingual mappings, we had to change their representation in the SIFR BioPortal’s
architecture, especially: (1) To allow tagging the same mapping with several semantic web properties to avoid
duplicating the mappings (semantic mapping and translation mapping); (2) To allow the SIFR BioPortal to store
mappings that target ontologies in another instance of BioPortal (inter-portal), or in any external resource
(external mappings).

Our methodology consisted of (cf. Figure 11): (1) To download ontology files in .ttl or .owl formats from the NCBO
and SIFR BioPortal. (2) To parse them with the Jena API to extract the necessary data for multilingual alignment.
(3) To store the data in a SQL table (one table per ontology). (4) To make the relevant “join” queries between the
two tables on the field/property used to reconcile the mappings. (5) Finally, to post the mappings produced to
SIFR BioPortal after choosing the relevant GOLD and SKOS properties.

The complexity of the task mainly came from: (i) Identifying the right property to use to do the join: Often, the
original concept code field could be used, but in some cases, it was not available, and another identifier system
had to be used. In one case, we also used automatic translation of the labels. (ii) Automatically choosing the right
SKOS mapping property to use in the case of broad and narrow match: We had to treat each pair of ontologies
apart with its specificities especially in the choice of alighment property and how to recover it. Refinements were
needed when translated ontologies did not follow exactly the content of the original ontology (in English).

As a result, we have reconciled more than 228K mappings between ten English ontologies hosted on NCBO
BioPortal and their French translations hosted on the SIFR BioPortal. We stored these mappings into the modified
SIFR BioPortal’s mapping repository. Then, we adapted the user interface so that when browsing a concept, we
can see in the “Class Mappings” tab the multilingual alignments classified as “Interportal mappings” with a flag
to indicate that it is a linguistic mapping to English, we can also observe the properties used. The aligned concept
link allows the user to switch from the SIFR BioPortal to the target concept in the NCBO BioPortal. Like all the
content of the SIFR BioPortal, in addition to the graphical interface, these multilingual mappings are also available
in JSON directly via the REST web service APl and a SPARQL endpoint which makes them part of the web of data;
easily readable and reusable by any semantic web applications.

16 We use the term reconciliation to avoid the confusion with ontology alignment extraction or creation approaches, which
challenge is aligning automatically different ontologies (possibly multilingual). This aspect is addressed in Section 1V.3.
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Figure 11. Multilingual mapping reconciliation methodology [CJ29].

V.3 Challenge 3: Ontology alignment

Ontologies, or other semantic resources, inevitably overlap in coverage and they are heterogeneous because
designed independently, by different developers, and following diverse modeling principles and patterns. To
achieve interoperability and integration, one solution is to identify/generate mappings (or correspondences)
between different ontologies of the same domain. This process is known as ontology matching or ontology
alignment. Ontology heterogeneity makes the matching process complex [20, 101] but generating the mappings
is not the only challenge. Indeed:

Ontology repositories shall include mapping repositories and support the representation,
extraction, harvesting, generation, validation, merging, evaluation, visualization, storage
and retrieval of mappings between the ontologies they host and other ones.

This need has been explicitly expressed by almost all our partner organizations in biomedicine, agronomy or
ecology. Surprisingly, it seems there is a gap between the state-of-the-art results obtained in automatically
generating mappings at each edition of the Ontology Alignment Evaluation Initiative (OAElI -
http://oaei.ontologymatching.org) and the day-to-day reality of ontology developers. Tools are often hardly
reusable, and results cannot be easily reproduced outside of the benchmarking effort; already existing mappings
are not uniformly described or not shared/available; mappings quality and provenance is always in doubt;
multiple mappings cause conflicts. Plus, there is no recognized standard way to represent mappings (with
provenance information) and no shared repository to merge, store and retrieve them. We have identified several
important aspects related to mappings when building a mapping repository aside of an ontology repository:

e By mapping representation, we mean a standard, shared and adopted way to represent a mapping with its
metadata/provenance information. Today, there exist no standard, shared and recognized way of
representing mappings.

e By mapping extraction, we mean being able to extract and load in the repository or exploit in any other
way, mappings —with relevant metadata— explicitly declared inside the ontology source file for classes or
properties (typically using owl:sameAs or SKOS mapping properties).

e By mapping harvesting, we mean localize and import previously generated mapping datasets. An
equivalent effort as the one made to harvest ontologies, must be made to harvest the mappings between
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these ontologies and describe them with metadata and provenance information in the repository. This a
very tedious task.

e By mapping generation, we mean the process of automatically identifying correspondences between two
given ontologies. An ontology repository shall offer such a capability and state-of-the-art approaches and
pluggable tools are desired.

e By mapping validation, we mean to offer ontology developers a mechanism to validate an automatically
generated alignment. This concerns only the developer or expert loading the ontology in the repository or
explicitly interested in the alighnments.

e By mapping merging, we mean the process of integrating together alignments extracted or generated from
different sources (automatic or not) and previously validated. For example, this consists in assigning a score
based on the frequency and multiplicity of sources of a mapping in the repository.

e By mapping evaluation, we mean to offer a community (i.e., several ontology developers and users) a
mechanism to evaluate all the mappings of an ontology repository once they have been merged. Indeed,
conflicts or redundancies shall occur when merging validated mappings into a unique repository; therefore,
a community-based evaluation of the mappings is also needed.

e By mapping visualization, we mean user interfaces allowing to easily navigate and explore the mapping
repository content. Such visualizations shall allow to discover links between concepts and ontologies.

e By mapping storage and retrieval, we mean the mechanisms to consider mappings first class objects in a
repository and especially being able to load, store and retrieve them with appropriate interfaces and APls
(such as JSON or SPARQL).

To the best of our knowledge, of all the ontology repositories discussed in Section 1.1 only the NCBO BioPortal
offers a mapping repository and some mappings capabilities; consequently, also the SIFR BioPortal and
AgroPortal do. Table 5 shows how the NCBO technology address each aspect previously presented.

Table 5. How mappings are handled in the NCBO technology.

Representation Mappings are reified into an RDF resource with multiple properties including mapped classes and
metadata about the mapping as illustrated in Figure 12. Mappings are exported in JSON by the web
service API.

Extraction Not addressed. Mappings defined inside the ontologies are not extracted to be included in the
repository.

Harvesting Not addressed. The NCBO does not harvest the mappings previously generated by external parties
(e.g., UMLS, OBO Foundry, etc.).

Generation Automatically generates concept-to-concept mappings between two ontologies hosted within the

portal when two classes share the same identifiers properties (URI or UMLS CUI), or when they
share a common normalized preferred label or synonym.

Validation Not addressed.

Merging Not addressed.

Evaluation Not addressed. Although users (especially the ontology owner) can be notified when a mapping is
manually created by another user on their ontology of interest.

Visualization Offer two basic interfaces: (i) when browsing a concept, one can see the links to the mapped classes

in other ontologies; (ii) a global mapping tab allows to see the numbers of mappings between one
ontology and all the other ones in the portal and download them.
Storage and The REST web service API allows to create (PUT), modify (POST) and retrieve (GET) mappings inside
retrieval the repository. They are also available via the SPARQL endpoint.

Each of these aspects related to mappings have been addressed partially by the semantic web community.
However, there is a challenge for ontology repositories to address all of them in the same environment. For
instances:

e To be able to participate to the competition, participants of the OAEI campaigns must use a common XML-
based representation format called EDOAL (Expressive and Declarative Ontology Alignment Language)
defined by the Alignment API [102].
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e The European Bioinformatics Institute is currently working on OXO [103] in which they extract mappings
declared inside the source file using OBO-XREF (formally obolnOwl:hasDbXref) property.’” They also
extract mappings from the UMLS.

e The US National Library of Medicine harvests in the UMLS some mappings produced by the biomedical
community (MRMAP table), but this is a very tedious task and limited to the sources the UMLS
Metathesaurus actually imports.

e The question of automatically generating mapping is certainly the most studied by the community [20, 101]
and the multiple OAEI campaigns have allowed to reach very good theoretical performance.

e With YAM++ online [104] (http://yamplusplus.lirmm.fr) LIRMM has designed a prototype interface which
allows users of the YAM++ ontology matcher to validate the mapping results one-by-one.

e Multiple works have addressed the question of fancy and relevant visualizations for ontology mappings
[105-107].

In the following we will present three different works in the area of ontology alignment. First, we will motivate
the importance of ontology mappings inside ontology repositories by showing what mappings tell us about the
ontologies themselves, the structure of the ontology repository, and the ways in which the mappings can help in
the process of ontology design and evaluation. Second, we will present our work on mapping generation
algorithms using existing ontology alignments as background knowledge. Third, we will present our current work
in AgroPortal to address the mapping extraction, harvesting, validation, merging, evaluation, and visualization
aspects previously presented.
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Figure 12. Graphical representation of a mapping in BioPortal. In green are the new elements that we have
added to the model to represent interportal and external mappings.

IV.3.1 What four million mappings can tell you about two hundred ontologies

Since the very beginning, we viewed mappings between concepts in different ontologies as an essential part of
the NCBO BioPortal ontology repository: mappings between ontology concepts are first class objects. Users can
browse the mappings, create new mappings, upload mappings created with other tools, download the mappings
stored in BioPortal, or comment on the mappings and discuss them [108]. A previous study has shown that in
the case of biomedical ontologies simple lexical techniques, such as comparing preferred names of concepts
and their synonyms, are extremely effective in generating mappings. In fact, these techniques often perform
better than advanced techniques [109] even if resulting lexical mappings can be sometime inaccurate and should
be used with caution [110, 111].

In 2009, the NCBO BioPortal had around 140 ontologies and was about to include around 70 terminologies of
the UMLS. In [CJ40], we constructed a resource of approximatively 4 million mappings automatically generated
between concepts in these semantic resources based on the lexical similarity of concept names and
synonyms [109].18 In doing this, we had two goals: (i) we wanted to create a mapping repository in BioPortal that

17 Database cross references are used by the OBO community to interconnect an ontology term to another related entity
generally in a database. However, they have a very poor semantics and are used in a idiosyncratic way to capture any kind of
link (similar to the rdf:seeAlso property) including mappings between ontologies.

18 The algorithm in BioPortal was later called LOOM.
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other applications can access and use; and (ii) we wanted to learn more about the characteristics of the
ontologies and the relationships between them. Using our set of more than 4 million mappings generated over
our ontology set, we wanted to answer several practical questions with implications for ontology reuse and
development, such as:

e To what degree are the domains covered by different ontologies connected?

e If you are new to a domain, what are the important or representative ontologies with good coverage?

e Can we identify domains that are not well covered by existing ontologies?

o If you want to build domain-specific tools for creating ontology mappings, what are good ontologies to use
for background knowledge?

e What can we learn about the characteristics of the ontologies themselves and the ontology repository from
the mappings between them?

We use network analysis methods to answer these practical questions and to reason about the distribution of
mappings among the ontologies. In the following, we illustrate some of the results.

We defined a percent-normalized link between ontologies as:

Given two ontologies, the source ontology S and the target ontology T, and a set of mappings M(S,
T) between them, we say that there is a percent-normalized link between S and T, Lp(S, T) where
p = 0and p < 100, if and only if at least p% of the concepts in the ontology S are sources for the
mappings in M(S, T). For instance, if an ontology S has 1000 concepts, and 500 of these concepts
are mapped to concepts in an ontology T, then Lp(S, T) is true for all values of p from 0% to 50%.

For instance, Figure 13 shows a distribution of the number of links that ontologies have for two values of p. The
graph demonstrates the power-law distribution for p = 20%: there is a small number of ontologies that have a
large number of links (hubs) and a large number of ontologies with just a few links. If we use p = 1% (there is a
link from one ontology to another if at least 1% of its concepts are mapped), the distribution becomes essentially
random.
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Figure 13. Number of links between ontologies for(a) p = 20% and (b) p = 1% [CJ40]. The x-axis represents
number of links to other ontologies that each ontology has. The y-axis represents number of ontologies with that
number of links.

In Figure 14, we constructed directed graphs of ontologies at several different thresholds of p. We used these
graphs to identify connections between different ontologies, based on varying levels of overlap. The graphs
identified clear hubs —ontologies to which many other ontologies link— such as SNOMED-CT.'® Hubs with many
outgoing links show shared domains, particularly at high threshold values for p. For these hub ontologies, a large
portion of their concepts is mapped to several different ontologies. Thus, ontologies that are linked through such
a hub likely share the content that is represented in the hub ontology. At p=40% we can distinguish a cluster of
ontologies about anatomy (around the CARO node) or at p=70%, one about drugs (around node USPMG).

Overall our analysis showed:

19 Systematized Nomenclature of Medicine -- Clinical Terms (SNOMED-CT) is one of the most comprehensive and precise
clinical health terminology.
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e The biomedical ontologies in our set are very closely connected, with 33% of them having at least half of
their concepts mapped to concepts in other ontologies.

e With such a large overlap among the ontologies, one can say a large number of concepts in biomedicine
are already represented in many different ways.

e The domain of biomedicine is such that there is a little bit of overlap in everything, resulting in the extremely
connected model we see at p=1%. At p=20%, however, we see a meaningful power-law distribution. At
even higher thresholds, we can see ontologies that are very closely related.

e We can identify cluster of ontologies for a subdomain and identify prominent ontologies (i.e., an ontology
with lots of mappings to other ontologies is an “important” one).

Although the work done in [CJ40], had several limitations and would need to be reproduced on a more recent
ontology set in the NCO BioPortal, our study showed the importance of ontology alignment in an ontology
repository. It showed what the mappings tell us about the ontologies themselves, the structure of the ontology
repository, and the ways in which the mappings can help in the process of ontology design and evaluation. A
similar, more recent study about ontology terms reuse have been done by Kamdar et al. [112].
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Figure 14. Network analysis of the links in our ontology sets [CJ40]. The graphs show percent-normalized links
between ontologies that are true for p = 20%, 40%, 60%, and 70%.

IV.3.2 Enhancing ontology matching with background knowledge (A. Annane’s PhD project)

During Amina Annane’s PhD project (2015-2018), directed by Pr. Zohra Bellashene and Pr. Faical Azouaou (ESI
Alger), we investigated the question of mapping generation [41]. We experimented and evaluated our
approaches and algorithms in the biomedical domain, thanks to the profusion of knowledge resources in
biomedicine (ontologies, terminologies and existing alignments). The following is a summary of her contributions
and accepted publications.

Original ontology matching methods usually exploit the lexical and structural content of the ontologies to align;
this is known as direct matching or content-based matching. To that end, many syntactic and structural similarity
measures have been developed [101, 113, 114]. However, direct matching is less effective when equivalent
concepts have dissimilar labels and are structured with different modeling views. To overcome this semantic
heterogeneity, the ontology matching community has turned to the use of external background knowledge (BK)
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resources as a semantic bridge between the ontologies to align. This approach is known as indirect matching, BK-
based matching or context-based matching [115], as it exploits external resources to identify mappings
between the ontologies to align. The BK-based matching approach raises two main issues: (i) how to select (or
build) background knowledge resource(s) for a given ontology matching task? and (ii) how to concretely use the
selected background knowledge resource(s) to enhance the quality of the matching result? In the literature,
several works have dealt with these issues jointly or separately [115-120].

Exploiting background knowledge resources in the matching process includes three steps (cf. Figure 15). The first
one, called anchoring, aims at linking the entities of the ontologies to align to the entities of the selected
resources. This is usually performed by a direct matching between the ontologies to align and the selected
resources. The second one, called deriving, deduces semantic relationships between the anchored entities
according to the relationships linking the anchors in the background knowledge resource. Finally, the third step
(not on figure) aggregates the derived mappings and selects the most relevant ones to produce the final
alignment.
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Figure 15. Exploiting a background knowledge resource to generate mappings [CJ6].

The use of BK resources is one of the main challenges of ontology matching [121]. In [CJ-UR3], we made a
systematic review and historical evaluation comparison of state-of-the-art ontology alignment approaches using
background knowledge resources. We provide a synthetic classification and present a comparative evaluation
by analyzing system performance results obtained during Ontology Alignment Evaluation Initiative (OAEI) 2012-
2016 campaigns. We thus evaluate the benefit of using BK resources and the improvement achieved by this
approach regarding the systems that do not use background knowledge. Our survey shows:

e BK-based matching systems outperformed all the systems that do not use BK resources in OAEI campaigns
during the last four years as illustrated by Figure 16 (except for the large biomedical track in 2012-2013).
Moreover, methods using BK resources allow to discover new mappings which have not been found by
lexical and structural measures. The background knowledge plays the role of the semantic bridge between
the initial ontologies to align. The use of BK is thus necessary in the presence of important semantic
heterogeneity.

e BK-based matching methods are domain independent. The use of generic lexical resource such as WordNet
for lexical enrichment allowed to obtain high scores in different tracks of the OAEI competition. However,
experiments show such generic resource are prone to produce erroneous mappings in domains with
specialized vocabularies, such as the biomedical domain. In this case, specialized BK resources seem to be
better than generic ones. The best systems in the biomedical tracks of the OAEI competition in biomedical
tracks (AML [122] and LogMapBio [123]) use biomedical ontologies as background knowledge.

e We studied if the use of the appropriate BK resources may replace the combination of different direct
matching systems (based on several similarity measures). Currently the use of background knowledge is
considered as an extension of the systems and not the main component.

Ontologies, others than the ones to align, are the most frequently used type of background knowledge
resources. Several methods have been proposed to select ontologies, other than the ones to align, as background
knowledge, however, these methods return a set of complete ontologies, while, in most cases, only fragments
of the returned ontologies are effective for discovering new mappings. Related works often select a set of
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complete ontologies. In [CJ27] and then in [CJ6], we proposed a novel BK-based ontology matching approach to
select and build a background knowledge resource with just the right concepts chosen from a set of ontologies.
We picked up only relevant concepts and relevant existing mappings linking these concepts all together in a
specific and customized background knowledge graph. Then we used paths within this graph to discover new
mappings between the ontologies to align as illustrated in Figure 17. We have implemented and evaluated our
approach using the content of the NCBO BioPortal repository and the Anatomy benchmark from the OAEI. We
used the mapping gain measure [116] to assess how much our final background knowledge graph improves
results of state-of-the-art alignment systems. Our experiments showed that our BK selection approach improves
efficiency without loss of effectiveness. Furthermore, the evaluation shows that our approach discovers
mappings that have not been found by state-of-the-art systems.
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Figure 16. OAEl’s LargeBio tracks results evolution (2012-2016) [CJ6]. The dashed (resp. continuous) line
represents the best F-measure obtained by systems that do not use BK resources (resp. use BK resources)).
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Figure 17. Using the graph of mappings as background knowledge to discover new mappings between source
and target ontologies (here Mouse Anatomy (MA) and NCI Thesaurus (NCIT) [CJ27]. Node in the graph are
ontology concepts. Edges are different types of already existing mappings used in the BK (LOOM, OBO XREFS or
generated with the NCBO Annotator).
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Exploiting background knowledge resources in ontology matching is a double-edged sword: while it may increase
recall (i.e., retrieve more correct mappings), it may lower precision (i.e., produce more incorrect mappings) [115].
Consequently, selecting correct mappings from the candidate ones is particularly challenging in the context of
BK-based matching. In [Cl6], we extended our previous work on selecting/building and using the background
knowledge resource and proposed two new selection methods. The first one is based on a set of rules, while the
second one is based on supervised machine learning, as described in the following paragraphs.

Final mapping

BK Selection » BK Use » selection

Figure 18. Main steps of our BK-based ontology matching approach [CJ6]. Only the 3™ one is described here.

Because of the structure of our BK resource, candidate mappings consist in a set of paths linking the source
concept to the target one. Several paths may represent the same candidate mapping. Thus, to compute the final
score k for a given candidate mapping, we must address two issues:

e How to compose the different mapping scores of the same path?
e How to aggregate the scores of different paths representing the same candidate mapping?

Related work suggested to use algebraic functions, such as multiplication, average, maximum, etc. to compose
and aggregate different mapping scores [124]. In our approach, we use the term configuration for a given pair of
composition and aggregation functions.

Rule-based selection: We defined a set of rules to decide whether or not to keep a given candidate mapping in
the final alignment:

1. Mappings returned by direct and indirect matching are selected.

2.  Mappings resulting from the composition of only manual mappings are selected.

3. For each source concept, the target candidate with the highest mapping score is retained.

4. For each target concept, the source candidate with the highest mapping score is retained.

For rules 3 and 4, the score may be controlled by a given threshold. The score of the candidate mappings is
computed with the multiplication-maximum configuration.

Machine learning-based selection: As testing the performance of multiple rules and configurations can be long
and fastidious, Machine Learning (ML) is an interesting alternative for the selection of candidate mappings
assuming training data are available:

e Test data are candidate mappings between the source and target ontologies to be classified true or false.

e Training data are a set of candidate mappings already classified as true or false. These candidate mappings
are completely distinct from test data.

e Attributes (or features) which describe each candidate mappings are the different configurations and any
variable that can help to classify a given candidate mapping.

In our case, we used data from the OAEI tracks as training data (with cross validation and separate learning) and
proposed 27 selection attributes such as: direct score (if the candidate mapping belongs to the alignment
returned by the direct matching), number of paths in the BK graph, path length (min, max, avg), scores (21
different). We used the RandomForest algorithm (a non-linear method based on decision trees) [125] available
in the Weka platform [126] and Neo4j (https://neo4j.com) to store and compute the BK graph.

We evaluated our approach with extensive experiments on two Ontology Alignment Evaluation Initiative (OAEI)
benchmarks: Anatomy and LargeBio tracks. According to the OAElI 2016 campaign, AML [122] and
LogMapBio [123] are the best BK-based ontology matching systems. To establish a fair comparison with these
systems, our evaluation employs the same set of preselected ontologies to build the BK resource. We also added
to the BK some OBO XREFS mappings between our BK ontologies. We used YAM++ to generate all the required
direct alignments for our experiments (e.g., anchoring to BK). YAM++ is a state-of-the-art direct ontology matcher
previously developed at LIRMM [114]. It combines several syntactic, lexical and structural similarity measures; it
was top ranked in OAEI 2013 [127].

Our results confirmed the effectiveness and efficiency of our approach; we showed [C)6]:

e Our BK selection method builds a smaller-size BK than the preselected ontologies and the small size of the
built BK does not affect its effectiveness;
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e Deriving mappings across several intermediate concepts generates more correct mappings than deriving
across one intermediate concept;

e Our selection methods are effective however, ML-based selection promotes precision, while rule-based
selection promotes recall;

e Our built BK reduces the computation time of using ontologies as background knowledge;

e Our method slightly overcomes or competes with state-of-the-art matchers exploiting background
knowledge resources on experimented OAEI tracks (AML and LogMapBio).

During Amina Annane’s PhD project, we have successfully participated twice to the OAEI competition (in 2017
and 2017.5).1n 2017 [CJ112], we used a system called YAM-BIO which was an extension of YAM++ but dedicated
to aligning biomedical ontologies with a new component that uses existing mappings between multiple
biomedical ontologies as background knowledge.?® We applied the indirect matching technique only for the
source concepts that have not been previously matched directly by YAM++. We participated in two tracks:
Anatomy and LargeBio and obtained results very close to top ranked state-of-the-art systems. We ranked 2" in
the Anatomy track (with results very close results to winner) and 15t in Task 1 and 4 of the LargeBio track.?! We
do not report results from 2017.5 edition here.

IV.3.3 Building a “Lingua Franca” in agri-food and biodiversity

In the previous section, we have demonstrated that existing mappings between ontologies can be used to
improve ontology alignment; in other words, a centralized mapping repository is an excellent resource to curate
and generate new mappings. However, results obtained in the biomedical domain, thanks to the profusion of
knowledge resources (ontologies and existing alignments), will not easily be reproducible to other domains.
Within AgroPortal project, we are interested in building such a mapping repository for agronomy, plant sciences,
food and biodiversity.

In 2018, we started the “Lingua project” to investigate other aspects relative to ontology alignment such as
mapping extraction, harvesting, validation, merging, evaluation, and visualization. Our goal is to make AgroPortal
the reference platform for ontology alignment in agri-food and biodiversity by adopting a complete semantic
web and linked open data approach and by engaging the community. We will build a complete ontology
alignment framework, based on BioPortal/AgroPortal and YAM++, that covers the whole ontology alignment
life cycle from hosting/accessing ontologies to semi-manual and community-based evaluation of the merged
mappings (illustrated in Figure 19). From AgroPortal or YAM++ online, users will select the ontologies to align
then select the specific matcher components (algorithms) to use and the system will support manual validation
of mappings after the execution of the matchers. We envision a two-phased evaluation of mappings: (i) mappings
automatically generated with YAM++ will be manually validated inside the YAM++ web application; (ii) then, once
the mappings are uploaded to AgroPortal (with provenance information) and the mappings have been shared
with the community, they will be incorporated into a global evaluation mapping page that will merge and display
mappings from all sources into a unique view (with scores) that will facilitate evaluation of the mappings. Such
two-phase mapping validation + evaluation will reinforce the trust of the community in the mappings being
generated and hosted by the platform. Finally, existing mappings in the repository will themselves be used in
following executions of other ontology alignment algorithms using background knowledge (as presented in
Section 1V.3.2). This work is in progress.

20 At that time, our complete BK-based methodology was not fully designed and implemented yet, we therefore decided to
participate with a hybrid tool (YAM-BIO) inspired from our research.
21 Detailed results are available on the OAEI web page: http://www.cs.ox.ac.uk/isg/projects/SEALS/oaei/2017
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Figure 19. Ontology alignment framework between AgroPortal and YAM++. Work in progress.

IV.4 Challenge 4: Generic ontology-based services (especially for free text data)

Ontology repositories offer a large span of services: file hosting, versioning, search/browse content, visualization,
metrics, notes, mapping, etc. These services are ‘generic’ if they are domain independent i.e., not specific to a
domain, group of ontologies, specific format or design principles. Therefore:

Ontology repositories must continue to enhance ontology-based services and integrate
new generic ones to enlarge the spectrum of possible use of ontologies, especially related
to data annotation.

Using standard formats such as OWL or SKOS has facilitated the development of a wide range of tools and
applications for semantic resources. The challenge is now to package them inside ontology repositories and keep
vertical quality (i.e., one ontology) while enabling quantitative horizontal use (i.e., multiple ontologies). By
integrating an application, tool or service within an ontology repository, researchers and developers face
different type of issues that the ones tackled when designing the original tool: it will have to work for a wide
range of heterogeneous semantic resources including some designed with different styles and formats, it will
have to scale up to extremely large semantic resources, it will have to adopt standards input/output format and
technologies (e.g., the semantic web languages such as RDF, OWL, SKOS, SPARQL, etc.), it will have to be
technically robust, stable and long term maintained, it will have to be smartly integrated with other services of
the repository while staying decoupled as much as possible for future maintenance and evolution, and finally, it
will have to keep and guaranty its original quality/performance when used within the repository.

Those are the scientific and technological challenges we have faced up when working on ontology-based services,
especially for text data annotation.

One important use of ontologies is for annotating and indexing text data. Indeed, ontologies allow representing
data with clear semantics that can be leveraged by computing algorithms to search, query or reason on the data.
One way of using ontologies is by means of creating semantic annotations. An annotation is a link from an
ontology term to a data element, indicating that the data element (e.g., article, experiment, clinical trial, medical
record) refers to the term. When doing ontology-based indexing, we use these annotations to “bring together”
the data elements from these resources. However, explicitly annotating data is still not a common practice for
several reasons [CJ41]:
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e Annotation often needs to be done manually either by expert curators or directly by the authors of the
data;

e The number and format of ontologies available for use is large and ontologies change often and frequently
overlap;

e Users do not always know the structure of an ontology’s content or how to use the ontology to do the
annotation themselves;

e Annotation is often a boring additional task without immediate reward for the author.

Semantic annotation is an important research topic in the semantic web community [7, 128]. Tools vary along
with the types of documents that they annotate (e.g., image annotation [129]). For an overview and comparison
of semantic annotation tools the reader may refer to the study by Uren et al. [6]. In the following we restrict our
review and contributions to biomedicine.

Previous work has encouraged and exalted the use of biomedical ontologies for annotation at various
levels [130-134]. For a while, the prevalent paradigm in the use of ontologies was that of manual annotation and
curation. However, several researchers have shown that such manual annotation, though highly desirable, will
not scale to the large amounts of data being generated in the life sciences [135]. If one examines the reasons
for the low adoption of ontology-based annotation methods among database providers [45, 136], the high cost
of manual data curation remains the main obstacle. In light of this situation, researchers have called for the need
of automated annotation methods [137, 138] and for leveraging natural language processing tools in the curation
process [128, 139]. Related efforts in the community that aim to facilitate the use of ontologies in automated
annotation and curation pipelines include: Terminizer (Manchester University) [140], OnTheFly and Reflect
(EMBL) [141, 142], Whatizit (EBI) [143], MetaMap (NLM) [138] and older projects such as: IndexFinder [134],
SAPHIRE [144], CONANN [145]. Recent reviews on semantic annotation in biomedicine include [146—149].

Logically, ontology-based annotation services often accompany ontology repositories. For instances, BioPortal
has the NCBO Annotator [CJ41] (described in the following sections), OLS had Whatizit [143] and now moved to
ZOOMA, CISMeF HeTOP had FMTI [150] and now ECMT [151] and UMLS has MetaMap [138].

Within the NCBO project, between 2007 and 2010, we have developed methods to annotate large numbers of
data resources automatically, and prototyped several systems for ontology-based annotation and indexing of
biomedical data. As presented in Section IV.4.1 and then IV.5.1, we have integrated these applications within
the NCBO BioPortal platform and they became some of the most frequently used services in the platform. After
2010, after working on semantic annotations for English data —and with English ontologies— our motivation was
to offer the same kind of resources for the French context. Indeed, French is not in the same situation: there is
little readily available technology (i.e.,”off-the-shelf” technology) that allows the use of ontologies uniformly in
various annotation and curation pipelines with minimal effort. This was the inception of the SIFR project.

Working on semantic annotation usually goes pairwise with working on knowledge extraction. Indeed,
ontologies and data are two elements of a repeated life cycle, as illustrated in Figure 20: on one side the
community use ontologies to annotate data (sometime develop them with mainly this goal) [7] and then exploit
the semantics of the ontologies to search or mine the data annotated —or semantically indexed; on the other
side, the data can themselves be used to enrich the ontologies with manual, automatic or hybrid methods to
extract new concepts and terms, relationships or rules to include in the ontologies (e.g., [152]).

enrich

Ontologies

annotate

Figure 20. Data-ontologies life-cycle. Ontologies are often developed to annotate data. Data are often used to
enrich ontologies.
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In the following, we will first focus on the bottom part of the lifecycle Figure 20, and present our work on semantic
annotation of free text, first building in 2009 the NCBO Annotator, one of the most used ontology-based
annotation web service in biomedicine and second by investigating similar questions but for French biomedical
data within the SIFR project and exploring the challenges of dealing with clinical text. Second, we will look at the
top part of the lifecycle Figure 20, and present our work on automatic terminology extraction and ontology
enrichment.

IV.4.1 Semantic annotation of biomedical text with the NCBO Annotator

In [CJ41] and then in [CJ18], we presented the NCBO Annotator (http://bioportal.bioontology.org/annotator), a
web service which provides a mechanism to employ ontology-based annotation in curation, data integration,
and indexing workflows, using any of the several hundred public ontologies in the NCBO BioPortal repository.
The NCBO Annotator tags raw text descriptions with relevant biomedical ontology concepts and returns the
annotations to end users.

The NCBO Annotator workflow is composed of two main steps illustrated in Figure 21. First, the user submitted
text is given as input to a concept recognition tool along with a dictionary. The dictionary (or lexicon) consists of
a list of strings that identify ontology concepts. The dictionary is constructed by pooling all concept names and
other lexical identifiers, such as synonyms or alternative labels that identify concepts. The Annotator uses
Mgrep [153], a concept recognizer developed by the University of Michigan that enables fast and efficient
matching of text against a set of dictionary terms to recognize concepts and generate direct annotations.
Second, semantic expansion components use the ontology structure to create additional annotations. For
example, the is_a transitive closure component traverses an ontology parent-child hierarchy to create additional
annotations with parent concepts. The ontology-mapping component creates additional annotations based on
existing mappings between ontology terms. The direct annotations and the set of semantically expanded
annotations are scored and returned to the user.
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Figure 21. NCBO Annotator original workflow [CJ41].

Mgrep and/or the NCBO Annotator have been evaluated on different datasets [148, 154—156][CJ18] and usually
perform very well in terms of precision e.g., 95% in recognizing disease names [157] but low on recall (due to the
simple string matching strategy). A comparative evaluation of MetaMap [138] (the reference free text annotation
tool for UMLS terminologies) and Mgrep within NCBO Annotator was made in 2009 [CJ14] when the NCBO
Annotator was first released. Based on the results of our comparison, and because Mgrep had significantly faster
execution time and can work with non-UMLS dictionary sources (which MetaMap cannot at this time), we
decided to use Mgrep as the initial concept recognizer for building the NCBO Annotator. Although experiments
have been carried out —both by NCBO and later by LIRMM- to swap the underlying concept recognizer with
another (MetaMap, Alvis, Mallet, UniTex), Mgrep is still the default recognizer. It uses a simple label matching
approach but offers a fast and reliable (precision) matching that enables its use in real-time high load web
services.

When using the Annotator users can adjust several parameters: select the ontologies to use as well as the UMLS
Semantic Types [158]; set up the service to recognize only the longest ontology term found in the text or
recognize sub-terms as well (for example, recognize breast cancer vs. breast and cancer); enable or disable
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matching based on synonyms terms and can also specify a minimum required term length; specify stop-words or
use the default list of stop words; activate or disable the semantic expansion components as well as define the
maximum parent level and the type of mappings used when expanding annotations.

In the original web service, annotations returned had a score, which was a number assigned to an annotation to
indicate its importance. The scoring algorithm gave a weight to an annotation based on the kind of annotation
(e.g., direct or expanded) as well as the type of the underlying matching term. Although this functionality was
later removed from the native service on the NCBO BioPortal, we reoffered it through our NCBO Annotator+
presented Section IV.4.4 and inside the SIFR Annotator, thanks to a study made on scoring annotation
results [CJ32].

In the three first years of its existence (2009-2011), the NCBO Annotator has been accessed approximatively 90
million times and has processed approximatively 700GB of data. It is the most used web service from the NCBO
BioPortal (in number of API calls). At that time it was also embedded in commercial platforms such as Elsevier’s
SciVerse platform  (http://www.hub.sciverse.com), Laboratree (http://laboratree.org) or Collabrx
(http://collabrx.com). As examples of published biomedical results, supported by the Annotator service we can
cite several use cases: (i) the use of a nanoparticle ontology to annotate a knowledge base for nanoparticles
enables novel information retrieval queries [159]; (ii) rat gene expression data mining [154]; (iii) novel types of
analyses that can associate classes of diseases with specific mutation types [160]; (iv) the use of annotation
services enables morphology-based phylogenetic revisionary studies [155]; (v) mining of electronic health
records [161, 162], mining for adverse drug events [163].

Several reviews or evaluations of biomedical named entity recognition or annotation tools have been made since
2009 [146-148, 164], and the NCBO Annotator is systematically included. We believe the NCBO Annotator in
addition of its technical quality had two main advantages: (i) the web service allows end users to utilize
ontologies for annotation of biomedical data with minimal effort; (ii) it is the most comprehensive annotation
tool in terms of the diversity of ontologies available for use in the annotation task. By making ontology-based
annotation available for “plugging-in” to curation, data integration and annotation mining workflows, the
NCBO Annotator has enabled a significant shift in the way annotations are created and mined for biomedical
research.

The three communications: poster/demo at ISWC 2009 [CJ102], article at AMIA Summit on translational
bioinformatics [CJ41] and journal article at BMC Bioinformatics [CJ18] cumulate a total of 448 citations,
respectively: 61, 254, 133.

IV.4.2 SIFR Annotator: a publicly accessible ontology-based annotation tool to process French
biomedical text

Despite a wide adoption of English in science, a significant amount of biomedical data are produced in other
languages, such as French. Yet, a majority of natural language processing or semantic tools as well as domain
terminologies or ontologies are only available in English, and cannot be readily applied to other languages, due
to fundamental linguistic differences. One of the main motivation to build the SIFR BioPortal was to design a
semantic annotation workflow capable of processing French biomedical text.

In [CJ65] then in [CJ2], we present the SIFR Annotator (http://bioportal.lirmm.fr/annotator), a publicly accessible
and easily usable ontology-based annotation web service to process biomedical text and clinical notes in French.
The annotator service processes raw textual descriptions, tags them with relevant biomedical ontology concepts,
expands the annotations using the knowledge embedded in the ontologies and contextualizes the annotations
before returning them to the users in several formats such as XML, JSON-LD, RDF or BRAT. We have adapted the
NCBO technology to French and significantly enhanced the original annotator [CJ2], including:

e C(leaning dictionary heuristics. To augment the SIFR Annotator's recall performance, we have implemented
some heuristics to extend/clean the dictionary: Remove useless description at the end of concept labels
e.g., "SAI", separate individual clauses from conjunctive sentences, normalize punctuation, remove
parenthesized or bracketed precisions. Our experiments have shown that recall increases with such
heuristics, while precision decreases, therefore the heuristics are currently deactivated by default.

e UMILS Semantic Groups filtering. The original NCBO Annotator offered the possibility to filter out the
annotations by UMLS Semantic Types [158]. We have extended that functionality to UMLS Semantic
Groups [165] which are a coarser-grained grouping of concepts. During query preprocessing, the Semantic
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Group parameter is expanded into appropriate Semantic Types that are then handled by the original core
Annotator components.??

e Scoring. When doing ontology-based indexing, the scoring and ranking of the results become crucial to
distinguish the most relevant annotations within the input text. Higher scores reflect more important or
relevant annotations. We have implemented and evaluated a new scoring method allowing to rank the
annotations and enabling to use such scores for better indexing of the annotated data. By using a natural
language processing-based term extraction measure, called C-Value [166], we were able to offer three
relevant scoring algorithms which use frequencies of the matches and positively discriminate multi-words
term annotations. This work is reported and evaluated in [CJ32].

e Score filtering. We have also implemented a thresholding feature that allows to prune annotations based
on absolute or relative score values.

e Lemmatization. We have developed a beta lemmatization feature in the SIFR Annotator that is not yet
properly evaluated but preliminary tests indicate that it would fix many morphosyntactic recognition
errors. If lemmatization parameter is activated, then the text is being lemmatized by an external lemmatizer
and send to a specific instance of Mgrep which runs with a lemmatized dictionary instead.

e (linical context detection. This feature, which required significant research and evaluation is described in
Section IV.4.3.

e Additional output formats. NCBO Annotator supports JSON-LD and XML outputs, but while JSON-LD is a
recognized format, it is not sufficient for many annotation benchmarks and tasks, especially in the semantic
web and natural language communities. SIFR Annotator adds support for standard linguistic annotation
formats for annotation (BRAT and RDF) and task-specific output formats (e.g., CLEF eHealth/Quaero). The
new output formats allow us to produce outputs compatible with evaluation campaigns and in turn to
evaluate the SIFR Annotator. Moreover, they enable interoperability with various existing annotation
standards/tools.

To generalize the features developed for French in the SIFR BioPortal to annotators in other BioPortal instances,
we have adopted a proxy architecture, that allows the implementation of features on top of the original REST
API, thereby extending the service by pre-processing inputs and post-processing outputs. Figure 22 describes the
extended SIFR Annotator workflow, where the blue frame represents components from Figure 21.

Text/Query Preprocessing NCBO Annotator API Annotation Postprocessing QOutput Generators
API EXTENSION CONCEPT RECOGNITION SCORER BRAT

SEM. GROUP EXPANSION |8 - CONTEXT . RDF i

ML
LEMMATIZATION (BETA SEMANTIC EXPANSION Lo-odb JSOMD

Figure 22. Proxy service architecture implementing the SIFR Annotator extended workflow [CJ2]. During
preprocessing, parameters are handled, and text can be lemmatized, before both are sent to the core annotator
components. During annotation postprocessing, scoring and context detection are performed. Subsequently, the
output is serialized to the requested format.

Thanks to this proxy architecture, some enhancements have not been implemented only for French but have
been generalized for the original English NCBO Annotator (or any other Annotator based on NCBO
technology) [CJ8] as described Section IV.4.4. Especially, the new contextualization features, described
Section IV.4.3, make SIFR Annotator the first general annotation workflow with a complete implementation of
the ConText/NegEx algorithm [CJ-UR2] for French.

SIFR BioPortal, across all the ontologies indexed in the repository, currently represents the largest open French-
language biomedical dictionary/term repository,?® with over 330K concepts and around twice that number of
terms. Enabling the SIFR Annotator service to use additional ontologies is as simple as uploading them to the
portal (the indexing and dictionary generation are automatic) and take only a few minutes. The Annotator is

22 For most of the six ontologies in the UMLS group, produced by CISMeF in OWL format the relevant UMLS identifiers (CUI)
and Semantic Type (TUI) were missing or improperly attached to the concepts. We therefore enriched them to reconcile their
content with UMLS concepts and Semantic Type identifiers [CJ46]. For this, we used the set of previously reconciled
multilingual mappings described in Section 1V.2.2 and [CJ29].

23 CISMeF's HeTOP repository is larger, but the content is not accessible publicly.
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meant to be accessed through a REST API but there is also a user interface that serves as a demonstrator and
that allows a full parametrization (cf. Figure 23).

A quantitative evaluation of annotation performance is of critical importance to enable comparison to other
state-of-the-art annotation systems. A preliminary evaluation of the SIFR Annotator done in 2016 has shown that
the web service matches the results of previously reported work in French, while being public, of easy access and
use, and turned toward semantic web standards [CJ65]. However, the previous evaluation was limited in scope
and new French benchmarks have since been published. Indeed, since 2015, the main venue for the evaluation
of French biomedical annotation are the CLEF eHealth information extractions tasks [167—-169]. In 2017, we
participated to the CLEF eHealth campaign with both the SIFR Annotator for French and the NCBO Annotator for
English. Our results are reported in [CJ48].

In [CJ2], we draw a more exhaustive evaluation of the SIFR Annotator and its new capabilities with the following
corpora: (i) the Quaero corpus (from CLEF eHealth 2015 [170]) which includes French Medline citations (titles &
abstracts) and drug labels from the European Medicines Agency, both annotated with UMLS Semantic Groups
and Concept Unique Identifiers (CUIs); (ii) the CépiDC corpus (from CLEF eHealth 2017 [167]) which gathers
French death certificates annotated with ICD-10 codes produced by the French epidemiological center for
medical causes of death (CépiDC?*). By evaluating and comparing the SIFR Annotator to state-of-the-art results,
we showed the web service performs comparably to other knowledge-based annotation approaches in
recognizing entities in biomedical text and reach state-of-the-art levels in clinical context detection (negation,
experiencer, temporality).

Additionally, the SIFR Annotator is the first openly accessible web tool to annotate and contextualize French
biomedical text with ontology concepts leveraging a dictionary currently made of 28 terminologies and
ontologies and 330K concepts. The SIFR Annotator has significant other advantages that are not highlighted in
the evaluation tasks. For instances, the ability to exploit the ontology hierarchy or mappings.

We believe that SIFR Annotator can help in a wide range of text mining or annotation problems, but of course
not universally. In [CJ2], we have also highlighted the shortcomings of our SIFR Annotator and proposed some
possible solutions for their mitigation in future technical evolutions of the service (e.g., disambiguation module).
The code is openly available, and we also provide a Docker packaging for easy local deployment to process
sensitive (e.g., clinical) data in-house (https://github.com/sifrproject).

Annotator

SIFR
project

Figure 23. The SIFR Annotator user interface [CJ2]. The upper screen capture illustrates the main form of the
annotator, where one inputs text and selects the annotation parameters. The lower screen capture shows the
table with the resulting annotations.

24 Centre d’épidémiologie sur les causes médicales de déces, Unité Inserm US10, http://www.cepidc.inserm.fr
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IV.4.3 Detecting negation, temporality and experiencer in French clinical notes

In the context of the ANR PractiKPharma project, we had to improve the SIFR Annotator to process clinical text.
Our use case, working with HEGP hospital (Paris) and LORIA (Nancy), is to extract pharmacogenomics knowledge
from French electronic health records (EHRs) to compare them to state-of-the-art knowledge published in
scientific articles and references databases (http://practikpharma.loria.fr).

EHRs often include unstructured elements (free text) that contain valuable information for medical
research [171]. Researchers have developed systems to automatically detect clinical conditions and extract
valuable knowledge in order to facilitate decision support [172], the identification of patients [173] and
surveillance [174]. When annotating clinical text, the context of the annotated clinical conditions is crucial:
distinguishing between affirmed and negated conditions (e.g., “no sign of cancer”); whether a condition pertains
to the patient or to others (e.g., family members); or temporality (is a condition recent or historical).
NegEx/ConText, is one of the best performing and fastest (open-source) algorithms for clinical context detection
in English medical text [175, 176]. NegEx/ConText is based on lexical cues (trigger terms) that modify the default
status of medical conditions appearing in their scope. For instance, by default the system considers a condition
affirmed, and marks it as negated only if it appears under the scope of a negation trigger term. Each trigger term
has a pre-defined scope either forward (e.g., “denies”) or backward (e.g., “is ruled out”), which ends by a colon
or a termination term (e.g., “but”).

In [CJ63] then in [CJ-UR2], we present French ConText: an adaptation and enrichment of NegEx/ConText to the
French language.?> We compiled an extensive list of French lexical cues by automatic and manual translation and
by enrichment. We integrated French ConText in SIFR Annotator, and thanks to the proxy architecture plugged
the original ConText (for English) in the NCBO Annotator (cf. Section IV.4.4). We offer now, both for English and
French a unique open ontology-based annotation service that both recognize ontology concepts and
contextualize them allowing non-natural-language-processing experts to both annotate and contextualize
medical conditions in clinical notes.

To evaluate French ConText, we manually annotated the context of medical conditions present in two types of
clinical narratives: (i) death certificates and (ii) electronic health records.?® We reported an evaluation of the SIFR
Annotator with F1 scores between 83.7% & 86.3% for negated concepts (better by more than 5% of previously
reported results adapting NegEx to French), F1 between 88.9% and 91.7% for the detection of historical entities
and between 79.2% and 90.9% for concepts pertaining to an experiencer other than the patient. The results are
on-par with other state-of-the-art approaches (NegEx for negation, machine learning, etc.), independently from
the concept recognition performance. Furthermore, French ConText outperforms previously reported French
systems for negation detection when compared on the same datasets and it is the first implementation of
temporality and experiencer identification reported for French. This work is reported and evaluated in detail
in [CJ63] but an extended English journal publication is currently under review [CJ-UR2].

IV.4.4 Annotating and indexing English clinical text with the NCBO Annotator+

In [CJ8], we present the proxy architecture —previously mentioned when presenting the SIFR Annotator— which
allowed us to add new functionalities to the NCBO Annotator without hosting or modifying the original web
service. Some of these new functionalities are particularly relevant to process electronic health records including
annotation scoring, clinical context detection or coarse-grained entity type annotations. We present the NCBO
Annotator+, a web service which incorporates these new functionalities, based on the proxy architecture
illustrated Figure 24. The Annotator+ has been successfully integrated into the SIFR BioPortal platform to
annotate English text. A web user interface is available for testing and ontology selection
(http://bioportal.lirmm.fr/ncbo _annotatorplus) however, the Annotator+ is meant to be used through the web
service application programming interface.

25 Although an implementation of NegEx was available for French [228], we extended it to the complete ConText algorithm.
26 \We evaluated French ConText on a sub-corpus of death certificates from the CLEF eHealth Task 1 corpus (6 sentences for
experiencer, 150 for temporality, 1030 for negation) and on a clinical corpus from the European Hospital Georges Pompidou
(630 lines for experiencer, 475 lines for temporality, and 400 lines for negation).
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Figure 24. NCBO Annotator+ proxy web service architecture [CI8]. (1) requests are sent to the proxy with
extended parameters that are parsed to select/apply the additional features; (2) a query is crafted for the original
service without any extended parameters; (3) the original NCBO Annotator processes the query and returns the
results; (4) the proxy retrieves annotations and applies post-processing/filtering (e.qg., scoring); and finally, (5) the
output is generated in the original format or in one of the new output formats from Annotator+.

We briefly report on the performance of the NCBO Annotator+ for: (1) annotating and contextualizing concepts
in English clinical text on the CLEF eHealth 2017 task 1 corpus, created for the automatic annotation of death
certificates with ICD-10 codes; (ii) the SemEval 2015 Task 14.2 development corpus, created for the identification
of biomedical concepts (i.e., names and identifiers in UMLS) and of clinical context features (we covered negation
and experiencer).

When annotating the death certificates with the NCBO Annotator, we obtained median results compared to the
rest of the competitors (cf. Table 6); ahead of other knowledge-based systems but behind specifically tailored
supervised learning systems. The results are encouraging considering that we have not customized the service
in any way for the task. We acknowledge the better performance of supervised learning approaches, but claim
that in the health domain, they are often not applicable for lack of training data.

For the task of concept recognition in the SemEval corpus, the NCBO Annotator obtained average scores, given
that we performed no adaptation to the task (and we did not use the training data at all), the concept recognition
accuracy is fair (66.6%). We did not have access to the test gold standard and thus cannot compare to other
participants (we ran on the development corpus). For negation, Annotator+ obtained state-of-the-art
performance (balanced weighted average performance) and for experiencer detection, we obtained results that
are not substantially lower than existing evaluations of ConText [176]. These results confirm both the potential
of the NCBO Annotator as a concept recognition service (never evaluated on standardized evaluation campaign
tasks) and the nonreduced performance of NegEx/ConText when implemented in Annotator+.

Table 6. Evaluation for concept recognition (NCBO Annotator) and clinical context detection (NCBO
Annotator+) expressed by Precision, Recall, F-measure, Accuracy) [CJ8].

Concept recognition (CLEF eHealth) 69.1 51.4 58.9

Concept recognition (SemEval) 46.9 62.0 53.4 66.6
Negation detection (SemEval) 87.0 88.9 88.0 89.3
Experiencer detection (SemEval) 52.9 70.4 60.4 52.7

IV.4.5 Terminology extraction and ontology enrichment (J-A. Lossio’s PhD project)

During Juan-Antonio Lossio’s PhD project (2012-2015), directed by Dr. Mathieu Roche (CIRAD) and
Dr. Maguelonne Teisseire (IRSTEA), we investigated research issues related to automatic biomedical terminology
extraction and sense induction for ontology enrichment [177]. The following is a summary of his contributions
and accepted publications.

A few semi-automatic methodologies have been proposed for the construction/enrichment of ontologies from
text. They are mostly achieved using natural language processing techniques to assess texts. Methods must take
into account both the lexical and semantic complexity of biomedical data. Our first contribution in this area
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concerns the automatic extraction of specialized biomedical terms (lexical complexity) from corpora. We focus
here on terms that do not exist in an ontology/terminology, called new biomedical candidate terms. We
proposed a methodology based on linguistic, statistic, graph, and web features to improve the ranking of new
biomedical candidate terms. New ranking measures for single —and multi-word— term extraction methods are
proposed and evaluated. In addition, we present BioTex, an application that implements the proposed
measures. The second contribution concerns concept extraction and semantic linkage of the new extracted
terms (semantic complexity). We detect if a term is polysemic or not, then identify its possible senses and
induce the most relevant sense to attach the new candidate terms in an existing biomedical ontology or
terminology. We experimented our approach with the MeSH terminology.

These two contributions, which represent useful feature for ontology developers, have not yet been
incorporated within an ontology repository technology.

Automatic biomedical term extraction. The huge amount of biomedical data available today often consists of
plain text. These texts are written using a specific language (expressions and terms) of the associated community.
Therefore, there is a need for formalization and cataloging of these technical terms or concepts via the
construction of terminologies and ontologies. These technical terms are also important for information retrieval,
for instance when indexing documents or formulating queries. However, as the task of manually extracting terms
of a domain is very long and cumbersome, researchers have striving to design automatic methods to assist
knowledge experts in the process of cataloging the terms and concepts of a domain under the form of
vocabularies, thesauri, terminologies or ontologies. Automatic term extraction (ATE), aims to automatically
extract technical terminology from a given text corpus [178].

The main issues in ATE are: (i) extraction of non-valid terms (noise) or omission of terms with low frequency
(silence), (ii) extraction of multi-word terms having various complex various structures, (iii) manual validation
efforts of the candidate terms, and (iv) management of large-scale corpora. Recent studies have focused on
multi-word (n-grams) and single-word (unigrams) term extraction. Techniques can be divided into four broad
categories: linguistic, statistical, machine learning, and hybrid. Graph-based approaches have not yet been
applied to ATE, although they have been successively adopted in other information retrieval fields and could be
suitable for our purpose. Existing web techniques have not been applied to ATE but can be adapted for such
purposes. We especially mention C-value/NC-value[166] which combines statistical and linguistic information
for the extraction of multi-word and nested terms. This is the most well-known measure in the literature which
obtained best results compared to other measures [179]. It has been used for recognizing terms in the biomedical
literature [180] and applied to different languages other than English. We have been much inspired by C-value
in our work and have chosen this measure as baseline. Tools and applications for biomedical term extraction
include: TerMine (http://www.nactem.ac.uk/software/termine), Java ATE[179], FlexiTerm [181],
BioYaTea [182], and our application, BioTex [CJ93] based on the methodology presented hereafter.

In [CJ13], we propose a cutting-edge methodology to extract and to rank biomedical terms, covering all the
previously mentioned issues. This methodology offers several measures based on linguistic, statistical, graph and
web aspects. These measures extract and rank candidate terms with excellent precision: we demonstrate that
they outperform previously reported precision results for automatic term extraction, and work with different
languages (English, French, and Spanish). We also demonstrate how the use of graphs and the web to assess the
significance of a term candidate, enables us to outperform precision results.

Our methodology has three main steps (as illustrated Figure 25). One of our hypothesis (as of C-value’s) is that
biomedical terms have a similar syntactic structure (linguistic aspect). Therefore, in a preliminary step, using Part-
of-Speech (POS) tagging,?” we built a list of the most common linguistic patterns according to the syntactic
structure of terms present in the UMLS. We will later use this list to filter out the content of our input corpus
(also POS tagged) and retain only terms whose syntactic structure is in the patterns list.

We then propose new measures and some modifications of existing baseline measures to rank candidate terms.
Our ranking measures are statistical- and linguistic-based. Consequently, to the application of these measures,
we re-rank the results to increase the top k term precision using two new measures: TeRGraph, a graph-based
measure which exploits co-occurrence in sentences in the corpus; and WAHI, a web-based measure which uses
web search to measure word associations.

27 part-of-Speech (POS) tagging is the process of assigning each word in a text to its grammatical category (e.g. noun,
adjective).
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Figure 25. Workflow methodology for biomedical term extraction [CJ13]. New proposed measures for ranking
or re-ranking are in green, and already existing measure slightly modified are in blue. From a text corpus as input,
the methodology returns a ranked list of new candidate terms.

We evaluated our methodology on the biomedical GENIA (www.geniaproject.org) and LabTestsOnline
(https://labtestsonline.org) corpora which are respectively made of titles/abstracts of journal articles and textual
information for patients or family caregivers about clinical lab tests. We compared results of all the measures
listed Figure 25 with previously reported measures. We experimentally showed that LIDF-value (based on the
linguistic patterns, inverse document frequency and C-value) outperformed a state-of-the-art baseline for
extracting terms while obtaining the best precision results in all intervals (i.e., P@k). With three languages the
LIDF-value trends were similar. For all cases, our re-ranking measures improve the precision obtained with LIDF-
value. WAHI (based on Yahoo Search) obtained better precision for the first P@100 extracted terms with 96 %
precision.

In [C193], we presented BioTex, a web application (http://tubo.lirmm.fr/biotex) that implements state-of-the-
art measures (including some of our new ones) for automatic extraction of biomedical terms from English and
French free text. After the extraction process, BioTex automatically validates the extracted terms by using UMLS
(Eng) & MeSH-fr (Fr). As illustrated in Figure 26 (2), these validated terms are displayed in green, specifying the
used knowledge source used for validation and the others in red. Once validated the last ones may be considered
candidates for ontology enrichment.
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Figure 26. BioTex user interface [CJ93]. During term extraction step (1), users upload their text corpus and select
the measure to use; during term validation (2) users can manually validate the results not yet automatically
validated (in red) and export the final candidate terms.

Sense induction and ontology enrichment. Once a term has been extracted from a corpus, we need to identify
the concept (sense) behind to suggest a relevant position in the ontology to enrich. Word-sense induction (WSlI)
is the task of automatically inducing the different senses of a word in a piece of text. Most existing WSI
approaches are based on unsupervised machine learning with senses represented as clusters of tokens (e.g.,
words or phrases). In general, existing WSI approaches only consider sense induction for individual words, such
as verbs, nouns, and adjectives [183, 184]. However, biomedical terms are often composed of more than one
word —80% of UMLS terms are composed of two or more words. Another issue with existing WSI methods is that
they do not first check whether a target word is polysemic (i.e., ambiguous) or not. Thus, a significant amount of
computing time is wasted on identifying the different senses for non-polysemic words. In addition, clustering
algorithms used to predict the number of senses often suffer from poor performance [185]. To address these
challenges associated with applying WSI in biomedicine, we proposed in [CJ89] then in [C]7], a complete
workflow for automatically enriching biomedical ontologies or terminologies starting with executing BioTex to
extract candidate terms and continuing with three steps to induce the concept senses described in Figure 27.
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Figure 27. Methodology for biomedical entity sense induction [CJ7].

In [CJ30], we focused on polysemy detection to predict if candidate terms are polysemic or not. We introduced
23 new features for machine-learning-based polysemy detection extracted directly from text (11) and from a
cooccurrence graph itself produced from the text corpus (12). For examples, the number/min/max of UMLS
terms contained in the set of abstracts obtained in PubMed with the candidate term or the number of neighbors
in the co-occurrence graph. We also used two terminology resources: UMLS (i.e., biomedical) and AGROVOC (i.e.,
agronomy) to derive these features. These two thesauri have a certain degree of overlapping concepts, which
can be considered as polysemic entities that belong to both biomedical and agricultural domains. For instance,
the term “cold” can represent either a disease (i.e., the common cold) or the feeling of no warmth in UMLS, as
well as the temperature of the weather in AGROVOC. Thus, we hypothesized that candidate terms (that did not
appear in these two thesauri) that co-occurred with existing polysemic ones were more likely to be polysemic as
well. We implemented the method for polysemy detection using multiple supervised machine learning
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algorithms from Weka [126] and experimented with a standard corpus of polysemic terms —the MSH WSD?®
dataset, which consists of 203 ambiguous entities. Our method showed an F-measure of 98%.

In [CJ89], we also drafted methods to predict the number of senses and induce the concept. We suggested to
use clustering algorithms for the first issue (e.g., CLUTO??) and our method achieved an F-measure of 93%. Then
we experimented the second issue by automatically enriching the 2009 version of MeSH terminology with 60
terms that have been added by experts to MeSH between 2009 and 2015. We showed that 50% of our predictions
for positioning the new term in the terminology were correct.

Finally, in [CJ7], we have consolidated this work by completing the methodology with concept induction,
compared our methods with others and strengthen our evaluation.

IV.4.6 MuEVo, a breast cancer Consumer Health Vocabulary built out of web forums

As a parallel work on terminology extraction, we have studied the extraction of lay user vocabulary out of web
forums. With the explosion of Web 2.0 and social medias, doctors have definitively realized the enormous
potential of data generated by patients [186]. According to a 2011 Health On the Net Foundation survey [187],
the web has become the second source of information for patients after consultations with a doctor.
Semantically analyze patient-generated text from a biomedical perspective is challenging because of the
vocabulary gap between patients and health professionals. Indeed, health consumers, i.e., patients, are
generally laypersons who do not have the technical or scientific expertise and hence expressions and
vocabulary [188]. Laypersons use abbreviations, misspellings, neologisms or existing words that are diverted
from their standard professional use. The medical expertise and vocabulary are well formalized in standards
terminologies and ontologies, which enable semantic analysis of expert generated text; however, resources
which formalize the vocabulary of health consumers (patients and their family, laypersons in general) remain
scarce. The situation is even worse if one is interested in another language than English.

Many researchers have been working to reduce this vocabulary gap between laypersons and health care
professionals by identifying CHV constituents and/or mapping them to their equivalents in the standard
biomedical semantic resources [189, 190]. However, these efforts do not often result in reusable open access
resources. Indeed, one of the only freely available CHV is the (English) Open-Access and Collaborative CHV
(included in the UMLS Metathesaurus) that was developed by Univ. of Utah and recently updated by mining
social network data [191].

Semantically representing CHVs’ content and using them inside forum applications will enhance the patient’s
access to information by connecting the formal medical expertise to the actual content of the forums, inside the
forums. It would also enable to process semantically patient-generated text. For instance, topics discussed will
be more easily mined in order to identify what are the principal concerns of the patients[192]; forum providers
would be able to connect their users to reference data resources that are indexed with standard medical
terminologies but that are targeted for patients e.g., MedLinePlus.

In [193]s, the authors focused on a methodology to extract a preliminary CHV out of forum patient posts, &
Facebook groups about breast cancer. In [CJ26], we built-up on this work and presented a concrete machine-
readable formalization of the extracted vocabulary, the provenance information and the alignment to
standard terminologies, using the semantic Web languages (RDF, SKOS and PROV) as illustrated Figure 28. We
used a sample of 173 relations built around 64 expert concepts which have been automatically (89%) or manually
(11%) aligned to standard biomedical terminologies, in our case: MeSH, MedDRA and SNOMEDint. The resulting
vocabulary, called MuEVo (Multi-Expertise Vocabulary) and the mappings are publicly available in the SIFR
BioPortal French biomedical ontology repository (http://bioportal.lirmm.fr/ontologies/MUEVO).

28 https://wsd.nlm.nih.gov/collaboration.shtml
29 http://glaros.dtc.umn.edu/gkhome/cluto/cluto/overview
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Figure 28. Model to formalize lay-expert relations in MuEVo using SKOS+PROV [CJ26].

In this preliminary study, we focused on breast cancer and French language, but our model is generalizable to
other domain or language. Although the size of the current vocabulary is quite small, this is the result of an
automatic process that could be reproduced on other datasets to augment it.

IV.5 Challenge 5: Annotations and linked data

Datasets produced in science are highly heterogeneous: they are stored and accessible in many different
databases, using idiosyncratic schemas and access mechanisms. For instance, a researcher studying allelic
variations in a gene can find all the pathways that the gene affects, the drug effects that these variations
modulate, any disease that could be caused by the gene, and the clinical trials that involve the drug or diseases
related to that specific gene. The information that we need to answer such questions is available in public
biomedical resources; the problem is finding that information.

Data integration and semantic interoperability enable new scientific discoveries that could be made by merging
different currently available data. This is one major reason for adopting ontologies. Ontologies can be used to
search, mine and analyze uniformly the information stored in these diverse resources. They are used to design
semantic indexes [194, 195] of data and linked open datasets [196—198] that could be used for various type of
cross datasets studies.

Ontology repositories must facilitate indexing/annotation, search and access to
semantically described, interoperable, linked open data either directly from within the
repositories or via uniform automatic access to ontologies.

We have seen in presenting the preceding challenge possible indexing/annotation tool; this challenge is about
exploiting those tools to process big data sources and turn them into knowledge. When building semantic
indexes, big data represents a set of challenges for ontology repositories: scalability, consistency, completeness
in a context where both ontologies and data constantly evolve. For example, indexed data consistency shall be
checked by ontology repositories using OWL reasoning. Also, a semantic index —or the annotations— shall
perpetually be updated by:(i) indexing the new data elements as they arrived (or re-index the ones that have
changed) with all the ontologies necessary; (ii) indexing all the content of the data resource with every new
ontology as they arrived in the repository; (iii) refresh the index to reflect changes in ontologies (removed/added
concepts). See for example the work done in [199] on the evolution of ontologies and annotations.

For about 10 years, the Linked Open Data approach [10] has been adopted to represent data with semantic web
technologies and indexing them with ontologies/vocabularies. The web of data —built out of linked open data—
is the concrete and most salient outcome of 20 years of semantic web research. It is well represented by the
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linked open data diagram (Figure 3, page 22). Ontologies and vocabularies are the backbone of linked open
data as they are used to semantically annotate and interlink datasets. Methods and techniques have recently
been developed, allowing the massive publication of structured data on the web. The general principles were
established by Tim Berners-Lee —the inventor of both the web and the semantic web— as illustrated in Figure 29.
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Figure 29. Producing five-star linked data as suggested by T. Berners-Lee (source: https://5stardata.info).
(*) make your stuff available on the Web (whatever format) under an open license; (**) make it available as
structured data (e.g., Excel instead of image scan of a table); (***) make it available in a non-proprietary open
format (e.g., CSV instead of Excel); (****) use URIs to denote things, so that people can point at your stuff;
(*****) link your data to other data to provide context.

In the recent years, the biomedical community has strongly embraced the semantic web vision as demonstrated
by a number of initiatives to use ontologies for producing semantically rich data such as in Bio2RDF [196, 200] ,
OpenPHACTS [198], Linked Life Data [201], KUPKB [202], and the EBI RDF Platform [197]. For example,
OpenPHACTS serves as a good example of what can be achieved by using semantic web knowledge bases: the
explorer provides use case driven tools that aid in browsing and visualizing the underlying knowledge
represented in RDF which is very convenient for biologists.

We believe that ontology repositories have a role to play in building the web of data as they are the
infrastructure hosting and serving the ontologies and vocabularies. In this section, we will present some
previous work done before the emergence of big data technologies and linked open data principles when building
the NCBO Resource Index, a large-scale ontology-based index of more than 50 heterogeneous biomedical
resources, integrated within the NBCO BioPortal. Then, we will quickly present other related work —on which we
are involved but not as a primary actor — on using ontologies to build knowledge bases: (i) the AgroLD project
which builds a database of agronomy resources described in RDF and annotated with ontologies; (ii) the PGxLOD
knowledge base which offers linked open datasets for exploring and assessing pharmacogenomics knowledge.
These two efforts have been respectively developed within the AgroLD and PractiKPharma projects. Finally, as
an alternative to using ontologies, we will introduce our contribution in the ViewpointS project, an exploratory
research designing a brain-inspired knowledge representation approach where semantic and social web
contributions are merged into an adaptive knowledge graph.

IV.5.1 NCBO Resource Index: Ontology-Based Search and Mining of Biomedical Resources

Researchers in biomedicine produce and publish enormous amounts of data describing everything from genomic
information and pathways to drug descriptions, clinical trials, and diseases. The biomedical research community
agrees that terminologies and ontologies are essential for data integration and translational discoveries to
occur [43, 45, 131]. However, the metadata that describe the information in data resources are usually
unstructured, often come in the form of free-text descriptions and are rarely labelled or tagged using terms from
ontologies that are available for the domains. Users often prefer labels from ontologies because they provide a
clear point of reference during their search and mining tasks [128, 203]. Semantic annotation of biomedical
resources is still minimal and is often restricted to a few resources and a few ontologies as discussed in the
preceding section. Usually, the textual content of these online resources is indexed (e.g., using Lucene) to enable
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querying the resources with keywords. However, there are obvious limits to keyword-based indexing, such as
the use of synonyms, polysemy, lack of domain knowledge. Furthermore, having to perform keyword searches
at each web site individually makes the navigation and aggregation of the available information extremely
cumbersome, if not impractical. Search engines, like Entrez (www.ncbi.nlm.nih.gov/Entrez), facilitate search
across several resources, but they do not currently use as many of the available and relevant biomedical
ontologies.

In [CJ15], based on our preliminary work described in [CJ42][CJ20], we have built the NCBO Resource Index, an
ontology-based index of more than twenty heterogeneous biomedical resources (later extended to 50) included
within BioPortal (http://bioportal.bioontology.org/resources). The resources came from a variety of data
repositories maintained by organizations from around the world. They included gene expression datasets (Gene
Expression Omnibus, ArrayExpress), clinical report descriptions (ClinicalTrials.gov), scientific literature (PubMed),
proteins (UniProt KB), etc.
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Figure 30. NCBO Resource Index overview [CJ15]. We process each biomedical resource using the ontology-based
indexing workflow (NCBO Annotator). We store the resulting annotations in a database and make them available
in several formats via REST web services. BioPortal provides user friendly interfaces to search and navigate the
Resource Index.

Semantic indexing in the Resource Index relied on the NCBO Annotator’s workflow presented Section 1V.4.1. We
use the terms from BioPortal ontologies to annotate, or “tag,” the textual descriptions of the data elements that
reside in biomedical resources and we collect these annotations in a searchable and scalable index (cf. Figure
30). We used the semantics that the ontologies encode, such as different properties of classes, the class
hierarchies, and the mappings between ontologies, in order to improve the search experience of the Resource
Index user. The indexing workflow of a data element taken from the Gene Expression Omnibus database is
illustrated Figure 31. When browsing the ontologies in the NCBO BioPortal, or using a dedicated search engine,
users can discover datasets of interest. Our user interface within BioPortal enables scientists to search the
multiple resources quickly and efficiently using domain terms, without even being aware that there is semantics
“under the hood.”
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Figure 31. Example of annotations generated for a GEO element in the NCBO Resource Index [CJ15]. Direct
annotations are generated from textual metadata and already existing ontology references of the data element.
Then, expanded annotations are created using the ontology is-a hierarchy. Finally, all the annotations are
aggregated and scored taking into consideration their frequency and context.

Ontology-based indexing was not new in biomedicine; however, it was usually restricted to indexing a specific
resource with a specific ontology (vertical approach). We adopted a horizontal approach, enabling annotations
of many important resources using a large number of ontologies. When the NCBO Resource Index was released
in 2010, it included 22 resources, and more than 200 ontologies included in BioPortal. It was made of a 1.5Tb
MySQL database, which stores the 11 Billion annotations of 3.2 Million data elements with 3.3 Million ontology
concepts. It was later extended to more than 50 databases by the NCBO.

The Resource Index developed in 2008 did not rely on big data technologies and did not followed linked open
data principles; both were in their infancies at that time. However, the underlying challenges of scalability and
use of ontologies were already here. We would certainly implement it in a completely different way today. Later,
in [CJ38], we have analyzed the metrics on ontologies in order to re-structure the database backend for the
Resource Index. This restructuring has enabled us to reduce the indexing processing time for one of our larger
datasets from one week to one hour. Although the NCBO Resource Index is still available within the NCBO
BioPortal, it is not maintained and updated anymore since a few years. The impact of the application is rather
difficult to evaluate considering the speed of change of science and technology in that area. Even if not explicitly
used anymore, the NCBO Resource Index proposed an interesting effort illustrating the challenges of ontology-
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based indexing at large scale as acknowledged by the 15t price at the Semantic Web Challenge organized at ISWC
2010. The four publications on the topic [CJ15, CJ20, CJ38, Cl42] gather today more than 310 citations total.

When building AgroPortal and the SIFR BioPortal, we have not included the “Resource Index components” in our
ontology repositories. Our vision was to adopt another approach and set of technologies to play that role, as
presented in the next two sections.

IV.5.2 AgrolLD, an RDF knowledge base for agronomy

More recently, in agronomy, we have been involved in the AgroLD (Agronomic Linked Data) project which
objective is to build a knowledge-based system relying on semantic web technologies and exploiting standard
domain ontologies, to integrate data about plant species of high interest for the plant science community e.g.,
rice, wheat, arabidopsis. AgroLD’s goal is to offer a domain specific knowledge platform to solve complex
biological and agronomical questions related to the implication of genes/proteins in, for instances, plant disease
resistance or high yield traits.

In [CJ3], we present integration results of the first phase of the project, which focused on genomics, proteomics
and phenomics. AgroLD (www.agrold.org) is now an RDF knowledge base of 100M triples created by
annotating and integrating more than 50 datasets coming from 10 data sources with 10 ontologies. AgrolLD
offers information on genes, proteins, gene ontology associations, homology predictions, metabolic pathways,
plant traits, and germplasm, on the following species: rice, wheat, arabidopsis, sorghum and maize. It provides
integrated agronomic data, as well as the infrastructure to aid domain experts answering relevant biological
questions. Original database contents were parsed and converted into RDF using a semi-automated pipeline
implemented in Python.30

The conceptual framework for knowledge in AgrolLD is based on well-established ontologies in plant sciences
such as Gene Ontology, Sequence Ontology, Plant Ontology, Crop Ontology and Plant Environment Ontology.
AgrolLD needed a dedicated application programming interface to these ontologies, as well as a means to
annotate database fields (header and values) with ontology concepts. In addition, it requires a system to store
mappings annotations between key entities in the AgroLD knowledge base and reference ontologies. When
building AgroLD, AgroPortal was used to retrieve ontologies (it was convenient to find them all in one place, and
to use a unique and consistent API). Plus, we also used the AgroPortal Annotator web service to annotate more
than 50 datasets and produced 22% additional triples, which were validated manually. Building such an
annotation service for all these ontologies was one of the driving needs for AgroPortal since the very beginning.
Finally, AgroPortal is also used to store annotations/mappings between high level concepts created in AgrolLD
and references ontologies. The interaction between AgroPortal and AgroLD are summarized in Figure 32. In the
long-term vision for AgroPortal and AgroLD, the former might be an entry point to the knowledge stored in the
latter, enabling users to easily query and locate data annotated with ontologies.

Agronomic Linked Data (AgrolLD) AgroPortal

(i) search/retrieve ontologies
(ii) send data to Annotator
(iii) retrieve annotations

(iv) store mappings to data

Figure 32. Interaction between AgroPortal and AgrolD [CJ10]. (i) AgroPortal provides a unique endpoint to
retrieve heterogenous ontologies; (ii) AgroLD’s annotation pipeline send data to the AgroPortal Annotator and
(iii) retrieves annotations with ontology terms used to build AgroLD; finally (iv) AgroPortal offers a link from the
ontologies to data stored in AgroLD with the ‘inter portal” mapping mechanism.

IV.5.3 Pharmacogenomics Linked Open Data (PGxLOD)

Pharmacogenomics (PGx) studies how individual gene variations cause variability in drug responses. Knowledge
in PGx is typically composed of units that have the form of ternary relationships gene variant—drug—adverse event
—stating that an adverse event may occur for patients having the gene variant when being exposed to the drug—
and can be formalized to different extents using biomedical ontologies. Most of state-of-the-art knowledge in

30 https://github.com/SouthGreenPlatform/AgrolLD.
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PGx is not yet validated, consequently not yet applicable to medicine. During the PractiKPharma project (Practice-
based evidences for actioning Knowledge in Pharmacogenomics) our objective is to validate or moderate
pharmacogenomics state-of-the-art knowledge on the basis of practice-based evidences, i.e., knowledge
extracted from EHRs. To achieve our goal, we extract state-of-the-art knowledge from PGx databases (i.e.,
PharmGKB) and literature (i.e., PubMed), and we extract observational knowledge from clinical data (in
partnership with HEGP hospital); then we compare knowledge units extracted from these two origins, to
confirm or moderate state-of-the-art knowledge, with the goal of enabling personalized medicine —a medicine
tailored to each patient by considering in particular her/his genomic context.

PGx knowledge units available in reference databases, reported in the scientific biomedical literature and
discovered by mining clinical data are heterogeneously described (i.e., with various quality, granularity,
vocabulary, etc.). These knowledge units are also increasing: 40,000 PGx relationships were extracted from the
17,000,000 abstracts available on PubMed in 2008 [204] (there are now 27,000,000 abstracts available). It is
consequently worth to extract, then compare, assertions from distinct resources. In [CJ49], we present a
lightweight and simple ontology named PGxO, that we developed to reconcile and trace knowledge in
pharmacogenomics. We captured the essential elements that constitute PGx knowledge and mapped them to
existing standard ontologies. We also encode the provenance of the units using the PROV Ontology (PROV-
0) [205]. An example of use of PGxO is illustrated in Figure 33.

Because PGxQO’s aim is to potentially represent multiple provenances for a unique PGx relationship, we defined
a set of rules that, when satisfied, enable to decide when two PGx relationships with distinct provenances are in
fact referring to the same knowledge unit.

By adopting PGxO and defining strict rules for its instantiation, we set up a first step toward a complete
framework for PGx knowledge comparison. In [CJ1], we refined this work (especially the rules) and experimented
our ontology and our proposed encoding for provenance information by populating PGxO with data extracted
automatically from PharmGKB (the reference PGx database) and the literature (PubMed), and manually from
discoveries made from patient data studies. We called PGxLOD (Pharmacogenomic Linked Open Data) the
resulting knowledge base that represents and reconciles knowledge units of those various origins. Our set of PGx
linked data is available at https://pgxlod.loria.fr.3! We believe PGxLOD will constitute a valuable community
resource for PGx research. This work is still in progress.
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Figure 33. Example of instantiation of PGxO with a relationship (warfarin_CYP2C9) and three distinct
provenances. [CJ49]. Frame A represents the pharmacogenomic relationship. Frames B, C and D represent the
three distinct provenances, respectively from PharmGKB, literature and EHRs. In these frames, the shape of the
nodes refers to the type of PROV-O concepts they are instance of. Numeric IDs in B and C correspond respectively
to the PharmGKB annotation identifier and to the PubMed identifier used to extract the PGx relationship.

31The access is restricted as the data set contains some licensed PharmGKB data. An account will be provided upon request
to users who have been granted a PharmGKB license.
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IV.5.4 ViewpointS: capturing formal data and informal contributions into an adaptive
knowledge graph (G. Surroca’s PhD project)

During Guillaume Surroca’s PhD project (2013-2017), directed by Pr. Stefano Cerri (and co-supervised by Philippe
Lemoisson (CIRAD)), we investigated an alternative way to represent knowledge called ViewpointS [206]. The
following is a summary of the contributions and accepted publications on this project.

Formal data is supported by means of specific languages from which the syntax and semantics have to be
mastered, which represents an obstacle for collective intelligence. In contrast, informal knowledge relies on
weak/ambiguous contributions e.g., / like. Reconciling the two forms of knowledge is a big challenge. The web
explicitly exposes these two kinds of content: with the Web 2.0, the social web, has democratized the sharing,
recommendation and creation of content via social networks, blogs and fora; the semantic web offers to
structure the knowledge deposited, generated and stored on the web. These types of content differ in the ways
they are produced and structured. On one hand, contribution-based social web platforms allow the production
of a wealth of data with little or no structure; these data evolve rapidly (e.g., folksonomies [207]). On the other
hand, highly structured knowledge is constituted consensually by circles of experts (e.g., ontologies [208] or
linked data [10]). Within this work our objective was to create a knowledge representation formalism that
retains the best qualities of each type of content and gives value to both (i) the structure which characterizes
semantic web datasets and (ii) the evolution and maintenance rates of shared knowledge on the social web as
proposed in Gruber [209], [210] or surveyed in [211, 212].

We proposed a brain-inspired knowledge representation approach called ViewpointS where formal data and
informal contributions are merged into an adaptive knowledge graph which is then topologically, rather than
logically, explored and assessed. ViewpointS relies on three assumptions:

1. Aviewpoint is a subjective connection between two objective knowledge resources; the aggregation of
these connections between two given resources can be viewed as a synapse between two neurons;

2. The knowledge graph or “associative memory” formed by all the viewpoints (formal versus informal,
proactive versus reactive) is a selectionist system evolving continuously according to user’s interactions in
the metaphor of a collective brain: each interaction is equivalent to the tuning of a synapse;

3. The topological structures which appear when adopting a user’s perspective actualize assessable
knowledge.

Rather than undertaking logical assessment (incompatible with informal content), we define perspectives (sets
of quantification rules tuned to the interpretation of the user's context, which apply on the viewpoints) and
topologically explore the knowledge map resulting from such an interpreted knowledge graph (Figure 34).
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Figure 34. The ViewpointS approach [CJ11]. A subjective connection called “viewpoint” is represented on the left;
the blue arrow gives the provenance, ‘@’ gives the semantics, ‘7 gives the time stamp. The right part illustrates
the building of a knowledge map from the knowledge graph made of viewpoints.

The ViewpointS approach has evolved several times during the PhD project and has enabled us to demonstrate
several interesting aspects summarized hereafter:
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e In [CJ74], we showed how ViewpointS allows the search and discovery of knowledge through a search
engine prototype for scientific publications (developed with HAL-LIRMM data).

e In [CJ69] and [CJ31], we wished to capture the phenomenon of Serendipity (i.e., incidental learning) using
ViewpointS. To that effect, we built a simulation to study the dissemination of knowledge (with linked data
and user contributions), similar to how the way the web is formed. Using a behavioural model configured
to represent various web navigation strategies, we sought to optimize the distribution of preference
systems. Our results outlined the most appropriate strategies for incidental learning, bringing us closer to
understanding and modelling the processes involved in Serendipity.

¢ In [CJ28], we benchmarked the ViewpointS approach against other classic semantic distances (graph based
or information content based) on a WordNet experiment. Our goal was to demonstrate the value of keeping
the subjectivity of the represented knowledge, while having a generic approach that can handle any kind
of knowledge and compute similarity between any kinds of objects. The perspective mechanism allows us
to have generic methods achieving relatively close results to those of “classic” similarity/distance measures
in the literature [213].

e Finally, in [CJ11], we firstly illustrate the model within a mock-up simulation, where the hypothesis of
knowledge emerging from preference dissemination is positively tested. Then we use a real-life web
dataset (MovielLens) that mixes formal data about movies with user ratings. We have defined two distances
based on the viewpoints’ evaluation and aggregation —one using the shortest path, one using all the paths—
and proposed a topology-based measure for assessing emergent knowledge. With simulation, we have
proved the potential of our measurements to capture both the explicitly reified knowledge and the implicit
knowledge hidden behind subjective contributions; we have also proved informal learning by watching the
evolutions of a knowledge map. Then by experimenting with the MovielLens dataset, we have shown the
ability of our model to capture the semantics of the data, and compared the impact of the subjective
contributions (the ratings) on the formal knowledge under different perspectives. Our results show that
ViewpointS is a relevant, generic and powerful innovative approach to capture and reconcile formal and
informal knowledge and enable collective intelligence.

Several prototypes have been developed during G. Surroca’s project. The latest is available at
http://viewpoints.cirad.fr.

IV.6 Challenge 6: Scalability and interoperability

The NCBO BioPortal, which is generally considered has the biggest ontology repository contains 770 ontologies
as of end 2018. More and more vocabularies are being developed and hosted by the Linked Open Vocabularies
platform. AgroPortal recently passed 100 semantic resources —with more than 2/3 of them not present in any
similar ontology repository. Multiple domain specific ontology repository efforts have started often inspired by
results in the biomedical domain and sometime by reusing NCBO technology (e.g., MMI OOR, AgroPortal,
ESIPPortal, SIFR BioPortal). The semantic web and linked open data are being adopted widely, therefore:

The more ontologies and ontology repositories are being developed, the more scalability
and interoperability issues become important.

By scalability, we mean the ability for ontology repositories to host more and more ontologies while:

e Keeping their central role of facilitating concept search, ontology identification and selection, mappings
and annotation of data resource. Especially, with more ontologies the question of ontology alignment and
reuse (by importing or reusing entities) is crucial as ontologies will necessarily overlap more and more.

e Continuing to offer robust, fast and reliable services. With more ontologies, infrastructure issues become
important and repositories must ensure a certain level of technical quality of service.

By interoperability, we mean the ability for ontology repositories and libraries to interoperate one another. Some
ontologies are necessarily useful to different communities and shall then be hosted in multiple repositories e.g.,
domain ontologies such as the Gene Ontology [214], or the Environment Ontology [50]. Because no repository
will host them all, ontology repositories have to offer a certain level of interoperability to ensure their users that
they will not have to work with multiple web applications and programming interfaces if their ontologies of
interest are not all hosted by the same repositories.
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Within the SIFR and AgroPortal projects (both presented Section 1l.3), we have been particularly careful in not
redeveloping features and functionalities that to our knowledge were already available. We have designed and
implemented two advanced prototype ontology repositories for the French speaking biomedical community and
for the agronomy domain. Our choice to reuse the NCBO technology was of course justified by the large spectrum
of features and services it offers, but in addition our motivation was: (i) to avoid re-developing tools that have
already been designed and extensively used; (ii) to contribute on the long term to support a commonly used
technology; and (iii) to offer the same tools, services and formats to different but still interconnected
communities, to facilitate the interface and interaction between their domains (agro, bio, health). Now, relying
on the same original technology enhance both technical reuse (for example, enabling queries to either systems
with the same code), and semantic reuse (consuming resources from different repositories).

When we have developed new functionalities —as described along this manuscript— we have maintained our
systems backward compatibles with the original NCBO technology to facilitate a convergence of the efforts. We
strongly believe that sharing the technology is the best way to guaranty long term support and development by
engaging different ontology practitioners and communities all around the world with their respective funding
and supporting schemes.

Also, sharing the technology is the best way to make ontology repositories interoperable. In terms of
interoperability, we have only contributed on three aspects:

e As presented Section 1V.1.2, and explained in [CJ5], we have developed a new ontology metadata model
for our repositories and now lead a standardization initiative on the MOD specification [CJ24]. Indeed,
standard ontology metadata is a crucial aspect to achieve interoperability of ontology repositories.

e As presented in Section IV.4.4 and explained in [CJ8], we have adopted a proxy architecture to implement
some of our new functionalities for the SIFR Annotator. This has enabled to quickly develop the NCBO
Annotator+ and benefit of the new features also in AgroPortal. More recently, we have extended the proxy
architecture to all services (not only the Annotator). Within the VisaTM project, this has enabled us to
develop a wrapper for any NCBO-like ontology repositories to consume semantic resources within the
OpenMinTed text and data mining platform [CJ62].

e As mentioned in Section IV.2.2 and explained in [CJ29], to store our multilingual mappings, we had to
change their representation in BioPortal’s architecture, especially allow a BioPortal virtual appliance to
store mappings that target ontologies (i) in another instance of BioPortal (inter-portal), or (ii) not in any
BioPortal instance (external). SIFR BioPortal now hosts mappings that interconnect its ontologies with the
ones in the NCBO BioPortal.
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Chapter V.

Conclusion and

Perspectives

Badlands National Park

V.1 Conclusion

In this manuscript, we have presented some scientific and technical challenges in building ontology repositories
and ontology services. We have shown that studying ontology repositories raises multiple informatics research
questions in varied areas such as knowledge representation, semantic web, data integration, natural language
processing, and more. We have illustrated our thoughts with results obtained over the last 12 years within our
projects in biomedicine and agronomy. We have not covered all related work on the cited challenges and we
have certainly skipped other important challenges such as semantic consistency, ontology evaluation,
visualization, community engagement. But we offered a short summary of multiple various contributions on
ontology repository and ontology-based service research.

Building atop of our experience working on the NCBO BioPortal and by pursuing the collaboration on this topic
with Stanford BMIR, we have started to develop an expertise on this area of research in Montpellier. We can
now contribute to this field of research with concrete use cases, communities and outcomes.

Within the SIFR project: We have built an open and generic platform for hosting biomedical ontologies and
terminologies in French language (or which contain French labels) and we offer a unique openly available
resource for annotating French biomedical text data. These products are still very new and will need to be
improved to fully find their place in the French speaking ecosystem. We are optimistic SIFR BioPortal will provide
the French speaking biomedical community (e.g., clinicians, health professionals, researchers) with high quality
ontology-based services, allowing them to improve their data production and consumption processes.

One of the main objectives of the SIFR project was to build the SIFR/French Annotator. We have shown in our
publications the SIFR Annotator web service is comparable, in terms of quality and annotation performance to
other knowledge-based annotation approaches, while being a generic easily accessible web service. We believe
that SIFR Annotator can help in a wide range of text mining or annotation problems, but of course not
universally. To drive these future evolutions, we are currently developing several partnerships in France to use
SIFR Annotator within hospitals (CHRU Nancy, George Pompidou European Hospital in Paris) or for large-scale
annotation efforts (e.g., to annotate the corpus of course of the French national medicine curriculum in the SIDES
3.0 project).

In addition to the SIFR BioPortal and Annotator, SIFR enabled us to investigate multiple related areas and obtain
significant results in terminology extraction, ontology enrichment, ontology alignment, and more as presented
in the manuscript.

Within the AgroPortal project: We have built an advanced prototype for ontologies and vocabularies in
agronomy, food, plant sciences and biodiversity. We have reused the NCBO technology, customized it and
completed it with new features to address the need of our community as described in [CJ10]. By specifically
addressing the requirements of the agronomy community, AgroPortal has kindled an important interest both
at the national and international levels. It is now being adopted.3? The endorsement of associated partners

32 The main journal paper [CJ10] and the four poster-demo articles related to AgroPortal cumulates today 38 citations.
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(IRD, CIRAD, INRA, IRSTEA) illustrates the impact and interest not just in France, but also internationally (e.g.,
FAO, Bioversity International, IC-FOODS consortium, NCBO, AgBioData consortium, RDA working groups).
Especially, the RDA Agrisemantics working groups and H2020 eROSA project consortium33 have expressed
interest in using AgroPortal as a key element of an open data infrastructure for agri-food. However, the current
AgroPortal prototype only partially addresses the needs of the community: it is not multilingual, it is limited in
terms of ontology alignment capabilities and does not provide semantic-search and retrieval of data. We have
identified multiple perspectives for AgroPortal, some described in next subsections, that will be addressed during
the new ANR project D2KAB starting in June 2019.

V.2 Perspectives and research project

In the future, we will continue our efforts to address the identified challenges (and others), while continue to
offer to various scientific communities the means to share and leverage their ontologies or semantic resources
and enable new science in their fields. Each time possible, every theoretical or methodological result, we will do
the effort of implementing a concrete service or tool in the context of ontology repositories to reproduce the
results. There are three general objectives for continuation for our work:

Objective 1: To encourage the adoption of semantics and develop state-of-the-art ontology repositories.

We would like to continue to implement a knowledge engineering vision in which ontologies capture
domain knowledge and serve as a common denominator for data interoperability and integration. We
will help different scientific communities develop new semantic resources and encourage them to
embrace the semantic web standards when structuring their knowledge: SKOS to formalize
interoperable vocabularies and thesauri and OWL to develop formal ontologies. We will design, develop
and maintain tools to support ontology developers in producing, releasing, sharing, serving and
interlinking their semantic resources. For this, we will transform the SIFR BioPortal and AgroPortal
prototypes into widely adopted, long-term supported, robust and curated ontology repositories.3*
Always driven by our collaborators, we will develop new state-of-the-art methods and functionalities
addressing the challenges presented in this manuscript.

Objective 2: To contribute to producing FAIR data by building and exploiting Linked Open Data.

The ultimate reason for developing, sharing and aligning ontologies is to use them to semantically
describe the data and make them FAIR. One perspective is to develop the methods and technologies to
transform data into formalized and actionable knowledge that can be used by machines for search,
reasoning and mining. For this, we will capitalize on experience acquired from previous projects in
LIRMM’s FADO team, on existing methods to lift legacy data into linked data (e.g., ANR Datalift —
https://datalift.org) [215], ANR DOREMUS (www.doremus.org) [216] or to annotate/extract text data
and map them with ontology concepts (e.g., ANR SIFR —http://sifr.lirmm.fr/). Additionally, we will
develop new ontology-based methods tailored for the specificity and diversity of our domain of
applications (currently health, biomedicine, agronomy, agriculture and related domains) e.g., measured
by sensors, observed in the fields, extracted from literature, spatially described. A perspective is also to
work on knowledge exploitation by tackling the challenges of visualizing and reasoning over linked data.

Objective 3: To enable new semantically rich data driven science.

Our research project is not only to contribute by new methods and tools to the domain of knowledge
engineering. In the context of future research projects, we will also demonstrate the validity of our vision
by providing value-added knowledge-based services enabling new scientific discoveries in multiple
application domains. For instance, in ANR D2KAB, each scenario will target its own scientific outcomes
enabled by ontology-based exploitation of linked open data. We chose the scenarios for their
methodological issues and potential impacts. In agronomy, they will enable the convergence of
agronomy research (INRA) and agriculture (IRSTEA/ACTA) on two major issues: wheat breeding and food
packaging. In biodiversity, they will enable a better assessment of impacts of a major global change
factor on species and ecosystems. We hypothesize that semantically rich data will enable new scientific
discoveries and will allow the translation of scientific research data (agronomy) to real world
applications (agriculture) with potential economic impact and will lead to better agriculture, better food
and more respectful ecological practices.

33 The Agrisemantics initiative (http://agrisemantics.org) and H2020 eRosa (www.erosa.aginfra.eu) have for goal, among
other, to set up a EU proposition for an e-infrastructure for open science in agri-food.

34The future of the SIFR BioPortal is naturally linked to the NCBO BioPortal as they are addressing the same scientific domains.
We cannot say today if a language specific portal would still be required with a fully multilingual NCBO BioPortal.
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These general objectives will be realized by following specific ideas in relation to the topics discussed within this
manuscript.

About semantic resources interoperation:

Semantic resources may be used in different types of information systems. Vocabularies or thesaurus, like
AGROVOC [217], are typically developed in SKOS and are used for document indexing and retrieval purpose.
Formal ontologies, like the Plant Ontology [48] are developed in OWL, and used for data integration, knowledge
modelling and reasoning. These two types of semantic resources —often simply called the same word— are
different in term of content and usage. One challenge is to facilitate the cohabitation, interoperation and
appropriate use of each types of semantic resources in a common shared environment. One technical challenge
will be to make the NCBO technology fully SKOS compliant and enable the interoperation of very formal OWL
ontologies with less formal vocabularies/thesauri. The original NCBO technology, which was mainly developed
for ontologies, does not fully address less formal vocabularies.

About ontology metadata:

In the work presented Section 1V.1.1, we did not pursue the goal of integrating all the reviewed vocabularies into
a new “integrated vocabulary” that could become a standard for describing ontologies (e.g., a new OMV).
However, the analysis of the existing metadata vocabularies and practices showed there is a clear need for better
metadata authoring guidelines for the community of ontology developers and a need of harmonization of
existing metadata vocabularies. With MOD1.2, we proposed the first elements of specification that would merge
and harmonize existing metadata vocabularies, but it is still a temporary proposition. It is understandable that
to achieve community adoption, this work needs to engage more people, with the ultimate goal of producing
a community standard endorsed by a standardization body such as the World Wide Web Consortium (W3C). A
similar work was done in the W3C HCLS working group to produce an application profile for datasets [218]. This
is a perspective for the “ontology metadata” task group of the RDA VSSIG.

As concrete application of this work, we will continue to implement new ontology metadata features within
AgroPortal and the SIFR BioPortal and continue the tedious effort of editing and curating the metadata with the
ontology developers. In [CJ5], we have conducted a user survey which confirmed this was a relevant track for
AgroPortal as it eases the processes of identification and selection of ontologies. We are also discussing with
Stanford: (i) how to merge back our extended metadata model into the NBCO BioPortal; (ii) how to include in the
Protégé ontology development tool (http://protege.stanford.edu) a mechanism to facilitate the creation of
metadata from scratch, when the ontology is being developed; (iii) how to reuse the results of the CEDAR project
(http://metadatacenter.org) in terms of metadata prediction and edition [219]; (iv) how to leverage a unified
metadata model within the ontology Recommender service which currently relies mostly on the content of
ontologies. As another possible perspective, we will propose a set of indicators specific to semantic resources
to assess their FAIRness level. The indicators will be based on the recently proposed FAIR metrics [220] and
standardized metadata. We could then develop a FAIRness scorer for automated computation of this score
within our ontology repositories.

About multilingualism:

The roadmap described in [CJ51] was not realized completely. Ultimately, within the SIFR project, we changed
our route and implemented a French version of BioPortal (and the Annotator) rather than a multilingual version
of the whole NCBO BioPortal. This choice was made considering the enormous technical challenge of drastically
changing the NCBO technology. In some sense, BioPortal is victim of its own success: the number of ontologies
in the NCBO BioPortal grows faster than our abilities to develop new services, features and scalability
mechanisms in the platform. By adopting an approach where we build alternative, sub domain ontology
repositories, will facilitate dealing with such issues. Therefore, because it is now an important requirement for
AgroPortal,3> we expect to progress on the question of multilingualism within this project in the future. This is
one of the tasks of the D2KAB project.

About ontology alighment:

Independently of the application domain of application, one challenge is the overlap between ontologies. As
mentioned Section 1V.3.3, one objective within ANR D2KAB is to set up the bricks of a lingua franca for agronomy,
agriculture and biodiversity. We are currently harvesting (searching for already existing mappings) and extracting
(from each source file uploaded in AgroPortal) the mappings available in agri-food and biodiversity semantic
resources. Ultimately, we will make AgroPortal the reference platform for mapping representation, extraction,
harvesting, generation, validation, merging, evaluation, visualization, storage and retrieval by adopting a

35 Resources such as AGROVOC or AnaEE Thesaurus developed in European contexts are natively multilingual.
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complete semantic web and linked open data approach and by engaging the community. We will investigate two
complementary strategies: one-to-one ontology alignments, and alignments towards a common hub of concepts
for agriculture and food with the GACS project:

(i) In terms of one-to-one mapping generation, we will investigate ontology alignment research using
background knowledge (BK) approaches and experimenting in agronomy and biodiversity. We will use
AgroPortal’s mapping repository as a BK resource to improve state-of-the-art ontology alignment
algorithms. In latest OAEI campaigns, machine-learning based BK-based approaches are the ones
obtaining now the best results; but they are only applicable when relevant and clean knowledge sources
are available. We know it will be a challenge to reproduce the results obtain in the biomedical domain
(Section IV.3.2) to others by lack of training and reference alignments and BK resources. One
exploratory approach will be to adopt a graph-based mapping repository (using NoSQL property
graphs) to facilitate the exploitation of concept-to-concept mapping paths to identify and select new
ontology alignments. We make the hypothesis that graph databases being particularly relevant for
paths related queries, will help us to push state-of-the-art performance.

(i) We are working with the RDA Agrisemantics working group in the development of Global Agricultural
Concept Scheme (GACS) [221], which, with the support of major organizations of the domain among
which the FAO, CABI, USDA- NAL and INRA, will become the future pivot vocabulary for agriculture and
food. In the future, GACS will be extended to map vocabularies and ontologies in the agriculture and
food domains and will provide stable URIs for common concepts and their types. GACS aims at reducing
the proliferation of one-to-one ontology alignments by offering a knowledge hub to which every
semantic resource in the domain can be attached. AgroPortal is expected to play a key role in achieving
GACS project’s goals and driving its evolution. We will then align all ontologies and vocabularies in
AgroPortal to GACS.

About semantic annotation:

In [CJ2], we extensively discussed the limitations and perspectives for the SIFR Annotator and proposed some
possible solutions for their mitigation in future technical evolutions of the service. In the future, we will continue
to introduce state-of-the-art natural language processing techniques in the semantic annotation workflow. For
instance, the SIFR Annotator obviously suffers from ambiguity between the general usage of a word and its
medical usage (e.g., cold); a key element needed is a disambiguation module.

Processing clinical text is an enormous application for medical informatics; we believe a huge number of medical
findings are hidden in the clinical data warehouse and electronic health records. Therefore, we will also have to
improve the clinical text features presented in [CJ-UR2] and [CJ8]. Working with clinical data raises other
challenges related to data privacy and ethics (anonymization, data access, etc.) that we will also have to address.

Our work on SIFR Annotator, is not limited to French, however, the technical efforts have mainly been focused
on decoupling the architecture from English and for allowing an easy adaptation to other languages. Although
our target language is French, we have made some of our new features also available for English and we believe
our efforts and experience would facilitate deployment of new instance of BioPortal and its Annotator in other
language (especially roman language or linguistically close to French/English) after minor configuration and
adjustments. In the future, we will investigate the application of the technology to multiple language also.

Finally, it is inevitable to reconsider today our methods at the light of recent advances in machine learning
approaches. In [CJ2], we compared our approach to machine learning based approaches which indeed in some
cases obtain better results (especially on benchmark tasks for which training data are available). Even if machine
learning is not always applicable —especially in the health domain where obtaining annotated training data is
very difficult or not always applicable— we believe, in the future, we will have to investigate more machine
learning techniques for semantic annotation.

About semantic search and linked open data:

As explained in Section 1V.5, data indexing and semantic search is one of the major use cases for ontologies. In
the future we will therefore continue to investigate these issues using ontologies to annotate, index and
represent miscellaneous data. While the original BioPortal had the NCBO Resource Index, presented in
Section IV.5.1, we decided to take another approach in our ontology repository projects to provide data access
through ontologies. The challenge is therefore to enable semantic search, by implementing state-of-the-art
algorithms leveraging the semantics of the ontologies in the repositories (i.e., is-a relation, synonyms,
mappings) to retrieve data. Among the technical challenge is also to address multilingualism to enable
multilingual search of data and browsing of ontologies. In AgroPortal, we plan to rely on external annotated
linked data resources to query directly with ontology terms to enabled ontology-based search (aka. semantic

74
Ontology Repository and Ontology-Based Services



search [222]), so that a user browsing ontologies can get direct access to data. We plan to rely on external
resources such as AgrolLD, presented Section 1V.5.2 or other annotated datasets such as the CIARD RING directory
(http://ring.ciard.net) [223], or Planteome [224]. However, in agronomy, we have not seen integrated semantic
resources that have had a major impact such as the ones that have been developed in biomedical and health
sciences (e.g., Bio2RDF.org [200], EBI RDF [197]). Indeed, we cannot yet measure the impact of the previously
mentioned resources in terms of linked open data produced and made available to the rest of the world.
Someone may ask: where are agronomy and biodiversity in the famous LOD cloud diagram? (http://lod-
cloud.net — Figure 3, page 22). One perspective is then, with our partners, to build the agronomy, agriculture and
biodiversity Linked Open Data cloud.

About ontology repositories interoperability:

The role of ontologies and vocabularies for producing FAIR data has been clearly established [15]. Besides
biomedicine and agronomy, we have identified other application domains that are interested by building
ontology repositories (geographic and environment systems, ecology & ecosystems, humanities) and new
projects shall emerge with new partnerships in the future. One long term perspective would be to build a generic,
still easily customizable solution, for making vocabulary and ontology repositories more interoperable, and
possibly, sharing more technological components.

In the future, we will encourage the ontology repository providers to implement a common architecture as
illustrated Figure 35. The bottom part illustrates how several ontology repositories, mostly based on the same
technology (rounded rectangle), would exist side by side and serve their content via a common API and similar
user interfaces. At a second layer, specific community-driven slices would consume the content from the source
ontology repositories and offer their community a customized and simplified end-point. The NCBO technology
already supports the deployment of specific “slices” i.e., a mechanism to allow users to interact (both via API or
Ul) only with a subset of ontologies in the repository. If browsing a slice, all the repository features will be
restricted to the chosen subset, enabling users to focus on their specific set of interest. In the future, one
challenge would be to enable the slice mechanism to consume ontologies from different source repositories so
that a community (a specific project, data center, group of users, organization, etc.) could access and use
ontologies while not being aware of the technical details of the platforms serving these ontologies. Every
ontology repository involved would have to implement a common API enabling transparent consumption of the
repository’s content; this could be done with the recently proposed SmartAPI approach [225].
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Figure 35. Ontology repositories working together. Shared technology in the bottom part and community
specific ‘slices’ in the top part.

75
HDR - Clement Jonquet


http://ring.ciard.net/
http://bio2rdf.org/
http://lod-cloud.net/
http://lod-cloud.net/

Project D2KAB, a roadmap for 2019-2023:

Multiple of these perspectives will investigated in the context of D2KAB (Data to Knowledge in Agronomy and
Biodiversity), an ANR project led by LIRMM, starting in June 2019 and briefly described hereafter.

D2KAB'’s objective is to create a framework to turn agronomy and biodiversity data into knowledge —
semantically described, interoperable, actionable, open— and investigate scientific methods and tools to exploit
this knowledge for applications in science & agriculture. Agronomy/agriculture and biodiversity (ag & biodiv) face
several major societal, economical, and environmental challenges, a semantic data science approach will help to
address. We shall provide the means —ontologies and linked open data— for agronomy & biodiversity to
embrace the semantic web to produce and exploit FAIR data. To do so, we will develop new original methods
and algorithms in the following areas: data integration, text mining, semantic annotation, ontology alignment
and linked data exploitation. D2KAB project brings together a unique multidisciplinary consortium of 11 partners
to achieve this objective: 2 informatics research units (LIRMM, 13S); 5 INRA/IRSTEA applied informatics research
units (URGI, MalAGE, IATE, DIST, TSCF) specialized in agronomy or agriculture; 2 labs in biodiversity and
ecosystem research (CEFE, URFM); 1 association of agriculture stakeholders (ACTA); and 1 partnership with
Stanford BMIR department. Each of the project driving scenarios (food packaging, agro-agri linked data, wheat
phenotype, ecosystems & plant biogeography) will have a significant impact and produce concrete outcomes
for ag & biodiv scientific communities and socio-economic actors in agriculture.

D2KAB’s detailed objectives are an instantiated version, of the three general objectives described earlier in this
Section. Moreover, the project gathers a consortium and a rich ecosystem (illustrated in Figure 36) to be
productive beyond the span of the ANR support period.
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Figure 36. D2KAB project’s ecosystem.

D2KAB will rely on semantic web technologies to build a unified knowledge graph (illustrated in Figure 37) based
on several data sources (already in RDF or not) and support new visualization and exploitation of this graph in
each of the five scenarios. Ultimately, it will automatize the procedure to produce Linked Open Data for
agronomy and biodiversity datasets used in the projects.
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Chapter VI.

Curriculum Vitae

Great Sand Dunes National Park

PHD IN INFORMATICS
ASSISTANT PROFESSOR, UNIVERSITY OF MONTPELLIER

CONTACT & PROFESSIONAL SITUATION

Born May 26, 1980, Nimes (Gard), France, married, 2 children, French nationality.

Skype: clementpro
Email: jonquet@lirmm.fr

Twitter: @jonquet lirmm

Web : www.lirmm.fr/~jonquet
ORCID: http://orcid.org/0000-0002-2404-1582

Public profiles: Google Scholar, Microsoft Academic, ResearchGate, DBLP, HAL, PubMed, CiteSeer.

CV STRENGTHS

Multidisciplinary research activities (Ontologies, Semantic Web, Biomedical Informatics, Semantic
annotation, Text mining, Service-oriented computing, Web Science, Agents).

Experience in applied research (biomedicine, agronomy), software engineering & transfer skills.
Collaborative work experience, project funded research (EU, ANR, NIH), management skills (project
leading, outsourcing, supervision).

Principal investigator of ANR JCJC (Young researcher program) SIFR project (2013-2017), co-PI of ANR
PractiKPharma (2016-2019), recipient of H2020 Marie Curie grant (2016-2019), PI of ANR D2KAB
(2019-2023).

9 years of lecturing Informatics/Computer Science to different student grades. (Co)supetvision of 12+
MSc. Students & 3 PhD candidates.

Mobility: 3-year postdoc and later 3-year visiting scholar at Stanford University.

WORK EXPERIENCE

Since Sept. 2010: Assistant Professor, University of Montpellier, France.
Researcher in the Laboratory of Informatics, Robotics, and Microelectronics of Montpellier (LIRMM)
and teacher at Polvtech Montpellier Engineering School.

2015-2018: Visiting scholar, Stanford University, USA
Center for Biomedical Informatics Research (BMIR). Working with Pr. M. A. Musen & the NCBO.

2007-2010: Postdoctoral scholar, Stanford University, USA
Center for Biomedical Informatics Research (BMIR). Working within Pr. M. A. Musen's group.

2006-2007: Lecturer, University Montpellier 3, France (humanities and social sciences) (~ French ATER).
Researcher at LIRMM.
2003-2006: French government PhD grant & young lecturer at University Montpellier 2 (sciences and

techniques) (~ French ‘allocataire MENRT’ & ‘moniteur CIES?).
PhD achieved at LIRMM and supervised by Pr. Stefano A. Cerri.
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http://bmir.stanford.edu/
http://www.bioontology.org/
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EDUCATION

2006: PhD in Informatics/Computer Science (First class with distinction) — UM2

2003: MSc in Computer Science (2.1 honours) — UM2 (~ French DEA & Maitrise)

2001: BSc in Computer Science (2.2 honours) — UM2 (~ French Licence & DEUG)

1998: High School Diploma specialized in Maths (2.2 honours) — Uzes (Gard) (~ French Bac. S)

RESEARCH ACTIVITY

_ [ ]

SIFR
project
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RESEARCH PROJECTS

2019-2023: Principal investigator of the Data to Knowledge in Agronomy and Biodiversity (D2KAB)
project — ANR, 12-partner, 30-person project on semantics and linked data in agronomy & biodiversity.
2017-2019: VisaTM project. Text & Data mining infrastructure for French scientists. BSN-10 head by C.
Nédellec, INRA, Jouy-en-Josas.

2015-2023: Coordinator of the AgroPortal project, a vocabulary and ontology repository for agronomy,
food, plant sciences and biodiversity, partially supported by ANR (SIFR, IBC, Labex NUMEV, Labex
AGRO, EU-MSCA SIFRm, D2KAB).

2016-2019: Co-principal investigator of the PractikPharma project (Practice-based evidences for
actioning Knowledge in Pharmacogenomics) — ANR headed by A. Coulet, INRIA, Nancy.

2013-2019: Principal investigator of the Semantic Indexing of French Biomedical Data Resources (SIFR)
project — ANR Young Researcher & EU-MSCA. Building ontology-based services to leverage biomedical
ontologies and terminologies in indexing, mining and retrieval of French biomedical data. Also supported
by Univ. of Montpellier & CNRS, France-Stanford and FEiffel programs.

2012-2018: Institut de Biologie Computationnelle (IBC), axe 5 (workflow & data integration) — ANR Inv.
d’Avenir Biolnfo. Development and use cases for AgroPortal & AgroLLD.

2011-2013: CR2i DiagnosTIC-Santé project (Centre de Recherche et d'Innovation Industrielle) — Inv.
d’Avenir PFMI. Member of the metadata repository group (multi-omics platform development).

2007-2010: National Center for Biomedical Ontology (NCBO) — Part of the National Centers for
Biomedical Computing supported by the NIH Roadmap; provider of the NCBO BioPortal.

2003-2007: European Learning Grid Infrastructure (ELeGI) — IST IP EU (FP6).
2003-2004: Learning Grid of Excellence Working Group (LeGE-WG) — IST STREP EU (FPo).
TEAMS & RESEARCH GROUPS

Since 2018: Member of the LIRMM’s Fado team (Fuzziness, Alignhments, Data & Ontologies).

2018-2019: Associated member (INRIA delegation) of INRIA Sophia-Antipolis’s Wimmics team headed
by F. Gandon (social & formal semantics on the Web, linked data).

2015-2018: Member of Musen’s lab and until 2017 of Dumontiet’s lab at Stanford BMIR (medical
informatics, knowledge representation and semantic Web (Protégé & BioPortal)).

2010-2018: Member of the LIRMM’s Smile team (multi-agent systems, Web science, service-oriented
computing, ontologies, serious games, simulation).

2007-2010: Member of Musen’s lab and the NCBO team at Stanford BMIR (medical informatics,
knowledge representation and semantic Web (Protégé & BioPortal)).

March 2006: Associated member (internship) of the Open University’s KMI group.

2003-2007: Member of the LIRMM’s Kayou team (multi-agent systems, constraints, Web, Grid, service-
oriented computing, ontologies, collaborative learning).

RESEARCH TOPICS

Ontologies & vocabularies, Ontology repositories, Ontology-based services, Semantic Web, Semantic
annotation, Biomedical Informatics, Ontology alignment, Metadata, Linked Open Data, Knowledge
representation, Data integration, Information Retrieval, Text mining, Service-oriented computing, Web
Science, Distributed systems, Multi-Agents Systems, Web 2.0. Applications to biomedicine/health and
agronomy/food/plant/biodiversity.
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FUNDED GRANTS (AS LEADER)

Reported in Table 1, Section 1.3, page 11.

CURRENT RESEARCH ACTIVITY

Described within the manuscript.

o BioPortal

PAST RESEARCH ACTIVITY

NCBO project & postdoctoral research: Within NCBO 1 worked on semantic annotation of biomedical data
with biomedical ontologies. I actively contributed to the NCBO BioPortal web application well used in
the biomedical community. I designed an ontology-based annotation workflow. This workflow embeds
different components (e.g., concept recognition tool, semantic expansion algorithms) in order to leverage
the knowledge represented in ontologies and facilitate biomedical data integration. Based on this
workflow, I conceptualized, designed, developed and experiment three research applications: (i) the NCBO
Annotator, an ontology-based web service that can be used by the life sciences community to tag their data
automatically with ontology concepts; (i) the NCBO Resource Index, a database of open biomedical
resources annotated and indexed with ontology concepts (20+ resources and 200+ ontologies at that time)
which can be used to search and integrate data; (iii) the NCBO Recommender, a setvice which informs the
user of the most appropriate ontologies relevant for their given dataset.

Doctoral research: Situated at the crossing of three important domains: service-oriented computing (web
service, components, business process, etc.), multi-agent systems (modeling, interaction, architecture) and
Grid (resources sharing, Grid service, Grid computing). I proposed in my thesis a new vision for the
concept of “service”, called dynamic service generation. This vision, based on interactions between
agents (human or artificial) and relying of a Grid infrastructure, enabled dynamic construction of services
based on the conversation between user & provider. Two important contributions were: (i) STROBE: an
agent communication and representation model based on conversation contexts to enable interactive
specification of agent capabilities; (if) Agent-Grid Integration Language (AGIL): a grid-multiagent
integrated model formalized with a description language which leverages the stateful and dynamic aspect
of Grid services.

EL¢GI project research: 1 worked on a collaborative environment constructed over a Grid infrastructure based
shared desktops. We experiment the environment with a community of chemists tackling the problem of
collaborative construction of an ontology.

COLLABORATIONS

Reported in, Section 1.4, page 13. Collaborations before 2011 include:

2007-2070: NCBO collaborators and community: Univ. of Colorado School of Medicine (L. Hunter), Univ.
of California San Francisco (I. Sim), Medical College of Wisconsin (S. Twigger), Wright State Univ.
(A. Sheth), Goal: leverage NCBO solutions within biomedical sciences scenarios.

2004-2006: A. Krief’s lab, Notre Dame de la Paix Univ., Namur, Belgium. collaborative construction of
ontology for chemistry.

2003-2006: Knowledge Media Institute (KMI), Open Univ., Milton Keynes, UK (E. Motta, J. Domingue,
M. Eisenstadt). Goal: using agent approach for Grid services and collaboration.

AWARDS & DISTINCTIONS

Keynote speaker at 4t Symposium on Information Management and Big Data (SIMBig 2017).
Shared best paper award at 6% French Ontology Conference (JEO 2016).

Recipient of the EU Marie Curie-Sklodowska program (2016-2019).

1st Prize at the 20d BD2K & 4t Network of BioThings Hackathon (Stanford, 2015)
Holder of French ministry distinction, Prime d'Excellence Scientifigne (PES) since 2013.

Recipient of the French National Research Agency (ANR) Young Researcher program, 2012.
Honorable mention award at 37 _ACM International Conference on Web Science (WebSci 2011).

Selected in Pr. Russ Altman’s 2011 Year in Review for journal article about biomedical ontology
recommendation. AMLA Translational Broinformatics Summit (AMIA-TBI 2011).
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Semantic Web Challenge 2010 winner (with the NCBO team) at 9% International Semantic Web Conference
(ISWC 2010) with the NCBO Resource Index.

SOFTWARE DEVELOPMENT & TECHNOLOGY

Since 2013, all development projects are maintained on GitHub:

o  https://github.com/d2kab
o  https://github.com/sifrproject

o  https://github.com/agroportal

o  https://github.com/practikpharma
2013-2018: Within the SIFR & _AgroPortal projects:

o Design of YAM-BIO a tool for ontology alignment with background knowledge resources (A.
Annane’s PhD project).
o Design, development & maintenance of the SIFR BioPortal (http://bioportal.lirmm.fr) (French

medical terminologies) & AgroPortal (http://agroportal.lirmm.fr) projects.
o Design & development of the French Annotator and the NCBO Annotator+ both included within
the SIFR BioPortal.

o  Design of ViewpointS, a graph-based system for collaborative knowledge representation and learning
(G. Surroca’s PhD project).

o Design of BioTex for automatic extraction of biomedical terms from text (J. Lossio’s PhD project).

o Design & development (in collaboration with LGI2P) of semantic distances Web services.

BioPortal (http://bioportal.bioontology.org/), a web repository of biomedical ontologies developed by
NCBO. I actively contributed to the evolution and design to the core NCBO BioPortal services and
participate in the support to the community.

NCBO Annotator, Resource Index & Recommender (BioPortal URL + /annotator, /resources, /recommender).
I was the main researcher (along with N. Shah, PhD, MD) and architect of these 3 services (prototyping,
testing, evaluation, QA and deployment). I supervised 3 part time software developers working on these
projects during 2 years.

STROBE model, prototype implementation of the multi-agent model designed during my PhD project.
Experimentation with the Grid Shared Desktop developed within the EleGI project.

SUPERVISION OF RESEARCH ACTIVITIES

2018-2020: Supetvision of E. Abrahao (postdoc AgroPortal/Lingua) with K. Todorov & P. Neveu.
2017: Co-supervision of S. Zevio (MSc student, U. Montpellier) with S. Bringay & A. Tchechmedjiev.
2017: Supervision of C. Goehrs (MD & MSc. Student, U. of Bordeaux).

2016-2017: Supervision of A. Abdaoui (postdoc PractiKPharma).

2016-2018: Co-supetrvision of A. Tchechmedjiev (postdoc PractiKPharma) with S. Bringay.

2016: Co-supervision of S. Eholié (MSc student, U. of Nantes) with S. Bringay & M-D. Tapi-Nzali.

2015-2018: Co-supervision of A. Annane, PhD candidate, (cotutelle, Fiffel fellow) with Z. Bellashene
& F. Azouaou (ESI Algeria)) on ontology alignment (SIFR & PractiKPharma).

2015: Co-supervision of C. El Ghandour & M. Serhani (MSc students, U. Montpellier) with J-A. Lossio on
prototyping BioTex in SIFR BioPortal.

2015-2018: Supervision & management of A. Toulet (research engineer, AgroPortal project).
2015-2017: Supervision & management of V. Emonet (research engineer, SIFR project).
2015: Supervision of J. Diener (research engineer, IBC project) with P. Larmande.

2014: Co-supervision of P. Burc and O. Duplouy (MSc students, U. Montpellier) with S. Harrispe (LGI2P,
Nimes) on semantic distances.

2014: Co-supervision of L-H. Méric (eng. student, IMT St Etienne) with P. Lemoisson and G. Surroca.
2014: Supervision of S. Melzi (MSc student, U. Montpellier).
2014: Co-supervision of A. Dia (MSc student, U. G. Berger, Senegal) with P. Lemoisson and G. Surroca.
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2013: Co-supervision of K. Cauchois (MSc. student, U. Rouen) with S. Darmoni (CHU Rouen) on
exporting HeTOP’s content to OWL.

2013-2017: Co-supervision of G. Surroca, PhD candidate, with P. Lemoisson and S.A. Cerri, on graph-
based social/semantic data knowledge representation with ViewpointS.

2013: Supervision of K. Bouarech, (MSc student, U. Montpelier).

2012-2015: Co-supervision J-A. Lossio-Ventura, PhD candidate, with M. Roche and M. Teisseire on
biomedical terminology extraction (SIFR project).

2010: Co-supervision of R. Castro & B. Paiva (MSc students, U. Montpellier), with S.A. Cerri (collaboration
Stanford-LIRMM) on semantic distances and web service composition.

2010: Supervision of T. Tenneti (MSc student, Stanford) on concept recognition.

2009: Co-supervision of A. Ghazvinian (MSc student, Stanford) with N. Noy on ontology alignment.
2009: Co-supervision of G. Parai (MSc student, Stanford) with N. Shah on lexicon building.

2009: Co-supervision of N. Bhatia (MSc student, Stanford) with N. Shah on concept recognition.
20006: Co-supervision of F. Duvert (MSc students, U. Montpellier), with S.A. Cerri agent-grid ontology.

2005: Co-supetrvision of a 3-student-group (BSc. students, U. Montpellier) with R. Colleta on web service
and constraint programming.

2005: Co-supervision of a 3-student-group (BSc. students, U. Montpellier) with S.A. Cerri on STROBE
and MadKit.

PROFESIONNAL RESPONSABILITIES

MISSIONS & EXPERTISE

Project proposal reviewing for French ANR (*3) and US NIH (*1).

2013: French-US bioinformatics collaboration committee member, supervised by A. Viari (INRIA)
for the Ministries of Higher Education & Research and Foreign Affairs.

2011-2015: Member of the expert pool of the French Ministry of Higher Education & Research for
evaluating research & development tax credit (French CIR and JEI).

Article rewiewing activity for 12 international journals, 19 international workhops or conferences & 8
national workshops or conferences. Detailled herafter.

OTHER RESPONSIBILITIES

2012-2015: Member of UM2 council for Information and Communication Technologies in Education
(TICE). Representative for Polytech Montpellier.

2012-2015: Head of Polytech Montpellier iPad for students project. I lead’ a group of 70 teachers interested
in pedagogical innovations using ICT and iPad, in and out of the classroom.

2012-2015: Responsible of the last year of the “Informatics & Gestion” curticulum at Polytech Montpellier
Engineering School (eq. Master degree).

2004-2005: Elected representative of computer science PhD students at LIRMM. Interesting activity to
understand the organization and operation of a research lab.

PROGRAM CHAIRING AND ORGANIZATION

Co-chair of Semantics for Food, Agriculture, Environment and Nutrition workshop (SemEFAEN 2018) at Semantics
2018, Sept. 2018, Vienna, Austria.

Co-session chair Semantics for biodiversity and ecosystem research at ICEL 2018.

Co-program chair and organization committee of 20 International Workshop on Semantics for Biodiversity
(S4BIODIV 2017) at ISWC 2017, Nov. 2017, Vienna, Austria. ~30 participants.

Organization of the AgroHackathon series (in June 2016 and July 2017). ~15-30 participants.

gl letballloM

Participation to the organization (with S. Bringay) of 27¢mes Journées francophones d’Ingénierie des Connaissances
(IC 2016), June 2016, Montpellier, France, ~100 participants.

Co-program chair (with D. Cassagne) of the “return of experience” track of the French ICT in Education
Conference (ILCE 2014), Nov. 2014, Beziers, France. ~100 participants.
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A " Local chair (with F. Scharffe) of 10t Extended Semantic Web Conference (ESWC 2013), May 26-30 2013,
A Montpellier, France. ~350 participants.

BSurCis
®  Co-program chair and organization committee of 15t International Workshop on Semantics for Biodiversity

(§4BIODIV 2013) at ESWC 2013, May 2013, Montpellier, France. ~40 participants

2010-2013: Organizer of the group of interest Web Science Montpellier Meetup and organization of 1+
Web Science Montpellier Meetup workshop, in Montpellier, France, May 13t 2011. 25 participants.

* Participation to the organization of local workshops (OTM 2006 & ALCAA 2004).
ARTICLE REVIEWING

weekup

Data Intelligence (open access), Semantic Web Journal (IOS Press), Applied Ontology (IOS Press),
Bioinformatics (Oxford Journals), BMC Bioinformatics (BioMed Central), Journal of Web Semantics (Elsevier),
Knowledge-Based Systems (Elsevier), Journal of Biomedical Informatics (Elsevier), Journal of Biomedical
Semantics (BioMed Central), IMIA Year Book (Schattauer), French Technique et Science Informatique
(Hermes), French Revue d'Epidémiologie et de Santé Publique (Elsevier), Service Oriented Computing and

Applications journal (Springer), Grid Computing and Multi-Agent Systems journal (Serials Publications)

INTERNATIONAL PROGRAM COMITTEES

= 218, 270-28% Int. World Wide Web Conference (WWW 2018-2019, WWW 2012 (Demo track))

= 16%-17% Int. Semantic Web Conference (ISWC 2017-2018).

= 14t 16 European Semantic Web Conference (ESWC 2017, 2019).

®  Huropean Federation for Information Technology in Agriculture, Food & Environment (EFITA 2017).
» st Language, Data and Knowledge conference (LDK 2017)

= Ise5% Int. Symposium on Information Management & Big Data (SIMBig 2014-2018).

= 11%-18% BioOntologies SIG (BioOntologies 2009-2017).

= 811t Semantic Web Applications and Tools for Life Sciences (SWAT4LS 2015-2016-2018).

" 11t &12% African Research in Computer Science and Applied Mathematics (CARI 2014-2016)

= 1se20d Int. Workshop on Semantics for Biodiversity (S4BIODIV 2013, 2017).

= 1st Computational Semantics in Clinical Text (CSCT 2013) workshop

= 4t Int. Conference on Web Science (WebSci 2012).

" 15t & 20d Int. Workshop on Web Science & Information Exchange in Medical Web (MedEx 2010-2011).
= Ot 11t & 13t Int. Conference on Intelligent Tutoring (IT'S 2008, I'TS 2014, I'TS 2012).

= 4t & 5t Int. KES Symposium on Agents & MAS Technologies & Applications (AMSTA 2010-2011).

*  Workshop on Ontology Repositories for the Web (SERES 2010).

= 1stInt. Workshop on User-generated Services (UGS 2009).

*  Workshop Extending Database Technology for Life Sciences workshop (EDTLS 2009).

®  Int. Workshop on Service-Oriented Computing: Agents, Semantics, and Engineering (SOCASE 2009).

NATIONAL PROGRAM COMITTEES

= Atelier Web des données (AWD 2019).

*  Workshop Knowledge Engineering & Health (IA & Santé 2018, SIIM 2015 & 2017, ICSanté 2012-2016).
*  Workshop sources & data integration in agriculture, food, environment ontologies (IN-OVIVE 2017)

= Gémes Journées francophones sur les Ontologies (JEO 20106).

w 24¢mes_29¢mes Joyrnées francophones d'Ingénierie des Connaissances (1C 2013-2018).

= ler Atelier Ontologies et Jenx: de Données pour évaluer le web sémantique (O]D 2012).

w  le3émes Atelier Quantité et Robustesse pour le Web de données (QetR 2011-2013).

= ler Atelier Extraction des Connaissances et Contexctualisation (ExCoco 2011).

»  7eme Collogue Agents I ogiciels, Coopération, Apprentissage, Activité (ALCAA 2004).

DETAILLED SEMINARS & INVITED PRESENTATIONS

‘3 slideshare 17 presentations on SlideShare, (cumulating ~9400 views).

*  LIRMM Scientific Day, December 2018 (invited by P. Poignet).

=  RDA France 15t National Day, JNSO 2018, December 2019 (invited by F. Genova).
= INRIA’s Wimmics Seminar, November 2018 (invited by F. Gandon).

* PhenoHarmonlS workshop, May 2018 (invited by E. Arnaud).

= RDA 11t% Plenary, IGAD pre-meeting, March 2018 (invited by I. Subirats).
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file:///D:/Documents/docs-clement-travail/Perspectives/CV/2013/www2012.org
https://iswc2017.semanticweb.org/
https://2017.eswc-conferences.org/
http://www.efita2017.org/
http://ldk2017.org/
http://www.lirmm.fr/simbig2014/
http://www.bio-ontologies.org.uk/
http://www.swat4ls.org/workshops/cambridge2015/
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http://meco-project.eu/medex2011
http://gdac.dinfo.uqam.ca/its2008/
http://its2014.its-conferences.com/
http://its2012.teicrete.gr/
http://amsta-11.kesinternational.org/
http://www.ontologydynamics.org/od/index.php/seres2010/
http://fast.morfeo-project.eu/workshops/ugs2009/
http://www.inf.ethz.ch/personal/akal/EDTLS09/
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http://www.irit.fr/SIIM/2015/
https://www.irit.fr/SIIM/2017/
https://www.lirmm.fr/ic-sante/pmwiki/pmwiki.php?n=Site.Accueil
https://workshop.inra.fr/in-ovive-2017
http://www.jf-ontologies.net/
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» EUDAT Conference Semantic Working Group, January 2018 (invited by Y. Le Franc).

»  Keynote INIST ‘Ingénierie des Connaissances’ Series, December 2017 (invited by C. Francois).

* ]C-Foods Conference, November 2018 and 2017 (invited by M. Lange).

®  Keynote at SIMBig 2017, September 2017 (invited by J-A. Lossio).

*  GDR SemanDiv, July 2017 (invited by E. Garnier).

®  French Minister — DSSIS (réunion serveurs multi-terminologiques), June 2017 (invited by B. Séroussi).

= BMIR Research in progress colloquium, Mai 2016 (invited by M. Musen).

" Protégé group meeting, Stanford Univ., April 2016 (invited by T. Tudorache).

*  Dumontier’s lab group meeting, Stanford Univ., January & November. 2016 (invited by M. Dumontier).

»  Keynote at the French RISE 2015 workshop, Rennes, France, June 2015 (invited by C. Roussey).

*  Protégé group meeting, Stanford Univ., April 2015 (invited by T. Tudorache).

*  Forum TIC’s, Mons, Belgium. April 2015 (invited by B. Champagne).

®  LGI2P Science & Society seminar, Nimes, France. March 2015 (invited by S. Harispe).

=  CENTAL team at UC Louvain, Belgium, Dec. 2014 (invited by C. Fairon).

®  Réseau IN-OVIVE, INRA, Montpellier, Oct. 2014 (invited by P. Neveu).

*  IBC Scientific day, Montpellier, May 2014 (invited by O. Gascuel).

*  SPIM team at INSERM Paris, June 2011 (invited by M-C. Jaulent).

* LIM team at Rennes Univ., April 2011 (invited by O. Dameron).

= CISMeF team at Rouen School of Medicine, March 2011 (invited by S. J. Darmoni).

®  Research seminar on ICT & Health, LIRMM, Montpellier, February 2011.

*  EXMO team at INRIA Grenoble, France, March 2010 (invited by J. Euzenat).

*  Smile team at LIRMM, UM2, France, February 2009 (invited by S. A. Certi).

= EDELWEISS team at INRIA Sophia, France, January 2009 (invited by F. Gandon).

® Talk at the NCBO Developer Conference, Stanford Univ., USA, Dec. 2007.

* Intelligent Interactive Distributed Syst. group, Vrije Univ., Amsterdam (invited by F. Brazier). May 2007.

= LIRMM's Informatics depatrtment day, UM2, France. July 2005.

®  Protégé group meeting, Stanford Univ., CA, USA (invited by M. Crubezy). June 2005.

*  E-LeGI WP6 (Work Package 6) seminar, LIRMM, UM2, France. June 2004.

= Computer Science PhD students seminar, LIRMM, UM2, France. January 2004.

»  Talk within the GT MFI (Groupe de Travail Modeles Formels de l'Interaction) working group, LIPG,
Université Paris 6, France. December 2003.

®  Social Informatics seminar, LIRMM, UM2, France. June 2003.

PUBLICATIONS SUMMARY

Gogogle

My complete list of publications is described below or online or in the HAL database. I try to publish in open
access journals (gold open access), but when not the case, a PDF is always available for every document
(green open access) on HAL. Other incomplete listings include: Google Scholar, Microsoft Academic,
ResearchGate, DBLP, PubMed, CiteSeer.

The first author is the “main” author. The last author is generally the supervisor. All publications (84) ot
communications (26) have been peer-reviewed (if not explicitly mentioned), including:

= 23journal (6 as first author, 5 as second author, 3 as last author), 21 international conference, 15 workshop,
20 national (French) and 2 dissertations.

* (0 are international publications; most have been written in a collaborative context; more than 2/3 have
been written by person(s) under my (co)supervision.

Overall my publications cumulate ~2290 citations as of Google Scholar (January 2019); including 772 for
publications as first author. I have published in multiple domains & contexts:

* Biomedical Informatics: 1 recent article in Journal of Biomedical Informatics (Elsevier, IF 3.23), 4 articles in
BMC Bioinformaties (IF 3.45, CORE A) cumulating 255 citations, 1 in Nucleic Acids Research (Oxford, IF
10.16) with 764 citations, 2 application notes in Bioinformatics (Oxford, IF 7.31), 2 articles (one with 253
citations) at AMLA Symposiums which is one of the best place to publish in this field. 2 articles (one with
82 citations) in BMC Biomedical Semantics (IF 2.41).

* Semantic Web: 2 articles & 3 posters/demos (all cumulating 158 citations) in International Semantic Web
Conference (CORE A), the main conference in the domain. Plus, the 1t prize at the 2010 Semantic Web
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o,

Challenge and a corresponding publication (111 citations) in Journal of Web Semantics (Elsevier, IF 2.76).
One awarded paper at Web Science Conference.

NLP, text mining & information retrieval: 4 conferences or workshop articles related to text mining and
language in biomedicine (LREC16, Po/I'AL.’14, IDEAS 14, JADT’14, LBM’13). One atticle in Information
Retrieval (Springer, IF 0.80) and in Knowledge Discovery in Bioinformatics (1G1 Global) both cumulating 53
citations).

Agronomy: multiple poster-demos and workshop papers recently published in this new field of application.
One article as 15t author in Computers and Electronics in Agriculture (Elsevier, IF 2.5). One article as 15t author

in Computers and Electronics in Agrienlture (Elsevier, IF 2.5). Two group articles in prestigious journals: Database
(Oxford Academic, IF 3.98) and PLoS One (PLo0S, 2.7).

Distributed systems: 1 article in the reference journal for the topic of agent-grid integration, Multiagent and
Grid systems (108 Press, CORE B) as well as 1 article in the Int. Workshop on Service-Oriented Computing: Agents,
Semantics, and Engineering. Plus 1 article in Applied Artificial Intelligence (Taylor & Francis, IF 0.65, CORE B)
with 24 citations.

French conferences: Such as Journées francophones d’Ingénierie des Connaissances, or d’Informatique médicale or
dn Traitement Automatique des Langues Naturelles, ot sur les Systémes Multi-Agents », or des Ontologies or de Recherche
d’Information et Applications. 9 French publications (over 20) are direct French versions of English papers;
others are usually preliminary work.

SUMMARY OF TEACHING ACTIVITIES

POLYTECH
MONTPELLIER

iTunes U

9 years of various academic teaching (~1400h ~TD) to different kind of students of mixed levels.
Described in specific section.

Teacher at Polytech Montpellier Engineering School. My teaching activities were paused from 2015 to 2019
during my mobility and the return phase of my Marie Curie project.

2012-2015: Polytech Montpellier iPad for students project. I run a working group of 70 teachers interested
in pedagogical innovation using ICT and iPad, in and out of the classroom.

Preparation of lectures/tutorials/ technical work, evaluation tasks (exam, corrections, jury), projects and
internships management, administrative responsibilities. Some classes in English from 2010 to 2012.

2012: One full series of 8 lectures given to Polytech students available on video on iTunesU: Internet
Application and Interoperability (AIOP).

Lectures: Structure and Interpretation of Computer Programs, introduction to algorithmic and programming
with Scheme/Mapple, French Informatics and Internet Certificate (Open/MS Office, e-learning platforms,
etc.), Internet languages (HTML, Java/Javascript, PHP, etc.), Computer Architecture (representation,
CPU/Memory, MIPS language), Algorithmic & Programming (ADA, basic algorithmics, data structures),
Internet Application and Interoperability (Web application architectures, Web technologies, XML, Web
services, J2EE, NET), Semantic Web (Ontologies 101, technologies & languages, applications).

Internship supervision: technical BSc. (mathematics & computer science), MSc students in computer science.

TECHNICAL SKILLS
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Programming languages: functional/applicative (Lisp, Scheme) ot object-oriented (Java) ot imperative
(Ada, Maple). Some knowledge of MIPS assembler.

Java & JEE framework technologies (JDBC, Spring, Eclipse).

Service Oriented Atrchitectures and Web applications. Web services in SOAP/WSDL (Axis) & REST
(RestLet).

Biomedical terminologies and ontologies (SNOMEDCT, MeSH, UMLS, OBO) as well as Semantic Web
technologies (RDF/OWL/SKOS/SPARQL).

Database systems (SQL), good expetience with MySQL/JDBC and information system modeling language
(UML, BPMN).

Web languages & technologies (XML, HTML, Javascript, CSS, PHP/MySQL, JSON).
Distant learning / e-learning platforms e.g., WebCT, Claroline, Moodle.
MadKit multi-agent platform (developed within the SMILE team at LIRMM).
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PERSONNAL TOPICS

» Experiences in several associations (student, sportive, social ones). Summer jobs from 1996 to 2002 in
agriculture and wineries.

®  Music, travelling (several trips in Europe, America, South America and Asia.), reading (novel and press).

*  Rock climbing (indoot/outdoor) and other outdoor sports (mountaineering, ice-climbing, hiking, etc.).

LANGUAGES

= French: Mother tongue.
*  English: Very good (school & working knowledge), lived 6 years the USA.
®  Spanish: A few skills (learnt at school).

= Strong international orientation of work (publications & thesis manuscript written in English, international
PhD defense jury, international postdoc).
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SIFR annotator: ontology-based semantic
annotation of French biomedical text and
clinical notes

Andon Tchechmedjiev'*", Amine Abdaoui', Vincent Emonet’, Stella Zevio' and Clement Jonquet'

Abstract

Background: Despite a wide adoption of English in science, a significant amount of biomedical data are produced
in other languages, such as French. Yet a majority of natural language processing or semantic tools as well as
domain terminologies or ontologies are only available in English, and cannot be readily applied to other languages,
due to fundamental linguistic differences. However, semantic resources are required to design semantic indexes and
transform biomedical (text)data into knowledge for better information mining and retrieval.

Results: We present the SIFR Annotator (http://bioportal lirmm fr/annotator), a publicly accessible ontology-based
annotation web service to process biomedical text data in French. The service, developed during the Semantic Indexing
of French Biomedical Data Resources (2013-2019) project is included in the SIFR BioPortal, an open platform to host
French biomedical ontologies and terminologies based on the technology developed by the US National Center for
Biomedical Ontology. The portal facilitates use and fostering of ontologies by offering a set of services —search,
mappings, metadata, versioning, visualization, recommendation—- including for annotation purposes. We introduce the
adaptations and improvements made in applying the technology to French as well as a number of language

CLEF eHealth information extraction tasks.

independent additional features —implemented by means of a proxy architecture— in particular annotation
scoring and clinical context detection. We evaluate the performance of the SIFR Annotator on different

biomedical data, using available French corpora —Quaero (titles from French MEDLINE abstracts and EMEA
drug labels) and CépiDC (ICD-10 coding of death certificates)— and discuss our results with respect to the

Conclusions: We show the web service performs comparably to other knowledge-based annotation approaches in
recognizing entities in biomedical text and reach state-of-the-art levels in clinical context detection (negation,
experiencer, temporality). Additionally, the SIFR Annotator is the first openly web accessible tool to annotate and
contextualize French biomedical text with ontology concepts leveraging a dictionary currently made of 28
terminologies and ontologies and 333 K concepts. The code is openly available, and we also provide a Docker
packaging for easy local deployment to process sensitive (e.g., clinical) data in-house (https://github.com/sifrproject).

Introduction

Biomedical data integration and semantic interoperabil-
ity are necessary to enable translational research [1-3].
The biomedical community has turned to ontologies
and terminologies to describe their data and turn them
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into structured and formalized knowledge [4, 5]. Ontol-
ogies help to address the data integration problem by play-
ing the role of common denominator. One way of using
ontologies is by means of creating semantic annotations.
An annotation is a link from an ontology concept to a data
element, indicating that the data element (e.g., article, ex-
periment, clinical trial, medical record) refers to the con-
cept [6]. In ontology-based —or semantic— indexing, we
use these annotations to “bring together” the data
elements from the resources. Ontologies help to design
semantic indexes of data that leverage the medical

© The Author(s). 2018 Open Access This article is distributed under the terms of the Creative Commons Attribution 4.0
International License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and
reproduction in any medium, provided you give appropriate credit to the original author(s) and the source, provide a link to

the Creative Commons license, and indicate if changes were made. The Creative Commons Public Domain Dedication waiver
(http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
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knowledge for better information mining and retrieval.
Despite a large adoption of English in science, a significant
quantity of biomedical data uses other languages, e.g.,
French. For instance, clinicians often use the local official
administrative language or languages of the countries they
operate in to write clinical notes. Besides the existence of
various English tools, there are considerably less termin-
ologies and ontologies available in French [7, 8] and there
is a strong lack of related tools and services to exploit
them. The same is true of languages other than English
generally speaking [8]. This lack does not match the huge
amount of biomedical data produced in French, especially
in the clinical world (e.g., electronic health records).

In the context of the Semantic Indexing of French Bio-
medical Data Resources (SIFR) project (www.lirmm.fr/
sifr), we have developed the SIFR BioPortal [9], an open
platform to host French biomedical ontologies and ter-
minologies based on the technology developed by the
US National Center for Biomedical Ontology (NCBO)
[10, 11]. The portal facilitates the use and fostering of
ontologies by offering a set of services such as search
and browsing, mapping hosting and generation, rich se-
mantic metadata description and edition, versioning,
visualization, recommendation, community feedback. As
of today, the portal contains 28 public ontologies and
terminologies (+ two private ones, cf. Table 1), that
cover multiple areas of biomedicine, such as the French
versions of MeSH, MedDRA, ATC, ICD-10, or
WHO-ART but also multilingual ontologies (for which
only the French content is parsed) such as Rare Human
Disease Ontology, OntoPneumo or Ontology of Nuclear
Toxicity.

One of the main motivation to build the SIFR BioPor-
tal was to design the SIFR Annotator (http://bioportal.-
lirmm.fr/annotator), a publicly accessible and easily
usable ontology-based annotation web service to process
biomedical text and clinical notes in French. The anno-
tator service processes raw textual descriptions, tags
them with relevant biomedical ontology concepts, ex-
pands the annotations using the knowledge embedded in
the ontologies and contextualizes the annotations before
returning them to the users in several formats such as
XML, JSON-LD, RDF or BRAT. We have significantly
enhanced the original annotator packaged within the
NCBO technology [12, 13], including the addition of
scoring, score filtering, lemmatization, and clinical con-
text detection; not to mention some enhancements have
not been implemented only for French but have been
generalized for the original English NCBO Annotator
(or any other annotator based on NCBO technology)
through a “proxy” architecture presented by Tchechmed-
jiev et al. [14]. A preliminary evaluation of the SIFR An-
notator has shown that the web service matches the
results of previously reported work in French, while
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being public, of easy access and use, and turned toward
semantic web standards [9]. However, the previous
evaluation was of limited scope and new French bench-
marks have since been published, which has motivated a
more exhaustive evaluation of all the new capabilities
mostly with the following corpora: (i) the Quaero corpus
(from CLEF eHealth 2015 [15]) which includes French
MEDLINE citations in (titles & abstracts) and drug
labels from the European Medicines Agency, both
annotated with UMLS Semantic Groups and Concept
Unique Identifiers (CUlIs); (ii) the CépiDC corpus
(from CLEF eHealth 2017 [16]) which gathers French
death certificates annotated with ICD-10 codes pro-
duced by the French epidemiological center for med-
ical causes of death (CépiDCH). Additionally, the new
contextualization features make SIFR Annotator the
first general annotation workflow with a complete im-
plementation of the ConText/NegEx algorithm for
French [17]; evaluated on two types of clinical text as
reported in a dedicated article (Abdaoui et al: French
ConText: a Publicly Accessible System for Detecting
Negation, Temporality and Experiencer in French
Clinical Notes, under review).2

The rest of the paper is organized as follows: The
Background section presents related work pertaining to
ontology repositories, semantic annotation tools, and
knowledge-based approaches for French biomedical text
information extraction. The Implementation section de-
scribes the SIFR BioPortal, the provenance of the ontol-
ogies as well as the architecture and implementation
details of the SIFR Annotator and its generic extension
mechanism. The Results and Evaluation section presents
an experimental evaluation of the SIFR Annotator per-
formance through three tasks (named entity recognition,
death certificate coding as well as contextual clinical text
annotation). The Discussion section analyses the merits
and limits of our approach through a detailed error ana-
lysis and outlines future directions for the improvement
of the SIFR Annotator.

Background

Biomedical ontology and terminology libraries

In the biomedical domain, multiple ontology libraries
(or repositories) have been developed. The OBO Foun-
dry [18] is a reference community effort to help the bio-
medical and biological communities build their
ontologies with an enforcement of design and reuse
principles, which has been a tremendous success. The
OBO Foundry web application (http://obofoundry.org) is
an ontology library which serves content to other ontol-
ogy repositories, such as the NCBO BioPortal [10],
OntoBee [19], the EBI Ontology Lookup Service [20]
and more recently AberOWL [21]. None of these
platforms are multilingual or focus on features
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Table 1 SIFR BioPortal semantic resources
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Acronym Name Source/Group Format #Classes/#Individuals #Props. Linguality

MDRFRE Dictionnaire médical pour les activités réglementaires UMLS/UMLS RRF 68,980 14 FTO
en matiére de médicaments

MSHFRE Medical Subject Headings, version francaise UMLS/UMLS RRF 27,879 6 FTO

MTHMSTFRE Terminologie minimale standardisée en endoscopie UMLS/UMLS RRF 1700 1 FTO
digestive

STY Réseau Sémantique UMLS UMLS/UMLS OWL 133 0 FTO

CIM-10 Classification Internationale des Maladies - 10éme révision  CISMeF/UMLS OWL 19,853 0 FTO

WHO-ARTFRE Terminologie des effets indésirables CISMeF/UMLS OWL 3483 0 FTO

CISP-2 Classification Internationale des Soins Primaires, deuxieme CISMeF/UMLS OWL 745 4 FTO
édition

CIF Classification Internationale du Fonctionnement, du CISMeF/UMLS OWL 149 2 FTO
handicap et de la santé

SNMIFRE Systematized Nomenclature of MEDicine, version CISMeF/UMLS OWL 106,291 8 FTO
francaise

MEDLINEPLUS MedlinePlus Health Topics CISMeF/UMLS OWL 849 2 FTO

ATCFRE Classification ATC (anatomique, thérapeutique et CISMeF/UMLS OWL 5768 2 FTO
chimique)

PDO CFEF - Prenatal Diagnosis Ontology LIMICS OWL 802 0 FMO

ONTOLURGENCES  Ontologie des urgences LIMICS OWL 10,031 61 FMO

CCAM Classification Commune des Actes Médicaux CISMeF OWL 9663 8 FOO

ONTOPNEUMO Ontologie de la pneumologie francaise. LIMICS OWL 1153 22 FMO

TOP-MENELAS Top ontologie de ONTOMENELAS LIMICS OWL 339 298 FMO

LPP Liste des Produits et Prestations AMELI/CISMeF owL 3746 4 FOO

NABM Nomenclature des Actes de Biologie Médicale AMELI/CISMeF OWL 1055 3 FOO

INM Ontologie des Interventions Non Médicamenteuses CEPS/LIRMM OwL 159 3 FOO

TRANSTHES Thésaurus de la transfusion sanguine INIST-CNRS/Loterre  SKOS 2033 0 FOO

MEMOTHES Thésaurus Psychologie cognitive de la mémoire INIST-CNRS/Loterre  SKOS 772 0 FOO
humaine

BHN Biologie Hors Nomenclature LIRMM/CISMeF OWL 1534 2 FOO

ONTOTOXNUC Ontology of nuclear toxicity CEA/LIMICS OWL 650 0 FMO

HRDO Ontologie des maladies rares humaines INSERM/LIMICS OWL 135,939 20 FMO

MUEVO Vocabulaire multi-expertise (patient/médecin) dédié LIRMM SKOS 306 18 FOO
au cancer du sein

ONL-MR-DA Ontologie des I'acquisition de jeux de données IRM NEUROLOG owL 702 244 FOO

ONL-DP Ontologie des traitements de jeux de données NEUROLOG OWL 541 220 FOO

ONL-CORE-MSA  Ontologie noyau des instruments pour |'évaluation NEUROLOG OWL 329 249 FOO
des états mentaux

Average 13,661.2 46.2

Total 387,623 1206

pertaining to French [22].3 Moreover, only BioPortal of-
fers an embedded semantic annotation web service. An-
other resource for terminologies in biomedicine is the
UMLS Metathesaurus [23] which contains six French
versions of standard terminologies.

The NCBO BioPortal (http://bioportal.bioontolo-
gy.org) [10], developed at Stanford, is considered now as
the reference open repository for (English) biomedical
ontologies that were originally spread out over the web

and in different formats. There are 690+ public semantic
resources in this collection as of early 2018. By using the
portal’s features, users can browse, search, visualize and
comment on ontologies both interactively through a web
interface, and programmatically via web services. Within
BioPortal, ontologies are used to develop an annotation
workflow [13] used to index several biomedical text and
data resources using the knowledge formalized in ontol-
ogies, to provide semantic search features and enhance
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the information retrieval experience [24]. The NCBO
BioPortal functionalities have been progressively ex-
tended over the last 12 years, and the platform has
adopted semantic web technologies (e.g., ontologies,
mappings, metadata, notes, and projects are stored in an
RDF* triple store). NCBO technology [11] is domain-in-
dependent and open source. A BioPortal virtual appli-
ance’ embedding the complete code and deployment
environment is available, allowing anyone to set up a
local ontology repository and customize it. The NCBO
virtual appliance is quite regularly requested by organi-
zations that need to use services like the NCBO Annota-
tor but have to process sensitive data in house e.g.,
hospitals. NCBO technology has already been adopted
for different ontology repositories such as the MMI
Ontology Registry and Repository [25], the Earth Sci-
ences Information Partnership earth and environmental
semantic portal (see http://commons.esipfed.org/node/
1038). We are also working on AgroPortal [26], an
ontology repository for agronomy.

As for French, the need to list and integrate biomedical
ontologies and terminologies has been identified since the
2000s, more particularly within the Unified Medical Lan-
guage for French (UMLF) [27] and VUMeF [28] (Vocabu-
laire Unifié Medical Francophone) initiatives, which aimed
to reproduce or get closer to the solutions of the US Na-
tional Library of Medicine such as the UMLS Metathe-
saurus [23]. The need to support unified and interrelated
terminologies was identified by the InterSTIS project
(2007-2010) [29]. This need was to serve the problem of
semantic annotation of data. The main results of this pro-
ject in terms of multi-terminological resources were:

e The SMTS portal based inter alia on ITM
technology developed by Mondeca [30]. If SMTS
is no longer maintained today, ITM still exists
and is deployed by the company for its
customers, in the field of health or otherwise.

e The Health Multiple Terminology Portal (HMTP)
[31] developed by the CISMeF group, which later
became HeTOP (Health Terminology / Ontology
Portal — www.hetop.eu) [32]. HeTOP is a multi-
terminological and multilingual portal that integrates
more than 50 terminologies or ontologies with
French content (but only offers public access to 28
of them®). HeTOP supports searching for terms,
accessing their translations, to identifying the links
between ontologies and especially querying the data
indexed by CISMeF in platforms such as Doc-
CISMeF [33]. The added value of the portal clearly
comes from the medical expertise of its developers,
who integrate ontologies methodically one by one,
produce translations of the terms and index (semi-
manually) the data resources of the domain.
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The philosophies of HeTOP and NCBO BioPortal are
different even if they occupy the same niche. HETOP’s
vision, similar to that of UMLS, is to build a “metathe-
saurus” so that each source ontology is integrated into a
specific (and proprietary) model and is manually
inspected and translated. Of course, this tedious work
has the added value of a great wealth and confidence in
the data integrated, but comes at the cost of a complex
and long human process that does not scale to the num-
ber of health or biomedical ontologies produced today
(similarly, the US National Library of Medicine can
hardly keep pace with the production of biomedical on-
tologies for integration into UMLS). In addition, this
content is difficult to export from the proprietary
HeTOP information system, which does not offer pub-
licly API or standard and interoperable format for easy
retrieval (although, in the context of this work, several
ontologies were exported by CISMeF in OWL format
thanks to a wrapper developed during the SIFR project).
The vision of the NCBO BioPortal is different, it consists
in offering an open platform, based on semantic web
standards, but without integrating ontologies one by one
in a meta model. The platform supports mechanisms for
producing and storing alignments and annotations but
does not create new content nor curate the content pro-
duced by others. The portal is not multilingual, but it of-
fers a variety of services to users who want to upload
their ontologies themselves or just reuse some already
stored in the platform. For an exhaustive comparison of
HeTOP and BioPortal annotation tools, we recommend
reading [34].

Within the SIFR project, we were driven by a roadmap
to (i) make BioPortal more multilingual [22] and (ii) de-
sign French-tailored ontology-based services, including
the SIFR Annotator. We have reused NCBO technology
to build the SIFR BioPortal (http://bioportal.lirmm.fr)
[9], an open platform to host French biomedical ontol-
ogies and terminologies only developed in French or
translated from English resources and that are not well
served in the English-focused NCBO BioPortal. The
SIFR BioPortal currently hosts 28 French-language on-
tologies (+ two privates) and comes to complement the
French ecosystem by offering an open, generic and se-
mantic web compliant biomedical ontology and health
terminology repository.

Annotation tools for French biomedical data

One of the main use cases for ontology repositories is to
allow the annotation of text data with ontologies [6], so as
to make the formal meaning of words or phrases explicit
(structured knowledge) through the formal structure of
ontologies, which has numerous applications. One such
application is semantic indexing, where text is indexed on
the basis of annotated ontology concepts, in such a way as
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to allow information retrieval and access through high
level abstract queries, or to allow for semantically enabled
searching of large quantities of text [35]. For example,
when querying data elements, one may want to filter
search results by selecting only elements that pertain to
“disorders” by performing a selection through the relevant
semantic annotations with UMLS Semantic Group [36] or
Semantic Types [37]. In this article, we mainly focus on
annotation tools for French biomedical data.”

Ontology-based annotation services often accompany
ontology repositories. For instance, BioPortal has the
NCBO Annotator [12, 13], OLS had Whatizit [38] and
now moved to ZOOMA, and UMLS has MetaMap [39].
Similarly, since 2004, the CISMeF group has developed
several French automatic indexing tools based on a bag
of words algorithm and a French stemmer. We can men-
tion: (i) F-MTI (French Multi-Terminology Indexer)
now property of Vidal, a French medical technology pro-
vider [40]. (ii) the ECMT (Extracteur de Concepts
Multi-Terminologique — http://ecmt.chu-rouen.fr) web
service, the core technology of which has been trans-
ferred to the Alicante company. As a quick comparison,
ECMT does not allow to choose the ontology to use in
the annotation process, offers only seven terminologies,
and supports semantic expansion features (mappings,
ancestors, descendants) only since v3 (released after the
start of SIFR project). The web service does not follow
semantic web principles, does not enforce the use of
URIs and the public fronting API is limited to short
snippets of text. However, both F-MTI and ECMT’s use of
a more advanced concept matching algorithm based on
natural language processing techniques (bag of words) is
an advantage compared to the SIFR Annotator.

A quantitative evaluation of annotation performance is
of critical importance to enable comparison to other
state-of-the-art annotation systems. In the following, we
shall review existing evaluation campaigns for French
biomedical Named Entity Recognition (NER)® and a
brief qualitative and quantitative comparison of partici-
pating systems.

Since 2015, the main venue for the evaluation of
French biomedical annotation are the CLEF eHealth in-
formation extractions tasks [16, 41, 42]. In 2015
(Tasklb) and 2016 (Task2), the objective was to perform
biomedical entity recognition on the French-language
Quaero corpus [15], which contains two sub-corpora:
EMEA (European Medicines Agency), composed of 12
training drug notices and four test notices; and MED-
LINE composed of 832 citation titles for training and of
832 titles for testing. The objective of the task was two-
fold: 1) to annotate the input text with concept spans
and UMLS Semantic Groups (called plain entity recogni-
tion or PER); 2) annotate previously identified entities
with UMLs CUIs (called normalized entity recognition or
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NER). The 2016 edition repeated the same task with a
different subset of training documents (the training cor-
pus of 2016 was the test corpus of 2015) and test sets. In
2016, there was also a second annotation task, where the
aim was to annotate each line of a French death certifi-
cates corpus with ICD-10 diagnostic codes (the test cor-
pus contains 31 k certificates and 91 k lines). The 2017
edition (task 2) kept only the death certificate annotation
task, although corpora were proposed in both French
and English.

The participating systems included a mixture of ma-
chine learning methods and knowledge-based annota-
tion methods. In 2015, there were two knowledge-based
systems, ERASMUS [43] and SIBM (CISMeF) [44]. The
ERASMUS system ranked first with a F1 score of over
75%; it used machine translation (concordance across
two translation systems) to translate UMLS concept la-
bels and definitions into French before applying an exist-
ing English biomedical concept recognition tool with
supervised post-processing. The CISMeF system was
based on their ECMT annotation web service using a
dictionary composed of concept labels from French bio-
medical ontologies from HeTOP (55 of them at that
time, extended from the seven accessible in the public
ECMT web service), and obtains variable evaluation re-
sults ranging from under 1% F1 score to 22% depending
on the task and parameters of the evaluation (up to 65%
approximate match Fl-score). The other participating
systems were mostly based on conditional random fields
or classifier ensemble systems and ranked competitively
with the ERASMUS system.

In 2016, ERASMUS and SIBM (CISMeF) participated
again [45, 46]. SIBM (CISMeF) participated with an en-
tirely different knowledge-based annotation system. Both
SIBM and ERASMUS, along with BITEM, performed
concept matching from the French subset of UMLS. The
other participating systems were based on supervised
machine learning techniques (support vector machines,
linear dirichlet allocation, conditional random fields) but
only participated for plain entity recognition. The ERAS-
MUS system prevailed once more using the same ap-
proach as in 2015 with F1 scores comprised between 65
and 70% on PER and 47% and 52% for NER. The SIBM
system from CISMeF performed much better than in
2015 with F1 scores between 42 and 52% for PER and
between 27 and 38% for NER depending on the task (up
to 66% approximate match F1 score).

For both 2015 and 2016, knowledge-based systems
tend to perform better than supervised systems, in par-
ticular ERASMUS’s machine translation approach. Su-
pervised systems are only competitive against plain
entity recognition, they are otherwise outclassed, likely
due to the relatively small amount of training data avail-
able. Systems relying only on French terminologies
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(mostly every system except ERASMUS) tend to be at a
disadvantage, as the coverage of corpus by French labels
is low, given that the corpus was built by bilingual anno-
tators that did not restrict themselves to French labels
and used CUIs to annotate sentences independently of
the existence of a label in French for those CUIs in
UMLS. This limitation also concerns the SIFR Annota-
tor which uses only French terminologies; we will dis-
cuss later how we address this bias in our evaluation.

In 2016, for the death certificate annotation task, the
ERASMUS system prevailed, but this time using an in-
formation retrieval indexing approach (Solr indexing +
search on lines) with over 84% F1 score. Follow,
ERIC-ECSTRA (a supervised system) [47], SIBM, LIMSI
(information retrieval approach, [48]) and BITEM (pat-
tern matching between dictionary and text).

In 2017, there were a total of seven systems, including
our generic SIFR Annotator; comparison results are re-
ported in the Results section of this article. Among the
seven systems, six were knowledge-based. LITL [49]
used a Solr index to create a term index from the pro-
vided dictionaries and a rule-based matching criterion
based on index searches. We (LIRMM) [50] used the
SIFR Annotator with an additional custom terminology
generated from the provided dictionaries. Mondeca [51]
also used the dictionaries along with a GATE annotation
workflow [52] to match codes to sentences. SIBM [53],
dropping the ECMT-based system, matched terms with
multiple level (word, phrase) fuzzy matching and an un-
supervised candidate ranking approach (for disambigu-
ation), similarly to WBI [54] that used a Solr index and
fuzzy search to match candidates along followed by su-
pervised candidate ranking.

Most of CLEF eHealth’s French information extraction
approaches were specific to the evaluation tasks. While
they are interesting to push the state-of-the-art and ob-
tain the best performance within a competitive context,
their general usefulness outside of the task is limited.
The custom systems implemented to best fit the tasks
are not easily generalizable for use outside of the compe-
tition as independent, open and generic systems. In 2015
and 2016, only SIBM used a generic approach not spe-
cific to the benchmark. In 2017, SIBM switched to a
task-specific approach and SIFR Annotator was the only
open and generic approach, and which is available as an
open web service independently of the competition. In
this article, we report on how we exploited the task as a
means of evaluating and mitigating the shortcoming of
the SIFR Annotator in order to implement or identify
improvements to the annotation service generalizable to
any application of biomedical semantic annotation.

The CLEF eHealth 2017 Task 1 also included a repro-
ducibility track, where participants could submit instruc-
tions to build and run their systems and evaluate the
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reproducibility of each other’s experiments. Four partici-
pating systems partook in this exercise (KFU, LIRMM,
the unofficial LIMSI and UNIPD, another non-official
participant). The evaluation consisted of allocating a
maximum of 8 h per system to replicate the results and
to fill in an evaluation survey by reporting difficulties
and observations. Our SIFR Annotator system produced
results with under 1% difference in precision, recall of
F1 sore compared to our official submission. While our
CLEF eHealth experiments were performed in a sand-
boxed and controlled environment (clean instance of
SIFR Annotator with only the terminologies needed for
the evaluation), we decided to instruct reproducing
teams how to use our online production SIFR Annotator
for the reproduction to demonstrate the robustness of
the platform and its ease of access/usability. The
reproduction was successful and led to an accurate
reproduction of the sandboxed results within less than
an hour for reproducing teams.

Implementation

Building the SIFR BioPortal

Terminology/ontology acquisition

Porting an ontology-based annotation tool to another
language in only half of the work. Beyond specific
matching algorithms, one of the main requirements is to
gather and prepare the relevant ontologies and termin-
ologies used in the annotation process. Indeed, the on-
tologies offer thematic coverage, lexical richness and
relevant semantics. However, ontologies and terminolo-
gies in biomedicine are spread out over the Web, or not
yet publicly available; they are represented in different
formats, change often and frequently overlap. In building
the SIFR BioPortal and Annotator our vision was to em-
brace semantic web standards and promote openness
and easy access. The list of ontologies and terminologies
currently available in the SIFR BioPortal is available in
Table 1. Hereafter, we describe each of the sources:

e Our first source of semantic resources is the UMLS
Metathesaurus, which contains six French
terminologies, translations of their English
counterparts. For instance, the MeSH thesaurus is
translated and maintained in French by INSERM
(http://mesh.inserm.fr) and new releases are
systematically integrated within the UMLS
Metathesaurus. We used the NCBO-developed
umls2rdf tool (https://github.com/ncbo/umls2rdf)
to extract three of these sources in RDF format and
load them in our portal.” These sources are
regularly updated when they change in the UMLS.

e Our second source of French terminologies is the
CISMeF group, which in France is the most
important actor to import and translate medical
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terminologies. During the SIFR project, the group
developed an OWL extractor for the HETOP
platform which can be used to produce an OWL
version of any resource integrated by CISMeF
within HeETOP. 11 of the SIFR BioPortal
terminologies have been produced with this
converter and rely on CISMeF for updates, URI
providing and dereferencing.

e Our third source of ontologies is the NCBO
BioPortal. Indeed, multilingual biomedical ontologies
that contain French labels are generally uploaded to
the NCBO BioPortal by their developers. We
automatically pulled the ontology sources into the
SIFR BioPortal and display/parse only the French
content in our user interface and backend services
(including the SIFR Annotator dictionary). By doing
so, the NCBO BioPortal remains the main entry
point for such ontologies —for English use cases—
while SIFR BioPortal serves the French content of
the same ontologies and links back to the mother
repository. Ontology developers do not have to
bother about the SIFR BioPortal as the source of
information for ontology metadata and new versions
remains the NCBO BioPortal.

e Finally, direct users or institutions are the last
source of ontologies and terminologies in the SIFR
BioPortal. The resources concerned are semantic
resources developed only in French that are either
not included in HETOP or not offered by CISMeF.
Indeed, such use-cases are outside the score of
CISMeF with their HETOP plaform and adding new
ontologies to HeTOP involves a lengthy
administrative process. Therefore, the SIFR
BioPortal fills this need for the French biomedical
ecosystem by offering an open and generic platform
on which uploading a resource is quick and obvious
and automatically comes to complete the SIFR
Annotator dictionary. For instance, the CNRS’s
Scientific and Technical Information Department
helps scientists in adopting semantic web standards
for their standardized terminologies used for instance
in literature indexing. The Loterre project
(www.loterre.fr) offers multiple health related
SKOS vocabularies for which the SIFR BioPortal
is another point of dissemination and automatic
API access.

Portal content and ontology curation

Within the SIFR BioPortal, semantic resources are orga-
nized in groups. Groups associate ontologies from the
same project or organization for better identification of
their provenance. For instance, we have created a group
for all the ontologies of the LIMICS research group,
imported from the NCBO BioPortal, or being a
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translation of an English UMLS source. The SIFR Bio-
Portal has the capability (inherited from the NCBO Bio-
Portal) to classify concepts based on CUIs and Semantic
Types from UMLS. For instance, it enables the SIFR An-
notator to filter out results based on a certain Semantic
Types of Semantic Groups (as described later). For the
three terminologies within the UMLS group directly ex-
tracted from the UMLS Metathesaurus format
(MDREFRE, MSHFRE, MTHMSTEFRE) the CUI and Se-
mantic Type information provided by the Metathesaurus
were correctly available. However, for most of the six
other ontologies in the UMLS group, produced by
CISMeF in OWL format (CIM-10, SNMIFRE,
WHOART-FRE, MEDLINEPLUS, CISP-2, CIF), the rele-
vant UMLS identifiers (CUI & TUI) were missing or im-
properly attached to the concepts. We therefore
enriched them to reconcile their content with UMLS
concepts and Semantic Type identifiers [55]. For this, we
used a set of previously reconciled multilingual map-
pings [56] made through a combination of matching
techniques to associate concept codes between French
terminologies and their English counterparts in UMLS.

All in all, the SIFR BioPortal contains now 10 ontol-
ogies with UMLS interoperability among a total of 28.
Since we relied on retrieving and normalizing existing
mappings, we could only enrich ontologies that were in
UMLS to begin with, however, we are working on inte-
grating a generalized reconciliation feature that would
automatically align terminologies submitted to SIFR Bio-
Portal with the UMLS Metathesaurus. In addition, SIFR
BioPortal includes an interlingual mapping feature that
allows interlinking with equivalent ontologies in English.
There are currently nine French terminologies with
interportal mappings to NCBO BioPortal [56]. In a
broader multilingual setting, the UMLS Metathesaurus,
for some resources such as MeSH, is a de-facto multilin-
gual pivot that allows linking annotations with concepts
across languages and to generate inter-portal mappings.
As with any multilingual pivot structure, care must be
taken when dealing with ambiguous multilingual labels
that may be an important source of noise if more than
two languages are involved.

There are numerous practical and tedious technical is-
sues with any efforts to integrate biomedical ontologies
in an open ontology repository. Heterogeneous ontol-
ogies often contain many inconsistencies and “incorrect”
constructs which often show up when put together in
the same platform. For instance:

e Inconsistent concept hierarchy (multiple roots, no
hierarchy, no root concept);

e Non-compliance with best practice standards

(especially semantic web standards);

Use of heterogeneous and non-standard properties.
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Moreover, ontologies, although they may be available
online, often do not define clear licensing information,
which prevents their diffusion on any ontology library.
Lengthy investigations to find the authors (or authority
organization) of the ontologies and then to negotiate li-
censing terms are often required before a resource can
be hosted in the SIFR BioPortal. In certain cases, the se-
mantic resource is accessible (user interface & web ser-
vices) but not downloadable.

Despite the numerous challenges facing such an en-
deavor, SIFR BioPortal, across all the ontologies indexed
in the repository, currently represents the largest open
French-language biomedical dictionary/term reposi-
tory,'® with over 380 K concepts and around twice that
number of terms. Enabling the SIFR Annotator service
to use additional ontologies is as simple as uploading
them to the portal (the indexing and dictionary gener-
ation are automatic) and take only a few minutes. Table
1 summarizes some statistics about the repository’s con-
tent in terms of size and general characteristics of the
semantic resources.

On the subject of licencing of the resources, two of
the four terminologies directly extracted from UMLS are
subjected to UMLS license terms and are not directly
downloadable from SIFR BioPortal. They are available
for people that do have UMLS licenses, although our
system doesn’t directly interface with the UMLS license
server.

For the other ontologies and terminologies, access
rights have been discussed to allow us to make them
openly available when relevant. Often, resources within
SIER are loaded by their developer directly. We encour-
age our contributors to unambiguously assign a specific
license to their ontology or terminology (and provide
the technical means to capture this information). In
addition, there are some private ontologies that are not
visible to the public, any user can add such ontologies
for their private needs and access is granted only by the
user who submitted the ontology.

It is important to note that regardless of licensing, the
non-private resources can always be used for annotation
i.e., their identifiers (URI, CUI) can be used to annotate
text sent to the Annotator.

SIFR Annotator Workflow & Features

The SIFR Annotator allows annotating text supplied by
users with ontology concepts. It uses a dictionary com-
posed of a flat list of terms built from the concept and
synonym labels from all the ontologies and terminolo-
gies uploaded in the SIFR BioPortal. The SIFR Annota-
tor is built on the basis of the NCBO Annotator [12, 13]
which is included in the NCBO virtual appliance. We
have customized the original service for French but also
developed new language independent features. In the
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following, we describe the complete SIFR Annotator
workflow (including new and preexisting functionalities).
The Annotator is meant to be accessed through a REST
API but there is also a user interface that serves as a
demonstrator and that allows a full parametrization
(Fig. 1).

The SIFR Annotator mainly relies on Mgrep [57] as
concept recognizer. Although experiments have been
carried out —both by NCBO and us- to swap the under-
lying concept recognizer with another (MetaMap, Alvis,
Mallet, UniTex), Mgrep is still the default recognizer. It
uses a simple label matching approach but offers a fast
and reliable (precision) matching that enables its use in
real-time high load web services. Mgrep and/or the
NCBO Annotator have been evaluated [58—61] on differ-
ent English-language datasets and usually perform very
well in terms of precision e.g., 95% in recognizing dis-
ease names [62]. A comparative evaluation of MetaMap
[39] and Mgrep within NCBO Annotator was made in
2009 [12] when the NCBO Annotator was first released.
There are, however, no evaluations of Mgrep on French
text.

The architecture of the NCBO and SIFR Annotator(s) is
described in Fig. 2. When ontologies are submitted to the
corresponding repository, they are loaded in a 4Store RDF
triplestore and indexed in an Apache Solr search index.
Subsequently, the labels of concepts (main labels and al-
ternative labels) are cached within a Redis table, and
thereafter used to generate a dictionary for the Mgrep
concept recognizer. During annotation, the concepts that
have been matched to the text undergo semantic expan-
sion (mappings and hierarchy). The process and associ-
ated features are detailed hereafter with a running
example to illustrate the steps more concretely.

Dictionary creation

The dictionary consisting of all the terms harvested from
the ontologies is a central component of the concept
recognizer. Mgrep works with a tab-separated dictionary
file containing unique identifiers for each term as well as
the term to match themselves. If terms are duplicated
among multiple ontologies, they will be repeated inside
the Mgrep dictionary.

When a new ontology is uploaded and parsed by the
SIFR BioPortal concept labels and synonyms are indexed
(using Solr) and cached (using Redis) for respectively
faster retrieval and to build the dictionary. For features
such as lemmatization another custom lemmatized dic-
tionary is also produced and used depending on the an-
notation options selected.

For instance, the MSHERE concept D001943'! with
preferred label “Tumeurs du sein” and three synonyms
will correspond to the following entries in the default
dictionary:
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The SIFR BioPortal Annotator processes text submitted by users, recognizes relevant ontology terms in the text and retumns the annotations to the user. Use the interface below to submit
any button to see what it does.
Le mélanome est un cancer de la peau ou des muqueuses, développé aux dépens des mélanocytes (tumeur mélanocytaire)
Son siége initial est la peau dans lmmense majorité des cas. ll existe toutefois des mélanomes de l'ceil (mélanome choroidien), des muqueuses (bouche,
canal anal, vagin), et plus rarement encore des organes intemes.
En dépit de ce que son nom suggére, un mélanome n'est pas toujours foncé - 5 % environ des mélanomes nodulaires sont « achromiques » (de la couleur
normale de la peau chez les personnes autres qu'a peau noire).
On parle parfois de « mélanome malin » - il s'agit alors d'un pléonasme, le mélanome n'étant jamais bénin.
SIFR
project
Ontology filters Matching parameters
Select Ontologies % Match Longest Only
MSHFRE x || ONTOLURGENCES x | | MEDLINEPLUS x Match Partial Words
Detect negation
SNMIFRE x Include Mappings <
o Exclude Numbers. Detect experiencer
Select UMLS Semantic Types Exclude Synonym:
Lemmatize (beta) aect cancer de a peau 13288
Select UMLS Semantic Groups awect g0 la peat 12000
Anatomie (ANAT) X || Maladies (DISO) X o — -
arect Loy oo o sses
Include Ancestors Up To Level: None v Include Score:  cvalue v
Get Annotations - .
ol
Fig. 1 The SIFR Annotator user interface. The upper screen capture illustrates the main form of the annotator, where one inputs text and selects
the annotation parameters. The lower screen capture shows the table with the resulting annotations

18774661661 tumeur du sein
18774661661 carcinome mammaire humain
18774661661 cancer du sein
18774661661 tumeurs mammaires humaines

In this example, the entries in the lemmatized diction-
ary would be singular.

To augment our Annotator's recall performance, we have
implemented some heuristics to extend the dictionary:

e Remove “SAI”/“Sans précisions”/“Sans autre
it o w .
précisions”/“Sans explications”/“Non classés
ailleurs”at the end of the concept labels as they are
superfluous for annotation. For example,
“insuffisance hépatique, sans précision” becomes
“insuffisance hépatique”.

e Strip diacritics from accented characters, e.g.,

“insuffisance hépatique” becomes “insuffisance
hepatique”.

4Store RDF Triplestore

" \j
Ontologies & Redis Annotator Cache

A\
IE Mgrep Dictionary
@Mgrep Concep

Fig. 2 NCBO and SIFR Annotator(s) core components

nnotator {API

”
=
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e Separate individual clauses from conjunctive
sentences (split on by coordinating conjunctions),
e.g., “absence congénitale de la vessie et de 'urétre”
becomes “absence congénitale de la vessie” and
“absence congénitale de l'urétre”.

e Normalize punctuation (replace by spaces).

e Remove parenthesized or bracketed precisions, e.g.,
“myopathie myotubulaire (centro-nucléaire)”
becomes “myopathie myotubulaire”.

Our experiments have shown that recall increases with
such heuristics, while precision decreases. Given that split-
ting labels increases noise, the heuristics are currently
deactivated by default. For example, the dictionary entry:

77366455283 Troubles généraux et anomalies au
site d'administration

Would be split as follows after the application of the
heuristics:

77366455283 Troubles généraux au site
d'administration
77366455283 anomalies au site d'administration

Possibly generating false positive annotations.

The NCBO Annotator is developed and maintained by
the NCBO and does not easily support quick add-ons.
To extend the original Annotator’s architecture without
modifying the original application, we developed a proxy
web service that can run independently and extend the
service by pre-processing inputs and post-processing
outputs, as we will discuss further in Section
“Generalization to the any NCBO-like Annotator”.
Figure 3 describes the extended SIFR Annotator work-
flow, where the blue frame represents the core compo-
nents from Fig. 2. The main steps of the workflow are
described in more detail hereafter.

Text/query preprocessing

When a query is sent to the SIFR Annotator, it first per-
forms some preprocessing on the parameters to imple-
ment some of the extended features e.g., lemmatizing
the text. At this stage, some parameters are intercepted
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and others are rewritten to be forwarded. For example,
Semantic Groups are expanded into appropriate Seman-
tic Types that are then handled by the original core An-
notator components. For instance, to annotate the text
“diagnostic de cancer du sein précoce” with MeSH and
Meddra and with concepts belonging to the ‘disorders’
Semantic Group, one will make the following request to
SIFR Annotator:

text = “diagnostic de cancer du sein précoce”
ontologies = “MSHFRE,MDRFRE”
semantic_groups = DISO."

During this step, the latest parameter will be trans-
formed into a list of Semantic Types (T020,T190,
T049,T019,T047,T050,T033,T037,T048,T191,T046,-
T184) for “disorder” that are handled by the original
annotator web service (described hereafter).

Core annotator components
At this step the original core components inherited from
the NCBO technology are called:

e Concept recognition. The text is first passed to the
concept recognizer, by default Mgrep, along with the
previously generated dictionary. Mgrep, returns an
annotation with the following information: concept
identifier and the substring of the text corresponding
to the matched token with its start-end offsets (from
the beginning of the text in number of characters).
The Annotator then retrieves the information
(particularly URIs) of each annotating concept in
the Solr index in order to generate a significant
response to the users. Concept recognition can
be parameterized with:

O match_longest_only = true. Keeps the longest
annotation spans, among overlapping annotations.
For example, if we annotate “cancer du sein”, this
parameter will discard the individual “sein” and
“cancer” annotations.

O match_partial_words = true. Enables matching
concepts that correspond to substrings in tokens.
For example, for the text “systéme

NCBO Annotator API
CONCEPT RECOGNITION

Text/Query Preprocessing

API EXTENSION
SEM. GROUP EXPANSION
LEMMATIZATION (BETA)

......)
SEMANTIC EXPANSION

Output Generators
BRAT
RDF
XML
JSON-LD

Annotation Postprocessing

SCORER
CONTEXT
DISAMBIGUATION

Fig. 3 Proxy service architecture implementing the SIFR Annotator extended workflow. During preprocessing, parameters are handled and text
can be lemmatized, before both are sent to the core annotator components. During annotation postprocessing, scoring and context detection
are performed. Subsequently, the output is serialized to the requested format




Tchechmedjiev et al. BVIC Bioinformatics (2018) 19:405

cardiovasculaire”, we would match the concept
“vasculaire” when this option is enabled.
Other secondary parameters are available (e.g., stop
words, minimum token length, inclusion/exclusion
of synonyms).*?

e Annotation filtering. The SIFR Annotator can filter
annotations by UMLS Semantic Types and UMLS
Semantic Groups for resources with concepts
enriched with such information; typically, those
from the UMLS group.

O semantic_types = [list_of _TUIs],

semantic_groups = [list_of _SemGroups
For instance, a pharmacogenomics researcher doing
a study, may restrict the annotations to the types
‘disorders” and ‘chemicals & drugs’ to investigate the
effect of adverse drug reactions.

e Semantic expansion. Direct annotations identified
within the text are then expanded using the
hierarchical structure of ontologies as well as
mappings between them. For example: an is-a transi-
tive closure component traverses an ontology
parent-child hierarchy to create new annotations
with parent concepts. For instance, if a text is anno-
tated with a concept from HRDO, such as méla-
nome, this component generates a new annotation
with the term Tumeur/néoplastie, because HRDO
provides the knowledge that a melanoma is a kind of
neoplasm/tumor. Similarly, the mapping component
will create additional annotations with ontology con-
cepts mapped to the previously matched annotating
concepts. This functionality allows to “expand” the
lexical coverage of an ontology by using alignments
with more lexically rich ontologies. Or it enables the
SIFR Annotator to use the semantics of other ontol-
ogies while returning annotations with solely the
user selected target ontologies. For instance:
?text=Néoplasme malin_&longest_only=true
&expand_mappings=true
&expand_class_hierarchy=true
&class_hierarchy_max_level=1

]14-

In this example, “Néoplasme malin” directly matches
only in SNMIFRE, however the SNMIFRE concept maps
to 7 other ontologies through mappings (CUI mappings
from UMLS and user-contributed mappings). This
means that if we need to use, for instance, MeSH
(MSHEFRE) as an annotation target, the mappings will
enable us to perform concept recognition with the full
richness of the labels of equivalent concepts through
said mappings, while returning only annotations with
MeSH concepts to the user.

The UMLS Metathesaurus, for some resources such as
MeSH is a de-facto multilingual pivot that allows
expanding annotations with concepts across languages.
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As with any multilingual pivot structure, care must be
taken when dealing with ambiguous multilingual labels
that may be an important source of noise.

Annotation Postprocessing

Annotations resulting from concept recognition and se-
mantic expansion are post-processed —expanded, filter or
enriched. Clinical context detection and scoring are two
examples of annotation enrichment, while score-threshold
and Semantic Group filtering are examples of filtering
operations.

e Scoring. When doing ontology-based indexing, the
scoring and ranking of the results become crucial to
distinguish the most relevant annotations within the
input text. For instance, one may assume a term
repeated several times will be of higher importance.
Higher scores reflect more important or relevant
annotations. However, this feature is not included in
the NCBO Annotator.'” In the SIFR Annotator, we
have implemented and evaluated a new scoring
method allowing to rank the annotations and
enabling to use such scores for better indexing of
the annotated data. By using a natural language
processing-based term extraction measure, called
C-Value [63], we were able to offer three relevant
scoring algorithms which use frequencies of the
matches and positively discriminate multi-words
term annotations. This work is reported and
evaluated in Melzi et al. [63]. We also
implemented a thresholding feature that allows
to prune annotations based on absolute or
relative score values'®:

O score = [cvalue, cvalueh, old] allows to select
the scoring method.

O score_threshold = [0-9] + sets an absolute
score cut-off threshold. Annotations with lower
scores are discarded.

O confidence_threshold = [0..100] sets a relative
cut-off threshold on the score density function for
the distribution of annotation scores returned by
the annotator.

o Clinical context detection. When annotating clinical
text, the context of the annotated clinical conditions
is crucial: Distinguishing between affirmed and
negated conditions (e.g., “no sign of cancer”);
whether a condition pertains to the patient or to
others (e.g., family members); or temporality (is a
condition recent or historical or hypothetical).
NegEx/ConText, is one of the best performing and
fastest (open-source) algorithms for clinical context
detection in English medical text [64, 65]. NegEx/
ConText is based on lexical cues (trigger terms)
that modify the default status of medical conditions
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appearing in their scope. For instance, by default the
system considers a condition affirmed, and marks it
as negated only if it appears under the scope of a
negation trigger term. Each trigger term has a pre-
defined scope either forward (e.g., “denies”) or
backward (e.g., “is ruled out”), which ends by a colon
or a termination term (e.g., “but”). Although an
implementation of NegEx was available for French
[66], we extended it to the complete ConText
algorithm by methodologically translating and
expanding the required trigger terms. We integrated
NegEx/ConText in SIFR Annotator, which is now a
unique open ontology-based annotation service that
both recognize ontology concepts and contextualize
them. This work is reported and evaluated in detail
in Abdaoui-et-al.; however, we briefly report per-
formance evaluation in Section “Clinical Context
Detection Evaluation”. Here is an example where all
three context features are enabled:

?text=Le patient n'a pas le cancer, mais son pére a des
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extending it through an intermediary web-service. The
advantage of such an architecture is that a proxy in-
stance can be seamlessly pointed to any running BioPor-
tal instance. We have set-up this technology to port new
features to the original BioPortal service and offer an
NCBO Annotator+ [14] and to the AgroPortal [26].
Hereafter is an example of an annotation request on an
English sentence sent to the NCBO Annotator+ using
the extended features enabled by the proxy architecture:

http://services.bioportal.lirmm.fr/ncbo_annotatorplus/
?text=The patient has no sign of melanoma but his
father had history of skin cancer.

&ontologies=MESH

&longest_only=true

&negation=true

&experiencer=true

&temporality=true

&score=cvalue

&semantic_groups=DISO

antécédents de mélanome
&negation=true
&experiencer=true
&temporality=true
&semantic_groups=DISO

Output generators
Finally, the workflow generates the final JSON-LD out-
put or converts it to different formats (e.g, BRAT).
NCBO Annotator supports JSON-LD and XML outputs,
but while JSON-LD is a recognized format, it is not suf-
ficient for many annotation benchmarks and tasks, espe-
cially in the semantic web and natural language
communities. SIFR Annotator adds support for standard
linguistic annotation formats for annotation (BRAT and
RDF) and task-specific output formats (e.g., CLEF
eHealth/Quaero). The new output formats allow us to
produce outputs compatible with evaluation campaigns
and in turn to evaluate the SIFR Annotator. Moreover,
they enable interoperability with various existing annota-
tion standards.

For instance, in order to generate the output for the
Quaero evaluation, one may use:

?text:cancer_du_poumon
&semantic_groups=DISO

&format=quaero

Generalization to the any NCBO-like annotator

In order to generalize the features developed for French
in the SIFR BioPortal to annotators in other BioPortal
appliences, we have adopted a proxy'” architecture (pre-
sented previously), that allows the implementation of
features on top of the original REST API, thereby

Results and evaluation

In this section we shall present and analyze our evalu-
ation of SIFR Annotator on three tasks. The first is bio-
medical named entity recognition and normalization
(using the Quaero corpus from CLEF eHealth 2015), the
second is ICD-10 diagnostic coding of death certificates
(using the CépiDC corpus from CLEF eHealth 2017)
and the third is a summary of the evaluation for the con-
text detection features of SIFR Annotator (negation,
temporality, experiencer). We evaluate each feature in-
dependently: the purpose of the two first evaluations is
to gauge how the SIFR Annotator performs for concept
recognition; while the third evaluation assess the accur-
acy of our French adaptation of ConText.

Annotation of MEDLINE titles and EMEA notices with
UMLS concepts and semantic groups

As discussed in Section “Annotation Tools for French
Biomedical Data”, the only French biomedical named
entity recognition openly available corpora come from
the CLEF eHealth information extraction tasks. The
CLEF eHealth NER tasks from 2015 and 2016 tasks are
based on subsets of the Quaero corpus [15]. We evaluate
the ability of SIFR Annotator to identify entities and an-
notate them with UMLS Semantic Groups (Plain Entity
Recognition or PER evaluation) and CUIs (Normalized
Entity Recognition or NER evaluation) on the subset of
the Quaero corpus comparable to the results of CLEF
eHealth 2015 Task 1 (training corpus in Quaero).

Figure 4 illustrates the objective of the PER evaluation
task and Fig. 5 that of the NER evaluation tasks (and
their score calculation). The example is an actual sample
from the results produced by SIFR Annotator and
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Fig. 4 lllustration of the PER annotation task and the score computation. Entities in PER are identified by their character offsets (begin and end

from the start of the text) and by their UMLS Semantic Group

illustrates some of the limitations of the evaluation.
In Plain Entity Recognition, some entities are not
contained in the semantic resources of the SIFR Bio-
Portal (dilution), some entities are recognized prop-
erly, but are categorized in a different Semantic
Group due to ambiguity (for “solution”, both classifi-
cations (CHEM, OBJC) are often correct but the gold
standard keeps only one), some entities are recog-
nized by SIFR Annotator but are not contained in the
gold standard (although they could or should like,“so-
lution de chlorure de sodium” in the example, which
is the longest possible match).

For the normalized entity annotation with CUIs, if
the entity and its Semantic Group are wrong, a false
positive is generated, even if the CUI is actually cor-
rect (e.g., “solution” C1282100). Which is likely to
lead to overall reductions in precision compared with
the PER evaluation.

Additionally, the SIFR Annotator may identify several
valid CUIs, although the gold standard always expects a
single one (non-exhaustive annotation). For example, the
software annotates “chlorure de sodium” with C0037494
and C0445115. The former is what the gold standard ex-
pects, the CUI for the chemical solution, while the latter
is the CUI for the pharmaceutical preparation (normal
saline), which is a correct answer that counts as a false
positive.

Construction Biases & Production of the adapted Quaero
Corpus

As previously mentioned, one important bias of Quaero,
is that it uses UMLS meta-concepts identified by CUIs
irrespective of whether or not a French label exists in
the UMLS. We have seen that this had a strong influ-
ence on the results and constitutes and advantage for
systems using machine translation (ERASMUS in
particular).

By reconciling UMLS concepts and Semantic Type in-
formation inside the French terminologies offered by
CISMeF [55], we have mitigated this issue by greatly ex-
tending the coverage of the “French UMLS”; but the
problem still remains.

Because the SIFR Annotator does not use machine
translation, in order to obtain a fairer and more signifi-
cant evaluation, we produced a pruned version of the
Quaero gold-standard by filtering out all manual annota-
tions made with CUIs for which there are no French la-
bels in any of the 10 ontologies of the UMLS group in
SIFR BioPortal. If all CUIs for a text span are removed,
then the whole annotation is removed from the corpus.
Table 2 presents the statistics of the original corpus
compared to that of the adapted corpus. The script used
to generate the subset of the corpus along with the list
of CUIs used for the filtering will be made available on
github.

P=3/(3+
.FN =2-.

sz"

2):60%|R= /(2+3)=60% | F1= 60%
CHEM

OBJC

Fig. 5 lllustration of the NER annotation task and the score computation. In NER, we annotate entities found in PER with one or more CUls
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Table 2 Number of CUIs expected between the gold standard
annotations in the Quaero corpus and the adapted Quaero
corpus

Quaero Adapted Quaero

EMEA Dev  MEDLINE Dev  EMEA Dev  MEDLINE Dev
CUls (unig.) 2261 (526) 2978 (1843) 1733 (425) 2465 (1477)

EMEA Test  MEDLINE Test ~ EMEA Test ~ MEDLINE Test
CUIs (unig.) 2203 (474) 3093 (1907) 1710 (388) 2606 (1544)

EMEA Train  MEDLINE Train  EMEA Train  MEDLINE Train
CUls (unig.) 2695 (651) 2995 (1861) 2279 (541) 2491 (1488)

For the uniq. Statistic, only the first occurrence of a CUl is counted. In
MEDLINE, each document is a title of 10-15 word forms on average, while
EMEA documents are full notices with several hundred word forms each

Experimental Protocol & Parameters Tuning

We now present the experimental protocol used for the
evaluation of SIFR Annotator on the EMEA and MED-
LINE sub corpora of Quaero (original and adapted) on
both the Plain Entity Recognition [PER] and the Normal-
ized Entity Recognition [NER] annotations tasks, along
with a description of the parameter tuning process. We
present the baseline annotation setting along with two
post-annotation disambiguation heuristics.

In the baseline setting, we used the “quaero” output
format of the SIFR Annotator which produces a BRAT
output format compliant with the evaluation scripts for
the task. The parameters of SIFR Annotator used for the
baseline annotation were the following:

e match_longest_only = false as the gold dataset
annotates both multi-word terms and their
constituents.

e match_patial_words = false as there are no such
annotations possible in this task.

e negation = false, temporality = false, experiencer = false
as the tasks does not require contextual annotations.

e semantic_groups = {}, semantic_types = {}, as all
Semantic Types are found in the gold annotations.

e We used all the 10 terminologies in the UMLS
group within the SIFR BioPortal.

Depending on the type of text we are annotating, using all
10 UMLS terminologies may not be ideal as some may not
correspond to the data and thus create annotation noise (false
positives). In the present evaluation, the EMEA and MED-
LINE sub corpora contain very different types of text (citation
titles vs. drug notices), which justifies the need of finding the
best subset of ontologies. To that end, we performed a grid
search over all combinations of terminologies (we evaluated a

total of 33, (®) = 1023 combinations) by scoring the result-
ing annotations on each of the dev sub-corpora.'®

Once the optimal combination is found for both
MEDLINE and EMEA, we evaluated the performance of
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the baseline annotation and of two post-annotation dis-
ambiguation heuristics on the test and training corpora
for both the original Quaero corpus and the adapted
Quaero corpus. We report on the actual values of the
optimal target ontology lists prior to the evaluation re-
sults in the next section.

Because the Quaero corpus was constructed consider-
ing the UMLS Metathesaurus as a unique semantic re-
source and given that the nature of the SIFR Annotator
is to consider UMLS as a group of 10 terminologies, we
can already predict a shortcoming of SIFR Annotator
with regard to task performance. In UMLS, one concept
from a particular source, may be tagged with more than
one CUI and consequently to more than one Semantic
Group, inevitably creating ambiguities when multiple
sources are used together. This is a well-known con-
straint/limitation when using UMLS [23]. Most of the 10
UMLS source terminologies in SIFR BioPortal have con-
cepts with multiple Semantic Groups and/or CUIs,
whereas Quaero gold standard annotations used only
one, which will predictably lead to an ambiguity prob-
lem. Additionally, given that an entity and its Semantic
Group must be correct in PER before the CUI annota-
tion in NER is counted as correct (as shown at the
beginning of Section “Error Analysis”), we expect a de-
crease in precision, while recall should stay the same be-
tween PER and NER, similarly to all systems participating
in CLEF eHealth 2015 Task 1 [Hypothesis 1].

Additionally, we can expect SIFR Annotator to perform
better in terms of recall on the adapted Quaero corpus
and thus a higher overall F1 score [Hypothesis 2].

Disambiguation heuristics

One way of mitigating the effect of the hypothesized
compound effect of the ambiguity is to attempt to find a
heuristic that avoids the ambiguity altogether at the po-
tential expense of either precision or recall. We evalu-
ated two heuristics:

e [DAA - Discard Ambiguous Annotations] If we
favor precision over recall, then a strategy is to
remove ambiguity altogether by discarding any
annotations belonging to several Semantic Groups.
This strategy will likely reduce recall as some of the
discarded annotations could be true positives
[Hypothesis 3].

e [DBP - Distribution Based Prioritization] If we favor
recall over precision, then another strategy is to
disambiguate the Semantic Groups by keeping the
most likely group as estimated with regards to the
development corpus. In other words, we learn a
frequency-based ranking of Semantic Groups and
always keep only the best ranking Semantic Group.
Statistically, in many cases as far as word sense
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disambiguation is concerned, the most frequent
sense of a word is correct a majority of times
depending on the degree of ambiguity. The most
frequent sense heuristic is typically used as a
strong baseline in word sense disambiguation
studies [67, 68]. Although in the case of Semantic
Groups, the frequencies are not contextualized
and thus will not impact as well as in a typical
word sense disambiguation task, we expect some
improvement in precision for PER and NER
[Hypothesis 4].

Results
First, optimal parameters for both EMEA and MEDLINE
are:

e Set of ontologies. This parameter is independent
from the DAA and DBP heuristics.

e Ranking of Semantic Groups based on their
frequency distribution in the development corpus
(DBP heuristic).

Both parameters remain the same for the baseline on
the full and adapted corpora.

Table 3 summarizes the optimal values of the parame-
ters estimated on the Quaero development corpus.

We then ran the annotation for PER and NER, on
EMEA and MEDLINE on the full and adapted Quaero
training corpora with the baseline setting and with the
two heuristics. Table 4 summarizes the results in terms
of Precision (P), Recall (R), F1 measure, and provides the
average and median values for other CLEF eHealth 2015
Task 1 participants to which we may compare our
results.

PER evaluation The baseline approach for PER obtains
slightly better results (F1 =57.2%) on the EMEA corpus
compared to MEDLINE (F1 = 52,9%) which can probably
be explained by the fact that each title in MEDLINE per-
tains to a broad range of medical topics whereas EMEA
is only about medication notices. The former necessarily
offers a more diverse distribution of Semantic Groups,
which is more difficult to identify.

The DAA heuristic does not consistently lead to better
results than the baseline. For EMEA, the performance is
lower than the baseline (-5.7%P, —0.1%R, - 2.4%F1),
while for MEDLINE, it significantly improves the

Table 3 Estimated optimal parameters
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baseline results (+ 9.1%P, + 0%R, + 4%F1). This seems to
invalidate Hypothesis 3, as recall is unaffected. In
EMEA, where there is less ambiguity, the heuristics tend
to delete annotations where there was at least one cor-
rect Semantic Group annotation, which leads to lower
precision, while for MEDLINE, it is more likely to delete
annotations where none of the Semantic Groups are cor-
rect. With the DBP heuristic, there is a consistent in-
crease in both P and R across EMEA (+ 6.8%P, + 4.5%R,
+54%F1) and MEDLINE (+7.2%P, +5%R, +6%F1),
which validated Hypothesis 4, although there is also a re-
liable increase in recall.

Compared to CLEF eHealth 2015 Task 1 participants,
on the EMEA sub-task, our system, in its best configur-
ation, would rank 4th with regard to participating sys-
tems (-4.3% compared to the system ranked right
before and + 8.5% ahead of the following system) behind
ERASMUS, IHS-RD and Watchdogs. Among those sys-
tems, the two with which we are methodologically com-
parable, ERASMUS and Watchdogs, both used some
kind of machine translation approaches. IHS-RD (as well
as the system right after ours) used supervised machine
learning.

On the MEDLINE sub-task, SIFR Annotator would
rank 2nd with regard to participating systems, only be-
hind ERASMUS (+7.3%), but before IHS-RD (- 6.5%)
and Watchdogs. This can be explained by the fact that
MEDLINE has a set of more diverse expected Semantic
Group annotations, while EMEA mostly contains CHEM
and DISO, which means the entropy of the Semantic
Group distribution is higher, which makes it more diffi-
cult to use a supervised machine learning. ERASMUS
and SIFR Annotator being knowledge-based, they suffer
much less from the increased entropy of the expected
Semantic Group distribution. The advance of ERASMUS
can mainly be explained by a richer dictionary enabled
by the translation approach.

NER evaluation As expected, due to the added difficulty
of the NER task compared to PER, annotation perform-
ance is significantly lower. The drop (between —16.9%
F1 and 23.2% F1) is similar on average for all participat-
ing systems, which validates Hypothesis 1.

The relative effect of DAA and DBP is the same in
PER and in NER, meaning that the ranking between the
baseline and the two heuristics remains the same in
NER than it was in PER.

EMEA

MEDLINE

Optimal set of ontologies
CIF, ATCFRE

Frequency ranking for Semantic

Groups for DBP heuristic GEOG, DEVI, PHEN

MSHFRE, CIM-10, MDRFRE, SNMIFRE, CISP-2,

CHEM, DISO, LIVB, PROC, ANAT, PHYS, OBJC,

MSHFRE, MDRFRE, SNMIFRE, MEDLINE+, CIF,
CISP-2, ATCFRE

DISO, PROC, ANAT, CHEM, LIVB, PHYS, DEVI,
PHEN,GEOG, OBJC
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Table 4 Results on the Quaero Training for PER and NER
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Plain Entity Recognition [PER]

Normalized Entity Recognition [NER]

P R F1 P R F1 P R F1 P R F1
EMEA EMEA adapted EMEA EMEA adapted
BSL 64.0 51.7 57.2 63.1 59.3 61.2 49.8 309 378 486 35.1 40.8
DAA 583 516 54.8 57.5 59.3 584 45.0 30.7 36.2 44.0 34.8 388
DBP 70.8 56.2 62.6 69.2 64.0 66.7 54.21 31.0 39.4 54.1 35.36 42.8
Avg. 587 473 511 Not Available 333 46.0 347 Not Available
Med. 731 559 61.3 19.1 56.5 25.2
MEDLINE MEDLINE adapted MEDLINE MEDLINE adapted
BSL 575 49.0 529 552 558 555 44.0 30.5 36.0 438 355 39.2
DAA 67.9 49.0 56.9 62.2 558 60.2 52.9 30.5 38.7 52.7 355 42.4
DBP 64.7 54.0 58.9 62.0 61.1 61.5 495 304 376 49.25 354 412
Avg. 533 396 440 Not Available 321 46.1 340 Not Available
Med. 64.9 40.0 487 29.5 59.0 22.8

Evaluation on both the EMEA and MEDLINE sub corpora for the original Quaero corpus and our adapted Quaero corpus. For the original corpora, we report on the
average and median results of the systems participating in CLEF eHealth 2015 Task 1. Values in bold correspond to the best results in each category

For EMEA, the DBP heuristic performs best (39.4% F1),
while for MEDLINE, DAA performs best (42.4% F1) due
to a reduction in precision. This effect is understandable
as the heuristics affect only the Semantic Group annota-
tions and do not influence the FP and FN ratio in NER.

With regard to the ranking in CLEF eHealth 2015 Task
1, fewer systems participated. Without explanation, the
IHS-RD system that outperformed us on EMEA in PER,
completely fails to annotate with CUIs with a F1 score of
less than 1%. We rank second after the ERASMUS system
(- 25%) by far, however, SIFR Annotator is also much bet-
ter than the other systems. Only HIT-W1 gets a F1 score
above 1%, but SIFR Annotator is significantly ahead with
+17.6% (Supervised CRF with an UMLS sense inventory).
The failure of supervised systems that did not use UMLS
as a sense inventory is normal, given the small amount of
training data compared to the millions of possible CUI an-
notation from UMLS and the label ambiguity. ERASMUS
and SIFR Annotator do not suffer from this drawback.
Despite the translation aspect, the better performance of
ERASMUS is due to their superior coverage in PER but
also because they annotate with UMLS CUIs directly as a
target, while SIFR Annotator annotates with source con-
cepts that are more ambiguous with regard to CUIs (we
annotate many CUIs, while ERASMUS annotates only
one as the task expects).

Evaluation with the adapted Quaero corpus The over-
all effect of the adapted Quaero corpus on the re-
sults of the PER task is to slightly lower precision
and significantly increased recall, which increases the
F1 score, on average by +3.9% on EMEA and by +
2.8% on MEDLINE. The overall effect on the NER

task is similar but with a lower magnitude of change.
The relative effects of the heuristics remain un-
changed for both PER and NER. The adaptation of
the corpus mostly has the expected effect of increas-
ing the recall and thus the F1 score by a few points
(Hypothesis 2). The decrease in precision indicates
that on average the entities kept in the adapted
corpus are more ambiguous in terms of CUIs com-
pared to the full corpus. If we could evaluate all par-
ticipating systems on the adapted corpus, we would
expect that it does not affect the performance of
translation-based systems, while there would be a
consistent increase in the recall of systems that do
not rely on translation approaches. This would likely
bridge much of the gap with ERASMUS, while likely
remaining second.

Annotation of death certificates with ICD-10 codes

The objective of CLEF eHealth 2017 Task 2 [69] is to an-
notate death certificates with ICD-10 codes both in
French and in American English. We chose to participate
in the task in order to evaluate the performance of SIFR
Annotator for French and the NCBO Annotator for Eng-
lish. Here, we only present the results for the French cor-
pus and point to the system paper [50] for additional
details. Let us first describe the task and the French cor-
pus, followed by a presentation of the additional semantic
sources used (SKOS dictionary) and of the algorithm that
maps concept ICD-10 concept URLs to ICD codes.

Task and Corpus description
A corpus of French death certificates from CépiDC was
provided: a training corpus of 65,844 documents and
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195,204 lines,'® a development corpus of 27,851 docu-
ment and 80,900 lines and a test corpus of 31,683 docu-
ments and 91,954 lines. The corpora are digitized versions
of actual death certificates filled in by clinicians. Although
the punctuation is not always correct or present, in the
corpus, each document is already segmented in lines (as
per the standard international death certificate model)
which for the most part only contain single sentences.

The French corpus was provided in both an aligned
and a raw format. We only report on the performance
for the aligned corpus as our approach leads to similar
results for both. The raw format provides two files, a
CausesBrutes file and an Ident file. The former contains
semicolon separated values for the Document identifier
(DocID), the year the certificated was coded (Year-
Coded), the line identifier (LineID), the raw text as it ap-
pears in the certificate (RawText), an interval type
during which the condition occurred (IntType - seconds,
minutes, hours, weeks, years) and an interval value
(IntValue). The Ident file contains a document identifier,
the year the certificate was coded, the gender of the per-
son, the code for the primary cause of death, the age
and the location of death. Here is an example:

DocID ; YearCoded; LineID; RawText; IntType;
IntValue

161477; 2014 ; 1 ; INSUFFISANCE RESPIRATOIRE
AIGUE; 3; 5

161477; 2014 ; 2 ; PNEUMOPATHIE D
INHALATION; 3; 5

161477; 2014 ; 5 ; PSYCHOSE
CHRONIQUE;NULL;NULL

DocID; YearCoded; Gender; Age; LocationOfDeath
93715; 2014 ; 2 ; 80; 2

The performance on the task was reported as Preci-
sion, Recall and F1 score for the whole corpus and for
the sub-corpus of deaths from external causes (a subset
of ICD-10 codes), which are much harder to determine
automatically. The baseline system produced by the or-
ganizers used conditional code frequencies estimated
from the training data to select the most likely code for
a death certificate line.

Dictionary construction

SIFR BioPortal already contained the French ICD-10*°
(CIM-10) reference terminology. This OWL version was
originally produced by the CISMeF team from an auto-
matic export from the HeTOP server [32]. However, the
purpose of ICD-10 is to serve as a general-purpose
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reference to code medical acts, and not to be directly
used for text annotation and, especially not in a particu-
lar clinical task such as death certificate coding. Indeed,
from our experiments, using the original CIM-10 alone
for annotation leads to a F1 score below 10%.

For the French corpus, a set of dictionaries was provided
by CépiDC that give a standardized description text of
each of the codes that appear in the corpora. Additionally,
the data from the aligned training and development cor-
pora could also be used to enrich the lexical terms of
ICD-10. In order to use these dictionaries within the SIFR
Annotator, we had to encode them using a format ac-
cepted by SIFR BioPortal, which includes RDFS, OWL,
SKOS, OBO or RRF (UMLS format). In this case, the ideal
choice in terms of standardization, potential reusability
and simplicity was to use SKOS (Simple Knowledge
Organization System) a W3C Recommendation special-
ized for vocabularies and thesaurus. Thus, we produced a
SKOS dictionary called CIM-10 DC based on the French
dictionaries and aligned corpus.*!

We set out in this construction process by first defin-
ing the appropriate schema to represent the SKOS dic-
tionaries. We chose to use the same URIs as concepts
identifiers for the skos:Concept than for the correspond-
ing owl:Class in the available CIM-10 terminology,
which allows our dictionaries to be fully aligned with the
original terminologies they enrich (from the perspective
of ontology alignment). Each of the CIM-10 codes was
represented by a skos:Concept. The URIs are composed
of a base URI and a class identifier that represents the
CIM-10 codes, in the following format: “[A-Z][0-9][0—
9)\.2[0-9]?” (e.g., G12.1 or A10).**

We first built a code index, that associated to each
code to the list of labels retrieved from the Diagno-
sisText field in the dictionary; and then add text
from the RawText and StandardText fields from the
corpus (associated to codes through the ICD-10 field
in the corpus file). For each code concept, the
CépiDC dictionaries contained multiple labels. In
order to follow SKOS specification, we had to select
a preferred name automatically (skos:prefLabel) and
assign the other labels as alternative labels (skos:al-
tLabel), which has no consequence for annotation.
The selection heuristic took the shortest label that
does not contain three or more consecutive capital
letter (likely an acronym).

An important issue when building the SKOS dictionar-
ies was to assign ambiguous labels (i.e., identical labels
which correspond to different codes). Indeed, those la-
bels create ambiguity in the annotations and leads to
better recall at the price of a low precision. For example,
the label “choc septique” was present as preferred label
or synonyms for 58 different codes. Our “ontological”
approach posits that the same label should not be
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assigned to the same label, and yet ICD codes are not
ontology concepts, but diagnostic codes, which shows a
limit of semantic annotation approaches for such tasks,
as opposed to machine learning systems that do not suf-
fer from the same drawback.

We had to implement a selection heuristic to de-
termine the most suitable code to which the label
should be bound. Taking inspiration from the idea of
the most frequent sense baseline often used in Word
Sense Disambiguation tasks, we adopted a heuristic
that assigns ambiguous labels to the most frequent
code only (just like in the first evaluation). We use
the training corpus to estimate the frequencies of
use of the codes (gold standard annotations) so that
when a label can belong to several codes, we can
sort the codes by frequency and chose the most fre-
quent code (MFC).

Mapping algorithm between concept URIs and ICD-10 codes
Given that we used the SIFR Annotator, besides manu-
ally curating the created SKOS dictionaries, the final
step to obtaining a working system for the task was to
write a complete workflow to**

1. Read the corpus in the raw or aligned formats;
Send the text to the SIFR Annotator REST API
with the right ontologies and annotation parameters
and retrieve the annotations produced;

3. Apply post-annotation heuristics to reduce
ambiguity;

4. Produce the output in the right raw or aligned
format.

We have used only the “RawText” information of both
the aligned and raw datasets. We did not use any other
information/features such as age or gender contained in
the files. The evaluation run performed the annotation
with the longest_only parameter activated on a local in-
stance of the SIFR Annotator with CIM-10 and the
SKOS dictionary we produced as target ontologies. We
implemented two post-annotation heuristics:

e Most Frequent Code. If a particular line was
annotated with several codes, we only keep the most
frequent code based on the code distribution of the
training corpus.

e Code Frequency Cutoff. We calculate a normalized
probability distribution of the codes that annotate a
particular line and only keep the codes below a
cumulative probability threshold.

However, both heuristics led to a stark reduction in re-
call without leading to a satisfactory increase in
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precision to compensate and thus ended up lowering the
overall F1 scores, which is why we did not activate them
for our participation in the task.

Results

13 runs have been submitted by 9 teams to the French
raw evaluation. Seven runs have been submitted by five
teams to the French aligned evaluation. Table 5 presents
the results obtained by our SIFR Annotator against the
average and median results of the runs submitted to the
evaluation task.

The SIFR Annotator results are exactly the median
value of all the results with the raw dataset, but slightly
under the median value for the aligned datasets (all
causes). Indeed, teams that have used other information
from the aligned dataset probably performed better than
the SIFR Annotator here. Regarding the external causes,
we obtain better precision and F1 than the average and
median results submitted to the challenge.

The other systems that participated on the French
Raw task can be divided in three categories: supervised
machine learning (TUC, LIMSI), information retrieval
models (IMS-UNIPD, LITL) and annotation approaches
(SIFR Annotator, SIBM, Mondeca). The official results
and ranking only include SIBM, LITL, SIFR Annotator
and TUC (with faulty submitted results). The unofficial
systems include LIMSI, UNIPD, TUC (corrected) and
Mondeca. The SIFR Annotator was ranked third on all
causes and second on external causes behind the SIBM
system. The SIBM system is significantly ahead (>20
+ %) as it is the only system to perform code disambigu-
ation. The difference with the second system (LITL) and
ours is only of +0.1%, hardly a significant difference.
Had LIMSI run officially with their supervised system,
they would have been first (82.5% F1), followed by SIBM
and then the corrected TUC system (between 66.6 and
66.7% F1) and UNIPD (between 44.1 and 53.7%).

The performance of SIFR Annotator is somewhat
lower than for a typical entity recognition task, because
of the significant ambiguity (the same label can corres-
pond to several different classes (here ICD-10 codes)
found in the dictionaries provided with the task and in
turn in our SKOS dictionary. This highlights that such a
focused and specific text mining task is most likely

Table 5 Results for ICD-10 coding of death certificates for the
French Raw Evaluation

All Causes External Causes

P R F1 P R F1
SIFR 54.1 48.0 509 443 36.7 40.1
Avg. 475 358 406 36.7 24.7 29.2
Med. 541 414 508 44.3 283 376

We present P, R, F1 on all causes (all ICD-10 codes) and on external causes
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better suited for machine learning approaches. However,
despite of their limitations, the NCBO and SIFR Anno-
tators obtained median results, respectively on French
and English, when compared to the performance of all
the participating systems. Therefore, considering the
other discussed advantages, we believe they are two ser-
vices that can help in a wide class of text mining or an-
notation problems, but of course not for all.

Clinical context detection evaluation

As described among the features of the SIFR Annotator,
there is a module for contextualizing annotations (Neg-
ation, Experiencer, Temporality) based on the ConText
algorithm [65]. We adapted the algorithm to French and
enriched existing translation efforts. We evaluated the
French ConText on a sub-corpus of death certificates
from the CLEF eHealth Task 1 corpus (6 sentences for
experiencer, 150 for temporality, 1030 for negation) and
on a clinical corpus from the European Hospital Georges
Pompidou (630 lines for experiencer, 475 lines for tem-
porality, and 400 lines for negation). French ConText
implementation & evaluation are described in another
communication; hereafter, we briefly summarize the
main results.**

We reported an evaluation of the SIFR Annotator with
F1 scores between 83.7 & 86.3% for negated concepts
(better by more than 5% of previously reported results
adpating NegEx to French), F1 88.9% and 91.7% for the
detection of historical entities and between 79.2 and
90.9% for concepts pertaining to an experiencer other
than the patient. The results are on-par with other
state-of-the-art approaches (NegEx for negation, ma-
chine learning, etc.), independently from the concept
recognition performance. Please consult the full evalu-
ation in the article for more details.

Discussion

In this section we discuss the results of the three evalua-
tions and explain some of the shortcomings of SIFR An-
notator by reviewing typical errors made in the
annotation process. Some of the limitations are
task-specific, while others are more general. We shall
then draw some perspectives for future improvements.

Error analysis

In order to further improve our open web-service, we
performed a detailed error analysis on the results of the
two evaluation tasks from CLEF eHealth so as to be able
to identify future direction for improvement. We
reviewed and categorized the main errors in terms of
False Positives and False negatives and give concrete ex-
amples from both tasks.
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PER annotation errors

We extracted a list of 50 random errors from the out-
puts on the full Quaero corpus and looked at their
causes in detail (Table 6).

Among the false positives, one of the most frequent
cause of errors is the production of annotations that
were not in the gold standard. Given that the creation of
the gold standard is subjective in terms of the entities
chosen to be annotated by the experts [15],%* such errors
are caused because of the exhaustive automatic annota-
tion performed, which is a positive characteristic for any
annotation system. Without medical expertise, by look-
ing at a subset of these annotations, we could obviously
conclude that many of them were not actual errors but
indeed missing annotations in the corpus. Such omis-
sions constitute a bias playing against knowledge-based
approaches, when the set of ontologies used to compile
the dictionary is richer than what human annotators
considered when building the gold standard. Conversely,
machine learning approaches, trained directly on a sub-
set of the annotated corpus will not encounter this prob-
lem, but on the other hand will not have the capability
of generalizing on unseen text.

The other frequent false positive error, is when SIFR
Annotator only annotates a concept partially i.e., anno-
tates the individual words with separate concepts, but
not the whole expected concept. The gold standard al-
ways annotates both multi-word terms and the individ-
ual constituents. The SIFR Annotator almost always get
the individual words right but not the multi-word terms.

In the example given in Table 5, the label “signes du
systéme nerveux central” (or a simplified/tokenized ver-
sion of it) does not exist in the French UMLS terminolo-
gies. The corresponding preferred label of actual
corresponding concept (matching Semantic Group and
CUI) is: “signes et symptomes divers du systéeme nerveux
central” which means that human expertise was required
to infer that the text corresponds to a broader concept,
which is very hard to reproduce for the SIFR Annotator.

Such errors could be remedied by enriching the ori-
ginal terminologies and ontologies (or the compiled dic-
tionary) with more alternative labels. As previously
mentioned in Section “Terminology/Ontology Acquisi-
tion”, we are already working on this but have observed
mitigated results where the gain in recall does not match
the loose in precision for the moment.

The third most common cause of false positives is an
incorrect Semantic Group annotation.”® For example, in
some instances, we annotated with DISO (Disease),
when it should be ANAT (Anatomy). Despite fixing
some incoherent Semantic Type assignments in the
source terminologies in the UMLS, the inevitable solu-
tion is to equip the SIFR Annotator with a multi-level
(class, UMLS concept, type, group) disambiguation
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Description

Example

% in EMEA (14

% in MEDLINE

FP & 36 FN) (15FP & 35 FN)
FP Annotation with a concept that was not "évaluant la douleur”/Proc. (i.e,, “pain evaluation”) matched 10 10
covered in the gold standard but not in gold standard.
Partial annotation on some but not all of  “sytéme nerveux central” recognized instead of “signes du 10 12
the expected tokens systéme nerveux central” (spelling)
Incorrect Semantic Group annotation “rein” (kidney) annotated with DISO. instead of ANAT. 8 8
Generates both an FP and an FN.
Concept missing from the French Expected annotation: “canaux” (canals), but the SIFR 34 12
ontologies in the portal Annotator dictionary only contains “canal, sai” (canal
unspecified), which cannot match
FN  Morphosyntactic variation Expected annotation “sériques” (an adjectivation of sérum) 18 26
as ANAT, whereas the ontology label is “sérum” (the noun).
Formulation different from concept labels  Expected annotation “flacon” (vial), while the ontology 14 22
(synonym, paraphrase) concept label read “bouteille” (bottle).
Incorrect Semantic Group “rein” (kidney) annotated with DISO instead of ANAT. 6 10
Generates both an FP and an FN.
Unrecognized acronym or medical The gold standard expects “SNM" to be annotated with DISO, 2 0

abbreviation
neuroleptiques”.

while the ontologies only contain “syndrome malin des

Performed on 50 uniformly sampled errors on EMEA and MEDLINE obtained with the baseline method. The two most common causes are highlighted in bold

module. More generally, beyond ambiguity related to
UMLS, the SIFR Annotator obviously suffers from ambi-
guity between the general usage of a word and its med-
ical usage (e.g., cold).

Among false negatives, one of the most common causes
of error is morphosyntactic variation (18%) or a different
formulation of the labels compared to the text (14%),
meaning variations of the word due to differing grammat-
ical roles (plurals, conjugations, etc.) or a different formula-
tion for complex concept labels. This limitation is inherent
to the concept recognizer, Mgrep, that does not deal with
such variations (see “canaux” example in Table 5). We are
exploring two possible solutions to the problem:

e We have developed a beta lemmatization feature
in the SIFR Annotator that is not yet properly
evaluated. However preliminary tests indicate that it
would fix morphosyntactic recognition errors
significantly.

e We are developing an alternate concept recognizer
robust to morphosyntactic variations and to
reformulation of complex expression (based on stem
indexing of the words of ontology labels and word-
embedding matching), although the operational
integration is not mature enough to permit a
production-level evaluation like we have gone here.

A common error producing false negatives (34%) is
the absence of a concept from the ontologies (with the
adequate Semantic Type and CUI), which is mitigated to
some extent with the adapted Quaero corpus as we re-
move CUIs that do not exist in French sources. In such

cases, knowledge-based approaches are indeed intrinsic-
ally limited by their ability to recognize only entities that
have been captured into knowledge inside ontologies or
terminologies first.

Among the less-frequent causes of false negatives, we
have ambiguous Semantic Group annotations that are
the main cause of incorrect Semantic Groups in false
positives already covered above. We thus come back to
the same idea of a multi-level disambiguation approach
as the best potential mitigation.

NER errors

Any of the PER errors above also lead to errors in the
NER task as per the construction of the task itself along
with additional errors caused by the finer grain
annotation:

e (E1) The expected CUIs are present in the SIFR
Annotator results, but there are additional CUI
annotations, which generates TPs for the expected
CUIs and FPs for the others.

e (E2) None of the CUI annotations match the
expected CUIs, which leads to TNs being generated
for the expected CUIs and FPs for the generated
CUI annotations.

At least one CUI was found for all entities identified
in PER. In EMEA, E1 corresponds to 40% errors and E2
corresponds to 60% of errors, while in MEDLINE, the
proportion is 50/50. In the case of E1, a disambiguation
of the multiple concepts returned by the SIFR Annotator
would be an effective solution to the problem, as
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previously mentioned for ambiguous Semantic Groups
annotations in PER. The main cause for E2 errors is that
the expert annotators did not annotate with all possible
CUIs but picked one CUI among many possibilities.
Therefore, the SIFR Annotator might return more spe-
cific or more general concept, which are not incorrect
but which result from different annotation perspectives.

Death certificate coding errors

Similarly, we sampled 200 false positives and false nega-

tives from the best runs of the SIFR Annotator on the

French aligned development dataset and proceeded to

manually determine the causes of the errors (Table 7).
The most frequent types of error are the following (see

examples in Table 7):

e (79%) Errors because of missing synonyms that
cannot be matched at a string-match level.

e (16%) Morphosyntactic or lexical variation (e.g.,
accent, dash, comma, spelling). The errors due to
morphosyntactic variation (and more general
concept annotation due to a partial match) have the
same cause that similar errors in the PER and NER
evaluations and their possible solutions are the
same: an alternative concept recognizer. The
mapping expansion mechanism in SIFR Annotator
could tackle such an issue, but there are very few
mappings to and from CIM-10 at the moment. All
phenomena that are common in reality but not
captured as synonyms by the source ontologies will
not be recognized properly.

e (2.5%) Annotations were made with a more specific
code (i.e., child in ICD-10 hierarchy) compared to
the gold standard, often because of a partial match
within a phrase.

e (2.5%) Errors caused by implicit semantic
information that requires medical knowledge to
identify. In both examples in Table 7, the code to
identify is very general and the text does not really
convey the coding explicitly; perhaps other fields in
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the data or in the knowledge of the experts helped
them to code this death certificate meaningfully.
This issue can hardly be remedied in the context of
the SIFR Annotator as it is a process at a higher
order of complexity than merely performing concept
annotations (complex semantic inference).

Limitations & future prospects
The purpose of the SIFR Annotator, and originally of the
NCBO Annotator [13, 24], was not to beat task-specific
state-of-the-art annotation systems. The goal was to
offer generic but quite accurate workflow directly con-
nected to their respective ontology repository. The con-
crete advantages of the services come from: (i) the size
and variety of their dictionaries coming from ontologies,
(ii) their availability as a web service that can be easily
included in any semantic indexing workflow, and finally
(iii) their adoption of a semantic web vision that strongly
encourages using dereferenceable URIs that can then be
reused to facilitate data integration and semantic inter-
operability. One should also note that the semantic expan-
sion step (which uses the mappings between ontologies
and the is_a hierarchies to generate additional annota-
tions) as well as the post-processing of the annotations
(which scores and contextualizes the annotations) are in-
teresting exclusive features that are evaluated neither with
the Quaero corpus nor in CLEF eHealth 2017 task 1.

That being said, the main limitations we can draw
from our evaluations and from the error analyses from
the perspective of annotation tasks are the following:

e The concept recognition component (Mgrep)
used in SIFR BioPortal is limited in some aspects
compared to current state-of-the-art, however, it
offers significant advantages in a few contexts.
Mgrep favors precision over recall and has been
shown to almost always outperform MetaMap [12].
Moreover, Mgrep is agnostic with regard to the
annotating resources, while many other systems are
coupled with the UMLS Metathesaurus only (e.g.,

Table 7 Most frequent SIFR Annotator errors for the death certificate coding task at CLEF eHealth 2017

Error Example Percent
Formulation different from synonym labels for expected “arrét respiratoire” (R09.2) not identified in “arrét cardio respiratoire” 79%
concept or "détresse cardiorespiratoire.”
Morphosyntactic variation "Arrét respiratoire” (R09.2) not identified in text “arrét réspiratore” due 16%

to incorrect diacritic.
Annotation with a more general code (higher in the “coma d'origine indéterminée et arrét respiratoire progressif’ matched 2.5%
concept hierarchy) with a more specific code, while the gold standard expects “arrét

respiratoire” (R09.2)
Correct annotation dependent of detecting implicit Code 110 "hypertension essentielle (primitive)” is hard to identify from 2.5%

semantic information

“TC suite a une chute avec épilepsie séquellaire et tr cognitifs” as
expected in the gold standard.

Code R68.8 “autres symptémes et signes généraux précisés” was not
identified within the text “atteinte polyviscérale diffuse.”
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MetaMap). Tools using more advanced NLP
techniques (fuzzy matching, syntactic analysis,
language model-based matching) can lead to equally
precise annotations with an increased recall, but at
the cost of execution speed. The main disadvantages
of Mgrep are: simple string matching; closed-source
and difficult to improve upon. Mgrep was chosen
regardless of limitations because precision is more
important than recall (for biomedical annotation)
and in a production setting, the speed of the
matching is of the utmost importance.”” Since we
cannot contribute to Mgrep, the best course of
action is the development of a new concept
recognition component. Such a development is
already underway and under active testing, for a
potential release date in late 2018.

e The ontological resources publicly available for
French are limited compared to resources for
English and much work may be done to release new
public ontologies and to engineer new ontologies for
domains not covered by existing resources. Even
since the inception of the SIFR project, this has been
a major goal and an active effort, much more is
needed. We are for instance collaborating with
pharmacologists to build a comprehensive and
legally recognized resource for medication and drugs
in French that is interoperable with international
ATC codes. We are also actively incorporating new
terminologies and ontologies in the SIFR BioPortal.
In the future we also plan to automatically enrich
any semantic resources in the repository with
Semantic Types using machine learning in order to
continue to offer annotations at different level of
granularity even for ontologies that have never been
integrated in the UMLS.

e The SIFR BioPortal is a multi-ontology approach
where all labels belong to a single dictionary, which
leads to annotation ambiguities at different
granularities (concepts, CUIs, Semantic Types or
Groups). The SIFR Annotator therefore requires a
multi-level disambiguation module, as previously
discussed.

Besides those limitations, the SIFR Annotator has sig-
nificant advantages that are not highlighted in the evalu-
ation tasks. One advantage is the ability to exploit the
hierarchy, to obtain an annotation of a text at different
levels of semantic granularity, which in turn can be effect-
ively exploited for indexing large amounts of biomedical
or clinical data. Annotations of terms with higher level
parents allows to capture a very broad thematic semantic
information, and can be exploited for text classification,
while more specific annotations can be used for general
purpose indexing or for knowledge extraction.
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Another advantage of SIFR BioPortal and Annotator is
the ability for users to contribute mappings between on-
tologies. Mappings correspond to explicit equivalence
relations between ontology concepts. The original BioPor-
tal infrastructure supports the loading of explicit map-
pings between ontologies contained in the repository but
also automatically generates mappings based on class la-
bels, URIs or CUIs. Those mappings can be used for an-
notation. For example, to annotate with one target
ontology (e.g., ICD-10 for diagnostic coding), while still
benefiting from the labels and alternative labels accessible
through mappings during the concept recognition phase.

SIFR BioPortal additionally supports interportal map-
pings that can refer to ontologies in NCBO-like ontology
repository. In previous work, we have reconciled and
uploaded in the SIFR BioPortal 228 K French/English
interportal mappings for UMLS ontologies between SIFR
and NCBO BioPortal [70]. In a multilingual context, in
the future we could, for instance, annotate French text
with English concepts (or vice versa) in order to gener-
ate comparable corpora indexes across languages (an in-
valuable resource for cross-lingual text mining and
information retrieval).

Adapting the BioPortal technology to Spanish is a pos-
sible future extension of the SIFR Annotator technology.
Not only does Spanish already have numerous medical
ontologies and terminologies, but the potential impact
for clinical text annotations that are interoperable be-
tween Spanish and English is extremely significant, espe-
cially in the context of the linguistic landscape in the
United States, where Spanish speaking communities are
an important demographic. As an example, such an
adaptation would allow English-speaking doctors to ac-
cess the essential information found in Spanish language
clinical health records, when treating Spanish speaking
patients. We are in the process of identifying relevant
partners to concretize such project.

Conclusions

We presented the development and evaluation of SIFR An-
notator, a semantic free-text annotation service for French
made available in the SIFR BioPortal ontology repository,
based on technology from NCBO BioPortal. We adapted
the technology for the French language and extended the
original features to be more suitable for multi-level annota-
tion of clinical text and other possible scenarios.

We have shown the SIFR Annotator web service is
comparable, in terms of quality and annotation perform-
ance to other knowledge-based annotation approaches
in the two presented tasks, although the task objectives
were not directly compatible with our annotation ap-
proach.”® We believe that SIFR Annotator can help in a
wide range of text mining or annotation problems, but
of course not universally. We also highlighted the
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shortcomings of our SIFR Annotator tool and proposed
some possible solutions for their mitigation in future
technical evolutions of the service.

Our work on SIFR Annotator, is not limited to French,
however, the technical efforts have mainly been focused
on decoupling the architecture from English and for
allowing an easy adaptation to other languages. Al-
though our target language is French, we have made
some of our new features also available for English [14]
and we believe our efforts and experience would facili-
tate deployment of new instance of BioPortal and its An-
notator in other language (especially roman language or
linguistically close to French/English) after minor config-
uration and adjustments. Such an adaptation does not
dispense from the gargantuan task of gathering and en-
gineering ontologies in other languages, but it gives a
platform to make the efforts meaningful.

SIER BioPortal has become the largest generic and open
—with publicly access resources, code and related data—
French-language biomedical ontology and terminology re-
pository in France. In turn, SIFR Annotator is today the
richest French language open annotator web service (com-
peting annotators are either not available or closed-source
online services). We are currently developing several part-
nerships in France to use SIFR Annotator within hospitals
(CHRU Nancy, George Pompidou European Hospital in
Paris) or for large-scale annotation efforts (e.g., to anno-
tate the corpus of course of the French national medicine
curriculum in the SIDES 3.0 project).

Availability and requirements

Project name: SIFR Annotator

Web application: http://bioportal.lirmm.fr/annotator
Project home page: http://www.lirmm.fr/sifr

Code repository: http://github.com/sifrproject

NCBO codebase: https://github.com/sifrproject/
ncbo_annotator

Proxy: https://github.com/sifrproject/annotators

Operating system(s): The Web application is platform
independent. An easy local deployment procedure is
available using Docker to process sensitive (e.g., clinical)
data in-house (https://github.com/sifrproject/docker--
compose-bioportal). This works on Linux.

Programming language: Ruby 2.3 (NCBO codebase) +
Java 8 (Proxy)

Other requirements: When deploying manually: Rails
4, Tomcat 8, Redis, Memcached, MySQL, Apache HTTP
Sever + Phusion passenger. When deploying with
Docker, a Linux system, Docker, Docker Compose.

License: Stanford NCBO code based is Licensed as
BSD-2. LIRMM’s modification to codebase and Proxy’s
implementation is open source (License not yet
determined).
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Endnotes

!Centre d’épidémiologie sur les causes médicales de
déces, Unité Inserm US10, (http://www.cepidc.inserm.fr)

2 Article currently under review (second round) in
Journal of Biomedical Informatics (JBI-17-745).

3NCBO BioPortal hosts some non-English ontologies,
most of the time (but not always) as “views” of their
English counterparts.

“The Resource Description Framework (RDF) is the
W3C language to described data. It is the backbone of
the semantic web. SPARQL is the corresponding query
language. By adopting RDF as the underlying format, an
ontology repository based on NCBO technology can eas-
ily make its data available as linked open data and query-
able through a public SPARQL endpoint. To illustrate
this, the reader may consult the Link Open Data cloud
diagram (http://lod-cloud.net) that since 2017 includes
ontologies imported from the NCBO BioPortal (most of
the Life Sciences section).

*www.bioontology.org/wiki/index.php/
Category:NCBO_Virtual_Appliance

®Not to be confused with the 28 terminologies in SIFR
BioPortal.

Please note that NCBO Annotator is always present
among the systems being compared in various reviews
[58, 71, 72].

8Named Entity Recognition (or entity extraction) is the
process of locating and categorizing named entities in
text. We consider semantic annotation, i.e., the process
of locating concepts previously defined in ontologies
into text, as a subtask of NER.

°For WHOERE and ICPCFRE we had another version
and LNC-FR-FR has not been included yet because it
has a specific format.

1°CISMeF’s repository is larger, but the content is not
publicly accessible.

"https://goo.gl/rccs]i

https://goo.gl/5mJmgv

*You may refer to the API documentation: http://
data.bioportal.lirmm.fr/documentation.

"“The filtering by Semantic Type was available in the
core Annotator components, however, we extended this
feature to Semantic Groups which are themselves de-
fined by grouping Semantic Types [14].

®Since BioPortal 4.0 (end of 2013), the scoring has
been removed from the NCBO Annotator. In our work
we have re-implemented the original score and offered
two better ones.

'°For instance, with an absolute score threshold of 3.1:
https://goo.gl/yKe8gY

Proxy in the sense of the architectural software de-
sign principle applied to microservice architectures, not
to be confused with an HTTP Proxy, a tool to secure ex-
ternal internet access from within a closed network.
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All parameter estimation efforts are performed on
the original Quaero corpus with the aforementioned
baseline parameters.

"“Each death certificate is a document and contains
exactly 4 lines.

*http://bioportal.lirmm.fr/ontologies/CIM-10

21\We are currently interacting with the C4PIDC to po-
tentially publicly release the dictionary we've build for
third parties.

*The corresponding URI in CIM-10 and thus in
CIM-10 DC is http://chu-rouen.fr/cismef/CIM-10#
G12.1, where http://chu-rouen.fr/cismef/CIM-10# is the
base URI and G12.1 the code identifier.

*3The evaluation program for the death certificate cod-
ing task was implemented in Java, in the same repository
as for the named entity recognition evaluation on the
Quaero corpus.

2*A first version of the system has been published in a
French peer-reviewed workshop [17]. A more complete
evaluation and system description is currently under re-
view (second round) for JBI.

*5Annotators were supplied with entity-pre-annota-
tions but were given free rein to delete annotations or
add new entity annotations. The paper reports that a sig-
nificant number of entities were added after the
pre-annotation process, however, exhaustivity is difficult
to achieve.

26The 10% breakdown into 2% incorrect single seman-
tic group annotations and 8% ambiguous annotations
with multiple semantic groups.

*’An experimental recognizer based on Mallet and
AlvisNLP have been built in the context of a past
hackathon but proved incompatible with a production-
grade annotation system due to their slow processing
speed.

81t is important to note our system was not specific-
ally tailored for these tasks and that performance will
highly vary depending of the data to annotate and the
ontologies targeted.
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Abstract

As any resources, ontologies, thesaurus, vocabularies and terminologies need to be described with relevant metadata to
facilitate their identification, selection and reuse. For ontologies to be FAIR, there is a need for metadata authoring guidelines
and for harmonization of existing metadata vocabularies—taken independently none of them can completely describe an
ontology. Ontology libraries and repositories also have to play an important role. Indeed, some metadata properties are
intrinsic to the ontology (name, license, description); other information, such as community feedbacks or relations to other
ontologies are typically information that an ontology library shall capture, populate and consolidate to facilitate the processes
of identifying and selecting the right ontology(ies) to use. We have studied ontology metadata practices by: (1) analyzing
metadata annotations of 805 ontologies; (2) reviewing the most standard and relevant vocabularies (23 totals) currently
available to describe metadata for ontologies (such as Dublin Core, Ontology Metadata Vocabulary, VoID, etc.); (3) comparing
different metadata implementation in multiple ontology libraries or repositories. We have then built a new metadata model
for our AgroPortal vocabulary and ontology repository, a platform dedicated to agronomy based on the NCBO BioPortal
technology. AgroPortal now recognizes 346 properties from existing metadata vocabularies that could be used to describe
different aspects of ontologies: intrinsic descriptions, people, date, relations, content, metrics, community, administration,
and access. We use them to populate an internal model of 127 properties implemented in the portal and harmonized for all
the ontologies. We—and AgroPortal’s users—have spent a significant amount of time to edit and curate the metadata of the
ontologies to offer a better synthetized and harmonized information and enable new ontology identification features. Our goal
was also to facilitate the comprehension of the agronomical ontology landscape by displaying diagrams and charts about all
the ontologies on the portal. We have evaluated our work with a user appreciation survey which confirms the new features
are indeed relevant and helpful to ease the processes of identification and selection of ontologies. This paper presents how to
harness the potential of a complete and unified metadata model with dedicated features in an ontology repository; however,
the new AgroPortal’s model is not a new vocabulary as it relies on preexisting ones. A generalization of this work is studied
in a community-driven standardization effort in the context of the RDA Vocabulary and Semantic Services Interest Group.
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relation - BioPortal - AgroPortal
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1 Introduction

In 2007, Swoogle’s homepage [1] announced searching over
10.000 ontologies. Today, a simple Google Search for “file-
type:owl” returns around 34 K results. How much ontologies
are available online now? The big data deluge and the adop-
tion of the semantic web to semantically describe and link
these data [2] have made the number of ontologies grow to
numbers for which machines are mandatory to index, search
and select them. It has become cumbersome for domain
experts to identify the ontologies to use so that automatic
recommender systems have been designed to help them with
this task, as for instance in the biomedical domain [3]. How-
ever, machines need metadata to facilitate the exploitation
of any data, including ontologies. It is established that meta-
data is often too much neglected by data providers [4] even
if it is now identified as a requirement to make the data
FAIR [5]. But as any other data, ontologies have themselves
to be Findable, Accessible, Interoperable, and Re-usable.
Although there are multiple dimensions to make ontologies
FAIR, one will agree developing open ontology reposito-
ries, and libraries is one of them. Such libraries are the best
environment in which the metadata about ontologies can be
described and valued. However, can we say that ontology
developers describe their ontologies with relevant metadata
properties that will facilitate manual or automatic search,
identification and selection of ontologies? There exists a sig-
nificant number of metadata vocabularies that could be used
for ontologies but none of the existing ones can completely
meet this need if taken independently. Therefore, how can
we make ontologies more FAIR?

When someone is interested in an ontology, he/she may
like to know: Who edited or contributed? When? What
methodology or tool was used? Which natural language is
used? Which formats are available? What is the metrics?
Is it free of use or licensed? Who is using it? In addition,
when someone is interested about ontologies of a domain,
he/she may like to know: How ontologies can be grouped
together? Which are most used? What are the relations
between them? What are the common practices? Who are
the key contributors of the domain? Or the most important
organizations? All this information can be represented by
metadata properties. Capturing that information is both a
technical challenge—we need models, tools and automated
population—and a data curation challenge. Indeed, the infor-
mation or metadata about an ontology is often dispatched
within web sites, scientific articles, documentation or some-
times not existing at all except in the brain of the original
ontology developers. There is a need for metadata author-
ing guidelines and for harmonization of existing metadata
vocabularies to simplify their use and enlarge their adoption.
For instance, the recent Minimum Information for Reporting
of an Ontology initiative (https://github.com/owlcs/miro) [6]
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proposes the MIRO guidelines to ontology developers when
reporting an ontology, e.g., in a scientific article.

In this paper, we adopt the perspective of designers of
an ontology repository and report on our effort to develop
a unified ontology metadata model for this repository. We
measure its impact on facilitating ontology descriptions,
identification and selection. In the following, we will review
the current practices related to describing ontologies and
using ontology metadata vocabularies. We have observed
some limitations, lack of harmonization and confusions in
the practices. This is not surprising when considering the
efforts needed to just identify the potentially relevant vocab-
ularies that could be used to describe ontologies.1 Indeed,
a few of these vocabularies are dedicated to ontologies and
vocabularies (e.g., OMV, DOOR, VOAF), or datasets (e.g.,
VOID, DCAT, SCHEMA) and others capture more general
metadata (e.g., DC, DCT, PROV, DOAP).2 They are often not
maintained anymore, sometimes very specific or too general
and of course, they are rarely aligned one another despite
their significant overlaps. Furthermore, there have been sev-
eral ontology repository projects that did not also take the
problem seriously enough to support the description of their
ontologies with standard vocabularies [7, 8]. With the excep-
tion of the Linked Open Vocabularies registry [9, 10], the
MMI Ontology Registry and Repository [11], and to some
extent, the NCBO BioPortal [12], the question of harmo-
nization and standardization of ontology descriptions have
not really been a central matter, although this is changing
now (e.g., the OBO Foundry community metadata effort).
The Linked Open Vocabularies is a good counter example;
it has developed and adopted VOAF as a unified model to
describe metadata and relations between vocabularies. Now,
even if the metadata vocabulary is limited (16 properties),
the platform has more than 600 resources described with the
same model.

In the rest of the paper, we will adopt a definition of
metadata including anything that can be said to describe
an ontology, structured data or free descriptions: how and
why it is built, used, changed, accessed and how it relates
to other ontologies and datasets. That will include prop-
erties going from (1) intrinsic properties, e.g., name, URI,
creation date; (2) relation to other ontologies, e.g., imports,

! In this paper, we will consider the terms ontologies, terminologies,
thesaurus and vocabularies as the type of knowledge organization sys-
tems [42] or knowledge artifacts [41]. Those are the subjects we are
interested in describing. However, to facilitate the reading, we will use
the word ontology to identify the subject that is described by meta-
data (e.g., Movie Ontology, Human Disease Ontology, MeSH thesaurus,
etc.) and the word vocabulary to identify the semantic resources used
to described ontologies (e.g., OMV, DC, DCAT, etc.).

2 Please refer to column ‘prefix’ of Table 3 all along the paper for
acronyms definitions of metadata vocabularies. We will consistently
use upper case acronyms corresponding to the vocabulary namespace
throughout the paper to refer vocabularies.


https://github.com/owlcs/miro

Harnessing the Power of Unified Metadata in an Ontology Repository: The Case of AgroPortal

is mapped to, disagrees with; (3) community contributions,
e.g., notes, project using, endorsements; (4) content-based
properties, e.g., SPARQL endpoint, bulk RDF download,
search endpoint. As discussed in the paper, such information
when available and properly harmonized facilitates the ontol-
ogy identification and selection processes, which has been
assessed as crucial to enable ontology reuse [6, 13—15].% In
addition, good and harmonized metadata provides informa-
tion about the ontology landscape, especially when looking
at a specific domain. For instance, when looking at the OBO
Foundry ontologies [16], one may ask himself (1) if OBO Edit
is actually the most used tool to develop ontologies stored in
the foundry? (2) Who are the key persons in this community
to talk to when starting a new ontology? (3) Which are the
most involved organizations? (4) Which are the most active
ontologies?

In this paper, we have made a systematic review of meta-
data vocabularies and their properties in order to build a list of
metadata properties that can be used to describe ontologies
inside our own ontology repository. The objective of this
work is not to propose another “vocabulary” for ontology
metadata, i.e., a SKOS or OWL resource that we would pro-
mote as a new standard to reuse in any ontology description.
Indeed, our list relies completely on preexisting vocabularies
(cf. discussion in Sect. 7.1). Our objective was to address the
need of a common metadata model inside an ontology repos-
itory, i.e., implementing a way to compare ontologies side by
side and describe the global landscape of all the ontologies
in a library or repository.

The list proposed has been built following an analysis of
current ontology metadata practices:

e We have reviewed the most standard and relevant vocab-
ularies (23 totals, e.g., Dublin Core, VOID, Ontology
Metadata Vocabulary, Data Catalog Vocabulary, etc.) to
describe metadata for ontologies. For each of these vocab-
ularies, we have selected the significant properties to
describe objects that an ontology could be considered a cer-
tain type of, e.g., dataset, an asset, a project or a document.
For instance, an ontology may be seen as a prov:Entity
object and then the property prov:wasGeneratedBy may
then be used to describe its provenance.

e We have reviewed the current use of metadata vocabularies
by sampling 805 ontologies and measuring which vocab-
ularies (and which properties in those vocabularies) are
actually used by ontology developers.

3 In this paper, we define identification and selection of an ontol-
ogy as the processes of choosing the right ontology for a given task
when searching for ontologies on an ontology library or repository. It
can be based on the content of the ontology, its type, community or
level of adoption in a community. Sometime this process may be semi-
automatized with tools such as the NCBO Recommender (also available
in AgroPortal) [3].

e We have studied some of the most common ontology
repositories available in the semantic web community, and
especially the NCBO BioPortal (which is the reference
platform to host and retrieve biomedical ontologies world-
wide) to capture in our list, the properties that were actually
implemented by the repositories but that would represent
an information not specific to the portal. We have con-
sidered the features/properties implemented by the portal
as “another vocabulary” (later called BioPortal Metadata)
incorporated into our list.

As the result, we obtained a list of 346 relevant properties
to describe different aspects of ontologies that we have cat-
egorized for better understanding. Someone developing an
ontology will of course not have to fill them all but can
consider them as a list of candidate properties to use. We
then grouped those properties into a unified and simpli-
fied model of 127 properties that includes the 46 properties
originally offered by the NCBO BioPortal and reuses proper-
ties of the reviewed metadata vocabularies for the rest [17].
We have implemented this new ontology metadata model
within AgroPortal [18], an ontology repository, based on the
NCBO technology. AgroPortal hosts ontologies and offers
ontology-based services for agronomy, food, plant sciences
and biodiversity domains. AgroPortal’s new metadata model
supports much more metadata properties than the original
NCBO one, enabling very precise description of ontologies.
For instance, the model captures which kind of knowledge
organization system the file uploaded to the portal is (e.g.,
thesaurus, ontology, taxonomy, terminology, etc.). We also
have properties to capture information such as licenses,
ontology editor used, syntax, etc. We can also capture how
ontologies are related to other resources (web site, publica-
tion, wiki, datasets, etc.) and other ontologies. Most metadata
are automatically extracted from the original ontology file,
if present, when the ontology is uploaded to the portal. Or
it can be in some cases automatically generated by the por-
tal. We have completely refactored the AgroPortal ontology
metadata edition page to facilitate the job to ontology devel-
opers when uploading an ontology to the portal and manually
editing metadata.

With a new edition interface and a common model avail-
able for all the ontologies in the portal, we have then spent a
significant amount of time to edit and curate ourselves ontol-
ogy descriptions, and we have asked the ontology developers
to validate our edits and complete them. This has resulted in
our capability to automatically aggregate information about
ontologies and vocabularies to facilitate the comprehension
of the whole agronomical ontology landscape by displaying
diagrams, charts and networks about all the ontologies on the
portal (grouping, types of ontologies, average metrics, most
frequent licenses, languages or formats, leading contribu-
tors and organizations, most active ontologies, etc.). We have
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added several new features to AgroPortal’s ontology descrip-
tion and browsing pages and have now a specific page dedi-
cated to visualizing the “landscape” of ontologies (http://agro
portal lirmm.fr/landscape) that displays synthetized informa-
tion, using diagrams, charts and figures, about the ontologies
developed in agronomy with the goal of facilitating ontology
identification, selection and get a better comprehension of
the landscape of ontologies. Of course, these new function-
alities rely on the quality of the metadata extracted from the
ontologies or edited on the portal. Such visualizations are
also meant to motivate the ontology developers to document
and describe more their ontologies. An evaluation survey
conducted with AgroPortal’s users shows evidence of the
influence of ontology metadata on ontology identification
and selection and reports on the very positive evaluation of
the new functionalities by AgroPortal’s users.

The rest of the paper is organized as follows: Sect. 2
presents a few motivating use cases from our work on ontol-
ogy repositories; Sect. 3 discusses related work in metadata
vocabularies and ontology libraries. In Sect. 4, we report
on our analysis of current ontology metadata practices that
have driven our methodology, described Sect. 5, to select
a large list of properties and to implement a restricted and
unified new ontology metadata model in AgroPortal. Sec-
tion 6 presents the results obtained by implementing the new
model in AgroPortal, populating the metadata and designing
new interfaces to facilitate the comprehension of the ontol-
ogy landscape. The section also reports about evaluating the
new features with AgroPortal’s user community. Sections 7
and 8, respectively, discuss the perspectives and issues in
ontology metadata and concludes the paper.

2 Motivating Use Cases

Our work on ontology metadata is related to our research
and development on ontology repositories. Indeed, LIRMM
develops and maintains two ontology repositories which are
based on the NCBO technology [19]. One, the SIFR BioPor-
tal (http://bioportal.lirmm.fr) is developed within the context
of the Semantic Indexing of French biomedical Resources
project and focus on French biomedical ontologies and ter-
minologies. The main goal of the SIFR project is to develop
a French Annotator [20] similar to what exists within the
NCBO BioPortal [21]. The second ontology repository,
AgroPortal (http://agroportal.lirmm.fr) [18], targets the agri-
cultural community (not restricted to any language but using
English as default) and the project has for primary mission to
host and describe vocabularies and ontologies. In the paper,
we will only describe the use cases and implementation done
within the AgroPortal project; however, it is important to note
that this work is generic and has also been implemented in
the SIFR BioPortal.
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Data integration and semantic interoperability in agrono-
my—and related domains—have become a crucial scientific
challenge. Recently, the research community as adopted the
use of ontologies as a common and shared means to describe
data make them interoperable and annotate them to build
structured and formalized knowledge [22, 23]. The FAIR
principles also reinforced that vision [5]. AgroPortal’s main
objective is to be a reference ontology repository for agron-
omy, plant sciences, biodiversity, and nutrition. We reused the
openly available NCBO BioPortal technology (http://bioport
al.bioontology.org) [12] to build our first ontology repository
and services platform. We have now an advanced prototype,
and the latest version (v1.4) was released in July 2017. It cur-
rently hosts 100 public semantic resources, with more than
2/3 of them not present in any similar ontology repository
(like NCBO BioPortal) and 8 privates. Today, AgroPortal
offers a robust and reliable service to the community that
features ontology hosting, search, versioning, visualization,
comment, services for semantically annotating data with the
ontologies, as well as storing and exploiting ontology align-
ments and data annotations.

Among the first feedbacks and requirements of new users
were the ability to describe ontology metadata with additional
fields that what BioPortal originally provided. For instance,
the RDA Wheat Data Interoperability (WDI) working group
(http://ist.blogs.inra.fr/wdi) recommendations [24] pointed
to AgroPortal to find standard wheat-related ontologies, but
they needed licensing and access rights information to be
more explicit and consistent. The group also required that
the endorsement of the WDI for certain ontologies shall be
made explicit on AgroPortal, in order to encourage the reuse
of some specific ontologies. The LovInra initiative (http://lo
vinra.inra.fr) at the French National Institute for Agricultural
Research (INRA) adopted AgroPortal to publish vocabular-
ies produced or co-produced by INRA scientists and foster
their reuse beyond the original researchers. They needed to
classify knowledge artifacts by types, formats, syntax, and
formality.

Besides the “simple addition” of new metadata fields to the
original model, the needs expressed by the early AgroPortal
adopters were also related to the relations between ontolo-
gies and how would the repository help figuring out which
ontologies to use. We may cite two concrete examples:

e Several ontologies are developed in parallel to capture
wheat (or soy) phenotypes.* It became important for Agro-
Portal to capture the maximum information about the

4 The Wheat Phenotype ontology [69] and IBP Wheat Trait Ontol-
ogy developed within the Crop Ontology project [70]. Similarly, the
Soy Ontology developed by the curator of the SoyBase database
(www.soybase.org) and Soybean ontology also developed in the Crop
Ontology project.
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ontologies to make explicit to the community which ontol-
ogy to use depending on their situation. New information
such as the organization endorsing or supporting an ontol-
ogy or the relation between the ontologies are useful
metadata in that case.

e Ontologies are never developed isolated. Sometimes cap-
turing the relations between the ontologies is quite cumber-
some. For instance, the Planteome project [25] develops
reference ontologies for plants such as the Plant Ontol-
ogy and Plant Trait Ontology. The latter is connected
to the specific crop trait ontologies developed within the
Crop Ontology project [26]. In addition, they all use Gene
Ontology [27] and Phenotype And Trait Ontology [28] to
annotate gene products and qualify their phenotypes.

We will show throughout the paper how our new ontology
metadata model and realization within AgroPortal help to
answer these needs.

3 Related Work in Ontology Metadata
Description

Metadata is generally described as the data about the data.
The topic of ontology or vocabulary metadata is a subset of
metadata research in general [4, 29]. In Sect. 4.1, we list
metadata vocabularies reviewed from the literature; in the
following, we only focus on general papers and references
on the subject.

According to Obrst et al. [30], a metadata vocabu-
lary must include a wider range of metadata features. For
instance, metadata from a development perspective consists
of information such as competency questions, ontological
commitments, and design decisions; metadata from an imple-
mentation perspective consists of information for reasoning
support, languages, rules, conformance to external standards
and so forth. Properly defined ontology metadata has been
a motivation of several applications of ontologies such as
design of ontology repositories and libraries [12, 16, 31-33],
ontology selection [34] automatic production of documenta-
tion [35], ontology sharing [36].

Capturing the metadata about ‘“electronic objects” has
been the original motivation of the DCMI [37] and mul-
tiple standardization bodies.> The Dublin Core (DC) and
DCMI Metadata Terms (DCT) are the results of these initia-
tives. Today, semantically rich metadata is identified as one
of requirements to produce FAIR data [5] and it becomes
the core mission of research projects such as the Center for
Expanded Data Annotation and Retrieval [38] which tackles

5 ISO: http://www.niso.org/schemas/is025964/ or ISO/IEC: http://met
adata-standards.org/11179/#A3 or ISO/IEC 19763-3:2010.

the challenge of authoring and predicting biomedical datasets
metadata.

An important effort has been made in the recent years to
define vocabularies for datasets. The Semantic Web Health
Care and Life Sciences (HCLS) working group of the W3C
have produced a community profile which reviews many of
them and proposes a set of recommendations when describ-
ing datasets [39]. The FAIRsharing.org action also builds
a database of “data and metadata standards, inter-related
to databases and data policies” [40] to which AgroPor-
tal’s content is now automatically pushed. More recently,
the BioSchemas initiative (http://bioschemas.org) has also
started a community effort to extend Schema.org with meta-
data properties that would be relevant for life sciences data.
Although we do believe ontologies can somehow be seen as
“datasets”—often the closest objects in vocabularies—they
have some particularities that require more specific metadata
vocabularies as we will see Sect. 5.2.

Ontologies are some kind of knowledge artifacts [41]
or knowledge organization systems [42]. Efforts have been
made to develop metadata vocabularies or application pro-
files adapted to such systems, for example, the Networked
Knowledge Organization Systems (NKOS) working group
[43] or the Ontology Metadata Vocabulary working group
[44] which results will be further commented later. The Open
Ontology Repository Initiative [32] was a collaborative effort
to develop a federated infrastructure of ontology reposito-
ries and was also interested in the subject. In 2016, a survey
was made to the wide ontology developer community with
the goal to capture the Minimum Information for Reporting
of an Ontology and lead to guidelines, recently published
[6], on what should be reported about an ontology and its
development, in the context of ontology description papers.
Although, the intention is slightly different from our work, we
believe most information that can be expressed in a scientific
article presenting an ontology—including narrative sections
such as motivation, knowledge acquisition or change man-
agement—can also be captured as appropriate metadata in
the ontology itself; we have included in our ontology meta-
data model some properties to do so. Recently, a new task
group (partially lead by the authors) on “ontology-metadata”
has been attached to the Research Data Alliance Vocabulary
and Semantic Services Interest Group.

Finally, the work on ontology metadata is closely related to
the one on ontology libraries and repositories. Indeed, with
the growing number of ontologies, ontology libraries and
repositories have been of interest in the semantic web com-
munity. Ding and Fensel [45] presented in 2001 a review
of ontology libraries that introduced the notion of “library.”
Then Hartmann et al. [46] introduced the concept of ontology
repository, with advanced features such as search, metadata
management, visualization, personalization, and mappings.
Most ontology libraries are always capturing some metadata
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as described Sect. 4.3. D’ Aquin and Noy [47] provided the
latest review of ontology libraries in 2012. Naskar and Dutta
[8] reviews how some ontology libraries use ontology meta-
data vocabularies.

4 Analysis of Current Ontology Metadata
Practices

This analysis was made following three approaches: (1) we
have reviewed the most standard and relevant metadata
vocabularies available (23 totals) to select properties to
describe ontologies; (2) we have reviewed how are these
vocabularies used within 805 selected ontologies from
known ontology libraries; (3) we have studied some of the
most common ontology repositories available in the seman-
tic web community to capture how they are dealing with
ontology metadata and to which extent they rely on standard
vocabularies.

4.1 Analysis of Existing Metadata Vocabularies
to Describe Ontologies or Other General
Resources

In the following, we describe the vocabularies that to some
extent have been proposed to describe metadata about
ontologies. It includes first of all the W3C Recommen-
dations available to describe semantic resources: Resource
Description Framework Schema (RDFES), Web Ontology
Language (OWL) and Simple Knowledge Organization Sys-
tem (SKOS). Then the Ontology Metadata Vocabulary
(OMYV) [44] produced in the context of several EU projects
and published in 2005. OMV (v.2.4.1) consists of 15 classes,
33 object properties, and 29 data properties. Unfortunately,
the initiative stopped in 2007. Under the latest OMV ver-
sion (2.4.1), two physically separated modules are proposed:
OMV Core (provide the relevant metadata to support the
ontology reuse settings) and OMV Extensions (to allow
ontology developers and users to specify task- or application-
specific ontology-related information). One limitation of
OMYV was not to be aligned to (or reuse) standard vocabu-
laries at that time. This limitation has been recently partially
addressed by a work published end of 2015: the Metadata for
Ontology Description (now referred as MOD1.0) [7] which
is similar to OMV (without using it). It has been designed
as an ontology consisting of 15 classes (mod:Ontology + 10
others+4 from FOAF), 18 object properties and 33 data
properties among 7 of them were not included in OMV.
For naming the metadata elements, it has reused existing
properties from SKOS, FOAF, DC and DCT. Despite of the
seven new properties, MOD1.0 still misses numerous rele-
vant properties as we will see later. In Sect. 7.1, we describe
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our new join work on MOD1.2 [48] done consequently to
the work presented here.

In 2005, the quite simple but relevant Vocabulary for anno-
tating vocabulary descriptions (VANN) was made available
and quite used since then. In 2009, the Descriptive Ontol-
ogy of Ontology Relations (DOOR) [49] has been published
but never really used outside of the NeON project. It was a
very formal vocabulary that described precisely and in a log-
ical manner 32 relations between ontologies organized in a
formal hierarchy. DOOR did incorporate the ontologies rela-
tions offered by OWL. More recently, the Vocabulary of a
Friend (VOAF) [50] was created to “describe vocabularies
(RDFS vocabularies or OWL ontologies) used in the Linked
Data Cloud. In particular, it provides properties expressing
the different ways such vocabularies can rely on, extend,
specify, annotate or otherwise link to each other. It relies
itself on DC and VOID.” Although VOAF was developed
to capture relations between ontologies, it makes no use or
reference to OWL or DOOR (with which it captures similar
properties). In 2014, the NKOS working group of the Dublin
Core proposed the NKOS Application Profile (http://nkos.sli
s.kent.edu/nkos-ap.html) which introduces 6 new properties
and reused 22 properties from other vocabularies. [51] pub-
lished a study made a few years ago to identify the relevant
terminology metadata models that could form the foundation
for a standard ontology profile for use by the NCI (National
Cancer Institute), NCBO (National Center for Biomedical
Ontology), and NCRI (National Cancer Research Institute,
UK) community. This community effort on identifying the
useless or ambiguous element from OMYV proposed a few
small changes but went no further.®

Ontologies share some characteristics with web datasets
or data catalogs. Indeed, in the semantic web vision, ontolo-
gies are themselves sets of RDF triplets. We thus argue
that some properties that have been defined to describe
web datasets are relevant to ontologies also. Among the
recent work to describe “datasets,” there are: the Vocab-
ulary of Interlinked Datasets (VOID) [52], a W3C Note
proposed in 2011 which can be used “to express general
metadata based on DC, access metadata, structural metadata,
and links between datasets.” VOID allows to describe two
main objects void:Dataset and void:Linkset which are sets of
links between datasets. The vocabulary also includes URIs
for license or serialization formats. Identifiers.org (IDOT)
[53] is a small vocabulary intended to “referencing of data
for the scientific community, with a current focus on the
Life Sciences domain.” It was developed by the European
Bioinformatics Institute to specify, among other things, URI

6 Some elements are removed (e.g., omv:hasPriorVersion), some ele-
ment are renamed (e.g., name to fullName, acronym to shortName),
some class definitions are modified and two new elements namely, cer-
tifiedBy, mandatedBy, are added into the revised set.
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patterns. The Data Catalog Vocabulary (DCAT), whichis the
most recent W3C Recommendation for metadata (and uses
DCT) and its profile, Asset Description Metadata Schema
(ADMS), used to describe semantic assets (data models, code
lists, taxonomies, dictionaries, vocabularies) created by the
EU’s Interoperability Solutions for European Public Admin-
istrations (ISA). Finally, Schema.org has been proposed and
adopted in 2011 by Google, Bing and Yahoo! and do include
a dataset class.

To describe other kinds of resources, one will find the fol-
lowing vocabularies: Friend of a Friend Vocabulary (FOAF)
or Description of a Project (DOAP) to describe documents
and projects. The Creative Commons Rights Expression
Language (CC) for licensed work. SPARQL 1.1 Service
Description (SD) for describing SPARQL endpoints. And the
Provenance Ontology (PROV) and Provenance, Authoring
and Versioning (PAV) for describing provenance (PAV spe-
cializes terms from PROV and DCT). Finally, the ObolnOwl
specification [54] converts OBO ontology header properties
to OWL. This is not a standard but some of these properties
are handled by the OBO Edit ontology editor and therefore
often used.

Other vocabularies recently published or under devel-
opment, from which we have not selected any properties
in our ontology repository metadata model include Exten-
sion to the VOID [55], which is an extension of VOID
mainly for partitions and statistical descriptions. Citation
Typing Ontology (CiTO) describes citations between enti-
ties (one property only is actually relevant for us). The
Protocol for Web Description Resources (POWDER) pro-
vides a mechanism to describe and discover web resources.
The DDI-RDF Discovery Vocabulary (DISCO) which is
a vocabulary to describe studies. The Information Artifact
Ontology (1AO) [56], which was defined for representation
of types of information content entities such as documents,
databases, and digital images. The Semanticscience Inte-
grated Ontology (SIO) [57] which describes many different
types of informational entities and relations between them.
[58] have proposed a metadata vocabulary for the Lemon
model [59] called LiInguistic Metadata (LIME) for describ-
ing linguistic resources and linguistically enriched datasets.
Finally, we must also mention the document ISO/IEC 19763-
3 (Metamodel framework for interoperability (MFI)—Part 3:
metamodel for ontology registration) which latest version is
from 2010 and is not public.

Table 1 summarizes and compares these vocabularies.
This review of existing metadata vocabularies (and our work
presented in Sect. 5.2) clearly shows no existing vocabu-
laries really cover enough aspects of ontologies to be used
solely and despite a few exceptions, metadata vocabularies
do not rely on one another. Plus, there is a strong overlap in
all the vocabularies studied which redefine things that have
already been described several times before (such as dates for

which 25 properties are available). When dealing with har-
monized metadata in the context of, for instance, an ontology
repository, there exists an obvious technical and seman-
tics challenge: being able to process ontologies that could
have been described with one or several of those metadata
vocabularies. Plus, many of the vocabularies do not sup-
port dereferenceability making impossible for the machine to
automatically access the semantic description of the proper-
ties (e.g., domain, range) defined within the vocabulary. The
fact of having multiple vocabularies for describing ontolo-
gies (or any other thing) should not be an issue: redundancies
on one side enables specificity on the other side. However,
in the semantic web vision, we would expect vocabularies to
match and rely on one another more. To address our need of
properly defining ontologies in an ontology repository, this
review gave us a list of candidate metadata properties. In
Sect. 5, we will present how we have built a list of properties
for AgroPortal’s new metadata model based on the studied
vocabularies. In Sect. 7.1, we will discuss the need for meta-
data authoring guidelines and for harmonization of existing
metadata vocabularies beyond the AgroPortal project.

4.2 Analysis of Current Use of Ontology Metadata
Vocabularies

To get a sense of the quantity and origin of existing meta-
data vocabularies actually used by ontology developers, we
downloaded and semi-automatically analyzed 1107 OWL
ontologies taken from different sources: 594 from NCBO
BioPortal, 53 from AgroPortal, 260 from MMI Ontology
Registry and Repository, 97 from the OBO Foundry, 82
from DERI Vocabularies, and 21 from ProtégéWiki.7 Once
ontology duplicates removed—by matching name or base
URIs—we obtained a corpus of 805 ontologies. Because of
the sources of the ontologies, this corpus is slightly influ-
enced by certain domains (biomedicine, biology, agronomy,
environment); although it might bias the results, we are still
confident they are quite representative, especially in these
domains. We provide here the result of the analyzed ontolo-
gies.

We found 128 ontologies (16%) without any description or
annotation. For rest of the 677 ontologies (84%), the number
of properties used in describing the ontologies is ranging
from 1 to 32. For instance, out of the 53 ontologies retrieved
from AgroPortal, there are two ontologies having only one
metadata. Overall, there are 354 ontologies (44%) for which
ten or more properties (and maximum 32) are observed. For
rest of the 323 ontologies (40%), the number of metadata per
ontology is below 10.

7 Tt is important to understand that we have looked at the metadata in
the original ontology file, not the metadata captured by BioPortal or
AgroPortal in their internal model.
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Table 1 Comparison of reviewed metadata vocabularies

Prefix Name Year (version) Rely on other R Comments
vocabularies
adms Asset Description Metadata 2013 dc, dcat, foaf, N Profile of DCAT. Created by EU’s ISA
Schema schema+ vCard body to help standards publishers
cc Creative Commons Rights 2008 Used to describe copyright licenses in
Expression Language RDF
dc Dublin Core Elements 2012 - R The “original” Dublin Core set of 15
classic metadata terms
dcat Data Catalog Vocabulary 2014 dc, foaf, vcard R W3C Recommendation for data catalog
det DCMI Metadata Terms 2012 - R An up-to-date specification of all
metadata terms maintained by the DCMI
doap Description of a Project 2012 foaf Vocabulary to describe software projects
door Descriptive Ontology of 2009 - Very formal ontology relation ontology
Ontology Relations
foaf Friend of a Friend 2014 (v0.99) - N  Linking people and information on the
Vocabulary Web. Used as a reference by multiple
vocabularies
idot Identifiers.org 2018 - Provides stable and perennial identifiers
for data records used in the Life
Sciences
mod Metadata for Ontology 2017 (v1.2) owl, rdfs, dct, foaf, Ontology designed specially to describe
Description & Publication skos, omv, vann, ontologies, extension of OMV mainly,
1.0 pav, prov, sd, doap but relies on many other metadata
vocabularies. Work inspired by our work
on AgroPortal
nkos Networked Knowledge 2015 (v0.2) dc, adms, dcat, NKOS is a Dublin Core Application
Organization Systems prov + frbrer, frsad, Profile for describing knowledge
Application Profile wdrs organization systems
oboInOwl  ObolnOwl Mappings 2011 (v1.2) - A namespace created when transforming
OBO ontologies to OWL
omv Ontology Metadata 2009 (v2.4.1) - Ontology especially created to describe
Vocabulary ontologies. Partially adopted by
ontology libraries
owl OWL 2 Web Ontology 2012 (v2) - R W3C Recommendation to create
Language ontologies. Offer a few properties to
describe them also
pav Provenance, Authoring and 2015 (v 2.3.1) dc, prov Lightweight ontology specializing prov to
Versioning describe provenance
prov Provenance Ontology 2013 - R W3C Recommendation for describing
provenance metadata
rdfs RDF Schema 2014 (v1.1) - R W3C Recommendation for describing any
RDF resource
schema Schema.org 2017 (v3.3) - Google, Yahoo!, Bing agreed metadata
standard for Web objects
sd SPARQL 1.1 Service 2013 - R W3C Recommendation for describing
Description SPARQL services
skos Simple Knowledge 2009 - R W3C Recommendation for describing
Organization System thesauri, terminologies, vocabularies
vann Vocabulary for annotating 2005 - Lightweight vocabulary for annotating
vocabulary descriptions descriptions of vocabularies
voaf Vocabulary of a Friend 2013 (v2.3) dc, void Vocabulary to describe vocabularies and
their relations
void Vocabulary of Interlinked 2011 dc, foaf N  Widely adopted vocabulary to describe

Datasets

datasets and their relations

D column states if property URIs are dereferenceable (Y or N); R column states if it is a W3C or Dublin Core Recommendation (R), note (N), or
none of the two (blank)
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We have also observed in total 30 metadata vocabularies
that are being used to describe the ontologies. The 19 most
frequently used ones are exemplified in Table 2. Notice that
among these, around 1/3 of them are W3C or Dublin Core
recommended vocabularies. The rest of vocabularies forms
the long tail of the curve of the used metadata vocabularies
with a couple of uses or mostly only one. They include recom-
mended standards (e.g., Schema.org), community standards
(e.g., CITO, ADMS, DOAP) or very specific vocabularies
(e.g., PRISM, EFO, IRON). Some other findings of this study
are:

e Most of all these 30 vocabularies are general in purpose.
Some metadata vocabularies, which were specially pro-
posed with the purpose of annotating/describing ontolo-
gies (e.g., VOID, VOAF, DOOR), are mostly absent or
barely used, with the exception of OMV which is not sur-
prisingly among the most used vocabulary.

e However, the presence of OMV—and omvmmi comple-
ment to OMV—is mostly explained by the important
number of ontologies taken from the MMI Ontology Reg-
istry and Repository that has adopted and enforced OMV
in the ontologies hosted on their repository. In a previ-
ous similar study on 222 ontologies [48], which does not
include MMI ontologies but included 61 ontologies ran-
domly selected via Google, OMV was completely absent.
This clearly illustrates the impact of harmonized com-
munity practices (or repository enforcement) on ontology
metadata.

e Two vocabularies among the most used (obolnOwl
and protege) are present because they are automat-
ically included in ontologies by ontology develop-
ment software.® Similarly, from Table 2 we can see
that rdfs:comment, owl:versionInfo and owl:imports are
among the most frequently used metadata elements. We
think the reason for their frequent use is because of their
ready availability in the ontology editors. For instance,
a selected set of metadata elements from rdfs and owl
are made readily available in Protégé annotation tab. We
may assume most ontology developers find it handy when
annotation properties are readily available in the ontology
editor’s annotation tab, rather than referring a vocabulary
available on the Web but not in the editor. The case of
owl:imports is slightly different. It is required for func-
tional reasons to import ontologies.

8 The oboInOwl namespace is used by the OBO20WL converter when
converting Open Biomedical Ontology format to OWL. The high fre-
quency of this vocabulary is explained because half of our ontologies
were selected from the NCBO BioPortal that contains many ontologies
originally developed in OBO (often with the OBOEdit software). The
protege name space was used in previous (~v3) of Protégé mostly to
customize the user interface when displaying the ontology. It was not
to describe the ontology.

e Multiple properties express the same information. For
instance, in providing the name of the ontology, some
have used dc:title while some other have used dct:title.
Similarly, some people have used dct:license to provide
the licensing information, while some others have used
cc:license.

e There is a confusion between the use of DC and DCT as
the latter includes and refines the 15 primary properties
from the former. Some developers prefer to refer DC and
some prefer DC Terms for the similar element. The reason
could be the unavailability of a precise guideline on how
and when to use the DC core and DCT elements. In the
context of semantic web applications, although using DCis
notincorrect, DCMI recommends using DCT that provides
domain and range information for properties.’

e Some metadata elements are used in an improper way.
For instance, skos:definition shall only be used to supply a
complete explanation of the intended meaning of a (SKOS)
concept as the other SKOS “documentation properties”
and is not supposed to be used to described ontologies
(unless an ontology is considered a concept).

e Generic properties such as rdfs:comment or dc:date are
used instead of more specific ones such as respectively
dc:description or dc:created/modified.

e The study also revealed 12 custom properties used
to describe metadata (not reported in Table 2)
declared in the main namespace of the ontology, e.g.,
primary_author_and_curator, wasRevisionOf, contribut-
ing_author. This may illustrate a not so good practice
which consists in creating a new local property when in
need.

We previously conducted a similar smaller study [48] and
came to similar outcomes. Another one was conducted by
Tejo-Alonso et al. [35]: Their study consisted of total 23
RDFS/OWL metadata vocabularies (the “most popular from
prefix.cc”): They were especially interested in how much the
metadata vocabularies are themselves described with proper
metadata properties. The authors arrived at similar conclu-
sions than us with our larger study: (1) rdfs/owl popularity;
(2) dc/dct confusion; (3) frequency of auto-generated prop-
erties; (4) generic property over specific ones; (5) different
properties for similar information.

Concerning the description of knowledge resources with
metadata, we also like to mention an exceptional example
found in the context of the AgroPortal project: Agrovoc,
which is the reference multilingual thesaurus in agriculture
developed by FAO, is explicitly and extensively defined by a
so-called “VOID profile”!” which lives aside from the main

9 http://wiki.dublincore.org/index.php/FAQ/DC_and_DCTERMS_N
amespaces.

10" http://aims.fao.org/aos/agrovoc/void.ttl.
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Table 2 Most frequent used
vocabularies over a corpus of
805 ontologies

@ Springer

Prefix Number Properties used (number of times)

omv 2169 acronym (251), creationDate (251), description (251), hasCreator
(251), name (251), uri (251), usedontologyengineeringtool (157),
version (148), keywords (126), hasContributor (109), documentation
(74), reference (49)

omvmmi 1697 creditRequired (251), origMaintainerCode (251), hasContentCreator
(193), hasResourceType (186), shortNameuri (151),
temporarymmirole (108), origvocManager (107), contactRole (106),
contact (99), origvocuri (60), origvocDocumentationuri (40),
creditCitation (38), origvocDescriptiveName (36),
origvocSyntaxFormat (30), origvocKeywords (23), origvocVersionid
(16), origvocLastModified (1)

dc 1599 creator (456), description (309), date (307), contributor (183), source
(77), title (102), subject (47), format (31), license (28), publisher
(21), rights (17), language (8), identifier (6), modified (3), coverage
(2), issued (1), type (1)

dct 652 modified (86), title (85), created (84), partOf (81), status (81), type
(81), description (62), publisher (60), creator (9), license (6), issued
(3), subject (2), contributor (3), isreferencedby (3), identifier (1),
isrequiredby (1), language (1), date (1), source (1), format (1)

owl 498 versionInfo (183), imports (210), versionIRI (74), priorVersion (22),
ontology (4), incompatibleWith (3), backwardCompatibleWith (1),
deprecated (1)

oboInOwl 283 default-namespace (54), hasOboFormatVersion (53), savedBy (49),

date (47), auto-generated-by (40), namespaceldRule (7),
treat-xrefs-as-equivalent (5), hassubset (4), remark (4),
treat-xrefs-as-is_a (4), treat-xrefs-as-genus-differentia (3),
format-version (2), pairwise-disjoint (2), treat-xrefs-as-has-subclass
(2), treat-xrefs-as-reverse-genus-differentia (2), comment (1),
data-version (1), default-relationship-id-prefix (1), next-id (1),
property-value (1)

rdfs 265 comment (174), label (68), seeAlso (16), isDefinedBy (7)

vann 166 preferredNamespacePrefix (83), preferredNamespaceUri (83)

foaf 102 homepage (91), mbox (6), page (4), isPrimaryTopicOf (2)

obo 33 ia0_0000116 (10), idspace (4), date (3), default-relationship-id-prefix

(3), format-version (2), remark (2), comment (1), iao_0000117 (1),
ia0_0000412 (1), definition (1), editorialNote (1), historyNote (1),
imports (1), is_metadata_tag (1), license (1)

skos 19 altLabel (6), prefLabel (6), definition (5), changeNote (1)

protégé 19 defaultLanguage (19)

nemo_annot 10 created_date (2), curator (2), modified_date (2), pref_label (2),
synonym (2)

vaem 9 dateCreated (1), hasAspectsCope (1), hasCatalogEntry (1),

hasDisciplineScope (1), hasDomainScope (1), hasRole (1),
lastUpdated (1), revisionNumber (1), usesNonImportedResource (1)

cc 4 license (4)

dcat 3 landingPage (2), downloadURL (1)
asthma 2 creator (1), defaultLanguage (1)
pav 2 version (2)

void 2 dataBrowse (1), dataDump (1)

For namespaces either see Table 1 or in some cases on https://prefix.cc


https://prefix.cc
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thesaurus file and uses 7 metadata vocabularies to describe
Agrovoc with RDF statements.

This review helped us to decide which vocabulary and/or
property shall be “prioritized” when selecting properties for
our unique model in an ontology repository. The final step
was then to look at how other ontology libraries were dealing
with metadata.

4.3 Analysis of Metadata Representation Within
Ontology Libraries

We have studied some of the most common ontology libraries
and repositories available in the semantic web community,
and especially the NCBO BioPortal, to analyze: (1) how they
are dealing with ontology metadata; (2) to which extent they
rely on previously analyzed metadata vocabularies. We have
only been interested in the metadata that are “nonspecific”
to the repository, i.e., specific fields required for implemen-
tation purposes were ignored.

We consider under the term libraries any kind of web tool
(repository, registry or portal) that somehow focus on ontolo-
gies and/or vocabularies [45]. In particular, we have explicitly
reviewed:

1. Repository or portals including the NCBO BioPortal
[12], Ontobee [60], EBI Ontology Lookup Service [10],
MMI Ontology Registry and Repository [11], the ESIP
portal (based on NCBO technology), and AberOWL [61];

2. Registries or catalogs including the OKFN Linked Open
Vocabularies [9], OBO Foundry [16], WebProtégé (http://
webprotege.stanford.edu), Agrisemantics Map of Data
Standards (http://vest.agrisemantics.org) [62], FAIR-
Sharing (https://fairsharing.org) [40];

3. Web indexes such as Watson [63], Swoogle [1] (or
Sindice.com, not reviewed because not accessible any-
more).

We have reviewed the metadata properties used by all these
libraries and considered them for our listing to be imple-
mented in our portal. As later explained, we have used
BioPortal as baseline. Each of the reviewed libraries uses,
to some extent, some metadata fields but do not always use
standard metadata vocabularies:

e NCBO BioPortal repository [12] uses 66 metadata prop-
erties that serves as the basis for our listing.!! These
properties are defined in an in-house vocabulary (here
called BioPortal Metadata and identified with the names-
pace bpm) that is not formally described outside of

T http://data.bioontology.org/documentation#OntologySubmission
and #Ontology.

BioPortal but because of the portal adoption of JSON-
LD, can be formally used.'?> For 10 properties, BioPortal
reuses OMV names but redefines them in its own names-
pace (e.g., bpm:omvacronym). Other than the 10 OMV
property names, BioPortal does not use any other meta-
data vocabulary. Over the 66 properties used by BioPortal,
we have classified 46 (36 locally defined +10 from OMV)
as nonspecific to the portal. BioPortal user interface (and
web services) allows to edit most of the properties and
some of them are automatically generated (e.g., metrics).
Because they originally use the same source code, the sit-
uation is the same for ESIP portal and AgroPortal before
our work.

e MMI Open Ontology Repository, which was originally
also based on BioPortal code, did later embrace OMV
more and added a few other metadata properties (omvmmi
extension). The repository administrators do edit the ontol-
ogy metadata of the files hosted on the portal to harmonize
them.

e Linked Open Vocabulary registry [9] explicitly uses VOID
and VOATF,; the latter was actually created for this purpose.
The LOV is a very good example of good use of har-
monized metadata that has inspired us a lot. More than
600 vocabularies (as of May 2017) are described with
common metadata fields facilitating manual and automatic
search. In addition, LOV is not limited to VOAF and rec-
ommends the use of other standard vocabularies.!? It is
important to note that the metadata is either entered by the
developer submitting the vocabulary then curated by the
registry administrators. Some are also automatically gen-
erated and, in both cases, LOV always relies on standard
vocabularies to store the information.

e OBO Foundry [16] refers metadata from around 20
vocabularies including DC, FOAF, IDOT, VOID, DOAP,
DISCO, etc.'* The OBO Foundry community effort is
important, and they encourage the ontology developers to
edit the metadata, aside from the main ontology file, in
a specific document (in MD or YAML format) hosted on
GitHub aside of the ontology files and parsed by the OBO
Foundry application to display ontology descriptions.!>
OBO Foundry administrators manually curate/edit ontol-
ogy metadata in complement of ontology developers.

e Ontobee [60] offers a few (6—7) common metadata (e.g.,
IRI, home, contact) and then display any other metadata

12 Originally, the NCBO developed the BioPortal Metadata Ontol-

ogy (http://purl.bioontology.org/ontology/BP-METADATA) which
imports OMV. But the current implementation is not completely in
sync with this vocabulary anymore.

13 http://lov.okfn.org/Recommendations_Vocabulary_Design.pdf.
14 http://obofoundry.github.io/registry/context.jsonld.

15 For instance: https:/github.com/OBOFoundry/OBOFoundry.githu
b.io/blob/master/ontology/envo.md.
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properties originally included in the ontology as “annota-
tion properties.” The portal also counts a few metrics.

e Similarly, AberOWL [61] and OLS [10], have a few com-
mon properties and then display the rest (included in the
ontology file) as annotation properties. By comparison to
OBO Foundry, the common properties are not described
with standard vocabularies.

For a recent review of ontology libraries and their metadata,
the reader might refer to [8], briefly summarized in [7]. In
these papers, authors showed that ontology metadata vocab-
ularies are rarely used by ontology libraries: 4'¢ ontology
libraries over the 13 studied have partially used the OMV.

5 Building a List of Properties to Describe
Ontologies

5.1 Method to Select Properties from Existing
Vocabularies

Enlightened by the analysis presented in the previous section,
we have accomplished a systematic review (as method-
ologically described by [64]) of the vocabularies previously
identified with the following research question in mind:
Which existing properties could be used to describe ontolo-
gies? The previously listed vocabularies have been identified
from: (1) the semantic web literature; (2) investigating ontol-
ogy libraries; (3) related similar studies such as the one
for dataset by the HCLS working group. Vocabularies were
selected based on their degree of standardization, relevance
for ontologies and current usage by ontology developers. The
final list of the 23 reviewed vocabularies and the numbers of
property reused are available in Table 3, plus the NCBO Bio-
Portal metadata model that we used as baseline and listed as
a vocabulary with the prefix “bpm.”

We now describe selection criteria for properties to be used
by our ontology portal. The goal of this list was to delimit
the set of properties that our ontology repository will “parse,”
i.e., the ones that will be automatically recognized and used
to populate the unified ontology metadata model. Indeed,
our motivation was to improve metadata management within
AgroPortal, a portal based on the NCBO technology. For
other important reasons in the AgroPortal project (mainte-
nance, collaboration, support, interoperability), keeping our
ontology repository backward compatible with NCBO was
mandatory. Therefore, each time a property was already cap-
tured by the BioPortal model, we would add it to the list and
not change it to another property that the analysis Sect. 4
would have shown more relevant. The criteria for inclusion
were the following, considered by order of importance:

16 The study reported 3 only, but the case of MMI was a mistake.
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1. Relevance for describing an ontology—the property may
have a sense if used to describe an ontology.

2. Being not “specific” to a library—even if the ontology
library helps to populate or predict the property, the prop-
erty would capture an information that belongs to the
ontology. For instance, properties such as credentials on
the portal or maintenance information, or local parsing
status are considered “specific.”

3. Semantic consistency—there must not be any conflict
(e.g., disjoint classes) if someone would describe an
ontology with all the listed properties. For instance,
an ontology may be an instance of omv:Ontology,
void:Dataset and cc:Work at the same time.

4. Being a W3C or Dublin Core Recommendations.

The frequency of use in the study presented in Sect. 4.2.

6. Priority to vocabularies specific for ontologies rather than
to the ones specialized for more general object (cc:Work,
dcat:DataSet, sd:Service, etc.).

d

Although we agree dereferenceability is an important crite-
rion for a vocabulary, we have not excluded properties that are
not dereferenceable, even it means a machine would hardly
understand the semantics of the property. We will mention
this as a requirement for a future ontology metadata vocab-
ulary in Sect. 7.1.

5.2 Properties Selected from Existing Metadata
Vocabularies

For each of these vocabularies, we have selected the sig-
nificant properties to describe objects that an ontology
could be considered a certain type of, e.g., a dataset, an
asset, a project or a document. For instance, an ontology
may be seen as a prov:Entity object and then the property
prov:wasGeneratedBy may then be used to describe its prove-
nance. We illustrate with examples as often as possible.

The first things to look at are the properties avail-
able in the W3C standard vocabularies, such as RDEFS,
OWL, and SKOS. Indeed, they include some annotation
properties that we can use to describe ontologies if we
consider them instances of rdfs:Resource, owl:Ontology or
skos:conceptScheme.

rdfs:label, rdfs:seeAlso, rdfs:comment, owl:versionInfo,
owl:versionIRI, owl:imports, owl:priorVersion,
owl:backwardCompatibleWith, owl:incompatibleWith,
owl:deprecated, skos:prefLabel, skos:altLabel,
skos:hiddenLabel, skos:hasTopConcept, skos:notation

SKOS label properties can be used to denote the alternative
or non-conventional names of an ontology. For instance, the
Phenotype And Trait Ontology is also known as “PATO,”
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Table 3 Vocabularies studied in

this review + BioPortal Prefix Namespace Resource #T #S #U
adms http://www.w3.org/ns/adms# adms:Asset 13 11 0
cc http://creativecommons.org/ns# cc:Work 5 5 2
dc http://purl.org/dc/elements/1.1/ NA 15 15 0
dcat http://www.w3.org/ns/dcat# dcat:Dataset 5 4 0
det http://purl.org/dc/terms/ dcmi:Dataset, 55 38 13

dcmi:Collection

doap http://usefulinc.com/ns/doap# doap:Project 25 18 3

door http://kannel.open.ac.uk/ontology# owl:Ontology 32 11 6

foaf http://xmlns.com/foaf/0.1/ foaf:Document 11 10 4

idot http://identifiers.org/idot/ dct:Dataset 9 6 1

mod http://www.isibang.ac.in/ns/mod# mod:Ontology 27 26 1

nkos http://w3id.org/nkos# rdfs:Resource 6 4 0

obolnOwl http://www.geneontology.org/form owl:Ontology 13 9 0
ats/obolnOwl#

omv http://omv.ontoware.org/2005/05/0 omv:Ontology 37 37 35
ntology#

owl http://www.w3.0rg/2002/07/owl# owl:Ontology 11 7 2

pav http://purl.org/pav/ prov:Entity 30 16 2

prov http://www.w3.org/ns/prov# prov:Entity 22 10 2

rdfs http://www.w3.0rg/2000/01/rdf-sc rdfs:Resource 7 3 0
hema#

schema http://schema.org/ schema:Dataset 90 41

sd http://www.w3.org/ns/sparql-servi sd:Service 13 1 1
ce-description#

skos http://www.w3.0rg/2004/02/skos/c skos:conceptScheme 14 5 1
ore#

vann http://purl.org/vocab/vann/ rdfs:Resource 6 5

voaf http://purl.org/vocommons/voaf# voaf:Vocabulary 16 12

void http://rdfs.org/ns/void# void:Dataset 24 16

bpm http://data.bioontology.org/metadat ~ bpm:Ontology 36 36 34
a bpm:OntologySubmission

Total 522 346 127

Column #T is the total number of properties provided by the vocabulary for column Resource type (or
rdfs:Resource). Column #S is the number of properties selected in the list from this vocabulary (only vocab-
ularies within the same namespace). Column #U is the number of properties used as default property in the
implementation of the new ontology repository model. For instance, for foaf:Document, we have reviewed a
total of 11 properties and considered 10 of them were relevant to describe ontologies and are now parsed by
AgroPortal, but only 4 have been explicitly used as “default” property in the new model

“Phenotypic Quality Ontology,” or “Ontology of phenotypic

qualities.”

Then the Dublin Core Metadata Initiative standards are
available. Dublin Core does not always specify the domain
of its properties. We have assumed that all of them accept
rdfs:Resource as domain. We have included the 15 DC prop-
erties and 38 DCT properties that are relevant for describing
ontologies (only DCT is listed hereafter):

dct:title, dct:accessRights, dct:isPartOf, dct:hasVersion,

dct:bibliographicCitation, dct:language, dct:dateSubmitted,

dct:description, dct:created, dct:date, dct:issued,
dct:rightsHolder, dct:modified, dct:conformsTo,
dct:contributor, dct:creator, dct:subject, dct:rights, det:license,
dct:format, dct:type, dct:requires, det:isVersionOf, dct:relation,
dct:coverage, dct:publisher, dct:identifier, dct:source,
dct:abstract, dct:alternative, dct:hasPart, dct:isFormatOf,
dct:hasFormat, dct:audience, dct:valid, dct:accrualMethod,

dct:accrualPeriodicity, dct:accrualPolicy

DCT’s accrual properties can be used for instance to
describe the process by which an ontology is updated and
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new concepts are added or removed. This has been estab-
lished as an important aspect by the Minimum Information
for Reporting of an Ontology guidelines.

Among the vocabularies available for ontologies we have
taken all the properties from OMV and MOD!” considering
an ontology an instance of omv:Ontology and mod:Ontology.
We only list the ones in OMV namespace (when they are
named the same in MOD):

omv:acronym, omv:name, omv:hasOntologyLanguage,
omv:reference, omv:URI, omv:naturalLanguage, omv:documentation,
omv:version, omv:creationDate, omv:description, omv:status,
omv:resourceLocator, omv:numberOfClasses,
omv:numberOfIndividuals, omv:numberOfProperties,
omv:modificationDate, omv:numberOfAxioms, omv:keyClasses,
omv:keywords, omv:knownUsage,
omv:conformsToKnowledgeRepresentationParadigm,
omv:hasContributor, omv:hasCreator, omv:designedForOntologyTask,
omv:endorsedBy, omv:hasDomain, omv:hasFormalityLevel,
omv:hasLicense, omv:hasOntologySyntax, omv:isOfType,
omv:usedOntologyEngineeringMethodology, omv:notes,
omv:usedOntologyEngineeringTool, omv:useImports,
omv:hasPriorVersion, omv:isBackwardCompatibleWith,
omv:isIncompatibleWith, mod:accessibility, mod:module,
mod:ontologyInUse, mod:sponsoredBy, mod:competencyQuestion,
mod:vocabularyUsed, mod:homepage

OMV properties (and individuals) are particularly relevant
as they have been explicitly created to describe ontolo-
gies. They are the only ones in our study enabling to
capture information such as the methodology applied to cre-
ate the ontology or the task/role for which an ontology has
been designed. For instance, the Medical Subject Headings
(MeSH) terminology has been designed for indexing sci-
entific medical publications (omv:IndexingTask), which is
different from the Gene Ontology that has been developed to
annotate gene products (omv:AnnotationTask). Among the
new properties from MOD, mod:competencyQuestion cor-
responds to properties suggested for instance by [65]

There exist two specific vocabularies for representing rela-
tions. From DOOR, that is very detailed and formal, we have
selected 11 of the most significant, in addition to the 4 from
OWL. We had to draw the line, and we considered 15 for-
mal relations from these two vocabularies were enough in
most cases to describe ontology relations. VOAF proper-
ties (applied to a voaf:Vocabulary) were almost completely
included, except 4 statistical properties (that are relevant only
for a specific repository):

17 Except mod:size that was new in MOD and ambiguous (“the size of
an ontology”).
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door:semanticallylncludedIn, door:imports, door:priorVersion,
door:backwardCompatibleWith, door:owlIncompatibleWith,
door:ontologyRelatedTo, door:similarTo,
door:comesFromTheSameDomain, door:isAlignedTo,
door:explanationEvolution, door:hasDisparateModelling,
voaf:classNumber, voaf:propertyNumber, voaf:extends, voaf:reliesOn,
voaf:similar, voaf:hasEquivalencesWith, voaf:specializes,
voaf:usedBy, voaf:metadataVoc, voaf:generalizes,
voaf:hasDisjunctionsWith, voaf:toDoList

The property door:explanationEvolution or
voaf:specializes can be used to say that an ontology is
a latter version that is semantically equivalent to another
ontology and specializes it. For instance, International
Classification of Diseases, 10th revision (ICD-10) has for
prior version ICD-9 and for specialization ICD-10-CM
(Clinical Modification made by US National Center for
Health Statistics).

From NKOS Application Profile, we have selected 4 prop-
erties among the 6 new ones defined in the namespace
and have in that case considered the properties would be
applied to rdfs:Resource. Two have been excluded because
we already have more precise properties in other vocabularies
(nkos:serviceOffered and nkos:sizeNote).

nkos:alignedWith, nkos:basedOn, nkos:updateFrequency, nkos:usedBy

Among the metadata vocabularies to describe datasets,
we have reviewed VOID, a W3C Note proposed in 2011 to
describe RDF datasets. It allows describing two main objects
void:Dataset and void:Linkset which are set of links between
datasets. The vocabulary also includes URIs for license or
serialization formats. void:Dataset can be described with 24
properties including a few metrics plus some from DCT.
From VOID, we picked-up 16 relevant properties.

void:subset, void:classPartition, void:propertyPartition,
void:rootResource, void:classes, void:properties, void:triples,
void:entities, void:exampleResource, void:vocabulary,
void:sparqlEndpoint, void:dataDump, void:openSearchDescription,
void:uriLookupEndpoint, void:uriRegexPattern, void:uriSpace

For instance, void:uriRegexPattern may be used to explain
the pattern that some ontologies use when building their URIs
and conceptidentifiers, e.g., ICD-10)’s codes respect a struc-
ture that keeps track of the chapter, and hierarchy (K70.3 code
for “Alcoholic cirrhosis of liver” is the 3rd of “Alcoholic liver
disease” (K70) which are all in the “Diseases of the digestive
system” Chapter (K)).
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A few of the properties from Indentifiers.org (IDOT) (6)
shall be relevant to describe ontologies also:

idot:state, idot:obsolete, idot:alternatePrefix, idot:identifierPattern,
idot:preferredPrefix, idot:exampleldentifier

VANN is a small vocabulary created to describe vocabu-
laries, which includes:

vann:preferredNamespacePrefix, vann:preferredNamespaceUri,
vann:usageNote, vann:example, vann:changes

The property idot:preferredPrefix or
vann:preferredNamespacePrefix can be used to store
the preferred prefix when using the ontologies. See for
example, http://prefix.cc for all possible prefix values.

DCAT is the W3C Recommendation since January 2014 to
describe data catalogs; it offers a dcat:Dataset class relevant
for ontologies. DCAT uses DCT and also offers properties
with domain dcat:Distribution, but we have not taken those
ones to restrict our selection to the dcat:Dataset class (among
the 4 missed properties, 3 finds equivalent in other vocabu-
laries). Then from ADMS, which is a profile of DCAT used
to describe semantic assets (data models, code lists, tax-
onomies, dictionaries, vocabularies), we took 19 properties
for class adms:Asset (or no domain) but only 11 specifically
defined in the adms namespace, because ADMS used several
other vocabularies treated in this study:

dcat:landingPage, dcat:contactPoint, dcat:keyword, dcat:theme,
adms:sample, adms:status, adms:versionNotes,
adms:representationTechnique, adms:prev, adms:last, adms:next,
adms:includedAsset, adms:identifier, adms:supportedSchema,
adms:translation

In the SIFR BioPortal project [20], we are interested to
formally represent that some ontologies are the translated
version of other ones (usually stored in the NCBO BioPortal).
For instance, the French Medical Dictionary for Regulatory
Activities Terminology is translated from the English ver-
sion. The adms:translation can be used for this.

Schema.org (SCHEMA) can describe multiple types of
resources. We have identified the schema:Dataset type as the
closest one to describe ontologies. Schema.org is very rich
to describe schema:Dataset (including properties inherited
of schema:CreativeWork and schema:Thing), we have iden-
tified 41 relevant properties:

schema:distribution, schema:includedInDataCatalog, schema:spatial,
schema:about, schema:alternativeHeadline, schema:associatedMedia,
schema:audience, schema:author, schema:award, schema:comments,
schema:contributor, schema:copyrightHolder, schema:creator,
schema:dateCreated, schema:dateModified, schema:datePublished,
schema:workExample, schema:fileFormat, schema:hasPart,
schema:isPartOf, schema:inLanguage, schema:isBasedOn,
schema:keywords, schema:license, schema:mainEntity,
schema:publisher, schema:publishingPrinciples, schema:review,
schema:schemaVersion, schema:sourceOrganization,
schema:translator, schema:version, schema:alternateName,
schema:description, schema:image, schema:mainEntityOfPage,
schema:citation, schema:name, schema:url,
schema:translationOfWork, schema:translation

For instance, the property schema:includedInDataCatalog
may be used to store the fact that an ontology is hosted in
different ontology libraries. This is, for instance, the cases
for the OBO Foundry ontologies that are, in addition of the
foundry being uploaded in NCBO BioPortal, Ontobee, OLS
and AberOWL. With such a property properly populated,
everyone will always know in which library to find an ontol-
ogy.

If we consider an ontology as different kinds of objects,
additional relevant vocabularies may be used. Thus, FOAF
can be used to describe an ontology as an instance of
foaf:Document, DOAP if an ontology is viewed as develop-
ment project (doap:Project) and CC to see it as a cc:Work!8:

foaf:name, foaf:homepage, foaf:isPrimaryTopicOf, foaf:page,
foaf:primaryTopic, foaf:maker, foaf:topic, foaf:depiction foaf:logo,
foaf:fundedBy, doap:name, doap:blog, doap:language, doap:wiki,
doap:release, doap:description, doap:created, doap:download-page,
doap:helper, doap:maintainer, doap:translator, doap:audience,
doap:download-mirror, doap:service-endpoint, doap:screenshots,
doap:repository, doap:bug-database, doap:mailing-list,
cc:attributionName, cc:attributionURL, cc:license,
cc:morePermissions, cc:useGuidelines

More and more ontology developers have turned to
GitHub to store and release their ontologies, for example, the
Environment Ontology (https://github.com/EnvironmentOn
tology). The DOAP properties are thus very relevant to cap-
ture the metadata about the ontology development project.

Two vocabularies for representing provenance informa-
tion are included: PROV and PAV. PAV specializes terms
from PROV and DCT. It contains 40 properties (including
30 specific ones) with no constraint on range or domain.
When incorporating PROV and PAV, we had to focus on the
main properties offered to describe prov:Entity (but poten-
tially more maybe used):

18 We have here an inconsistency as doap:Project are themselves sub-
classes of foaf:Project and because foaf:Project and foaf: Document are
disjoints. We let to ontology developers the choice.
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prov:generalizationOf, prov:generatedAtTime, prov:wasAttributedTo,
prov:wasInfluencedBy, prov:wasDerivedFrom, prov:wasRevisionOf,
prov:specializationOf, prov:invaliatedAtTime, prov:wasGeneratedBy,
prov:waslnvalidatedBy, pav:hasCurrentVersion, pav:hasVersion,
pav:version, pav:createdOn, pav:authoredOn, pav:contributedOn,
pav:lastUpdateOn, pav:contributedBy, pav:authoredBy, pav:createdBy,
pav:createdWith, pav:previous Version, pav:hasEarlierVersion,
pav:derivedFrom, pav:curatedBy, pav:curatedOn

From the OboInOwl specification, we took 9 of the
13 properties (and the alternative names, not listed, e.g.,
savedBy):

oboInOwl:format-version, oboInOwl:data-version, oboInOwl:date,
obolnOwl:saved-by, obolnOwl:auto-generated-by, obolnOwl:import,
oboInOwl:synonymtypedef, oboInOwl:default-namespace,
oboInOwl:remark

Finally, we have selected sd:endpoint from SPARQL 1.1
Service Description.

5.3 Existing Properties in Ontology Repositories

In order to manage versioning, access rights and metadata,
BioPortal model stores ontologies with two objects: one
Ontology which is actually the shell for multiple Submissions
that contains the real content of an ontology. The Ontology
object contains the most usual metadata (name, acronym,
administrators, viewing restriction, group and categories)
that will remain over versions, whereas the Submission
objects contain the detailed metadata (description, metrics,
contact, etc.) and links to the actual content of that specific
version. For example, the following REST service calls will
return, respectively, the Ontology object and the latest Sub-
mission for the NCI Thesaurus:

http://data.bioontology.org/ontologies/NCIT ?display=all

http://data.bioontology.org/ontologies/NCIT/latest_sub
mission?display=all

We have reviewed the complete list of properties offered
by those two objects (including direct properties and links
returned by the API): 25 for Ontology and 41 for Submission.
From them, we picked-up the ones (46) that are not specific
to BioPortal. For instance, the administrator (different from
contact) of an ontology in BioPortal is an information that has
sense only within BioPortal and therefore does not belong to
the original ontology.

For homogeneity, we use the namespace bpm in the fol-
lowing list, even if those properties do not actually belong
to a formal vocabulary (we do not include hereafter the 10
OMV properties originally used by BioPortal):
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bpm:group, bpm:viewOf, bpm:submissions, bpm:reviews, bpm:notes,
bpm:projects, bpm:views, bpm:analytics, bpm:ui, bpm:properties,
bpm:classes, bpm:roots, bpm:prefLabelProperty,
bpm:definitionProperty, bpm:synonymProperty, bpm:authorProperty,
bpm:hierarchyProperty, bpm:obsoleteProperty, bpm:obsoleteParent,
bpm:homepage, bpm:publication, bpm:released, bpm:diffFilePath,
bpm:pullLocation, bpm:contact, bpm:metrics.classes,
bpm:metrics.individuals, bpm:metrics.properties,
bpm:metrics.maxDepth, bpm:metrics.maxChildCount,
bpm:metrics.averageChildCount, bpm:metrics.classesWithOneChild,
bpm:metrics.classesWithMoreThan25Children,
bpm:metrics.classesWithNoDefinition, bpm:downloadRdf,
bpm:downloadCsv

Once a primary version of the list was created from Bio-
Portal plus the standard metadata vocabularies, we also ana-
lyzed the other ontology repositories. We did not find other
properties that were not already covered by our review so far.
From the OBO Foundry, the only exceptions were the prop-
erties inside the obofmd namespace (non-dereferenceable),
that seems to be the ones the OBO Foundry developers did
not find in any vocabulary. Although we have matches for
4 over 5 of these properties, we did not integrate those by
the lack of information about them (plus this namespace was
not identified in Sect. 4.2). AberOWL contains also a prop-
erty species that we did not pick up as this is specific to the
biomedical domain and unsatisfiable classes which are an
interesting information for the ontology evaluation, but not
for ontology description. OLS contains also two properties
that we do not already had (reasonerType and oboSlims) but
were not included by the lack of information. Even if we have
an interest in biological and agronomical ontologies, we did
not include in this list, properties that are domain specific.
All the properties can be used to describe ontologies from
any domain.

5.4 Results: A Complete List of Properties
to Describe Ontologies and a Unified Model
for AgroPortal

After the two steps described in the previous section, we
end up with a complete list of 346 properties that could be
used to describe ontologies. These properties will, therefore,
be parsed by AgroPortal when an ontology is uploaded in
order to populate the values of unified model implemented
for all the ontologies on the portal. With the 346 properties of
this list, we cover most of the properties identified in Table 2
except the ones in namespaces that are not relevant for ontolo-
gies (e.g., nemo_annot, vaem and asthma), portal specific
(e.g., omvmmi), format specific or not defined as a vocabu-
lary (e.g., obo), or software specific (e.g., protege) or within
the oboInOwl namespace but not in the OBO in OWL spec-
ification [54]. Among the 31 properties from Tejo-Alonso
et al.’s study [35], we cover 25 properties. The six proper-
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ties not included are 4 SKOS “documentation properties”
(e.g., skos:changeNote, skos:definition), that according to
the SKOS specification are intended to provide information
relating to concepts although there is no domain restriction
for these properties. The two others are rdfs:isDefinedBy!”
and vs:terms_status excluded for an equivalent reason. We,
therefore, believe our complete list of properties that will be
parsed by our ontology repository include most of the prop-
erties actually used by ontology developers.

Among those properties of the complete list, there
was obvious overlap. Indeed, some properties define
exactly the same thing, e.g., the version informa-
tion of an ontology can be described by omv:version,
owl:versionInfo, mod:version, doap:release, pav:version and
schema:version. And some properties define very similar
things such as for instance the homepage of an ontology
project: bpm:homepage, foaf:homepage, cc:attributionURL,
mod:homepage, doap:blog, and schema:mainEntityOfPage.
With the purpose of simplifying our list, and implement
a restricted unified model within our ontology repository,
we have grouped properties of exact or similar meaning by
selecting a “default” property that we would use in our ontol-
ogy metadata model. The role of these equivalences (we
voluntary do not use the word mapping or alignment) is
not to build a unique vocabulary for describing ontologies
(although this question will be discussed in Sect. 7), but to
implement an unified model for describing ontologies in an
ontology repository that would help us address the challenges
explained in Sects. 1 and 2. When selecting the “default”
property, we applied the following rules that are specific to
our context:

1. Do not change the properties that were already in BioPor-
tal. As previously explained, we had to keep AgroPortal
backward compatible with BioPortal (we will further dis-
cuss thisin Sect. 7). Except for 3 metric properties that we
have duplicated to enable users to reset themselves the
number of classes, individuals and properties, we have
reused all the 34 other properties already implemented
in BioPortal;

2. Pick up the OMV property if existing (to stay consistent
with BioPortal’s historical choice of using OMV);

3. If not available within OMYV, choose property from
any other vocabulary offering the best correspon-
dence by giving preference when possible to W3C
Recommendations or Notes. With this in mind,
we prefer dct:publisher to schema:publisher and
adms:schemaAgency. Or, foaf:-fundedBy rater than
mod:sponsoredBy and schema:sourceOrganization.

19 Although the domain of rdfs:isDefinedBy is rdfs:Resource, it is
defined by the RDF specification as: “may be used to indicate an RDF
vocabulary in which a resource is described.”.

We came up with a list of 127 properties in the restricted
unified model including the 46 original ones from BioPortal
(nonspecific) and 82 new ones from metadata vocabularies.
For a better comprehension, we categorized the properties as
illustrated in Table 4. Among them, 17 properties from Bio-
Portal cannot be mapped to any of the studied vocabularies,
which means that they are candidates for extending one of the
studied vocabularies or creating a new one (cf. Sect. 7.1). For
example: bpm:group, bpm:downloadCsyv, or a few metrics,
and properties describing the classes.

When selecting a default property for the unified model
and grouping properties by equivalences, we had to make
choices (that we have tried less arbitrary possible). These
were guided by our context and motivation (i.e., implement-
ing this model in AgroPortal) and shall differ from projects
with other motivations. Here are a few examples of these
choices:

e We kept omvinotes over rdfs:comment, or
adms:versionNotes in order to stay consistent with
BioPortal’s choice of partially adopting OMV. This
choice was made in 2009 right after the OMV vocabulary
was proposed and according to us, this was a good choice
at that time. We would not necessarily encourage the use
of omv:notes (or any OMV property for which a more
standard vocabulary already provides something) over
rdfs:comment anymore now. Indeed, this is a limitation
of OMV that we have pointed out. Finally, our model
includes 35 of the 37 relations of OMV. The two missing
are omv:reference and omv:resourceLocator that we
have not included because BioPoral already offered a
property for them (but not the OMV one!) respectively
bpm:publication and bpm:pullLocation.

e For a property that was not already captured by BioPortal
or OMYV, such as the fact that an ontology is deprecated, we
give priority to established standards, e.g., owl:deprecated
over idot:obsolete as the OWL property (which applies to
any IRI) comes from a W3C Recommendation.

e We selected dct:publisher over schema:publisher as our
analysis has shown that Dublin Core (and Elements) prop-
erties are widely used among ontology developers. This
might of course change in the future considering the pace
of adoption of Schema.org.?”

e For the relation between an ontology and a view of
this ontology, BioPortal defines bpm:viewOf and
bpm:views that we have kept, respectively, over
dct:isPartOf (or schema:isPartOf or void:subset
or door:sematicallylncluedln) and dct:hasPart (or

20 On that example, one can regret the fact that Shema.org has not
itself adopted Dublin Core or that the two organizations do not work
together. Similarly, Schema.org and DCAT are particularly rich and we
shall follow closely the effort of harmonizing them in the future.
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Table 4 Restricted list of 127 properties (“default””) implemented in AgroPortal’s unified metadata model

Category List of properties in this category

Intrinsic properties

omv:acronym, omv:name, dct:alternative, skos:hiddenLabel, omv:URI, owl:versionIRI, dct:identifier, omv:version,

omv:status, owl:deprecated, omv:hasLicense, omv:hasOntologyLanguage, omv:hasFormalityLevel,

omv:hasOntologySyntax, omv:naturalLanguage

Description

omv:description, bpm:publication, omv:documentation, dct:abstract, cc:morePermissions, cc:useGuidelines,

schema:copyrightHolder, bpm:pullLocation, omv:notes, omv:keywords, omv:isOfType, omv:designedForOntologyTask,
omv:usedOntologyEngineeringTool, omv:usedOntologyEngineeringMethodology,
omv:conformsToKnowledgeRepresentationParadigm, dct:coverage, mod:competencyQuestion, foaf:depiction, foaf:logo,
foaf:homepage, schema:associatedMedia, bpm:diffFilePath, vann:example, idot:exampleldentifier,
vann:preferredNamespaceUri, vann:preferredNamespacePrefix, void:uriRegexPattern, bpm:prefLabelProperty,
bpm:definitionProperty, bpm:synonymProperty, bpm:authorProperty, bpm:hierarchyProperty, bpm:obsoleteProperty,
bpm:obsoleteParent, schema:includedInDataCatalog

People omv:hasCreator, omv:hasContributor, dct:publisher, pav:curatedBy, bpm:contact, schema:translator

Grouping omv:hasDomain, bpm:group

Relation omv:uselmports, omv:hasPriorVersion, omv:isBackwardCompatibleWith, omv:isIncompatibleWith, bpm:viewOf,
bpm:views, bpm:submissions, bpm:hasPart, dct:isFormatOf, dct:hasFormat, door:ontologyRelatedTo, door:similarTo,
door:comesFromTheSameDomain, door:explanationEvolution, door:hasDisparateModelling, door:isAlignedTo,
schema:translationOfWork, schema:workTranslation, voaf:usedBy, voaf:generalizes, voaf:hasDisjunctionsWith

Content omv:keyClasses, bpm:ui, sd:endpoint, voaf:metadataVoc, bpm:csvDump, bpm:properties, bpm:classes, bpm:roots,
void:dataDump, void:uriLookupEndpoint, void:openSearchDescription, bpm:downloadRdf, bpm:downloadCsv

Community omv:knownUsage, omv:endorsedBy, bpm:projects, dct:audience, bpm:analytics, foaf:fundedBy, bpm:reviews, bpm:notes,
voaf:toDoList, doap:repository, doap:bug-database, doap:mailing-list, schema:award

Date omv:creationDate, bpm:released, omv:modificationDate, dct:valid, pav:curatedOn

Metrics omv:numberOfClasses, omv:numberOfIndividuals, omv:numberOfProperties, omv:numberOf Axioms, bpm:maxDepth,
bpm:maxChildCount, bpm:averageChildCount, bpm:classesWithOneChild, bpm:classesWithMoreThan25Children,
bpm:classesWithNoDefinition, void:entities

Provenance

dct:source, prov:wasGeneratedBy, prov:waslInvalidatedBy, dct:accrualMethod, dct:accrualPeriodicity, dct:accrualPolicy

schema:hasPart or oboInOwl:hasSubset or adms:sample)
to keep our model backward compatible.

The selection of default properties and equivalences is the
more subjective part of our work. Our choices were driven
by our needs and are subject to future modifications (see dis-
cussion Sect. 7.1). Somehow, they had to be made to nourish
our project of demonstrating the power of harmonized meta-
datain an ontology repository. We shall certainly update these
choices to accommodate small changes based on user feed-
back or experience. The latest complete list of properties and
the equivalences implemented in AgroPortal are available via
a web service call: http://data.agroportal.lirmm.fr/submissio
n_metadata

6 Harnessing the Power of Unified Metadata
in AgroPortal

Our goal was to implement a new metadata model into an
ontology repository and give sense and valorize these meta-
data. We want to illustrate inside an ontology repository
why ontology metadata are important and how they can be
leveraged to provide new interesting insights to ontology
developers and final users. We also believe that it is the role
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of an ontology repository to capture and give sense to meta-
data information interlinking ontologies together (e.g., the
relation between ontologies).

6.1 Implementation Within AgroPortal

We have used the restricted list of Table 4 to implement
a unified ontology metadata model within AgroPortal. We
have added the 79 new properties into the original model (of
46 properties) precisely respecting the cardinalities of the
properties.”! This model is used to describe the ontologies
being “hosted” within the portal, not the original ontol-
ogy (to which only the original developers have authority
on). Technically and formally speaking, this means that the
metadata properties populated within AgroPortal apply to
resources created by the portal, not the original URIs of the
ontologies. For example, the National Agricultural Library
Thesaurus (NALT) has for URI: http://lod.nal.usda.gov/nalt
but the metadata properties, represented in JSON-LD within
AgroPortal are assigned to the following resources: http://d

2l With the objective of keeping our implementation simple, we have
decided to add every new property to the Submission object. The range
is generally either an URI or a String.
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ata.agroportal lirmm.fr/ontologies/NALT http://data.agropo
rtal lirmm. fr/ontologies/NALT/submissions/3.>>

This gives us more flexibility when implementing a uni-
fied metadata model and facilitates the valorization and use
of the metadata over all the ontologies, although it could cre-
ate a confusion in terms of linked data being produced by
the portal. For instance, an ontology creator may have used
dc:title in the original ontology file but we will actually use
the property omv:name for the metadata being stored on the
portal.?3

When an ontology is uploaded, AgroPortal extracts auto-
matically most of the ontology metadata if they are included
in the original file or populates some of them (e.g., metrics,
endpoints, links, examples). Those values can manually be
changed after by ontology developers or the portal adminis-
trators if they want to provide another value. We populate the
127 properties of the unified model by automatically pars-
ing any of the 346 properties of the complete list presented
in Sects. 5.2 and 5.3. When the original ontology file uses
a property to capture metadata, we copy the value of this
property to the default property chosen in the unified model
and assign it to the resource created to represent the ontology
within AgroPortal. Sometimes, the properties happen to be
the same but often they are not. In the (very exceptional) case
where multiple properties from the original file map to the
same default property within the model, we aggregate the val-
ues or use multiple instances of the default property to keep
all the original information. Then AgroPortal’s REST web
service will return the metadata of the hosted ontology, not
the ones from the original file. Advanced users can still access
the original metadata using the AgroPortal’s SPARQL end-
point (http://sparql.agroportal.lirmm.fr/test) on which both
URIs (hosted and original) are queryable. For example, if an
ontology developer would use dc:creator for John, Alice and
Tom and then pav:createdBy for NIH, WHO and NCBI, then
AgroPortal’ REST service API will return omv:hasCreator
for John, Alice, Tom, NIH, WHO and NCBI. The SPARQL
endpoint will return the original metadata.

For each ontology, available and uploaded in the portal,
we collaborate with the ontology developers to extensively
describe their metadata and we have spent a significant
amount of time editing, curating and harmonizing the meta-
data. Information is generally found in other libraries (e.g.,

22 AgroPortal web service API requires a key to answer the
data.agroportal calls. Users of the API will have to create an account
on AgroPortal to get an APIkey (the same procedure is required
with NCBO BioPortal). For the NCBO BioPortal, examples may be
found here: http://data.bioontology.org/documentation#OntologySubm
ission.

23 The perfect technical choice would have been the one of LOV, which
only deals with a unified metadata following a specific announced
vocabulary; however, we have demonstrated that only one or two stan-
dard vocabularies do not cover all the required fields for ontologies.

LovInra, VEST Registry, OBO Foundry, FAIRsharing) or
identified in the publications, web sites, documentation, etc.
found about the ontologies.

Now all the ontologies within AgroPortal are described
with the same unified metadata model and we have invested
a significant effort in editing metadata. This has resulted in
three important new features for AgroPortal (Table 5):

e AgroPortal’s ability to semantically capture and display
a very large number of information about an ontology.
The Ontology Summary page allows getting all the meta-
data information about a specific ontology. It helps users
to know more about the ontologies they are using (or
consider using); this will facilitate the ontology selec-
tion process and overall, make ontologies more FAIR.
Plus, thanks to the portal architecture, all these data is
formally described, with semantic web (standard) vocabu-
laries and available as linked data (JSON-LD). In addition,
we have entirely redesigned AgroPortal’s ontology sub-
mission page to facilitate the edition of the metadata.
Whenever possible, the user interface facilitates the selec-
tion of the metadata values, while in the backend those
values are stored with standard URIs. For instance, the user
interface will offer a pop-up menu to select the relevant
license (CC, BSD, etc.) while the corresponding URI will
be taken from the RDFLicense dataset (http://rdflicense.
appspot.com). Knowledge organization systems types are
taken from the NKOS Types Vocabulary of the Dublin Core
initiative.’* Natural languages are taken from the LEXVO
vocabulary [66]. Ontology syntax values are provided by
the W3C.?> Some other values (the type of ontology or
formality level) are taken as individuals from OMV. An
example using the OntoBiotope ontology metadata page
in AgroPortal is shown in Fig. 1.

e Advanced ontology search and selection thanks to Agro-
Portal’s Browse Ontologies page (Fig. 2) which offers a
convenient user interface with sorting, filtering, and facets
that facilitate the identification of the ontology(ies) of
interest. We now offer nine facets, based on the metadata,
to filter ontologies including four new ones (content, natu-
ral language, formality level, type) as well as seven options
to sort this list including two new ones (name, released
date). These new features facilitate the process of select-
ing relevant ontologies.

e We have begun facilitating the comprehension of the
agronomical ontology landscape by displaying diagrams,
charts, and graphs about all the ontologies on the portal
(average metrics, most used tools, leading contributors and
organization, and more). We have created a new AgroPor-

24 http://wiki.dublincore.org/index.php/NKOS_Vocabularies

(ANSI/NISO Z39.19-2005).

25 https://www.w3.org/ns/formats/.
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Table 5 Summary of metadata use within AgroPortal ontology repository

Ontology Summary page

Browse Ontologies page

Landscape page

Gives all the metadata information
about a specific ontology

Description

The whole “Additional Metadata”
block which corresponds to
properties from our new model. Plus
the “Get my metadata back” buttons

New compared to
BioPortal

Allows to search, order and select
ontologies using a facetted search
approach, based on the metadata

Four additional ways to filter
ontologies in the list (content,
natural language, formality level,
type) as well as two new options to

Allows to explore the agronomical
ontology landscape by automatically
aggregating the metadata fields of
each ontologies in explicit
visualizations (charts, term cloud
and graphs)

This page did not exist in the original
BioPortal

sort this list (name, released date)

Example (user http://agroportal.lirmm.fr/ontologies/

interface) ONTOBIOTORPE (see also Fig. 1)
Example (API http://data.agroportal lirmm.fr/ontolog
call) ies/ ANAEETHES/submissions/2?di ies
splay=all

http://agroportal.lirmm.fr/ontologies
(see also Fig. 2)

http://data.agroportal lirmm.fr/ontolog

http://agroportal.lirmm.fr/landscape
(see also Fig. 3 to Fig. 9)

E.g., to get omv:hasLicense property
http://data.agroportal.lirmm.fr/submiss
ions?display=hasLicense

tal Landscape page that displays metadata “by property”
(as opposed as “by ontology” as in Fig. 1) by aggregating
the metadata values (Sect. 6.2).

6.2 AgroPortal’s Landscape Page

We have now a specific page dedicated to visualizing the
ontology landscape in AgroPortal that facilitates analysis of
the repository content. The landscape page helps to figure
out what are some of the main domain of interests as well as
common development practices when creating a vocabulary
or ontology in agronomy. Of course, this information relies
on the metadata extracted from the ontologies or edited on
the portal. Such visualizations are also meant to motivate the
ontology developers to document and describe more their
ontologies. In the following, we present some views (figures)
automatically created with the content of the repository from
May 2017. Whenever possible, we also explicitly mention
the metadata property used to generate the view.

Within AgroPortal (as in the original BioPortal) we orga-
nize the ontologies in relevant group and categories (Fig. 3):
each time an ontology is uploaded into the portal, it is man-
ually assigned a group and/or category. The groups allow
bringing together ontologies from the same project or orga-
nization for better identification of the provenance. The
categories are another way to classify ontologies in the por-
tal by domain. The groups and categories are customizable
and will be adapted in the future to reflect the evolution
of the portal’s content and community feedback. Another
good aspect of the portal’s architecture is that it provides
URISs for any objects in the portal including groups and cate-
gories e.g., http://data.agroportal lirmm.fr/categories/EFARM
ING identifies the category “Farms and Farming Systems.”
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External applications can now use these URIs to organize
ontologies or tag them.

The most commonly adopted format is OWL (Fig. 4)
which confirms the agronomy community has clearly turned
to the W3C Recommendation for building ontologies. In
addition, we already host six vocabularies in SKOS, which
shall be a format that will grow in the future. It has been
adopted, for instance, by the ANAEE Thesaurus, Agrovoc,
NAL and CAB Thesaurus. Figure 4 also shows that most
of the ontologies are in the range between 100 and 10 K
classes (or concepts), although a few big resources have been
uploaded. The metrics in AgroPortal are automatically com-
puted by the OWL-API, but they can be overridden manually.
The size of the ontology is generally the number of classes
(except with the SKOS format, where it is the number of
individuals).

Ontology labels are mostly in English (Fig. 5) although
we have seven resources that offer French labels (mostly
because of our French collaborators). Multilingual resources
include Agrovoc and NAL Thesaurus. Figure 5 also shows
that among the 31 ontologies that have explicitly defined
licensing information, all of them are openly accessible with
different licenses. Note AgroPortal can also host private
ontologies or restrict download for public ones.

The type and formality level of resources are described
in Fig. 6. The number of upper level ontologies (not specif-
ically dedicated to agriculture) is maintained low and not
surprisingly most of the ontologies are domain or application
ontologies. Acknowledging the “ambiguity” of these infor-
mation, as there are no standard definitions of the type and
formality level of a knowledge organization system, we do
think this information is useful and may help to select the
right resources for a given task [14].
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OntoBiotope

Summary Classes Properties Notes Mappings Widgets

Details

ACRONYM ONTOBIOTOPE

Get my metadata back

Metrics =

VISIBILITY Public

o Is an ontology of habltats. Its madeling principle and Its lexicon reflect the
blotope classification used by blologlsts to describe microorganism Isolation sites (e.g. GenBank, GOLD,
ATCC). OntoBiotope is developed and maintained by the Meta-omics of Microbial Ecosystems (MEM)
network in which 30 microbiologists from INRA (French National Institute for Agricultural Research) from all
fields of applied microbiology participate. The relevance of OntoBiotope lerms is evaluated through the
PubMedBiotope semantic search engine. It identifies and categorizes microbial biotopes in all PubMed
abstracts by applying the ToMap method {Text to Ontology Mapping) to the OntoBiotope ontology. It also

DESCRIPTION
NUMBER OF CLASSES:

NUMBER OF INDIVIDUALS

indexes 3,35 millions relations between taxa and their habitats.
STATUS Production
FORMAT 08O
CONTACT Claire Nedellec, ciaire.nedeliec@jouy.inra.ir
HOME PAGE httpu/iovinrainrafr/
PUBLICATIONS PAGE  hitps://doi.0rg/10.1186/1471-2105-16-510-51

DOCUMENTATION PAGE  hitp:/lovinra.inrafrf

NUMBER OF PROPERTIES:

MAXIMUM DEPTH

MAXIMUM NUMBER OF CHILDREN

AVERAGE NUMBER OF CHILDREN:

CLASSES WITH A SINGLE CHILD:

CLASSES WITH MORE THAN 25 CHILDREN:

CLASSES WITH NO DEFINITION:

CATEGORIES Natural Resources, Earth and Environment

GROUPS INRA Linked Open Vocabularies Visits oownioad as csv

Additional Metadata

NATURAL LANGUAGE

VERSION

RELEASE DATE 2015-06-29T00:00:00+00:00

information extraction, corpus annolation, natural language processing, ontology building, biology,

KEYWORDS
genetics

KNOWN USAGE Used by the BioNLP Shared task (Bacteria Biotope task) in 2011, 2013 and 2016

OntoBiotope s developed and by the Meta-omics of Microbial (MEM)
network In which 30 microblologists from INRA (French National Institute for Agricultural
Research) from all flelds of applled microblology participate.

CREATORS Claire Necellec

includedinDataCatalog

hitp:/flovinra.inra.f7/2015/07/30/ontobiotope/ [l VEST Registry

DESIGNED FOR ONTOLOGY TASK | hiip/omv.ontoware.org/2005/05/ontology#AnnotationTask
ENDORSED BY INRA {hitp://vavwinrafr/)

FUNDED BY INRA (http:/fvaweinra.fr/)

HAS FORMALITY LEVEL nitp:/iwald.orginkosinkostype#ontology
(SMol

hitp://pur.obolibrary.orgloboloboformatis

HAS LICENSE

ONTOLOGY SYNTAX

—=

e
SCIENCE & IMPAC

s oF TYPE hitp:i/omv.ontoware. org/2006/05/ontology#DomalnOntology

PUBLISHER INRA (hitp:tvavwinra.fr/)
IDENTIFIER doi.0rg/10.15454/1.4382640528105164E12

COPYRIGHT HOLDER INRA (hitp/fvaww.inra.fr/)

No reviews available.

Submissions

SUBMISSION RELEASE DATE UPLOAD DATE DOWNLOADS

1.2 (Pared, Indexad, Metrics, Annotator) 06/29/2015 06/12/2016

OBO | CSV | RDF/XML

BioNLP-ST 2013 version  (uctived) 06/28/2015 06/29/2015 0OBO

Views Create new view

No views available.

Projects Using This Ontology  create new project

PROJECT DESCRIPTION PEOPLE INSTITUTION

LOVinra est un service
proposé par la Délégation
a

LOVinra : Linked Open
Vocabularies

Sophie Aubin

(sophie.aubin@versailles inra.fr) BRA

L'ambition pour
OntoBiotope est de
normaliser la description

OntoBiot Claire Nedellec
e (claire.nedellec@jouy.inra fr)
This VEST-AgroPortal
provides a global map of
existing...

Valeria Pesce
(valeria.

VEST-AgroPortal Map of

Food & Agriculture
Standards O

Fig.1 Screenshot of the Ontology Summary page for the Onto-
Biotope ontology (http://agroportal.lirmm.fr/ontologies/ONTOBIOT
OPE). The section “Additional Metadata” has been automatically
extracted from the content of the original ontology file or edited by

AgroPortal admin or the ontology owner. We have not yet implemented
the change at the user interface level to display nice values rather than
the raw URIs. This will be done in the next future
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Farms and Farming Systems ... The Thesaurus is an online vocabulary of agricultural terms in English and Spanish and is cooperatively produced by the

Fisheries and Aquaculture (1) * National Agricultural Library, USDA and the Inter-American Institute for Cooperation on Agriculture as well as other Latin

Food Security (1) / American agricultural institutions belonging to the Agriculture Information and Documentation Service of the Americas

Food and Human Nutrition (4) ¢ (SIDALC)

Forest Science and Forest Pro... : Uploaded: 4/26/17

Geographical Locations (0)
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- Health and Pathology (©) ] e OntoBiotope (ONTOBIOTOPE) @ P
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Group Uploaded: 6/12/16

AGBIODATA (33
Protein Ontology (PR)
" 2 " 1 83,656
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IBP Crop Research Ontology (CO_715) m ﬁ
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WHEAT (19)

Format
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Uploaded: 6/26/15

Process and Observation Ontology (PO2) ﬁ 5
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Uploaded: 3/29/17

IBP Wheat Trait Ontology (CO_321) m fﬂﬂ ﬁ
Wheat Ontology [ 1 5 | 1,023

Uploaded: 9/19/16

Ontology Content
Notes (3)
Reviews (0)
Projects (57)

Summary Only (0)

GO0

Natural Language
German (1)
English (s8)
French )
Italian ()
Portuguese (1)
Spanish 2

Formality Levels Agricultural Experiments Ontology (AEO)
Classification scheme (1) ia I 1 56
i . AEO is an ontology aimed to represent objects related to agricultural practices. ) == )

OO0

Dictionary (0)

Gazetteer (0
g Uploaded: 2/24/17

Glossary (0)
List (0 3
Name authority list (0) <
Oikology ey i Gene Ontology (GO) ﬂ!ﬂ ﬂ
Semantic network (1) ! The GO defines concepts/classes used to describe gene function, and relationships between these concepts l; ﬂ
Subject heading scheme () ¢
Synonymring (0) : Uploaded: 5/8/17
Taxonomy () b
»
Wheat Trait Ontology (WHEATPHENOTYPE) @ ﬁ
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Application Ontology (1%) environmental factors that affect these traits

Core Ontology (0)
Domain Ontology (22)
Task Ontology (0)
Upper Level Ontology (5)
Vocabulary (©)

Uploaded: 10/9/16

Animal Disease Ontology (ADO) 5
L logie des maladi imales organise la base de i es des Maladi imales, The Animal diseases Ontology l;‘ 3

supports the Animal diseases Knowledge Base.

OO0

Uploaded: 3/21/17

Fig. 2 Screenshot of the Browse Ontologies page. Facetted search (left hand side) and sorting (top right corner) offer new ways to select ontologies
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Fig. 3 Distribution of ontologies by Group (bpm:group) and Categories (bpm:hasDomain)

. 40
. 30
20
10
0-

0 20 40 60 80 100 <100 <1000 <10000 <100000 100k+

Fig.4 Ontologies by format (omv:hasOntologyLanguage) and sizes (bpm:metrics.classes or bpm:metrics.individuals)

Other

Other

CCBY3.0

Fig.5 Natural languages (omv:naturalLanguage) used for labels and licenses (omv:hasLicense) of ontologies
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Fig.6 Ontology types (omv:isOfType) and formality levels (omv:hasFormalityLevel)

Figure 7 is an aggregation (term cloud) of several prop-  involved in funding, adopting or endorsing ontologies. Fig-
erties that relate ontologies and organizations. Such a view  ure 8 is a similar cloud showing which ontologies are the
is interesting to identify which organizations are the most ~ most actively commented, reviewed or used within research
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Fig.7 Most mentioned
organizations (aggregation as a
term cloud from the properties
dct:publisher, foaf:fundedBy
and omv:endorsedBy)

W3EC (https:/iwaw.w3.org

INRA

(http://www.inra.fr/

e cssmmmisnesn CGIAR (WWW. Cglar org/)

RDA WDI |

Fig.8 Most active ontologies
(count aggregation of
omv:notes, bpm:reviews and
bpm:projects per ontology)

(http://ist.blogs.inra.fr/

www.irstea. fr

'wdi/)

IBP (https:/fwww. mtegratedbreequ net/)
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GENO 50Y  aec
| S O_020
CO 325 . USE
)2

projects. Indeed, AgroPortal features a few community fea-
tures [67] such as: ontology reviews or notes that can be
attached in a forum-like mode to a specific ontology or class,
in order to discuss the ontology (its design, use, or evolu-
tion) or allow users to propose changes to a certain class.
Plus, AgroPortal provides a project list edited by its users
that materialize the ontology-project relation (http://agropor
tal.lirmm.fr/projects), i.e., which project uses which ontolo-
gies.

The new metadata model allows capturing multiple rela-
tions between ontologies or between ontologies and external
resources. For instance, relations to capture that an ontology
is aligned to another one, represents knowledge from the
same domain, is compatible or incompatible with another
one, imports or uses another one, is translated from or more
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generally related to another one. We have used 14 of these
relations to automatically represent AgroPortal’s ontologies
network. Figure 9 shows the cluster of the ontologies main-
tained and extended within the Planteome project [25]. It
captures the information that all the Crop Ontologies (CO_*)
are aligned to the Trait Ontology, itself interconnected to the
Plant Ontology and Plant Environment ontology. The Soy
Ontology, developed outside of the Crop Ontology project,
also appears as related to both TO and CO_336 (the Soybean
Ontology developed within the Crop Ontology project). Fig-
ure 9 is only a subset of the network. The landscape page
within AgroPortal displays the whole network and filters it
per ontology relations.
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door:EalignedTo

Fig.9 Subset of the ontology network showing the relations between reference plant ontologies (here properties door:isAlignedTo and

door:comeFromTheSameDomain)

6.3 User Appreciation Survey

To evaluate the impact and appreciation of the new features
enabled by our changes in AgroPortal’s ontology metadata
model, we conducted a survey with typical five-level Lik-
ert scale questions. Each question asked for the participant’s
opinion about how much the new page (or new features in
the page) “helped identifying and selecting” relevant ontolo-
gies (except for the ontology submission edition page, which
was concerned about editing ontology metadata). With this
survey, we liked to assess AgroPortal’s new metadata model
ability to ease ontology identification and selection. Plus, we
asked open questions about each page to get users inputs in
terms of how to improve ontology metadata within AgroPor-
tal in the future. The survey was sent only to the AgroPortal
users mailing list which had 131 members then. We had
32 responses that are analyzed hereafter. 2/3 of the partic-
ipants were both users and administrators of one or several
ontologies in AgroPortal. The last third was only regular

AgroPortal users who usually search and find relevant ontolo-
gies and concepts. The questions and responses are presented
in Table 6.

Globally, the helpfulness of the pages was clearly estab-
lished by the survey with almost % of positive responses
on average for all questions. Displaying more metadata on
the Summary page and being able to filter out ontologies
with metadata facets on the Browse page was much appreci-
ated. The Landscape page was ranked as a bit less “useful”
than the others (with 53.2% responses explicitly positive)
getting still some positive feedbacks and relevant criticisms.
An additional question related to the usefulness of the page
to “understand about the ecosystem of ontologies in agron-
omy and close related domains” obtained 75% of positive
responses. The absence of response in the “Not at all” and
very limited responses in the “Not so” columns show that
everyone agrees about the role of metadata when identifying
and selecting ontologies. Still, the exploitation of metadata
to facilitate this process is improvable. Among the comments
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Table 6 User appreciation

Question/page Extremely Very helpful ~ Somewhat Not so helpful ~ Not at all
survey responses (percentage) helpful helpful helpfull
New ontology 15.6 594 219 3.1 0
summary
page
New ontology 31.3 56.3 9.3 3.1 0
browse page
New landscape 12.6 40.6 37.5 9.3 0
page
New ontology 19 572 19 4.8 0
submission
edition page
(optional)?
Average 19.63% 53.38% 21.93% 5.08% 0%

20nly 21 responses for this last question

on: (1) the Summary page, some were about improving the
user interface by keeping only the relevant fields and using
something else than URLs or URIs. (2) the Browse page,
most were positive as facets are often appreciated to search
information, although the lack of description of the facets was
often reported. (3) the Landscape page, many comments were
requesting a better integration with the rest of AgroPortal
(e.g., links back), merging some information (e.g., Figure 6)
and some were about pointing out the importance of curating
the metadata to create good value in this page.

7 Discussions

According to us, among the main limitations of OMV that
might explain why it is not much adopted today are: (1) the
fact that it did not reuse any other metadata vocabulary;°
(2) it was never included in a common ontology editor such
as Protégé—it would have highly facilitated the adoption of
the vocabulary if ontology developers would have had only to
fill out a few forms directly in their preferred ontology edition
software; (3) the metadata properties were never really used
and valorized by ontology libraries which would have been
the best way to incite to fill them up.

In the following, we come back on each of these aspects
to discuss the need for a better harmonization of standard
vocabularies used to described ontology metadata. Besides
our work driven by the AgroPortal project, this effort may
be generalized to propose recommendations and guidelines
to (1) ontology developers when describing their ontologies;
(2) ontology repository or library developers to harmonize
their platforms.

26 Although we acknowledge that in 2005, there was not as vocabularies
as today, important standards such as OWL, Dublin Core or FOAF may
have been used at that time.
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7.1 Need for Metadata Authoring Guidelines
and for Harmonization of Existing Metadata
Vocabularies

The analysis of the existing metadata vocabularies and prac-
tices (Sect. 4) showed there is a clear need for better metadata
authoring guidelines for the community of ontology devel-
opers and a need of harmonization of existing metadata
vocabularies. MOD1.0 [7] was a first attempt to address
OMV’s limitation of not relying on any other vocabular-
ies but was not “mapped” itself to OMV while being very
similar. Plus, it still missed numerous relevant properties
to capture information about ontologies. More recently, the
authors joined their efforts and proposed a new version of
MOD (refer as MOD 1.2) [48].27 The revision carried out
from multiple aspects (e.g., new labels, structural changes,
and design principles) to overcome some of the limitations of
MOD 1.0 and to enrich it further influenced also by our work
on AgroPortal. MOD1.2 contains 88 properties taken from
DCAT, DCT, DOAP, FOAF, OMV, OWL, PAV, PROV, RDFS,
SD and VOAF but creates only 13 new properties in the MOD
namespace. Future extended versions (MOD?2.0 and more)
shall contain at least equivalent property for each of the 127 of
AgroPortal’s new metadata model. Note that because MOD
development is free from any implementation constraints,
we have not always selected in MODI1.2 the same default
properties than in AgroPortal’s unified metadata model. In
[48], we also describe the application goals of MOD1.2 and
illustrate our experimental results with SPARQL queries that
can be run on properly defined metadata.

MOD 1.2 is arecent initiative and still a temporary propo-
sition. It is understandable that to achieve community adop-
tion, this work needs to engage more people, with the ultimate
goal of producing a community standard endorsed by a

27 https://github.com/sifrproject/MOD-Ontology.
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standardization body such as W3C. MOD 1.2 was recently
introduced to the Research Data Alliance Vocabulary and
Semantic Services Interest Group (VSSIG).”® Future work
will now happen in the context of the “ontology metadata”
task group of the VSSIG. Among the current studied propo-
sitions is to implement MOD2.0 as a profile of DCAT. We
shall also make sure we will enforce—or enable operational-
ization of—the recently published MIRO guidelines [6].

7.2 Metadata Edition

Another important aspect in metadata is that almost no one
really like filling them in; therefore, how can we facilitate
metadata editing for ontology developers? Within AgroPor-
tal, we have entirely redesigned the ontology information
edition page and have tried to build it in a way that will both
facilitate the edition and not freak out the editors with a basic
list of 127 properties to fill in. However, this page will need
improvements. We do envision paths for the future:

e Metadata should be as much as possible generated or
predicted automatically either by the ontology edition soft-
ware or by external tools,?? e.g., software used, dates,
languages.

e It is the role of ontology edition software to actually
support (some) metadata edition functionalities. It would
highly facilitate the task (and the emergence of a standard
vocabulary) if ontology editors would only need to fill out
a few forms directly in their preferred ontology edition
software. Indeed, as seen in Sect. 4.2 properties available
for editing (or even better, automatically generated) within
the ontology editor are inclined to be well used.

e It is the role of ontology libraries to facilitate the edi-
tion, generation and prediction of ontology metadata for
properties that take their senses within a community-based
library, e.g., relations between ontologies, reviews, related
projects, etc. When relevant, the libraries should offer a
mechanism to easily export the metadata edited or gener-
ated in order for ontology developers to include it in the
original ontology file for other systems to use it. Within
AgroPortal, we have developed such a mechanism on the
Ontology Summary page.*” In addition of an API call, the
“Get my metadata back” buttons allow ontology develop-
ers, on a simple click, to download the metadata stored
within the portal in RDF/XML, JSON-LD or N-triples
syntax to copy/paste within the original ontology. An addi-
tional question related to the interest of this functionality

28 The RDA Interest Group was reconfigured in 2017 (https://www.rd-
alliance.org/groups/vocabulary-services-interest-group.html).

2 For instance, BioPortal uses the OWL-API to generate metrics. Pro-
tégé also does but does not save these metrics inside the ontology.

30 This feature has been recently developed and is still in beta mode.

was included within the survey presented Sect. 6.3 and
obtained 62.5% positive responses. Right now, this fea-
ture will return metadata following AgroPortal’s model,
but when MOD2.0 will be available or any community
adopted standard, it will return the metadata with respect
to this standard.?!

In the future, we plan to discuss with the Protégé develop-
ment team the integration of some of the listed properties in
the software, so that developers can edit them in the ontol-
ogy development process. We are also considering results of
the CEDAR project (http://metadatacenter.org) in terms of
metadata prediction and edition [38].

7.3 Automatic Ontology Selection
and Recommendation

An unified metadata model can also be leveraged by auto-
matic ontology selection tools such as the Recommender also
available in Agro/BioPortal [3, 68] which relies mostly on the
content of ontologies to recommend them. For instance, the
whole network built out of ontologies relations (Fig. 9) will
help users to figure out which are the key relevant ontologies
to rely on. As another example, searching “for ontologies”
often rely on “searching inside” ontologies (method based on
coverage) which is not very often satisfactory when instead
metadata should be used. For example, searching “anatomy”
in BioPortal Search will return a bunch of popular ontologies
that contains the term anatomy, but the Foundational Model
of Anatomy, which is the reference ontology about human
anatomy will not show up in the results. To identify FMA,
someone needs to browse the ontologies and filter ontologies
with the word anatomy in the ontology name or description.
Or better, he or she might use the “Anatomy” ontologies
category that BioPortal defines. In both cases, this relies on
metadata, not on the content of the ontology.

8 Conclusion and Future Work

In this paper, we have shown the impact of unified and har-
monized metadata within an ontology repository. We have
explained how it facilitates ontology description, selection
and helps to capture the global landscape of ontologies from
a given domain. Thanks to this new unified model served by
a stable API, metadata descriptions of AgroPortal ontologies
have already been automatically harvested by two external
ontology libraries: the Agrisemantics Map of Data Standards
(http://vest.agrisemantics.org) and FAIRsharing (http://fairs
haring.org).

31 Before completely changing AgroPortal’s model, we believe each
library could at least import/export MOD2.0 compliant metadata.
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Our motivation was first to make a review of the avail-
able vocabularies to describe ontologies or other kinds of
resources (dataset, vocabulary, project, document) and pick
up the properties that would be relevant for describing ontolo-
gies. Since the OMV initiative in 2005, there have been
multiple propositions especially with the emergence of the
web of data. Our goal was then to identify the redundancy and
lacks between these vocabularies by regrouping the proper-
ties into a restricted unified model that we have implemented
in the AgroPortal ontology repository. We have worked on
our side and in partnership with our users to fill the meta-
data and in parallel developed new user interfaces. This
has resulted in multiple new features within AgroPortal that
we have presented and have been appreciated by our users
as facilitating the ontology identification and selection pro-
cesses.

We can now come back on addressing some concrete moti-
vational use cases described in Sect. 2:

e The new ontology metadata model has been driven by
and finally implemented within AgroPortal and the French
SIFR BioPortal. The new model makes the description of
the ontologies more complete and is unified for all the
ontologies.

e The  properties  omv:hasLicense,  dct:publisher,
cc:morePermissions and schema:copyrightHolder can
now be used to precisely describe the licensing informa-
tion about the ontologies endorsed by the Wheat Data
Interoperability working group. The endorsement itself is
also captured by the property omv:endorsedBy.

e LovINRA ontologies can now be explicitly and unambigu-
ously classified by syntax (omv:hasOntologySyntax), for-
mat (omv:hasOntologyLanguage), type (omv:isOfType)
and formality level (omv:hasFormalityLevel).

e The alignment relations between the Crop Ontology
trait ontologies and the Plant Trait Ontology are
now captured by door:isAlignedTo and other rela-
tions such as door:comesFromTheSameDomain and
door:ontologyRelatedTo.

We did not pursue the goal of integrating all the reviewed
vocabularies into a new “integrated vocabulary” that could
become a standard for describing ontologies (e.g., a new
OMYV), although the clear need for metadata authoring guide-
lines and for harmonization of existing metadata vocabularies
has also been discussed. We are currently working in gener-
alizing this work within a new version of MOD that would
merge and harmonize existing ones. A generalization of this
work is studied in a community-driven standardization effort
in the context of the RDA Vocabulary and Semantic Ser-
vices Interest Group. We are also discussing with the Stanford
NCBO project how to merge back our contributions to the
technology into the NBCO BioPortal.

@ Springer

In the future, we want to be able to describe more the
usage of ontologies by defining/extending (1) generic tasks
for which ontology are used (annotation, indexing, search,
reasoning, etc.) and (2) small examples of usages of the
ontologies. We also plan to use the same metadata analysis
approach to suggest ontology development guidelines based
on community practices. For instance, by looking at the most
used properties to describe ontologies or their classes. In the
future, by integrating more relevant ontologies and vocab-
ularies into AgroPortal and cautiously describing them, we
hope to offer a reference portal to identify and use knowledge
organizations systems in agronomy, food, plant sciences and
biodiversity. We will continue our metadata edition and cura-
tion effort to be sure to provide the community with the best
descriptions for ontologies available.
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Abstract

Summary: Second use of clinical data commonly involves annotating biomedical text with termi-
nologies and ontologies. The National Center for Biomedical Ontology Annotator is a frequently
used annotation service, originally designed for biomedical data, but not very suitable for clinical
text annotation. In order to add new functionalities to the NCBO Annotator without hosting or mod-
ifying the original Web service, we have designed a proxy architecture that enables seamless
extensions by pre-processing of the input text and parameters, and post processing of the annota-
tions. We have then implemented enhanced functionalities for annotating and indexing free text
such as: scoring, detection of context (negation, experiencer, temporality), new output formats and
coarse-grained concept recognition (with UMLS Semantic Groups). In this paper, we present the
NCBO Annotator+, a Web service which incorporates these new functionalities as well as a small
set of evaluation results for concept recognition and clinical context detection on two standard
evaluation tasks (Clef eHealth 2017, SemEval 2014).

Availability and implementation: The Annotator+ has been successfully integrated into the SIFR
BioPortal platform—an implementation of NCBO BioPortal for French biomedical terminologies
and ontologies—to annotate English text. A Web user interface is available for testing and ontology
selection (http://bioportal.lirmm.fr/ncbo_annotatorplus); however the Annotator+ is meant to be used
through the Web service application programming interface (http://services.bioportal.lirmm.fr/ncbo_
annotatorplus). The code is openly available, and we also provide a Docker packaging to enable easy
local deployment to process sensitive (e.g. clinical) data in-house (https://github.com/sifrproject).
Contact: andon.tchechmedjiev@lirmm.fr

Supplementary information: Supplementary data are available at Bioinformatics online.

1Introduction elements (free text) that contain valuable information for medical re-

Semantic annotation of clinical data with standard medical search (Meystre et al., 2008). Researchers have developed systems to
terminologies/ontologies facilitates second use and translational data automatically detect clinical conditions and extract valuable know-
discoveries. Electronic Health Records often include unstructured ledge in order to facilitate decision support (Rothman et al., 2012),
©The Author(s) 2018. Published by Oxford University Press. 1
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Fig. 1. User Interface of the NCBO Annotator+ Web service (http://bioportal.
lirmm.fr/ncbo_annotatorplus) illustrating new features. To reproduce this ex-
ample with the Web service, use the URL: https://goo.gl/BTrNzJ
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Fig. 2. Annotation results for the example sentence from Figure 1

the identification of patients (Liu et al, 2013) and surveillance
(Herasevich et al., 2011). In 2009, the US National Center for
Biomedical Ontologies released the NCBO Annotator (Jonquet et al.,
2009) within the BioPortal platform (Noy et al., 2009), a publicly ac-
cessible and easily usable annotator Web service to process raw bio-
medical English text and identify ontology concepts. The annotation
workflow is based on a highly efficient syntactic concept recognition
tool [95% precision for diseases (Dai et al., 2008)] that uses concept
names and synonyms. The recognizer optionally allows to use names
and synonyms of related concepts through semantic expansion [e.g.
is_a assertions and concept-to-concept mappings (Shah et al., 2009)].
The NCBO Annotator has been widely adopted in the community
and is one of the most actively used services from NCBO BioPortal,
with a dictionary made from labels of 600+ ontologies. Yet, the
Annotator lacks natural language processing capabilities (e.g. han-
dling of morphological variants, disambiguation) required to improve
the accuracy of annotations. Another limitation is the absence of scor-
ing and of the contextualization of clinical text annotations, some-
thing it was never really designed for.

In the context of the Semantic Indexing of French biomedical
Resources (SIFR) project, in which we have developed a French ver-
sion of the Annotator, we have implemented some new features
for French that we seamlessly ported to English through a proxy Web
service called NCBO Annotator+. These new features include: anno-
tation scoring, additional output formats (for evaluation and integra-
tion with standard clinical systems), clinical context detection
(negation, experiencer and temporality through the integration of the
NegEx/ConText algorithm) and coarse-grained entity type annota-
tions (with UMLS Semantic Groups, e.g. anatomy, disorders, devices).
This article presents: (i) the proxy architecture and on how it enables
the addition of new features, (ii) a performance evaluation of the
NCBO Annotator+ on concept recognition tasks (death certificates
and clinical notes) and on context detection (clinical notes only).

2 Materials and methods

Annotator+is composed of a Web user interface in the SIFR
BioPortal, and a proxy servlet to implement new features; it uses the

NCBO Annotator+ API

Crafting original m

NCBO Annotator APl [ C@}‘ ® query
A

: Post-annotation
Processing * : dersions B
query and
producing

JSON-LD output

Annotator
Client
Application

L ) L Annotator+
| tab in the
IFR Bioportal

arwarding

=! output or E
converting to web interface
new format

Fig. 3. NCBO Annotator+ proxy-like Web service architecture

NCBO BioPortal Annotator REST API in the backend. Figure 1
illustrates the Annotator+ interface with an example sentence
(Restricted to the MESH and SNOWMED-CT vocabularies, filtered
on the ‘Disorder’ UMLS Semantic Group, scored with a 90% rela-
tive threshold and with clinical context detection activated), while
Figure 2 illustrates the resulting annotations.

2.1 Proxy Web service architecture

The NCBO Annotator is developed and maintained by the NCBO
and does not easily support quick add-ons. To extend the NCBO
Annotator without modifying the original application, we developed
a proxy Web service architecture that can run independently and ex-
tend the service by pre-processing inputs and post-processing out-
puts. It works as follows (Fig. 3): (i) requests are sent to the proxy
with extended parameters that are parsed to select/apply the add-
itional features; (ii) a query is crafted for the original service without
any extended parameters; (iii) the original NCBO Annotator proc-
esses the query and returns the results; (iv) the proxy retrieves anno-
tations and applies post-processing/filtering (e.g. scoring); and
finally, (v) the output is generated in the original format or in one of
the new output formats from Annotator+. The proxy is imple-
mented in a generic form that enables the querying of any NCBO-
like annotator Web service. Indeed, we also use it for the French
Annotator (Jonquet ef al., 2016a,b) and the AgroPortal Annotator,
a similar Web service developed for agronomy (Jonquet et al.,
2016a).

2.2 New features

Scoring. During semantic indexing, annotations ‘bring together’
data elements and ontology concepts. Annotation scoring and rank-
ing help to distinguish the most relevant annotations for a given
element (e.g. a document, a clinical report) and when searching the
original data. Typically, in information retrieval approaches, scoring
is based on term frequency. We have implemented and evaluated a
new scoring method for that purpose. By using a natural language
processing term extraction measure called C-Value (Frantzi et al.,
2000), we were able to offer three scoring algorithms based on
match frequencies that favour longer multi-word term annotations
(higher scores) over shorter or single word annotation (Melzi ez al.,
2014). We also added a mechanism to filter annotations by absolute
score or in proportion (percentage) to the cumulative score distribu-
tion, to retrieve only the most relevant annotations (e.g. annotating
with a threshold of 90% only retains the annotations with scores in
the top 10% of the score distribution).

New output formats. NCBO Annotator supports XML and
JSON-LD outputs. While JSON-LD is a recognized format, it is not
sufficient for many annotation benchmarks and tasks, especially in
the semantic Web and natural-language-processing communities.
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NCBO Annotator+

Annotator+adds support for standard (BRAT, RDF) and task-
specific (e.g. CLEF eHealth) formats. RDF is the backbone language
of the semantic Web and BRAT (http://brat.nlplab.org) is widely
used for evaluation campaigns and for the production of annotated
corpora. We also enriched the JSON-LD output with additional in-
formation (e.g. scores or clinical context).

Clinical context. For clinical text, the context of the annotated
clinical conditions is crucial: Distinguishing between affirmed and
negated occurrences (e.g. ‘no sign of metastasis’); whether a condi-
tion pertains to the patient or to others (e.g. ‘mother had breast can-
cer’); or temporality (i.e. if a condition is recent or historical. e.g.
‘history of poliovirus’). NegEx/ConText, is one of the best per-
forming and fastest (open-source) algorithms for clinical context
detection in English medical text (Harkema ez al., 2009). NegEx/
ConText is based on lexical cues (trigger terms) that modify the
default status of medical conditions appearing in their scope. For in-
stance, by default the system considers a condition affirmed, and
marks it as negated only if it appears under the scope of a trigger
term. Each trigger term has a pre-defined scope either forward (e.g.
‘denies’) or backward (e.g. ‘is ruled out’), which ends by a colon
or a termination term (e.g. ‘but’). We integrated this algorithm
within the NCBO Annotator+ by post-processing the sentence in
which an annotation appears. To our knowledge, this is the
first implementation of a Web-based ConText-like system in a pub-
licly accessible platform allowing non-experts in natural-language-
processing to both annotate and contextualize medical conditions in
clinical notes.

Coarse-grained semantic annotation. Recognizing broad entity
types (e.g. gene, drug, disease) is a task of high interest for the
BioNLP community. The 10 Semantic Groups (McCray et al., 2001)
are often used as coarse-grained groupings of the Unified Medical
Language System (UMLS) Semantic Types (Bodenreider, 2004).
Thanks to the capability of the NCBO Annotator to filter ontologies
by Semantic Types, we have also added the capability to filter by
Semantic Groups in Annotator+. This enables anyone to annotate
free text and keep only certain broad types of annotations. For in-
stance, a pharmacogenomics researcher doing a study may restrict
the annotations to the types ‘disorders’ and ‘chemicals & drugs’ to
investigate the effect of adverse drug reactions.

2.3 Evaluation protocol

We briefly report on the performance of the NCBO Annotator+ for:
(i) annotating and contextualizing concepts in clinical text on the
CLEF eHealth 2017 task 1 corpus (Névéol et al., 2017), created for
the automatic annotation of death certificates with ICD-10 codes;
(ii) the SemEval 2015 Task 14.2 development corpus, created for
the identification of biomedical concepts (i.e. names and identifiers
in UMLS) and of clinical context features (we covered negation
and experiencer).

3 Results and discussion

This section provides: (i) benchmark results for concept recognition
with the original NCBO Annotator and (ii) evaluation of the new
features (negation & experiencer detection only) of the Annotator+.
The goal is both to provide additional performance evaluations to
the community of the NCBO Annotator and to evaluate our own
additions to the Annotator+. In 2017, we have participated to the
CLEF eHealth 2017 Task 1 evaluation campaign, with the French/
SIFR Annotator and the NCBO Annotator+. The campaign tackles
the problem of information extraction (diagnostic coding) in written

Table 1. Evaluation for concept recognition (NCBO Annotator) and
clinical context detection (Annotator+) expressed by Precision,
Recall, F-measure, Accuracy)

Task (Corpus) P (%) R (%) F1(%) A(%)
Concept Recognition (CLEF eHealth) 69.1  51.4 58.9

Concept Recognition (SemEval) 46.9  62.0 53.4 66.6
Negation Detection (SemEval) 87.0  88.9 88.0 89.3
Experiencer Detection (SemEval) 52.9 70.4 60.4 52.7

death certificates, where the objective is to annotate each document
with a set of relevant International Classification of Diseases, 10th
revision (ICD-10) diagnostic codes. We have built a custom SKOS
vocabulary (Simple Knowledge Organization System) from the dic-
tionary of terms provided and uploaded it to the NCBO BioPortal
(which also parses SKOS as input format). When annotating the
death certificates with the NCBO Annotator, we obtained median
results compared to the rest of the competitors [cf. Table 1 (Névéol
et al., 2017; Tchechmedjiev et al., 2017)]; ahead of other
knowledge-based systems but behind specifically tailored supervised
learning systems. The results are encouraging considering that
we have not customized the service in any way for the task. We
acknowledge the better performance of supervised learning
approaches, but claim that in the health domain, they are often not
applicable for lack of training data.

For the evaluation of our integration of NegEx/ConText within
the Annotator+, we used the SemEval 2015 corpus. For the task of
concept recognition in the SemEval corpus, the NCBO Annotator
obtained average scores, given that we performed no adaptation to
the task (and we did not use the training data at all), the concept rec-
ognition accuracy is fair (66.6%). We did not have access to the test
gold standard and thus cannot compare to other participants (we
ran on the dev. corpus). For negation, Annotator+ obtained state-
of-the-art performance (balanced weighted average performance)
and for experiencer detection, we obtain results that are not substan-
tially lower than existing evaluations of ConText (Harkema e al.,
2009). These results confirm both the potential of the NCBO
Annotator as a concept recognition service (never evaluated on
standardized evaluation campaign tasks) and the nonreduced per-
formance of NegEx/ConText when implemented in Annotator+.

4 Conclusion

We believe the NCBO Annotator+ offers a valuable framework to:
(i) leverage an already performant service, which uses the biggest
biomedical terms dictionary (600+ semantic resources including al-
most all UMLS and all the OBO Library ontologies); and (ii) im-
prove the performance of this service on specific types of text such
as in our case clinical notes. In the future, we will work on two im-
portant weaknesses of the service: disambiguation of annotations
(too many polysemic terms decrease precision) and for clinical text
mainly, cleaning and reformatting of the text (abbreviations, spell-
ing mistakes, unconventional sentence structures, decrease recall).
We working with the NCBO towards integrating some of this work
directly into the NCBO Annotator.
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ABSTRACT

Many vocabularies and ontologies are produced to represent and annotate agronomic data. However, those
ontologies are spread out, in different formats, of different size, with different structures and from overlapping
domains. Therefore, there is need for a common platform to receive and host them, align them, and enabling
their use in agro-informatics applications. By reusing the National Center for Biomedical Ontologies (NCBO)
BioPortal technology, we have designed AgroPortal, an ontology repository for the agronomy domain. The
AgroPortal project re-uses the biomedical domain’s semantic tools and insights to serve agronomy, but also food,
plant, and biodiversity sciences. We offer a portal that features ontology hosting, search, versioning, visuali-
zation, comment, and recommendation; enables semantic annotation; stores and exploits ontology alignments;
and enables interoperation with the semantic web. The AgroPortal specifically satisfies requirements of the
agronomy community in terms of ontology formats (e.g., SKOS vocabularies and trait dictionaries) and sup-
ported features (offering detailed metadata and advanced annotation capabilities). In this paper, we present our
platform’s content and features, including the additions to the original technology, as well as preliminary out-
puts of five driving agronomic use cases that participated in the design and orientation of the project to anchor it
in the community. By building on the experience and existing technology acquired from the biomedical domain,

we can present in AgroPortal a robust and feature-rich repository of great value for the agronomic domain.

1. Introduction

Agronomy, food, plant sciences, and biodiversity are com-
plementary scientific disciplines that benefit from integrating the data
they generate into meaningful information and interoperable knowl-
edge. Undeniably, data integration and semantic interoperability en-
able new scientific discoveries through merging diverse datasets (Goble
and Stevens, 2008). A key aspect in addressing semantic interoper-
ability is the use of ontologies as a common and shared means to de-
scribe data, make them interoperable, and annotate them to build
structured and formalized knowledge. Biomedicine has always been a
leading domain encouraging semantic interoperability (Rubin et al.,
2008). The domain has seen success stories such as the Gene Ontology
(Ashburner et al., 2000), widely used to annotate genes and their
products. And other disciplines have followed, developing among

* Corresponding author at: 161 Rue Ada, 34090 Montpellier, France.
E-mail address: jonquet@lirmm.fr (C. Jonquet).
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others the Plant Ontology (Cooper et al., 2012), Crop Ontology
(Shrestha et al., 2010), Environment Ontology (Buttigieg et al., 2013),
and more recently, the Agronomy Ontology (Devare et al., 2016), TOP
Thesaurus (Garnier et al., 2017), Food Ontology (Griffiths et al., 2016),
the IC-FOODS initiative’s ontologies (Musker et al., 2016), and the
animal traits ontology (Hughes et al., 2014). Ontologies have opened
the space to various types of semantic applications (Meng, 2012; Walls
et al., 2014), to data integration (Wang et al., 2015), and to decision
support (Lousteau-Cazalet et al., 2016). Semantic interoperability has
been identified as a key issue for agronomy, and the use of ontologies
declared a way to address it (Lehmanna et al., 2012).

Communities engaged in agronomic research often need to access
specific sets of ontologies for data annotation and integration. For in-
stance, plant genomics produces a large quantity of data (annotated
genomes), and ontologies are used to build databases to facilitate cross-
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species comparisons (Jaiswal, 2011). More recently, the focus of many
scientific challenges in plant breeding has switched from genetics to
phenotyping, and standard traits/phenotypes vocabularies have be-
come necessary to facilitate breeders’ data integration and comparison.
In parallel with very specific crop dictionaries (Shrestha et al., 2010),
important organizations have produced large reference vocabularies
such as Agrovoc (Food and Agriculture Organization) (Sachit
Rajbhandari, 2012), the NAL Thesaurus (National Agricultural Library),
and the CAB Thesaurus (Centre for Agricultural Bioscience Interna-
tional)." These thesauri are primarily used to index information re-
sources and databases. As more vocabularies and ontologies” are pro-
duced in the domain, the greater the need to discover them, evaluate
them, and manage their alignments (d’Aquin and Noy, 2012).

However, while great efforts have taken place in the biomedical
domain to harmonize content (e.g., the Unified Medical Language System
(UMLS), mostly for medical terminologies) (Bodenreider, 2004) and
ontology design principles (e.g., the OBO Foundry, containing mostly
biological and biomedical ontologies) (Smith et al., 2007), ontologies in
agriculture are spread out around the web (or even unshared), in many
different formats and artifact types, and with different structures.
Agronomy (and its related domains such as food, plant sciences, and
biodiversity) needs an one-stop shop, allowing users to identify and
select ontologies for specific tasks, as well as offering generic services to
exploit them in search, annotation or other scientific data management
processes. The need is also for a community-oriented platform that will
enable ontology developers and users to meet and discuss their re-
spective opinions and wishes. This need was clearly expressed by sta-
keholders in various roles (developers, database maintainers, and re-
searchers) across many community meetings, such as: 1st International
Workshop for Semantics for Biodiversity in 2013 (http://semantic-
biodiversity.mpl.ird.fr) (Larmande et al., 2013); the “Improving Se-
mantics in Agriculture” workshop in 2015 (Baker et al., 2015); or
several meetings of the Agricultural Data Interest Group (IGAD) of the
Research Data Alliance.

These motivations prompted us to build a vocabulary and ontology
repository to address these needs. In this paper, we present the
AgroPortal project, a community effort started by the Montpellier sci-
entific community to build an ontology repository for the agronomy
domain. Our goal is to facilitate the adoption of metadata and semantics
to facilitate open science in agronomy. By enabling straightforward use
of agronomical ontologies, we let data managers and researchers focus
on their tasks, without requiring them to deal with the complex en-
gineering work needed for ontology management. AgroPortal offers a
robust and reliable service to the community that provides ontology
hosting, search, versioning, visualization, comment, and
commendation; enables semantic annotation; stores and exploits on-
tology alignments; and enables interoperation with the semantic web.
Our vision is to facilitate the integrated use of all vocabularies and
ontologies related to agriculture, regardless of their source, format, or
content type.

In order to capitalize on what is already available in other com-
munities, we have reused the openly available NCBO BioPortal tech-
nology (http://bioportal.bioontology.org) (Noy et al., 2009; Whetzel
et al., 2011) to build our ontology repository and services platform.

re-

1 http://aims.fao.org/agrovoc, https://agclass.nal.usda.gov and http://www.cabi.org/
cabthesaurus

2 In this paper, we often use the word “ontologies” or “vocabularies and ontologies” to
include ontologies, vocabularies, terminologies, taxonomies and dictionaries. We ac-
knowledge the differences (not discussed here) in all these types of Knowledge
Organization Systems (KOS) or knowledge artifacts. The reader may refer to
McGuinness’s discussion (McGuinness, 2003). While being an “ontology repository”,
AgroPortal handles all these artifact types, if they are compatibly formatted. While
AgroPortal thereby enables horizontal use of these artifact types with common user in-
terface and application programming interface, it does not leverage the full power of
ontologies (e.g., reasoning), instead map all the imported artifact types to a “common
simplified model.”
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BioPortal was originally dedicated to health, biology and medicine and
has some content related to agriculture, but the portal does covers few
of the facets of agronomy, food, plant sciences and biodiversity,
let alone environment and animal sciences. Therefore, many in the
agronomy community do not see themselves as users targeted by Bio-
Portal. For instance, the Crop Ontology is listed on the NCBO BioPortal
(along with other top-level plant-related ontologies), but is not cur-
rently fully accessible and described through this portal; none of the
crop specific ontologies are available. In addition to its core repository
of ontology mission, the NCBO technology also offers many applicable
tools, including a mapping repository, an annotator, an ontology re-
commender, community support features, and an index of annotated
data. All these services are reused and customized within AgroPortal to
benefit its target user community.® Furthermore, our vision was to
adopt, as the NCBO did, an open and generic approach where users can
easily participate to the platform, upload content, and comment on
others’ content (ontologies, concepts, mappings, and projects). As ex-
plained below, we determined that the NCBO technology (Whetzel and
Team, 2013) implemented the greatest number of our required features,
while recognizing the technical challenges of adopting such a various
and complex software.

In the following sections, we offer extensive descriptions of
AgroPortal’s features. We will focus on how they address community
requirements expressed within five agronomic driving use cases invol-
ving important research organizations in agriculture such as Bioversity
International (CGIAR), French INRA, and United Nations FAO. The rest
of the paper is organized as follows: In Section 2, we review related
work in ontology repositories in relation to our domain of interest.
Section 3 describes the requirements of AgroPortal’s initial five driving
agronomic use cases. Section 4 presents our platform by extensively
describing its content, as well as its features (both inherited from the
NCBO BioPortal, and added by us). Section 5 analyzes how our initial
five driving use case results benefit from AgroPortal. Finally, Section 6
provides a discussion of the contributions of AgroPortal, and Section 7
presents our conclusions.

2. Background and related work

With the growing number of developed ontologies, ontology li-
braries and repositories have been of interest in the semantic web
community. Ding and Fensel (2001) presented in 2001 a review of
ontology libraries that introduced the notion of “library.” Then
Hartman et al. Baclawski and Schneider (2009) introduced the concept
of ontology repository, with advanced features such as search, metadata
management, visualization, personalization, and mappings. By the end
of the 2000’s, the Open Ontology Repository Initiative (Baclawski and
Schneider, 2009) was a collaborative effort to develop a federated in-
frastructure of ontology repositories.” d’Aquin and Noy (2012) pro-
vided the latest review of ontology repositories in 2012.

In the biomedical or agronomic domains there are several standards
or knowledge organization systems libraries (or registries) such as
FAIRSharing (http://fairsharing.org) Sansone et al., 2012, the FAO’s
VEST Registry (http://aims.fao.org/vest-registry), and the agINFRA
linked data vocabularies (vocabularies.aginfra.eu) (Pesce et al., 2013).
They usually register ontologies and provide a few metadata attributes
about them. However, because they are registries not focused on vo-
cabularies and ontologies, they do not support the level of features that
an ontology repository offers. In the biomedical domain, the OBO
Foundry (Smith et al., 2007) is a reference community effort to help the

3 Except the “NCBO Resource Index” component, a database of 50+ biomedical re-
sources indexed with ontology concepts (Jonquet et al., 2011) that we have not reused in
AgroPortal because we work with the AgroLD use case to fulfill the mission of inter-
connecting ontologies and data.

4 At that time, the effort already reused the NCBO technology that was open source, but
not yet packaged in an appliance as it is today.
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biomedical and biological communities build their ontologies with an
enforcement of design and reuse principles that have made the effort
very successful. The OBO Foundry web application is not an ontology
repository per se, but relies on other applications that pull their data
from the foundry, such as the NCBO BioPortal (Noy et al., 2009), On-
toBee (Xiang et al., 2011), the EBI Ontology Lookup Service (Coté et al.,
2006) and more recently AberOWL (Hoehndorf et al., 2015). In addi-
tion, there exist other ontology libraries and repository efforts unrelated
to biomedicine, such as the Linked Open Vocabularies (Vandenbussche
et al., 2014), OntoHub (Till et al., 2014), and the Marine Metadata
Initiative’s Ontology Registry and Repository (Graybeal et al., 2012).

Some of the known ontology repositories could be candidates for
hosting agronomical ontologies. However, all of these portals either are
too generic, or too narrowly focused on health, biology or medicine,
and despite any existing thematic overlaps, scientific lineage and
partnerships, we have identified, as established in Section 1, the crucial
need for a community platform where agronomy will actually be the
primary focus. To avoid building a new ontology repository from
scratch, we have considered which of the previous technologies are
reusable. While all of them are open source, only the NCBO BioPortal®
and OLS® are really meant for reuse, both in their construction, and in
their provided documentation. At the start of our project in 2014,
AberOWL was not yet published and OntoBee (released in 2011) had
not changed between 2011 and 2014 (a new release took place there-
after (Ong et al., 2016). Of the two candidate technologies at the time,
we will show, that the NCBO technology was the one implementing
highest number of requested features.”

In the biomedical domain, the NCBO BioPortal is a well-known open
repository for biomedical ontologies originally spread out over the web
and in different formats. There are 656 public ontologies in this col-
lection as of Nov. 2017, including relevant ones for agronomy. By using
the portal’s features, users can browse, search, visualize and comment
on ontologies both interactively through a user web interface, and
programmatically via web services. Within BioPortal, ontologies are
used to develop an annotation workflow (Jonquet et al., 2009) that
indexes several biomedical text and data resources using the knowledge
formalized in ontologies to provide semantic search features that en-
hance information retrieval experience (Jonquet et al., 2011). The
NCBO BioPortal functionalities have been progressively extended in the
last 12 years, and the platform has adopted semantic web technologies
(e.g., ontologies, mappings, metadata, notes, and projects are stored in
an RDF® triple store) (Salvadores et al., 2013).

An important aspect is that NCBO technology (Whetzel and Team,
2013) is domain-independent and open source. A BioPortal virtual
appliance® is available as a server machine embedding the complete
code and deployment environment, allowing anyone to set up a local
ontology repository and customize it. It is important to note that the
NCBO Virtual Appliance has been quite regularly reused by organiza-
tions which needed to use services like the NCBO Annotator but, for
privacy reason, had to process the data in house. Via the Virtual Ap-
pliance, NCBO technology has already been adopted for different

S The technology has always been open source, and the appliance has been made
available since 2011. However, the product became concretely and easily reusable after
BioPortal v4.0 end of 2013.

© The technology has always been open source but some significant changes (e.g., the
parsing of OWL) facilitating the reuse of the technology for other portals were done with
OLS 3.0 released in December 2015.

71t is beyond the scope of this paper to draw a complete comparison of ontology
portals. The reader may refer to d’Aquin and Noy (2012).

8 The Resource Description Framework (RDF) is the W3C language to described data. It
is the backbone of the semantic web. SPARQL is the corresponding query language. By
adopting RDF as the underlying format, AgroPortal can easily make its data available as
linked open data and queryable through a public SPARQL endpoint. To illustrate this, the
reader may consult the Link Open Data cloud diagram (http://lod-cloud.net) that since
2017 includes ontologies imported from the NCBO BioPortal (most of the Life Sciences
section).

2 www.bioontology.org/wiki/index.php/Category:NCBO_Virtual_Appliance
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ontology repositories in related domains and was also chosen as foun-
dational software of the Open Ontology Repository Initiative
(Baclawski and Schneider, 2009). The Marine Metadata Interoperability
Ontology Registry and Repository (Rueda et al., 2009) used it as its
backend storage system for over 10 years, and the Earth Sciences In-
formation Partnership earth and environmental semantic portal
(Pouchard and Huhns, 2012) was deployed several years ago. More
recently, the SIFR BioPortal (Jonquet et al., 2016) prototype was cre-
ated at University of Montpellier to build a French Annotator and ex-
periment multilingual issues in BioPortal (Jonquet et al., 2015). Al-
though we cannot know all the applications of other technologies, the
visibly frequent reuse of the NCBO technology definitively confirmed it
was our best candidate. There are two other major motivations for
AgroPortal to reuse the products of biomedicine: (i) to avoid re-devel-
oping tools that have already been designed and extensively used and
contribute to long term support of the commonly used technology; and
(ii) to offer the same tools, services and formats to both communities, to
facilitate the interface and interaction between their domains. This
alignment will enhance both technical reuse (for example, enabling
queries to either system with the same code), and semantic reuse
(knowing the same semantic capabilities and practices apply to both
sets of ontologies).

More specifically to the plant domain, the Crop Ontology web ap-
plication (www.cropontology.org) (Matteis et al., 2013) publishes on-
line sets of ontologies and dictionaries required for describing crop
germplasm, traits and evaluation trials. As of Nov. 2017, it contains 28
crop-specific phenotype and trait ontologies, in addition to ontologies
related to the crop germplasm domain. Besides its role as a repository,
the Crop Ontology web application offers community-oriented features
such as an CSV template (TDv5) for trait submission, and addition and
filtering of new terms. A web Application Programming Interface (API)
provides all necessary services to third party users like the Global
Evaluation Trials Database, currently storing 35,000 trial records. Ef-
forts have been made to structure and formalize the crop-specific
ontologies following semantic web standards (using the Web Ontology
Language (OWL)), as well as offering collaborative ontology enrich-
ment and annotation features. The current Crop Ontology web appli-
cation facilitates the ontology-engineering life cycle (Noy et al., 2010),
starting with collaborative construction, publishing, use and modifica-
tion. However, it would require important improvements such as:
versioning, community features, multilingual aspects, visualization,
data annotation, and mapping services. For instance, it is important to
support the alignment (or mapping) of terms within and across different
ontologies both within the Crop Ontology itself (in different crop
branch) and with other top level ontologies commonly used in plant
biology, like the Plant Ontology, Plant Trait Ontology, Plant Environ-
ment Ontology, Plant Stress Ontology all maintained and extended
within the Planteome project (Jaiswal et al., 2016).

The Planteome platform (www.planteome.org) is reusing the Gene
Ontology project AmiGO technology (Carbon et al., 2009) to build a
database of searchable and browsable annotations for plant traits,
phenotypes, diseases, genomes, gene expression data across a wide
range of plant species. The project focuses on developing reference
ontologies for plant and on integrating annotated data within the
platform. Their objective is slightly different than AgroPortal’s objec-
tive, and the scope is not as large as the one we envision for AgroPortal.

3. Driving agronomic use cases requirements

The AgroPortal project was originally driven by five agronomic use
cases that were the principal sources of ontologies and vocabularies. In
this section, we present their requirements in terms of ontology re-
pository functionalities — summarized in Table 1. The results for each
use case will be presented in Section 5.
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Table 1
Summary of agronomic use case requirements for AgroPortal.
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# Requirement Use case Example
1 One-stop-shop to store, browse, search, visualize LovInra Facilitate the adoption of semantic web standards by INRA’ scientist, with a focus on
agronomical ontologies agriculture
VEST The registry targets specifically the agriculture community and requires content-based
services. The organization of ontologies by group and categories is also necessary
2 Unique ontology access point and application AgrolLD Automatically retrieve the most recent version of ontologies currently hosted either on OBO
programming interface (API) to ontologies Foundry or Cropontology.org. At the beginning of the project, a SPARQL endpoint for
ontologies was also needed
VEST Access point to automatically obtain metadata about all the ontologies

3 Directly accessible to scientists to upload their
ontologies or vocabularies

LovInra, VEST

4 Ontology-based annotation service AgroLD
LovInra, Crop
Ontology
5 Handle different level of semantic description and the LovInra
corresponding standard formats (SKOS and OWL)
VEST
6 Store and retrieve mappings between ontologies ALL
7 Store mappings between ontologies and external AgroLD
resources Others
8 Automatically generate mappings between ontologies ALL
Query and search annotated data from ontologies AgroLD
10  Offer a unique sub-endpoint specific to a community or ~ WDI
group LovInra

Crop Ontology

11  Provide rich metadata description for ontologies (using ~ WDI
semantic web standards) LovInra
VEST
12 Get community feedback WDI

Crop Ontology
VEST
13  Multilingual ontology support VEST, Others
Others
Lovlnra, Crop

Ontology
LovInra, VEST

14  Dereference URIs for ontologies

15 Mechanism to identify and select the relevant ontologies
for a given task

16  Enable private access to ontologies during working and/
or development phases

17  Export ontologies in different formats, including
downgrading them to CSV

18  Store the project/ontology relationships

LovInra
Crop Ontology

VEST, AgBioData

INRA’s researchers and VEST users need to upload their resources to a platform themselves

Annotate text data from database fields to create RDF triples
Identify plant phenotypes in text descriptions

INRA’s develop different type of knowledge organization systems include: ontologies
(AFEO, Biorefinery, OntoBiotope) but also thesauri (AnAEE, GACS)

Many resources in agronomy are in SKOS format.

All use cases have expressed the need to have a place to store, describe and retrieve
alignments

Publish AgroLD mapping annotations to reference ontologies such as SIO, EDAM, PO
Reference thesauri like Agrovoc have adopted linked open data practices and offer
mappings to multiple semantic web resources (not necessarily ontologies)

All use cases have expressed the need to automatically align ontologies one another
Identify AgroLD data elements when browsing ontologies in AgroPortal.

Visualize and use only the 22 vocabularies identified by the WDI working group

Clearly identify resources (co-)developed by INRA’s researchers

Handle as a collection the Crop Ontology project, which is composed of multiple crop-
specific trait ontologies. Possible alternative to cropontology.org

Clearly describe access rights and license information for ontologies

Clearly describe the type of resources (ontology, thesaurus, vocabulary, etc.) and their
format and syntax

Facilitate an automatic interconnection with VEST, including aligning the metadata fields
Inform the community about the WDI guidelines and get their feedback on the selected
ontologies

Offer breeders a way to suggest new trait and comment existing ones

Enable a large community of “standard” developers to provide feedback and comments on
the use (or non-use) of ontologies and vocabularies in AgroPortal

Increasingly vocabularies have labels in different languages (e.g., Agrovoc, GACS, NALt).
Distinguish between these labels in lexical-based services (search, annotation)

IRSTEA develops vocabularies only in French

When opening in a web browser a URI created by INRA or CO, display the corresponding
class or property page

Facilitate the identification of relevant agronomical ontologies for non-experts

Access and test the AnAEE Thesaurus or GCAS before they release; work on certain versions
of OntoBiotope not public in OpenMinted project

Breeders may need simpler formats, as they may not be able to use advanced semantic web
formats

Select and maintain a list of ontologies used by model organism databases

3.1. Agronomic Linked Data (AgroLD)

Agronomic research aims to effectively improve crop production
through sustainable methods. To this end, there is an urgent need to
integrate data at different scales (e.g., genomics, proteomics and phe-
nomics). However, available agronomical information is highly dis-
tributed and diverse. Semantic web technology offers a remedy to the
fragmentation of potentially useful information on the web by im-
proving data integration and machine interoperability
(Schmachtenberg et al., 2014). This has been often illustrated in data
integration and knowledge management in the biomedical domain
(Belleau et al., 2008; Jonquet et al., 2011; Jupp et al., 2014; Groth
et al., 2014). To further build on this line of research in agronomy, we
have developed the Agronomic Linked Data knowledge base (www.
agrold.org) (Venkatesan et al., 2015). Launched in May 2015, it serves
as a platform to consolidate distributed information and facilitate for-
mulation of research hypotheses. AgroLD offers information on genes,
proteins, Gene Ontology Associations, homology predictions, metabolic
pathways, plant traits, and germplasm, on the following species: rice,
wheat, arabidopsis, sorghum and maize. We provide integrated

agronomic data, as well as the infrastructure to aid domain experts
answering relevant biological questions (for example, “identify wheat
proteins that are involved in root development”). AgroLD relies on RDF
and SPARQL technologies for information modelling and retrieval, and
uses OpenLink Virtuoso (version 7.1) triple store. Database contents
were parsed and converted into RDF using a semi-automated pipeline
implemented in Python (https://github.com/SouthGreenPlatform/
AgroLD).

The conceptual framework for knowledge in AgroLD is based on
well-established ontologies in plant sciences such as Gene Ontology,
Sequence Ontology, Plant Ontology, Crop Ontology and Plant
Environment Ontology. AgroLD needs a dedicated application pro-
gramming interface to these ontologies, as well as a means to annotate
database fields (header and values) with ontology concepts. In addition,
it requires a system to store mappings annotations between key entities
in the AgroLD knowledge base and reference ontologies. In the long-
term vision for AgroPortal and AgroLD, the former might be an entry
point to the knowledge stored in AgroLD, enabling users to easily query
and locate data annotated with ontologies.
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3.2. RDA Wheat Data Interoperability (WDI) working group

Wheat is a major source of calories and protein, especially for
consumers in developing countries, and thus plays an important socio-
economical role. The International Wheat Initiative (www.
wheatinitiative.org) has identified easy access and interoperability of
all wheat related data as a top priority, to make the best possible use of
genetic, genomic and phenotypic data in fundamental and applied
wheat science. For example, the identification of causative genes for an
important agronomic trait is key to effective marker-assisted breeding
and reverse genetics. It requires integrating information from many
different sources such as gene function annotations, biochemical
pathways, gene expression data, as well as comparative information
from related organisms, gene knock-out and the scientific literature
(Hassani-Pak et al., 2013). However, the disparate nature of the formats
and vocabularies used to represent and describe the data has resulted in
a lack of interoperability.

The Wheat Data Interoperability working group was created in
March 2014 within the frame of the Research Data Alliance (https://rd-
alliance.org) and under the umbrella of the International Wheat
Initiative, in order to provide a common framework for describing,
linking and publishing wheat data with respect to existing open stan-
dards. The working group conducted a survey to identify and describe
the most relevant vocabularies and ontologies for data description and
annotation in the wheat domain (Dzalé-Yeumo et al., 2017). For some
data types like DNA sequence variations, genome annotations, and gene
expressions, the survey showed good consensus regarding data ex-
change formats. However, the survey did not show good consensus
about data exchange formats and data description practices for phe-
notypes and germplasm, suggesting the need for harmonization and
standardization.

Finally, this group identified 22 relevant vocabularies and ontolo-
gies for which, beyond the consensus issue, other problems were
identified: (i) format and location heterogeneity: ontology formats in-
cluded OBO format, OWL, and even SKOS (or SKOS-XL); (ii) hetero-
geneity: these ontology coverages ranged from describing generic ex-
perimental crop study (e.g., Crop Research), to narrow wheat-related
topics (Wheat Trait, Wheat Anatomy and Development), to top-level
concepts in biomedicine (BioTop). The need to offer a dedicated re-
pository of linked vocabularies and ontologies relevant for wheat
having been identified, the NCBO technology was seen as a likely tool
to address this needs and desired features.

3.3. INRA Linked Open Vocabularies (LovInra)

What does a specialist in cattle developmental biology really need to
easily identify, evaluate and exploit a few potential vocabularies of
interest? Whether familiar with semantics technology or not, she needs
a place that reflects her scientific environment and community, where
those with similar concerns can share comments and content. As an
example, INRA develops models to predict feed efficiency and meat
quality for beef production, using experimental data collected during
decades at INRA and externally. To meet the challenge of data in-
tegration, INRA developed the Animal Trait Ontology for Livestock
(ATOL). In part thanks to AgroPortal, ATOL developers have identified
the Animal Disease Ontology (ADO), developed by another team at
INRA, as a possible resource to expand the perimeter of actionable data.
This raised the question: How many complementary or competing re-
sources to ATOL exist?

With this vision in mind, LovInra is a service offered by the French
National Institute for Agricultural Research (INRA) Scientific and
Technical Information department to identify and evaluate knowledge
organization sources produced by INRA’s scientists, so that the agri-
cultural community and possibly a larger public can benefit from them.
Many such resources developed within specific projects remain un-
known to the research community despite their value. They are often
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developed by subject matter experts who are not semantic experts, and
who often do not have the resources (knowledge, time, or money) to
share their results. Further, they span multiple semantic levels, from
simple lexical descriptions, to hierarchies, to complex semantic rela-
tions. To achieve this goal, the vocabularies must be published with
respect to open standards and linked to other existing resources. INRA
adopted the semantic web’s practices and standards (RDF, SKOS, OWL,
SPARQL) to enable the methodological and technical practices needed
by INRA's scientists to standardize, document and publish the voca-
bularies created in their projects. Examples of INRA’s projects devel-
oping vocabularies or ontologies includes: (i) the AnAAE Thesaurus for
the semantic description of the study of continental ecosystems devel-
oped by the AnaEE-France infrastructure;'’ (ii) the OntoBiotope on-
tology of microorganism habitats used collaboratively in multiple pro-
jects such as OpenMinted as well as for the BioNLP shared tasks; (iii) the
Agri-Food Experiment Ontology (AFEO) ontology network which cover
various viticultural practices, and winemaking products and operations.
Beyond its evaluation and standardization role, LovInra also serves
to assign, deference, and provide programmatic access to INRA URIs
(for example, http://opendata.inra.fr/ms2o/Observation), using its
triple store and web interface (http://lovinra.inra.fr). Although the
current service, which includes description of resource metadata and
direct access to source files, is necessary for internal use, it does not
meet external dissemination objectives. In addition, the LovInra registry
does not support any content-based features, such as searching,
browsing, visualizing, mappings and annotation. We see AgroPortal as a
possible solution to the entire range of INRA’s unmet semantic needs
above, complementing the services already provided by LovInra.

3.4. The Crop Ontology project

Communities engaged in germplasm evaluation trials need to access
specific sets of ontologies for plant data annotation and integration. The
Crop Ontology project (www.cropontology.org) (Shrestha et al., 2010)
of the Integrated Breeding Platform (IBP) is AgroPortal’s fourth use
case. The main goals of this project are: (i) to publish online fully
documented lists of breeding traits and standard variables used for
producing standard field books and (ii) to support data analysis and
integration of genetic and phenotypic data through harmonized bree-
ders’ data annotation (Shrestha et al., 2012). Crop breeders, data
managers, modelers, and computer scientists created a community of
practice to discuss their variables, methods and scales of measurement,
and field books. They seek to develop the most complete crop-specific
trait ontologies according to the Crop Ontology template and guide-
lines.

The Crop Ontology website, released in 2010, provides 28 crop-
specific trait ontologies, in addition to ontologies describing germplasm
material and evaluation trials. The website publishes each crop-specific
trait ontology online, making it available for download from the user
interface or through an API in various formats: CSV, OBO, RDF/SKOS.
Partners like the Oat Global, the US Department of Agriculture (USDA),
INRA and the Polish Genomic Network have uploaded ontologies."' The
project requires a specific dedicated infrastructure that deals with the
adopted multi-trait ontologies approach, and supports search and ver-
sioning of ontologies. Plus, the Crop Ontology breeders need an inter-
face to suggest new crop traits (i.e., new terms in the trait ontologies)
and simple formats (such as CSV) to export the “trait dictionary” lo-
cally.

10 Analysis and Experimentation on Ecosystems is European research infrastructure
dedicated to the experimental manipulation of managed and unmanaged terrestrial and
aquatic ecosystems (www.anaee.com).

11 In addition, the Crop Ontology is used by several third-party projects like the Next
Generation Breeding (Nextgen) databases, the Integrated Breeding Platform’s breeding
management system, and the global repository of the Agricultural Trials or EU-SOL.


http://www.wheatinitiative.org
http://www.wheatinitiative.org
https://rd-alliance.org
https://rd-alliance.org
http://lovinra.inra.fr
http://www.cropontology.org
http://www.anaee.com

C. Jonquet et al.

3.5. GODAN Map of Agri-Food Data Standards

Recently, a new project under the umbrella of the GODAN'? in-
itiative called GODAN Action identified as one of its outputs a global
map of standards used for exchanging data in the field of food and
agriculture. To avoid duplicating effort, and to reuse previous com-
munity work, the project reviewed possible sources of standards that
could be integrated. Two existing suitable platforms were identified:
the FAO Agricultural Information Management Standards VEST Reg-
istry (http://aims.fao.org/vest-registry — now merged inside the new
Map of Standards presented Section 5.5) and the then-new AgroPortal
project.

The VEST Registry, created by FAO in 2011, was a metadata cat-
alog of around 200 knowledge organization sources and tools. It had a
broader coverage than the AgroPortal in two facets, knowledge types
and domains. (i) Types of vocabularies or standards covered: the
VEST Registry covered all types of knowledge artifacts, not just voca-
bularies or ontologies formally defined in RDFS, OWL, SKOS, or OBO.
For instance, the VEST registry would cover data exchange format
specification defined in XML or text description. (ii) Domain coverage:
Besides standards used specifically for food and agriculture data,
the directory included resources used in neighboring disciplines (like
climate and environment, sciences). The VEST Registry was conceived
as a metadata catalog, providing descriptions and categorization
of standards and linking to the original website or download of
the standard, but it did not exploit the content of the vocabularies
or ontologies, only their metadata descriptions. It did not support
any alignment between the sources either. To interconnect the
VEST and AgroPortal, rich and unambiguous metadata would be
crucial, as well as good classification of resources per categories and

types.
3.6. Other requirements identified

In addition to these five first driving use cases, other projects or
organizations have identified AgroPortal as a relevant application to
host, share and serve their ontologies:

IRSTEA’s projects, such as the French Crop Usage thesaurus about
crops cultivated in France, and the French Agroecology Knowledge
Management ontology for design innovative crop systems. These
two projects produce ontologies only in French and needed a host
for their work.

The Agrovoc thesaurus (Sachit Rajbhandari, 2012), which is the
most worldwide used multilingual vocabulary developed by FAO.
Agrovoc contains more than 32 K concepts covering topics related to
food, nutrition, agriculture, fisheries, forestry, environment and
other related domains. Agrovoc Linked Open Data version contains
multiple mappings to other vocabularies or resources that a resource
hosting Agrovoc must incorporate.

The Consortium of Agricultural Biological Databases (www.
agbiodata.org), a group of database developers and curators main-
taining model organism databases. The group wants to identify
which databases use which ontologies, and recommend a list of
ontologies based on that information.

4. A portal for agronomic related ontologies

In 2014, the Computational Biology Institute of Montpellier project
identified the need for an ontology-based annotation service for the
AgroLD and Crop Ontology use cases above. This large bioinformatics
project in France had a specific plant/agronomy data work package. In
parallel, we started reusing NCBO technology (Whetzel and Team,

12 Global Open Data for Agriculture and Nutrition: http://www.godan.info.
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2013) in the context of the SIFR'® project, in which we develop a
French version of the Annotator (Jonquet et al., 2016). We then im-
plemented a connector to BioPortal within WebSmatch (an open en-
vironment for matching complex schemas from many heterogeneous
data sources (Coletta et al., 2012) enabling calls either to the NCBO
Annotator web service, or any other NCBO-based Annotator (Castanier
et al.,, 2014). Once we had a portal prototype hosting a few specific
ontologies, interest in it grew when we presented it to several inter-
locutors (for examples, Bioversity International, INRA, IRD, CIRAD,
FAO, RDA, Planteome). Driven additionally by the other use cases
presented in Section 3, we extended our reuse of the NCBO technology
to the full stack, and publish it under the brand AgroPortal.

We now have an advanced prototype platform (illustrated in figures
on following pages) whose latest version v1.4 was released in July 2017
at http://agroportal.lirmm.fr."* The platform currently hosts 77 ontol-
ogies (Table 2), with more than 2/3 of them not present in any similar
ontology repository (like NCBO BioPortal), and 11 private ontologies.
We have identified 93 other candidate ontologies (Table 3) and we
work daily to import new ones while involving/informing the original
ontology developers. The platform already has more than 90 registered
users. For an overview of AgroPortal ontology analytics, see Fig. 5
(Annex).

4.1. Ontology organization and sources

Developers generally upload their ontologies when they think the
ontologies have reached a sufficient maturity and relevance to make
them publicly available. Sometime, like in the AnaEE thesaurus, or
OntoBiotope, developers use/used the portal as a staging location be-
fore the ontology goes public. If the initiative comes from our side, we
usually always interact with the developers before importing any new
resources: the original ontology developers always stay the only au-
thority for the ontologies in the portal. Because of the features offered
by AgroPortal (Sections 4.2 and 4.3), we think it is reasonable to in-
corporate ontologies that are already listed on other platforms (OBO
Foundry, FAIRSharing, VEST registry, or LovInra). However, in those
cases we follow these practices:

Developers can configure the entry in AgroPortal to automatically
pull new version of ontologies. We synchronize the ontology in
AgroPortal with the one at the original location via a nightly up-
date'” so the latest version is always available. For instance, all the
ontologies in the OBO-FOUNDRY group are systematically updated
using their PURL (e.g., for the Plant Ontology: http://purl.
obolibrary.org/obo/po.owl).

We always inform the ontology developers of their ontology pub-
lication on AgroPortal if they did not submit their ontology directly,
and offer them to claim administration role on the ontology if de-
sired. While we often edit ontology descriptions, we ask the on-
tology developers to validate our edits and complete them.

We try to avoid duplicating ontologies already hosted in the NCBO
BioPortal, unless required by a specific use case. Of course, overlap
exists between our domain of interest and biomedicine. Our general
approach is to let ontology developers decide if their ontology
should be incorporated in the AgroPortal while it is already in the
NCBO BioPortal. The long-term vision for AgroPortal and BioPortal
is an interconnected network of “bioportals” that will enable easy
access to ontologies for anyone independently from where they are
hosted and that could extend to ontology repository types beyond
the NCBO technology.

13 Semantic Indexing of French Biomedical Data Resources (SIFR) project - http://
www.lirmm.fr/sifr.

14 https://github.com/agroportal/documentation/wiki/Release-notes

15 Except for three ontologies (GO, BIOREFINERY & TRANSMAT) that are updated
only weekly for scalability reasons.
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Table 2
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Examples of ontologies uploaded in AgroPortal. Acronyms in parenthesis are the identifier on AgroPortal e.g., http://agroportal.lirmm.fr/ontologies/AEO has the acronym AEO

(Size = approximate number of classes or concepts).

Title Format Source Group Size
IBP rice trait ontology (CO_320) OWL cropontology.org CROP, AGBIODATA, AGROLD ~2K
IBP wheat trait ontology (CO_321) OWL cropontology.org CROP, AGBIODATA, AGROLD, WHEAT ~1K
IBP wheat anatomy & development ontology (CO_121) OBO cropontology.org CROP, WHEAT ~80
IBP crop research (CO_715) OBO cropontology.org CROP, AGBIODATA, WHEAT ~250
Multi-crop passport ontology (CO_020) OBO cropontology.org CROP ~90
Biorefinery (BIOREFINERY) OWL Inra LOVINRA, WHEAT, AGBIODATA ~300
Matter transfer(TRANSMAT) OWL Inra LOVINRA, WHEAT, AGBIODATA ~1.1K
Plant ontology (PO) OWL OBO Foundry OBOF, AGROLD, WHEAT, AGBIODATA ~2K
Plant trait ontology (TO) OWL OBO Foundry OBOF, AGROLD, WHEAT, AGBIODATA ~4.4K
Durum wheat (DURUM_WHEAT) OWL Inra LOVINRA ~130
Agricultural experiments (AEO) OWL Inra LOVINRA ~60
Environment ontology (ENVO) OWL OBO Foundry WHEAT, OBOF ~6.3K
NCBI organismal classification (NCBITAXON) RRF UMLS WHEAT, AGROLD ~900K
AnaEE thesaurus (ANAEETHES) SKOS Inra LOVINRA ~3.3K
French crop usage (CROPUSAGE) SKOS Irstea None ~300
Agrovoc (AGROVOC) SKOS FAO (UN) WHEAT, AGBIODATA ~32K
Food ontology (FOODON) OWL OBO Foundry OBOF ~10K
National agricultural library thesaurus (NALT) SKOS NAL (USDA) WHEAT, AGBIODATA ~67K
Global agricultural concept scheme (GACS) SKOS FAO-NAL-CABI None ~580K
Agronomy ontology OWL CGIAR OBOF ~430
Biological collections ontology OWL OBO Foundry OBOF ~160
Flora phenotype ontology OWL AberOWL None ~28K

Table 3
Selection of candidate ontologies of interest for the agronomic community, not present in
the NCBO BioPortal.

Title Organization or source
CAB thesaurus CABI

Chinese agricultural thesaurus CAAS

Wine ontology INRA

Oat, Barley, Brachiaria, Potato (etc.) trait ontologies Crop Ontology
Plant disease ontology INRA
Agriculture activity ontology CAVOC
Agriculture and forestry ontology Univ. of Helsinki
IC-FOODS ontologies (~10) UC Davis
agINFRA soil vocabulary FAO, GFAR
Plant-pathogen interactions ontology CBGP

Plant phenology ontology OBO Foundry
Thesaurus of plant characteristics CEFE

Iowa State Univ.
Iowa State Univ.

Livestock product trait ontology
Livestock breed ontology

Within AgroPortal, each time an ontology is uploaded into the
portal, it is assigned a group and/or category. Groups associate ontol-
ogies from the same project or organization, for better identification of
the provenance. We have created a group for each use case, except the
fifth one that is not a source of ontologies, and another one for the OBO
Foundry. For each group we have deployed a specific slice (a restriction
of the user interface to a specific group of ontologies) as explained later.
Categories indicate the topic(s) of the ontology, providing another way
to classify ontologies in the portal independently from their groups or
provenance. As of now we have defined 20 general categories such as
Farms and Farming Systems, Plant Phenotypes and Traits, Plant
Anatomy and Development, Agricultural Research, and Technology and
Engineering. These categories were established in cooperation with
FAO Agricultural Information Management Standards (AIMS), which
has maintained the VEST Registry since 2011.

Groups and categories, along with other metadata, can be used on
the “Browse” page of AgroPortal to filter out the list of ontologies (cf.
Fig. 3). Of course, groups and categories are customizable, and will be
adapted in the future to reflect the evolution of the portal’s content and
community feedback. The portal’s architecture provides URIs for any
portal objects, including groups and categories. For example, the URI
http://data.agroportal.lirmm.fr/categories/FARMING identifies the
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group “Farms and Farming Systems.” External applications can use
those URIs to organize ontologies or tag them.

4.2. Features from AgroPortal inherited from the NCBO BioPortal

The main features offered by the NCBO BioPortal are described in
Noy et al. (2009), Whetzel et al. (2011). They include:'®

Ontology library. The core mission of the AgroPortal is to serve as a
one-stop shop for ontology descriptions and files. The portal also
allows users to specify the list of ontologies that shall be displayed in
their user interface when logged-in. While not replacing source code
repository such as for instance GitHub, highly used by the com-
munity, the portal stores all ontology versions as they are submitted
or automatically pulled, and can display their metadata and differ-
ences from one version to the next, although only the latest ontol-
ogies are referenced for queries. Ontologies can either be harvested
from specified locations, or directly uploaded by users. Ontologies
are semantically described (cf. metadata), and a browsing user in-
terface allows to quickly identify, with faceted search, the ontolo-
gies of interest based on their descriptions and metadata.

Search across all the ontologies. AgroPortal search service indexes the
ontology content (classes, properties and values) with Lucene, and
offers an endpoint to search across the ontologies by keyword or
identifier. For example, a keyword search on “abiotic factor”"” will
identify the occurrence of this term (or similar terms if none match
exactly) in all the ontologies of the portal, and sort the results by
relevance to the query and ontology popularity in the portal
(number of views) (Noy et al., 2013). For the above search, the first
three results are Abiotic factor (CO_715_0000078), Abiotic stress
(CO_320:Abiotic_stress), and abiotic stress trait (TO_0000168).
Ontology browsing and content visualization. The ontology ‘classes’
and ‘properties’ tab lets users visualize a class or property within is
hierarchy, as well as see the related content (labels, definition,
mappings, any other relations). An important point is that each

16 The features of the portal inherited from the NCBO BioPortal are more extensively
described in other publications that are referenced here. We provide here only a small
summary as well as relevant agronomy related examples. In addition, the documentation
of the portal is also available: https://github.com/agroportal/documentation.

17 http://agroportal.lirmm.fr/search?q = Abiotic%20factor
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AgroPortal content page can be accessed by a direct URL, that can
be potentially used to dereference an ontology URI. Dereferencing
(or resolving) means to obtain a concrete representation of the
identified resource (e.g., a web page), for instance, http://
agroportal.lirmm.fr/ontologies/EOL/?p = classes&conceptid =
http://opendata.inra.fr/EOL/EOL_0000014 directly points to the
class ‘water salinity’ in Environment Ontology for Livestock. For
each ontology, a JavaScript widget allowing autocomplete with
class names is also automatically generated and can be used by
external web applications to facilitate the edition of data fields re-
stricted to ontology concepts.

Ontology versioning. AgroPortal handles versioning through the
concept of “submission.” Once an “Ontology” (an empty skeleton
with minimal metadata) has been added once to the portal, “sub-
mission” objects can be attached. A new submission is created every
time that ontology is re-submitted by a user, or pulled from its
original location URL. Many ontologies are not necessarily main-
tained in a versioning system which offers a pull URL. It is up to the
developer to decide when to manually uploading the new file,
thereby creating a new submission (version) in AgroPortal.
However, when the ontology is configured with a pull URL, the new
ontology will be pulled in automatically (and versioned as a new
submission) any night that it has changed. For example, the Matter
Transfer Ontology for instance is developed by INRA using the @
Web application (http://pfl.grignon.inra.fr/atWeb).'® ~ Although
only the latest version is indexed and therefore available for
searching, browsing and annotation, all the previous versions are
downloadable, and a difference comparison can be viewed for each
submission.

Ontology mappings. Another key role of AgroPortal is to store map-
pings (or alignments) between ontologies (Ghazvinian et al., 2009).
Indeed, because ontologies’ contents overlap, it is crucial to main-
tain their interconnections—mappings—alongside the ontologies
themselves. AgroPortal implements a mapping repository where
each class-to-class mapping added to the portal is a first-class citizen
and can be: stored, described, retrieved and deleted. The portal
automatically creates some mappings when two classes share the
same URI or CUI properties,'® or when they share a common nor-
malized preferred label or synonym. Although basic lexical mapping
approaches can be inaccurate and should be used with caution
(Faria et al., 2014; Pathak and Chute, 2009), they usually work quite
well with the LOOM mapping algorithm used in AgroPortal
(Ghazvinian et al., 2009). Other mappings can be explicitly up-
loaded from external sources, and in that case a mapping is reified as
a resource described with provenance information (e.g., automatic
or manual, who added it) and one or several tags to classify the
mapping (e.g., owl:sameAs, skos:exactMatch, skos:broaderMatch,
gold:translation). Such information helps users decide if they want
to use these mappings.

Community feedback. While not being a state-of-the-art Web 2.0 so-
cial platform for ontologies, the AgroPortal features a few commu-
nity features (Noy et al., 2009) such as: (i) Ontology reviews: for each
ontology, a review can be written by a logged-in user from the on-
tology “Summary” page. It helps keep track of the quality. (ii)
Manual mapping creation: On each ontology class, a logged-in user
can create a mapping to another class (whether the class is inside the

18 There are 328 submissions as of March 2017: http://data.agroportal.lirmm.fr/
ontologies/TRANSMAT/submissions. The latest one is always available under http://
data.agroportal.lirmm.fr/ontologies/TRANSMAT/latest_submission

19 Uniform Resource Identifiers (URIs) are the standard way to identify resources
(classes, properties, instances) on the semantic web when using RDF-based languages
such as OWL or SKOS. Concept Unique Identifiers (CUIs) are identifiers used in the UMLS
Metathesaurus. They are heavily used in the biomedical domain, but not very relevant
within AgroPortal, where only two sources (the Semantic Network and the NCBI
Taxonomy) are extracted from the UMLS.
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AgroPortal, or in the NCBO BioPortal or another resource (cf. next
Section)) (Noy et al., 2008). While this is illustrative, and may sti-
mulate propositions, the real strength of the portal comes from using
the API to automatically import mappings. (iii) Notes can be at-
tached in a forum-like mode to a specific ontology or class, in order
to discuss the ontology (its design, use, or evolution) or allow users
to propose changes to a certain class (for instance, see http://
agroportal.lirmm.fr/ontologies/CO_321/?p = notes). Ontology de-
velopers (or any registered users) can subscribe to email notifica-
tions to be informed each time user feedback is added to their
ontologies of interest.

Ontology-based annotation. AgroPortal features a text annotation
service that will identify ontology classes inside any text (Jonquet
et al.,, 2009) and can filter the results per ontologies and UMLS
Semantic Types (McCray, 2003).?° The text annotation service
provides a mechanism to employ ontology-based annotation in
curation, data integration, and indexing workflow; it has been used
to semantically index several data resources such as in the NCBO
Resource Index (Jonquet et al., 2011).?" The workflow is based on a
highly efficient syntactic concept recognition tool (using concept
names and synonyms) (Dai et al., 2008), and on a set of semantic
expansion algorithms that leverage the semantics in ontologies (e.g.,
is_a relations and mappings). The Annotator is illustrated Fig. 1. It is
also used to recommend ontologies for given text input, as described
hereafter.

Ontology recommendation. The NCBO (in collaboration with LIRMM
& University of Corufia) has recently released a new version of the
Recommender system in BioPortal (Martinez-Romero et al., 2017),
which has also been installed in AgroPortal. This service suggests
relevant ontologies from the parent repository for annotating text
data. The new recommendation approach evaluates the relevance of
an ontology to biomedical text data according to four different cri-
teria: (1) the extent to which the ontology covers the input data; (2)
the acceptance of the ontology in the community; (3) the level of
detail of the ontology classes that cover the input data; and (4) the
specialization of the ontology to the domain of the input data. This
new version of a service originally released in 2010 (Jonquet et al.,
2010) combines the strengths of its predecessor with a range of
adjustments and new features that improve its reliability and use-
fulness. To our knowledge, the AgroPortal Recommender is the first
ontology recommendation service made for the agronomy commu-
nity to identify which ontologies are relevant for (i) a given corpus
of text or (ii) a list of keywords. For instance, if used with the ‘Plant
height’ text example, from Fig. 1. the service will help users to
identify Trait Ontology and multiple sources from the Crop On-
tology as relevant for this text.

Register ontology related projects. The AgroPortal provides a project
list edited by its users that materialize the ontology-project relation.
For instance, the relation between the Planteome project and the six
ontologies it uses is described at http://agroportal.lirmm.fr/
projects/Planteome, in a format that can be used by AgroPortal to
illustrate the ontologies that are most used. This information can
then be employed for instance to sort ontologies by number of
projects that use them.

In addition, all the previous features are available through two
endpoints allowing automatic querying of the content of the
portal: (i) a REST web service API (http://data.agroportal.lirmm.fr/

20 This feature originally developed for the NCBO Annotator (Jonquet et al., 2009)
allows to filter the annotation results using the upper level 127 UMLS semantic type
(http://agroportal.lirmm.fr/ontologies/STY) with which each concept in the UMLS are
tagged. Because this was very useful on the NCBO BioPortal, we are considering an
equivalent network and mechanism in the AgroPortal.

21 The ‘Resource Index’ feature is not used in AgroPortal. Our vision is to accomplish
this with the AgroLD partner project.
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Fig. 1. AgroPortal Annotator with scored results. (web service call: http://services.agroportal.lirmm.fr/annotator?text = Plant height is a whole plant morphology trait which is the height
of a whole plant. Plant height is sometime measured as height from ground level to the top of canopy at harvest.&ontologies=PO,TO&longest only = true &whole_word_only = true&

score = cvalue).

documentation) that returns XML or JSON-LD, making it easy to use
AgroPortal within any web based application (Whetzel et al., 2011);
and (ii) a SPARQL endpoint (http://sparql.agroportal.lirmm.fr/test),
which is the standard mechanism to query RDF data (Salvadores et al.,
2012).

We also like to point out that by adopting the NCBO technology,
including its web service APIs (Whetzel and Team, 2013), an important
number of external applications developed by the biomedical semantics
community become available at very low cost for the agronomy com-
munity because of backward compatibility. This includes spreadsheet
annotation tools such as OntoMaton (Maguire et al., 2013) Weboulous
(Jupp et al., 2015), RightField (Wolstencroft et al., 2010) and WebS-
match (Coletta et al., 2012; Castanier et al., 2014); Zooma, a tool si-
milar to the Annotator developed by the European Bioinformatics In-
stitute (www.ebi.ac.uk/spot/zooma); the UIMA wrapper to use the
Annotator web service in other NLP applications (Roeder et al., 2010);
the ontology wrapper OntoCAT (Adamusiak et al., 2010); the Galaxy
platform tools (Minarro-Giménez et al., 2012); the visualization tool
FlexViz (Falconer et al., 2009); and finally all the different API clients
(Java, Ruby, Perl, etc.) developed by the NCBO (https://github.com/
ncbo) or other organizations (e.g. REDCap or Protégé plugins). To some
extent, other ontology platforms such as the AberOWL, which features
reasoning capabilities that AgroPortal does not yet offer (Slater et al.,
2016), can automatically pull content from the AgroPortal.

4.3. New AgroPortal features developped since the beginning of the project

While assuring community support, day-to-day maintenance and
monitoring of the portal and keeping it up-to-date with the NCBO
technology, we have worked on customizations and specific services.
These services target the agronomic community, but that could in some
cases be used for any domains. With the vision of collaborative
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development of BioPortal and AgroPortal, when relevant and possible,
we push new features back to the main NCBO code branch where
BioPortal users or the appliance itself can benefit. The AgroPortal open
source code and documentation are accessible on GitHub: https://
github.com/agroportal.

Multilingualism in AgroPortal. In the context of the SIFR project and
in consultation with the NCBO, we are working on making BioPortal
multilingual (Jonquet et al., 2015). This is still work in progress,
although we have already added relevant metadata properties to: (i)
identify the natural language in which labels are available; and (ii)
link monolingual ontologies to their translations. We have also
changed the representation of multilingual translation mappings.
For the moment, we have chosen to consider English as the main
language of AgroPortal (i.e., the one use to display content as well as
indexed for Search, Annotator and Recommender services). Multi-
lingual ontologies (i.e., with labels in multiple languages) are
parsed, but only the English content is explicitly used. Non-English
monolingual ontologies are attached as “views” of a main ontology
that is solely described with metadata (no content). For instance, the
French Agroecology Knowledge Management ontology, used in a
French  collaborative  network  (http://agroportal.lirmm.fr/
ontologies/GECO) is only described with metadata but has at-
tached a specific view (http://agroportal.lirmm.fr/ontologies/
GECO-FR) with the real content in French.

Mapping related features. In order to interconnect AgroPortal with the
NCBO BioPortal or any other repositories, we have changed the
model of AgroPortal mappings to store mappings to ontologies (i) in
another instance of the BioPortal technology (‘inter-portal’), (ii) in
any ‘external’ resources. Hence, any AgroPortal class can be linked
to any class in other knowledge resource (e.g., DBPedia, WordNet,
AgroLD) or the NCBO BioPortal itself). Mappings are described with


http://data.agroportal.lirmm.fr/documentation
http://sparql.agroportal.lirmm.fr/test
http://www.ebi.ac.uk/spot/zooma
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https://github.com/agroportal
https://github.com/agroportal
http://agroportal.lirmm.fr/ontologies/GECO
http://agroportal.lirmm.fr/ontologies/GECO
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provenance data and typed with a property from a standard se-

mantic web vocabulary (e.g., OWL, SKOS, GOLD). For instance:

o The class ‘plant organ’ in the Plant Ontology has been manually

mapped to the ‘Plant organ’ entity in the DBPedia knowledge

base. The mapping tag used is skos:exactMatch which means that
the classes represent the same entity, while not supporting a lo-
gical substitution (as with owl:sameAs).

The class ‘biomass’ in the Biorefinery ontology has been manually

mapped to the class ‘Biomass’ in MeSH on the NCBO BioPortal,

and automatically mapped to the class ‘biomass’ in the AnaEE

Thesaurus.

The class ‘zooplankton’ in the AnaEE Thesaurus has been mapped

to ‘zooplankton’ in the Ontology for MIRNA Target (http://purl.

obolibrary.org/obo/OMIT_0015869), which is not available in

AgroPortal.

Semantic annotation with scoring. Within the SIFR project we develop

new features and natural language based enhancement that

target all the Annotator deployments (the NCBO, AgroPortal or SIFR
one). For instance, to facilitate the use of annotation for semantic
indexing, we have implemented three scoring methods for the

Annotator. They are based on term frequency and especially useful

with multi-word terms. We demonstrate the results of these new

scoring measures in Melzi and Jonquet (2014). For instance, when
considering annotating the text:>*> “Plant height is a whole plant
morphology trait which is the height of a whole plant. Plant height is
sometime measured as height from ground level to the top of canopy at
harvest.” with the AgroPortal Annotator, the scoring method gives
more importance to the concept ‘plant height’ (score = 8.64) than to
the concept ‘height’ (score = 4.32), whose lexical form is actually
more frequent in the text. The user interface of the Annotator is

illustrated in Fig. 1.

Ontology formats. We have worked on the full support of different

formats such as (i) SKOS (SKOS-XL is not handled yet), which is

highly used in agronomy (AnaEE Thesaurus, Agrovoc, CAB

Thesaurus and NAL Thesaurus all use SKOS); and (ii) the Crop

Ontology Trait Dictionary template v5, adopted for instance by the

Breeding API and Crop Ontology (import/export in this format is

currently done outside of AgroPortal).

Ontology metadata. To facilitate the ontology identification and se-

lection process, which has been assessed as crucial to enable on-

tology reuse (Park et al., 2011), we implemented a new metadata
model to better support descriptions of ontologies and their rela-
tions, respecting recent metadata specifications, vocabularies, and

practices used in the semantic web community (Xiang et al., 2011).

We reviewed the most common and relevant vocabularies (23 in

total) to describe metadata for ontologies, including Dublin Core,

VoID, Ontology Metadata Vocabulary, and the Data Catalog Voca-

bulary. We then grouped those properties into a unified and sim-

plified model of 127 properties (distilled from an initial list of 346

properties that will be parsed by the portal)*® that includes the 45

properties originally offered by the NCBO BioPortal, and describe all

the new properties with standard vocabularies.* This gives us, for
example, a model to describe the type of the semantic resource
uploaded to the portal (for example, thesaurus, ontology, taxonomy,
or terminology). Our work provided three important new features

for AgroPortal (Toulet et al., 2016):

o Once an ontology is uploaded, AgroPortal automatically extracts
most of the ontology metadata if they are included in the original
file, and automatically populates some of them if possible (e.g.,
metrics, endpoints, links, examples). Ontology developers can

22 Two appended definitions from the Trait Ontology and from the Crop Ontology.

23 https://github.com/agroportal/documentation/tree/master/metadata

24For instance, the call http://data.agroportal.lirmm.fr/ontologies/PR/latest_
submission?display = all will display the JSON-LD format of all the metadata proper-
ties (populated or not) for the Protein Ontology.
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manually update those extracted or calculated values if desired. In

addition, we have entirely redesigned AgroPortal’s ontology sub-

mission page to facilitate editing the metadata. Whenever pos-
sible, the user interface facilitates the selection of the metadata
values, while in the backend those values are stored with standard

URIs. For instance, the user interface will offer a pop-up menu to

select the relevant license (CC, BSD, etc.) while the corresponding

URI will be taken from the RDFLicense dataset (http://rdflicense.

appspot.com). Knowledge organization systems types are taken

from the KOS Types Vocabulary from the Dublin Core initiative.*

An example using the OntoBiotope ontology metadata page in

AgroPortal is shown in Fig. 2.

AgroPortal ontology browse page (Fig. 3) offers three additional

ways to filter ontologies in the list (content, natural language,

formality level) as well as three new options to sort this list. We
believe these new features facilitate the process of selecting re-
levant ontologies.

o We have begun facilitating the comprehension of the agrono-
mical ontology landscape by displaying diagrams and charts
about all the ontologies on the portal (average metrics, most
used tools, leading contributors & organization, and more). We
have created a new AgroPortal ‘landscape’ page that displays
metadata “by property” -as opposed as “by ontology” as in
Fig. 2 (http://agroportal.lirmm.fr/landscape).

For each ontology available and uploaded in the portal, we colla-
borate with the ontology developers to extensively describe their me-
tadata. Information is generally found either in other registries (e.g.,
LovInra, VEST Registry, the OBO Foundry) or identified in the pub-
lication, web site, documentation, etc. found about the ontologies. With
these curated metadata, all users can confidently select and review
ontologies; any submission of the ontology can include more author-
itative and more complete metadata, available to any user including the
original provider, and for other linked open data users and applications;
and AgoPortal’s users can better understand the landscape of ontologies
in the agronomy and related domains.

5. Driving agronomic use case results

Now that AgroPortal has been extensively presented, we focus on
the results of each use case, and illustrate the value added by this portal
and its semantic content.

5.1. Agronomic Linked Data (AgroLD)

The OWL versions of the ontologies available in AgroPortal were
retrieved from that single repository. Although AgroPortal is not the
main original location for these ontologies (they are accessible on the
OBO Foundry and Cropontoloy.org) it was convenient to find them all
in one place, and to use a unique and consistent API. Plus, we also
used the AgroPortal Annotator web service to annotate more than 50
datasets and produced 22% additional triples, which were validated
manually (Fig. 4). Building such an annotation service for all these
ontologies was one of the driving needs for AgroPortal. Encoding the
original data in RDF allowed us to establish an annotation for every
appropriate case, using owl:sameAs relations, between the data ele-
ment (e.g., Protein in the SouthGreen database) defined with a new
URI (http://www.southgreen.fr/agrold/resource/Protein) and an on-
tology term (e.g., the term ‘polypeptide’ in the Sequence Ontology
(http://purl.obolibrary.org/obo/SO_0000104). Note that we have
decided to use owl:sameAs in this case as the resources are logically
equivalent and this is a common practice in linked open data to

25 http://wiki.dublincore.org/index.php/NKOS_Vocabularies
2005).

(ANSI/NISO  Z39.19-
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interlink datasets; similar annotations have been made for properties
using owl:equivalentProperty or rdfs:subPropertyOf (when an
equivalent property did not exist). Now that AgroPortal handles ‘ex-
ternal mapping’ as described in Section 4.3, we have been able to
upload all our annotations (to 23 classes and 21 properties) to fully
connect the concepts from the different ontologies, and create anno-
tations, directly within AgroPortal.”®

As a result, AgroLD has incorporated the data from various da-
tabases (Table 4), and produced 37 million RDF triples (Venkatesan

26 The previous example (‘polypeptide’ in SO) is available here in the mapping tab:
http://agroportal.lirmm.fr/ontologies/SO?p = classes&conceptid = http%3A%2F
%2Fpurl.obolibrary.org%2Fobo%2FSO_0000104

et al., 2015). The data source selection followed the needs and
priorities of the IBC project’s work-package 5. It included important
data sources such as GOA, Gramene, Oryza Tag Line, and Green-
PhylDB. AgroLD can now gather genomic and phenotypic informa-
tion to answer biological questions such as: “find proteins involved in
plant disease resistance and high grain yield traits.” Such queries
would be hard or impossible to resolve without the appropriate
ontologies integrated to support the conclusion. The reader may refer
to http://agrold.org/sparqleditor.jsp for more examples of queries in
AgroLD.

5.2. RDA Wheat Data Interoperability (WDI) working group

We created and maintain explicit sub-parts within AgroPortal called


http://agrold.org/sparqleditor.jsp
http://agroportal.lirmm.fr
http://agroportal.lirmm.fr/ontologies/SO?p=classes%26conceptid=http%3A%2F%2Fpurl.obolibrary.org%2Fobo%2FSO_0000104
http://agroportal.lirmm.fr/ontologies/SO?p=classes%26conceptid=http%3A%2F%2Fpurl.obolibrary.org%2Fobo%2FSO_0000104
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Agronomic Linked Data (AgroLD)

The Agranamic Lnded Dot (Agrot ) Prageer

(i) search/retrieve ontologies
(ii) send data to Annotator
(iii) retrieve annotations

(iv) store mappings to data
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AgroPortal

Fig. 4. Interaction between AgroPortal and AgroLD. (i) AgroPortal provides a unique endpoint to retrieve heterogenous ontologies; (ii) AgroLD’s annotation pipleline send data to the
AgroPortal Annotator and (iii) retrieves annotations with ontology terms used to build AgroLD; finally (iv) AgroPortal offers a link from the ontologies to data stored in AgroLD with the

‘inter portal’ mapping mechanism.

Table 4

Plant species and data sources in AgroLD. The number of tuples gives an idea of the number of elements we have annoated from the data sources and the number of RDF triples produced.
The crops and ontologies are refered as: R = rice, W = wheat, A = Arabidopsis, S = sorghum, M = maize GO = Gene Ontology, PO = Plant Ontology, TO = Plant Trait Ontology,
EO = Environment Ontology, SO = Sequence Ontology, CO = Crop Ontoloy (specific trait ontologies).

Data sources URL s # tuples Crops Ontologies used # triples produced
GO associations geneontology.org 1160K RW,AM,S GO, PO, TO, EO 2700K

Gramene gramene.org 1718K R,W,M, A, S GO, PO, TO, EO 5172K

UniprotKB uniprot.org 1400 K R, W,AM,S GO, PO 10000 K
OryGenesDB orygenesdb.cirad.fr 1100K R, S, A, GO, SO 2300K

Oryza Tag Line oryzatagline.cirad.fr 22K R PO, TO, CO 300K
TropGeneDB tropgenedb.cirad.fr 2k R PO, TO, CO 20K

GreenPhylDB greenphyl.org 100K R, A GO, PO 700K

SniPlay sniplay.southgreen.fr 16K R GO 16000 K

TOTAL 37000K

slices.”” The wheat slice in AgroPortal (http://wheat.agroportal.lirmm.
fr) allows the community to share common definitions for the words
they utilize to describe and annotate data, which in turn makes the data
more machine-readable and interoperable. Furthermore, each slice
enables ontology developers to make their ontologies more visible to
targeted agronomic research communities; as of today, AgroPortal’s
Wheat group contains 20 of the 23 ontologies identified by the WDIL.*®
Each ontology has been carefully described (with licenses, authority,
availability, and so on), and a new metadata property (omv:endor-
sedBy) is used to show the ontology’s endorsement by the WDI working
group.

This work has been reported in the WDI’s set of guidelines for wheat
data description (http://ist.blogs.inra.fr/wdi) (Dzalé-Yeumo et al.,
2017), and used since then as a reference to identify and select ontologies
related to wheat. Among AgroPortal’s registered users, a dozen are
members of the RDA WDI working group. In the future, the slice will be
maintained/managed by the WheatIS consortium to organize new wheat-
related ontologies and store the alignments between them. AgroPortal’s
adoption by the WDI working group leveraged several advanced features
of the platform as customized by the AgroPortal team. The result directly
enhanced the community’s processes and capabilities, provided custo-
mized access to information of particular interest to this community, and
achieved wide uptake in the working group.

27 Slices are a mechanism supported by the platform to allow users to interact (both via
API or UI) only with a subset of ontologies in AgroPortal. If browsing the slice, all the
portal features will be restricted to the chosen subset, enabling users to focus on their
specific use cases. On AgroPortal, slices and groups are synchronized, so every group
(described Section 4.1) has a corresponding slice displaying only the ontologies from that
group.

28 Among the missing ones are, CAB Thesaurus, that we are currently working on in-
tegrating; CheBI that we have decided not to upload yet; and Wheat Inra Phenotype
Ontology (that is currently being merged with CO_321).
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5.3. INRA Linked Open Vocabularies (Lovinra)

To augment the visibility of INRA’s semantic resources, and achieve
their mapping to resources within and external to INRA, the institute
has chosen AgroPortal to publish and host INRA’s resources and en-
courage adoption of semantic web standards. If a semantic resource is
declared on the LovInra service, it is immediately uploaded and fully
described on AgroPortal. Resources that are not on the LovInra service
can be directly uploaded by their developers to the portal, an important
consideration for such a big organization. AgroPortal assigns the new
resources to the correct group and slice, and properly tags them (SKOS
vocabularies, OWL/SKOS termino-ontological resources, or OBO/OWL
ontologies).

The LovInra group/slice contains 16 ontologies relating to process
modeling, biotopes, animal breeding, and plant phenotypes. AgroPortal
has become a major element of the LovInra service and is heavily en-
couraged and supported by INRA. It has started to play a key resource
role allowing the group’s users to: (i) have a comprehensive view of the
portal’s ontologies (topics, types, community, etc.); (ii) quickly find a
resource, and understand its content and structure by browsing it and
annotating documents; (iii) discover additional vocabularies that could
be used; and (iv) have access to projects linked to vocabularies, and
understand how they were created or used by the projects, possibly
exchanging shared experience or insights.

5.4. The Crop Ontology project

Currently, the AgroPortal hosts 19 crop-specific trait ontologies
developed within the Crop Ontology project: Wheat, Rice, Cassava,
Groundnut, Chickpea, Banana, Sweet potato, Cowpea, Soybean, Lentil,
Pigeon pea, Sorghum, Pear millet, Maize, Groundnut, Castor bean,
Mungbean, and Cassava. Additional ontologies will be integrated in the
future with the help of the crop ontology curators. Similarly to the


http://wheat.agroportal.lirmm.fr
http://wheat.agroportal.lirmm.fr
http://ist.blogs.inra.fr/wdi
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LovInra or WDI use cases, these ontologies are grouped within the
portal and can be browsed in a dedicated slice (http://crop.agroportal.
lirmm.fr). Parsers for specific trait template have been developed, and
in the future any of this community’s formats (OBO, OWL, and CSV)
shall be used to import and export trait ontologies directly within
AgroPortal.*®

Moreover, in the context of the Planteome project (www.planteome.
org), the alignment (or mapping) of terms within and across different
plant related ontologies have been created: both within the crop
ontologies themselves (in different crop branch) or with other reference
ontologies commonly used in plant biology (e.g., PO, TO, EO). In the
future, AgroPortal will formally store the alignments between all these
ontologies.*’

Finally, hosting ontologies on AgroPortal offers new functionalities
to the crop ontology community such as versioning, an open SPARQL
endpoint, community notes, and the annotation service, while still
supporting the uses of the current web site.*' For instance, new traits or
mappings between them can be suggested directly by breeders using
AgroPortal’s community features, while not directly impacting the
original ontology. Each time a suggestion is made to an ontology, the
breeders interested in the corresponding crop can be notified of the
suggestions and comments of their peers.

5.5. GODAN Map of Agri-Food Data Standards

The GODAN Action project wanted to build a broadly scoped global
map of standards while leveraging detailed information and content
about them that could be maintained in an ontology or vocabulary. To
achieve this, the new map of standards was built on top of the existing
VEST Registry, but added bidirectional mechanisms linking the VEST
Registry with AgroPortal. The combined system automatically imports
resource descriptions from the AgroPortal into the VEST, and links re-
cords from the VEST back to the AgroPortal entries, in order to provide
access to the AgroPortal content and related services. The new registry,
called Map of Agri-Food Data Standards (http://vest.agrisemantics.org),
was released in 2016 under two umbrellas: the GODAN Action project,
and the new RDA AgriSemantics working group,”” which launched at
the end of 2016. The Map of Standards leverages the AgroPortal’s new
metadata model and application programming interface to populate the
entries in the Map using a single web service call. In addition to
searching by metadata, the AgroPortal’s Recommender will help the
agronomy community identify ontologies or vocabularies of interest.

The synchronization and interlinking of the two platforms is for the
moment semi-automatic, with the content of AgroPortal being regularly
imported into the global map. Users can register or edit the description
of a vocabulary in the Map, and if the vocabulary is in a compatible
format, they are offered, the option to add the vocabulary directly into
AgroPortal. In the future, this process will be fully automatized.

6. Discussion
6.1. General reflection on research scenarios supported by AgroPortal

AgroPortal (like the NCBO BioPortal before it) adopted a vision
where multiple knowledge artifacts are made available in a common

29 Most of these conversions are still achieved outside of AgroPortal. The automatically
generated CSV output format is not yet compliant with the Crop Ontology trait template
(v5).

39 For instance, something to capture that plant height for wheat (CO_321:0000024) is
somehow linked to the general plant height trait (TO_0000207) that is itself a morphology
trait (TO:0000398). This work is ongoing, and the data is not yet publicly released.

31 In the future, to offer to breeders a simple and customized interface while avoiding
duplication effort, we will consider serving the Crop Ontology website use cases by di-
rectly accessing AgroPortal’s backend through the REST APIL

32 https://www.rd-alliance.org/groups/agrisemantics-wg.html
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place (though not combined), and cast to a common model. While
doing so, the portal arguably limits the full power of ontologies, con-
straining their use to features supported by the common model. We see
two general scenarios of use for our portal:

The portal provides basic ontology library services for users with a
“vertical need” —those who want to do very precise things (e.g.,
reasoning, using specific relations) using only suitable ontologies
(developed by the same communities and in the same format). Such
users may just use the portal to find and download ontologies, and
work in their own environment.

The portal provides many semantic services (for examples, lexical
analysis, search, text annotation, and use of hierarchical knowledge)
to users with “horizontal needs” —those who wants to work with a
wide range of ontologies and vocabularies useful in their domain but
developed by different communities, overlapping and in different
formats. Such users greatly appreciate the unique endpoints (web
application and programmatic for REST and SPARQL queries) of-
fered by the portal under a simplified common model.

We believe there are existing resource to address the first need in
agronomy (e.g., OBO Foundry, FAIRSharing, VEST registry), although
without containing all the relevant ontologies and vocabularies.
However, we argue the second need is unmet by any of the available
platforms. If we want semantic resources like ontologies and vocabul-
aries to achieve widespread adoption, we must facilitate their use for
non-ontological experts who still want to use multiple heterogeneous
semantic resources.

6.2. Implementation of the requirements

As presented and illustrated on examples, most of the requirements
listed in Section 3 have been addressed at least partially thanks to the
original BioPortal features (e.g., requirements #1-#6, #8, #10, #15,
#16, #18), our new implementations (#5, #7, #11, #15), and our
applying the platform to the community needs (#1, #10, #11, #17,
#18). Some requirements are not yet completely achieved and/or
evaluated, for instance:

(#4) The AgroPortal Annotator has been used by the AgroLD use
case, but not by other ones. We have not yet evaluated the capability
of the service to automatically identify entities such as plant phe-
notypes in text.

(#8) Automatically generating mappings is an important issue for a
portal on ontologies. Although it is convenient to have some simple
lexical mappings automatically generated by AgroPortal with the
LOOM algorithm (Ghazvinian et al., 2009), we find that this is not
enough to correctly interlink the multiple vocabularies and ontolo-
gies developed by the community. We are integrating other state-of-
the-art ontology matchers such as YAM+ + (Ngo and Bellahsene,
2012) as well as designing specific mapping curation interfaces. At
the same time, identifying and harvesting into AgroPortal the
mappings already produced by the community is a huge task, not yet
begun.

(#9) We have not automatically linked databases of annotated
agronomical data using ontology concepts (from within AgroPortal).
While the original BioPortal has the NCBO Resource Index (Jonquet
et al., 2011), we plan to rely on external annotated resources such as
AgroLD (Venkatesan et al., 2015) to interlink with data. To store this
information, we will build on our rich mapping model in AgroPortal
as presented Section 4.3. As another example, being part of the map
of standards will allow ontologies in AgroPortal to link directly to
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datasets that use them such as the CIARD RING directory (http://
ring.ciard.net) (Pesce et al., 2011), as that was previously indexed
with some of the VEST content. The CIARD RING can be queried via
SPARQL or REST API and the links between vocabularies and da-
tasets can therefore be retrieved by any system. Such a feature, has
been requested and will be among the next features of AgroPortal. In
the long-term vision, AgroPortal will directly query the CIARD
RING, AgroLD, or any relevant data sources like Bio2RDF or Plan-
teome, so that a user browsing ontologies can get direct access to the
data to which these ontologies link.

(#12) Although community feedback is an important aspect for
working group and communities, we have not successfully engaged
yet our user groups to add reviews, notes, or comments about the
ontologies. A complete rethinking of this issue is a future challenge
for AgroPortal.

(#13) The roadmap to make the technology fully multilingual has
been identified, but not yet fully implemented.

(#15) AgroPortal can be used as a destination for dereferenced
URIs. In the future, we shall discuss these strategic questions with
our collaborators.

6.3. Future and perspectives

Considering the need for a repository of ontologies for agronomy,
food, plant sciences, and biodiversity, we expect broad community
adoption of the AgroPortal. The endorsement of associated partners
(IRD, CIRAD, INRA, IRSTEA) illustrates the impact and interest not just
in France, but also internationally (e.g., FAO, Bioversity International,
IC-FOODS consortium, NCBO, Planteome, RDA working groups). More
recently, two other RDA working groups (Rice Data Interoperability”®
and AgriSemantics®*) have expressed interest in using AgroPortal as a
backbone for data integration and standardization.

In the future, we will identify more potential users for the portal and
support new research scenarios. For instance, within the RDA
AgriSemantics WG, we are interested in using AgroPortal to host the future
Global Agricultural Concept Scheme (GACS) (Baker et al., 2016), which
will result from the integration and alignment of Agrovoc, NAL Thesaurus
and CAB Thesaurus. The portal is considered by the GACS working group
as a candidate to host the three source vocabularies (it already includes
two of them), as well as the GACS itself. GACS beta version 3.1 is currently
available in AgroPortal, but no specific customization has been performed.
In addition, we will be offering our services to these projects:

the new IC-FOODS project (International Center for Food Ontology,
Operability, Data & Semantics - www.ic-foods.org) that will be de-
veloping ontologies related to food, nutrition, eating behaviors
(Musker et al., 2016);

ecologists developing the Thesaurus of Plant characteristics (Garnier
et al., 2017);

the French IRESTA organization, to facilitate the use of ontologies in
the design of the future government-led open data repository for
agriculture project (AgGate).>®

To foster interest in agronomy and the semantic web and identify
potential AgroPortal applications, we launched in 2016 a series of
AgroHackathons (www.agrohackathon.org) that focused among other
things on AgroPortal and AgroLD. Finally, in the next future, we plan to
achieve a community survey evaluation to capture the feedback of our
community, review the requirements, and drive the future directions of
the project.

33 https://rd-alliance.org/groups/rice-data-interoperability-wg.html
34 https://rd-alliance.org/groups/agrisemantics-wg.html

35 https://www.economie.gouv.fr/files/files/PDF/rapport-portail-de-donnees-agricoles.pdf
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7. Conclusion

In this paper we have presented AgroPortal, an open vocabulary and
ontology repository for agronomy. We have discussed five use cases
already using the portal to support their work on data interoperability,
and demonstrated that beyond these use cases the portal offers services
of value to the broader community. The thematic boundaries of the
portal are evolving (agriculture also includes animals, and is strongly
related to environmental science), and over time the community will
communicate what they expect to find in such a repository.

The community outreach challenge of such a project is huge. It involves
identifying already existing resources, whether already shared or not, en-
couraging their developers to make them available, and finally harvesting
them into the single ontology repository, capable of providing many services
across the heterogeneous content. We recognize that this challenge was
highly facilitated by previous important efforts such as the NCBO BioPortal,
OBO Foundry, Planteome, and Crop Ontology projects. In addition, we are
conscious that by adopting an open library approach, knowledge “conflicts”
or redundancies as well as convergences and consolidations will appear. We
believe the AgroPortal will help the scientific community to fully under-
stand these issues, and address them as appropriate.

The technological challenges of such a project are also huge; there-
fore, we have built upon technology previously developed in the bio-
medical domain. We see here an opportunity to capitalize technology
and scientific outcomes of the last twelve years in a closely related do-
main. We illustrated in the context of five important driving agronomic
use cases how AgroPortal can enable new science for the community
developing and using agronomical ontologies and vocabularies world-
wide. In addition, the AgroPortal platform offers a terrain for pursuing
important informatics and semantic web issues, such as semantic anno-
tation, multilingual ontologies, metadata description, ontology en-
gineering and alignment, and ontology recommendation, and will.

Ultimately, we believe AgroPortal provides powerful services, stan-
dards, and information that will greatly facilitate the adoption of open data
in agriculture and benefit the extended agronomic community, the se-
mantic web and data science communities, and the biomedical community
that in many ways laid the groundwork that AgroPortal now leverages.
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Appendix
ONTOLOGIES BY GROUP ONTOLOGY SIZES Fig. 5. AgroPortal public ontology analytics (May
2017). Updated versions of these statistics are auto-
20 33 9 o matically generated from AgroPortal’s new metadata
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ABSTRACT

The volume of publicly available data in biomedicine is constantly increasing. However, these data are
stored in different formats and on different platforms. Integrating these data will enable us to facilitate
the pace of medical discoveries by providing scientists with a unified view of this diverse information.
Under the auspices of the National Center for Biomedical Ontology (NCBO), we have developed the
Resource Index - a growing, large-scale ontology-based index of more than twenty heterogeneous bio-
medical resources. The resources come from a variety of repositories maintained by organizations from
around the world. We use a set of over 200 publicly available ontologies contributed by researchers in
various domains to annotate the elements in these resources. We use the semantics that the ontologies
encode, such as different properties of classes, the class hierarchies, and the mappings between ontolo-
gies, in order to improve the search experience for the Resource Index user. Our user interface enables
scientists to search the multiple resources quickly and efficiently using domain terms, without even
being aware that there is semantics “under the hood.”

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Researchers in biomedicine produce and publish enormous
amounts of data describing everything from genomic information
and pathways to drug descriptions, clinical trials, and diseases.
These data are stored on many different databases accessible
through Web sites, using idiosyncratic schemas and access mech-
anisms. Our goal is to enable a researcher to browse and analyze
the information stored in these diverse resources. Then, for in-
stance, a researcher studying allelic variations in a gene can find
all the pathways that the gene affects, the drug effects that these
variations modulate, any disease that could be caused by the gene,
and the clinical trials that involve the drug or diseases related to
that specific gene. The information that we need to answer such
questions is available in public biomedical resources; the problem
is finding that information.

The research community agrees that terminologies and ontolo-
gies are essential for data integration and translational discoveries
to occur [1-3]. However, the metadata that describe the informa-
tion in data resources are usually unstructured, often come in the
form of free-text descriptions, and are rarely labelled or tagged

* Corresponding authors. Tel.: +1 650 725 6236; fax: +1 650 725 7944.
E-mail addresses: jonquet@lirmm.fr (C. Jonquet), nigam@stanford.edu (N.H.
Shah).

1570-8268/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.websem.2011.06.005

using terms from ontologies that are available for the domains.
Users often prefer labels from ontologies because they provide a
clear point of reference during their search and mining tasks [4-
6]. For example, researchers and curators widely use the Gene
Ontology to describe the molecular functions, cellular location,
and biological processes of gene products. These annotations en-
able the integration of the descriptions of gene products across
several model organism databases [7].

However, besides these examples, semantic annotation of bio-
medical resources is still minimal and is often restricted to a few
resources and a few ontologies [8]. Usually, the textual content
of these online resources is indexed (e.g., using Lucene) to enable
querying the resources with keywords. However, there are obvious
limits to keyword-based indexing, such as the use of synonyms,
polysemy, lack of domain knowledge. Furthermore, having to per-
form keyword searches at each Web site individually makes the
navigation and aggregation of the available information extremely
cumbersome, if not impractical. Search engines, like Entrez
(www.ncbi.nlm.nih.gov/Entrez), facilitate search across several re-
sources, but they do not currently use as many of the available and
relevant biomedical ontologies.

The National Center for Biomedical Ontology (NCBO) Resource In-
dex addresses these two problems by (1) providing a unified index
of and access to multiple heterogeneous biomedical resources; and
(2) using ontologies and the semantic representation that they
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encode to enhance the search experience for the user. The NCBO
BioPortal - an open library of more than 200 ontologies in biomed-
icine [9] - serves as the source of ontologies for the Resource Index.
We use the terms from these ontologies to annotate, or “tag,” the
textual descriptions of the data that reside in biomedical resources
and we collect these annotations in a searchable and scalable index
(Fig. 1). The key contributions to the field are (i) to build the search
system for such an important number of ontologies and resources
and (ii) to use the semantics that the ontologies encode.

In the context of our research, we call data element any identifiable
entity or record (e.g., document, article, experimentation report)
which belongs to a biomedical data resource (e.g., database of articles,
experiments, trials). Usually, an element has an identifier and can be
linked by a URL. For instance, the trial NCT00924001 is an element of
the ClinicalTrials.gov data resource that can be accessed with:
http://clinicaltrials.gov/ct2/show/NCT00924001. We
call annotation - a central component - a link from an ontology term
to a data element, indicating that the data element refers to the term
either explicitly or not [10,11]. We then use these annotations to
“bring together” the data elements.

We currently index 22% resources, which are maintained by a
variety of different institutions, with terms from more than 200
ontologies included in BioPortal (Appendix A). As of January 2011,
our 1.5 Tb MySQL database, which stores the annotations in the Re-
source Index, contains 11 Billion annotations, 3.3 Million ontology
concepts, and 3.2 Million data elements. The user interface is avail-
able at http://bioportal.bioontology.org/resources.

A preliminary version of the system was presented in [12]. In
this paper, we illustrate use case scenarios (Section 2), describe
the system implementation (Section 3) and the details of the
indexing workflow (Section 3.3), and the different means to access
the Resource Index (Section 3.4). We demonstrate how semantic
technologies enable information retrieval and mining scenarios
that were not possible otherwise (Section 4).

2. Use case scenarios

We will describe the functionality of the Resource Index
through three use case scenarios.

Scenario 1: Multiple-term search across resources. The user is
interested in the role of tumor protein p53 in breast cancer. He can
search the Resource Index for “Tumor Protein p53” AND “Breast
Carcinoma” as defined in the NCI Thesaurus (Fig. 2). The search
results summarize the number of elements per resources anno-

NCBO Resource Index Search
Tumor Protein p53 (preferred name) from: NCI Thesaurus >

Breast Carcinoma (preferred name) from: NCI Thesaurus

To begin, type in text and select a matching term.
Examples: melanoma, lupus, breast cancer, ...
Click search and select a repository.

Ontology filters

0| it
20| FE ArrayExpress
57| ¥

(o] 4

ClinicalTrials.gov

26, m Gene Expression Omnibus DataSets
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'l-- Online Mendelian Inheritance in Man

PharmGKB [Disease]

121_ " stanford Microarray Database
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Fig. 2. Resource Index user interface. The search for resources that contain both
“Tumor Protein p53” AND “Breast Carcinoma.”

tated with both terms. The user can see there is relevant data link-
ing p53 to breast cancer in such resources as ArrayExpress,
ClinicalTrials.org, Gene Expression Omnibus (GEO), Stanford
Microarray Database (SMD) and others. He can access the data ele-
ments within each resource quickly and navigate between
resources.

Scenario 2: Exploratory search across resources. A research-
er studying the causes and treatments for stroke in humans is
interested in learning more about the genetic basis of the re-
sponse to related conditions by searching the literature. She
already knows that some related conditions such as stroke, tran-
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Fig. 1. NCBO Resource Index overview. We process each biomedical resource using the ontology-based indexing workflow. We store the resulting annotations in a database
and make them available in several formats via REST Web services. BioPortal provides userfriendly interfaces to search and navigate the Resource Index.
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sient ischemic attack, and cerebral bleeding fall under the gen-
eral category of cerebrovascular accidents (Fig. 3). Therefore,
she starts by typing “cerebr” and immediately gets feedback in
the form of suggested terms from various ontologies. She selects
and initiates a search for Cerebrovascular Accident from the Na-
tional Cancer Institute (NCI) Thesaurus. She notices a number
of hits from several resources and drills down to read more
about the data elements from both the GEO and Database of
Genotypes and Phenotypes (dbGAP) resources. She focuses on
GEO: the tag cloud emphasizes other terms that are ranked
highly in these 31 elements. Thus, she can get an idea of what
these elements are about. She selects “Stroke” in the tag cloud,
then “Treatment,” and gets to the 12 elements that are anno-
tated with the three previous terms. A similar series of steps
on dbGAP leads her to two elements annotated with “Cerebro-
vascular Accident,” “Stroke,” and “Physiology.” As a result of
her search, she has quickly located gene-expression data (from
rats) that is connected to genotype-phenotype data (from hu-
mans). In rats, researchers studied the gene-expression level re-
sponse to both stroke and to drugs used to treat stroke. In
humans, researchers studied genotypes that predispose humans
to stroke and affect the physiology of the outcome.

Scenario 3: Semantically enriched search across resources.
The user wants to search gene expression data about “retroperito-
neal neoplasms.” A direct keyword search with “retroperitoneal
neoplasm” on the GEO Web site will return no results. However,
there are several datasets in GEO about “pheochromocytoma” and
“renal cell cancer” both of which are retroperitoneal neoplasms
and thus relevant to the previous search. When our user queries
the Resource Index with “retroperitoneal neoplasm,” he will get
the results that use the hierarchy represented in the BioPortal

C. Jonquet et al./ Web Semantics: Science, Services and Agents on the World Wide Web 9 (2011) 316-324

ontologies. Specifically, the NCI Thesaurus defines “pheochromocy-
toma” as a subclass of “retroperitoneal neoplasm.” Thus, the user
will get all data elements that are annotated with “pheochromocy-
toma” as a response to the query on “retroperitoneal neoplasm,”
including the relevant resources in GEO. Furthermore, he also gets
results from ArrayExpress and SMD, which are other repositories
of gene expression data also indexed in the Resource Index.

In the next section, we describe the implementation of the Re-
source Index, which enables these use cases.

3. The NCBO Resource Index

To create the Resource Index, we process metadata describing
data elements in a variety of heterogeneous resources to create
semantic annotations of these metadata. We use the publicly avail-
able biomedical ontologies in BioPortal as a source of terms, their
synonyms, and the relations between terms (Section 3.1). We use
resource-specific access tools to process metadata that describe
data elements in different resources (Section 3.2). We use an off-
the-shelf concept-recognition tool to identify terms from BioPortal
ontologies within the textual metadata and annotate, or tag, the
corresponding element with the recognized terms. We expand
these annotations using available ontology knowledge (Sec-
tion 3.3). Finally, the Web services and user interface provide users
with fast and scalable access to this index and support different use
cases such as information retrieval and mining (Section 3.4).

3.1. Ontologies in the NCBO BioPortal

BioPortal, an open library of biomedical ontologies [9], provides
uniform access to the largest collection of publicly available bio-
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medical ontologies. At the time of this writing, there are 245
ontologies in this collection. BioPortal users can browse, search,
visualize, and comment on ontologies both interactively, through
a Web interface, and programmatically, via Web services. The
majority of BioPortal ontologies were contributed by their develop-
ers directly to BioPortal. A number of ontologies come from Open
Biomedical Ontologies (OBC) Foundry [13], a collaborative effort
to develop a set of interoperable ontologies for biomedicine. Bio-
Portal also includes publicly available terminologies from the Uni-
fied Medical Language System (UMLS), a set of terminologies
which are manually integrated and distributed by the United
States National Library of Medicine [14]. BioPortal includes ontol-
ogies that are developed in a variety of formats, including OWL,
RDF(S), OBO (which is popular with many developers of biomedical
ontologies), and RRF (which is used to distribute UMLS terminolo-
gies). BioPortal provides a uniform set of REST Web services to ac-
cess basic lexical and structural information in ontologies
represented in these heterogeneous formats.

We use the BioPortal REST services to traverse the ontologies
and to create a dictionary of terms to use for direct annotations
of data elements in biomedical resources. We use preferred name
and synonym properties of classes for this dictionary. Some ontol-
ogy formats have preferred name and synonym properties as part
of the format (e.g., OBO and RRF). For OWL, ontology developers
can either use the relevant SKOS properties to represent this infor-
mation, or specify in the ontology metadata which are the proper-
ties that they use for preferred names (e.g., rdfs:label) and
synonyms. Currently, our dictionary contains 6,835,997% terms,
derived from the 3,349,338% concepts from 206% ontologies (the
subset of BioPortal ontologies that are usable for annotation). We
identify each concept by a URI defined in the original ontology or
provided by NCBO.

3.2. Accessing biomedical resources

In addition to the ontology terms, the data elements from the
biomedical resources are another major source of information for
the Resource Index (Fig. 1). As of January 2011, we have indexed
22% public biomedical resources of different sizes (up to 3.2 Mil-
lion elements and 1.4 Gb of data). We provide a list of sample re-
sources in Appendix A. Data resources provide their data in
idiosyncratic formats (often XML) and offer different means of ac-
cess (often Web services). To access the information in the re-
sources, we build a custom wrapper for each resource. The
wrapper extracts the fields describing the data elements within a
resource as illustrated in step 1 of Fig. 4. In developing each wrap-
per, we work with a subject matter expert to determine which tex-
tual metadata fields (later called contexts) we must process (e.g.,
title, description). We also assign each context a weight [0,1] rep-
resenting the importance of the field. We later use this weight to
score annotations.! For example, we may give annotations appear-
ing in the title a higher weight based on the expert’s recommenda-
tion for that resource. In some cases, resources already tag
elements with ontology terms, so the wrapper directly extracts the
curated annotations and applies an appropriate weight. We call
these annotations reported annotations. For example, the description
of gene-expression data in GEO contains an organism field where a
domain expert manually puts a term from the National Center for
Biotechnology Information taxonomy, which refers to the relevant
organism.

Our resource-specific wrappers access the data elements incre-
mentally, enabling us to process only the data elements that were

1 Researchers have previously demonstrated the influence and importance of the
original context in which a term appears on information retrieval [4].
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Fig. 4. Example of annotations generated for a GEO element. Direct annotations are
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data element. Then, expanded annotations are created using the ontology is_a
hierarchy. Finally, all the annotations are aggregated and scored taking into
consideration their frequency and context.
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added to the resource since the last time that we processed the
resource.

3.3. Ontology-based annotation

After we access the data elements describing the resource, we
perform the following steps to create annotations for the data ele-
ments in the resource: (a) direct annotation with ontology terms;
(b) semantic expansion of annotations; (c) aggregation and scoring
of annotations (Fig. 4).

(a) Creation of direct annotations. We process each textual
metadata using a concept-recognition tool that detects the presence
of concepts in text. Our workflow accepts different concept recog-
nizers ranging from simple string matching techniques to ad-
vanced natural language processing algorithms. We currently use
Mgrep [15,16] which enables fast and efficient exact matching
against a very large set of input strings (however without any ad-
vanced natural language processing (e.g., stemming, permutation,
morphology)). Concept recognizers usually use a dictionary. The
dictionary (or lexicon) is a list of strings that correspond to pre-
ferred names and synonyms of ontology concepts. At this step,
Mgrep uses the 6.8 Million terms dictionary built before. In the
example in Fig. 4, the recognizer identifies the terms melanoma,
melanocyte, and cell and creates a set of direct annotations with
the corresponding concepts in the Human Disease, Cell type, and
BIRNLex ontologies. We preserve the identified term, the context
in which it appears, and its character position as provenance infor-
mation about the annotation.

(b) Semantic expansion of annotations. After direct annota-
tions step, several semantic-expansion components leverage the
knowledge in the ontologies to create expanded annotations from
the direct annotations.

First, the is_a transitive closure component traverses an ontology
subclass—superclass hierarchy using a customized algorithm to
create new annotations with superclasses of the classes that ap-
pear in direct annotations. We used the subclass transitive relation
as defined by the original ontology e.g., is_a (OBO), rdfs:subClassOf
(OWL) and abstracted by BioPortal to compute the transitive clo-
sure on the whole ontology graph. For instance, we will expand a
direct annotation of a data element with the concept melanoma
from NCI Thesaurus, to annotations with melanocytic neoplasm,
cancer, and cellular proliferation disease because NCI
Thesaurus defines melanoma as a subclass of melanocytic neo-
plasm, which in turn is a subclass of cellular proliferation
disease (Fig. 4). We preserve the shortest ancestor level (direct
parent, grandparent, etc.) as provenance information to use for
scoring annotations. Naturally, the farther away the ancestor term
is from the term in the direct annotation, the less relevant the cor-
responding expanded annotation is.

Second, the ontology-mapping component creates new annota-
tions based on existing mappings between ontologies. BioPortal
provides point-to-point mappings between terms in different
ontologies. Some of these mappings were defined manually and
some were created automatically using various mapping algo-
rithms [17].2 We use the mappings that BioPortal stores and pro-
vides to expand our annotations and we do not follow them
transitively. For instance, if a text is directly annotated with the con-
cept treatment in Medical Subject Headings (MeSH), the mapping
component will generate a new annotation with the concept ther-
apeutic procedure from Systematized Nomenclature of Medicine-
Clinical Terms (SNOMED-CT) because there is a mapping between
these two terms in BioPortal. We preserve the type of mapping as

2 In this work we assume mappings between ontologies already exists, the creation
of biomedical mappings is discussed in numerous other papers.

provenance information to use for scoring annotations. It allows to
score those expanded annotations proportionally to the mapping
confidence (e.g., owl:sameAs, skos:exactMatch, skos:close-
Match, manually curated or automatically generated).

(c) Annotation aggregation and scoring. We use the prove-
nance information that we collect in creating direct and expanded
annotations to assign each annotation a weight from 0 to 10 rep-
resenting its relevance. For example, a match based on a pre-
ferred label gets a weight of 10 versus a synonym, which gets
an 8; a match originating from a mapping gets a weight of 7
whereas one from an is_a relationship get a diminishing weight
based on ancestor level. Because several annotations with the
same concept but with different provenance and context can
co-exist we aggregate all those annotations of an element to a un-
ique pair [concept-element], called aggregated annotation, to
which a score is assigned. Those are the annotations used for
searches. The scoring algorithm takes into account frequency,
provenance and context of the annotation by doing the sum of
the weights assigned to each annotation normalized by the
weights of the original contexts.

At each step, the annotation workflow populates several rela-
tional tables and stores the detailed (direct & expanded) and
aggregated annotations. Because both ontologies and resources
are changing often, we need to automatically update the Resource
Index tables regularly. The workflow handles (i) resource updates
(i.e., incremental processing of new elements added to resources)
using wrappers that pull only the data elements that have not
been processed yet and (ii) ontology updates (i.e., incremental pro-
cessing of new ontologies and new ontology versions) because
BioPortal provides version specific identifiers for ontologies. For
simplicity, when a new ontology version is added to BioPortal,
the previous annotations associated with the ontology are re-
moved from the Resource Index and new ones are added. The
indexing workflow has been specifically optimized for this to oc-
cur rapidly [18]. We run these two different updates respectively
weekly and monthly.

3.4. Accessing the NCBO Resource Index

The annotation and the scores that we described in the previous
section constitute the Resource Index. The index contains 3 Billion
aggregated annotations and 11 Billion detailed annotations (10%
direct 90% expanded) as illustrated by Fig. 5. We provide both a
Web service access to the index and a special-purpose easy-to-
use graphical user interface, which enables domain experts to ex-
plore and analyze the information in the Resource Index.

The main Resource Index user interface, illustrated in Figs. 2
and 3, is a search-based interface geared towards biomedical
end-users. Users do not even need to be aware that semantic tech-
nologies are driving the user interface, and can use it through a
simple search-box mechanism. As the user types in terms that
she is interested in, she gets a list of auto-complete suggestions
for the search terms and the source ontologies for these terms.
Users can search data elements using AND and OR constructs.?
She is presented with a list of search results (as snippets) as well
as a tag cloud of related terms (selected in the top 10 results) to help
refine her search further. For each identified element, a user can see
the details of the annotations highlighted in the original text and link
back to the URLs of the original data elements.

Users can retrieve the content of the Resource Index program-
matically by calling a Web service and specifying either ontology
concepts or specific data elements that they are looking for. Specif-
ically, we provide the following services:

3 The OR construct is currently available only through Web service; it is not
available through the graphical user interface.
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Fig. 5. Number and types of annotations in the Resource Index.

1. For a given concept, obtain the set of elements in one or several
resources annotated with this concept (e.g., GEO and ArrayEx-
press elements annotated with concept DOID:1909).

2. For several concepts, obtain the union or intersection of the set
of elements annotated with these concepts (e.g., GEO and
ArrayExpress elements annotated with both DOID:1909 and
CL:0000148).

3. For a given data element, obtain the set of concepts in one or
several ontologies annotating this element (e.g., NCI Thesaurus
concepts annotating the GEO dataset GDS1965).

The first two information-retrieval services offer a unique endpoint
to query several heterogeneous data resources and facilitate data
integration (defined as view integration in Goble & Stevens [3]).
The third service supports the type of exploration that the original
resource may have never supported. This use case enables users to
gather more information about a data element that they have al-
ready identified.

When retrieving annotations for a given element, users can fil-
ter out annotations using several mechanisms, such as limiting re-
sults to annotations with specific UMLS semantic types, using only
results that match the whole word in the query, disabling the re-
sults obtained by matching synonyms, or selecting the type of
mapping used for expanding annotations. Users can retrieve anno-
tations in several formats (text, tab delimited, XML, RDF and OWL).
The results are ordered by the scores assigned during the indexing
phase.

4. Discussion and related work

The Resource Index provides semantically-enabled uniform ac-
cess to a large set of heterogeneous biomedical resources. It lever-
ages the semantics expressed in the ontologies in several different
ways:

Preferred names and synonyms: Many biomedical ontologies
specify, as class properties, not only labels (preferred names) but
also synonyms for the class names, which we use during annota-
tion. For example, a keyword search of caNanoLab resource with
“adriamycin” would normally obtain no results. However, because
the ontologies that we use have defined “doxorubicin” as a syno-
nym for “adriamycin,” the Resource Index retrieves all caNanoLab
elements annotated with the term “doxorubicin.”

Auto-complete: As users type a term into the search box, they
receive immediate feedback giving both preferred names and syn-
onyms for matching classes from different ontologies.

Hierarchies: We use subclass relations to traverse ontology
hierarchies to create expanded annotations, therefore improving
the recall of search on general terms. For example, a search with
“retroperitoneal neoplasm,” will retrieve data annotated with
“pheochromocytoma” (Section 2). Notice that subclass relation-
ships are present in all ontologies thus enable to provide the same
feature for all ontologies. Specific ontology relationships are not
considered, although we acknowledge there are often useful on a
per-ontology approach.

Mappings: We use BioPortal mappings to expand the set of
annotations. For example, a search with the concept “treatment”
from MeSH retrieves the elements annotated with “therapeutic

procedure” in SNOMED-CT because there is a mapping between
these two concepts in BioPortal.*

The use of ontologies significantly enhances recall of searches
(i.e., more relevant data elements are retrieved) without affecting
precision of the top results. Our aggregation and scoring addresses
the issue of precision by ranking relevant results for the user e.g.,
the algorithm ranks the direct matches higher over the ones ob-
tained via semantic expansion. Semantic disambiguation is not
handled yet e.g., someone searching elements for “Cell” in NCI The-
saurus will obtain the elements mentioning the word ‘cell’ as the
abbreviation of cell phone. However, given the characteristics of
the resources indexed (biomedical databases as opposed to general
Web sites) the issue has not come up in practice.

Because the goal of the Resource Index is to improve runtime
information retrieval and data-mining tasks, we decided to pre-
compute inferences with ontologies (i.e., is_a and mapping expan-
sion) rather than to implement semantic query-expansion algo-
rithms [19] that would have computed inferences dynamically
but would have required longer response time. Our technical deci-
sions in terms of design and architecture were often driven by
benchmarking analysis and metrics [18]. The indexing workflow
execution times range from a couple of minutes for the small re-
sources to more than a week for the biggest one. Because it is
impossible to include in the Resource Index all possible biomedical
resources, NCBO provides the ontology-based annotation workflow
as a Web service [8], the NCBO Annotator, which allows researchers
to annotate their text data automatically and get the annotations
back. They can use this service to develop their own semantic-
search applications. Researchers at the Medical College of Wiscon-
sin have already created one such application for mining associa-
tions between gene expression levels and phenotypic annotations
for microarray data from GEO (cf. http://gminer.mcw.edu).

Semantic annotation is an important research topic in the
Semantic Web community [10]. Tools vary along with the types
of documents that they annotate (e.g., image annotation [20]).
For an overview and comparison of semantic annotation tools
the reader may refer to the study by Uren and colleagues [11].

As we have mentioned earlier, our annotation workflow can be
configured to use any concept-recognition tool. A number of pub-
licly available concept recognizers identify entities from ontologies
or terminologies in text. These recognizers include IndexFinder
[21], SAPHIRE [22], CONANN [23], and the University of Michigan’s
Mgrep [15]. The National Library of Medicine (NLM)’s MetaMap
[24], which identifies UMLS Metathesaurus concepts in text, is gen-
erally used as the gold standard for evaluating tools in the biomed-
ical domain. Many of these tools are not under active development
and are restricted to a particular ontology or the UMLS.

Related tools in the biomedical domain include Terminizer [25],
which is an annotation service similar to the NCBO Annotator. Ter-
minizer recognizes concept names and synonyms and their possi-
ble permutations but only for OBO ontologies. Terminizer does not
allow any automatic semantic expansion of the annotations but al-
lows refining annotations using broader or narrower terms in the
user interface. Whatizit [26], which is a set of text mining Web

4 Notice there is no composition of the semantic expansion components e.g.,
mapping ancestors are not used for annotations.
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services that can recognize several types of entities such as protein
and drug names, diseases, and gene products. Reflect [27], which
highlights gene, protein, and small-molecule names and can per-
form the recognition in HTML as well as PDF and MS Word docu-
ments. The originality of Reflect, when used in a Web browser, is
that the tool links the identified terms to corresponding entries
in biomedical resources e.g., UniProt, DrugBank. However, the tool
is not driven by ontologies and does not execute any semantic
expansion.

We have conducted a comparative evaluation of two concept
recognizers used in the biomedical domain - Mgrep and Meta-
Map - and found that Mgrep has clear advantages in large-scale
service oriented applications, specifically addressing flexibility,
speed and scalability [8]. The precision of concept recognition
varies depending on the text in each resource and type of entity
being recognized: from 93% for recognition biological processes
in descriptions of gene expression experiments to 60% in clinical
trials, or from 88% for recognizing disease terms in descriptions
of gene expression experiments to 23% for PubMed abstract [8].
Other studies reported similar results [28,29]. The average preci-
sion is approximately 73%, average recall is 78%.

Most of the other annotation tools do not perform any seman-
tic expansion, which gives the Resource Index and the Annotator
a significant advantage. There are however other tools in the bio-
medical domain that use semantics internally including Medico-
Port [30], which uses UMLS semantics to expand user queries;
the work of Moskovitch and colleagues [4], who use ontologies
for annotation (concept based search) and demonstrate the
importance of the context (context-sensitive search) when anno-
tating structured documents. HealthCyberMap [31] uses ontolo-
gies and semantic distances for visualizing biomedical resources
information. Essie [32] shows that a judicious combination of
exploiting document structure, phrase searching, and concept
based query expansion is useful for domain optimized informa-
tion retrieval. Finally, other studies such as Khelif and colleagues
[33] illustrate the annotation of a specific resource with specific
ontologies (the GeneRIF resource annotated with UMLS and Galen
in this case).

Currently, we create annotations based only on textual fields.
However, we can extend our approach to other kinds of documents
(i.e., images, sounds) by changing the tool that we use for concept
recognition. We currently process only text meta-data in English.
However, as BioPortal now contains ontologies in multiple lan-
guages, we can start using concept recognizers for other languages
in the future.

Table 1

5. Challenges and future plans

We are currently working on expanding the Resource Index to
include more resources. Our goal is to index up to 100 public re-
sources, including PubMed, which provides access to all research
articles in biomedicine (approximately 20 Million elements). We
have analyzed the metrics on ontologies in order to re-structure
the database backend for the Resource Index. This restructuring
has enabled us to reduce the processing time for one of our larger
datasets from one week to one hour [18]. With this type of optimi-
zations, we can now annotate extremely large datasets such as
PubMed. We have already indexed the last five years of it (20%).
We note that since 2010, changes in MetaMap allow it to be de-
ployed with ontologies outside of UMLS. We are investigating the
possibility of including MetaMap as an alternative concept recog-
nizer in the annotation workflow.

One limiting factor in increasing the number of resources that
we index is the need to develop custom access tools for most re-
sources. However, most resource access tools follow the same prin-
ciples, so we have built templates that enable our collaborators to
build them easily and quickly to process their own datasets and to
include them in the Resource Index.

Our next challenge is to evaluate the user interface and to
understand what works best for domain experts. We have per-
formed small-scale formative evaluations, but will need to work
on larger scale evaluation, with different groups of users.

6. Conclusions

We have presented an ontology-based workflow to annotate
biomedical resources automatically as well as an index constructed
using this workflow. Ontology-based indexing is not new in bio-
medicine, however it is usually restricted to indexing a specific re-
source with a specific ontology (vertical approach). We adopt a
horizontal approach, accessing annotations for many important re-
sources using a large number of ontologies. This approach follows
the translational bioinformatics and Semantic Web vision to dis-
cover new knowledge by recombining already existing knowledge
(i.e., resources and ontologies) in a manner that the knowledge
providers have not previously envisaged.

The Resource Index enables domain experts to search heteroge-
neous, independently developed resources. While we use ontolo-
gies and semantics “under the hood” to improve the quality of
the results and to simplify the user interaction, the users are not
aware of this complexity. They use a simple search-box interface

A sample of ontologies included in the Resource Index. Please refer to http://bioportal.bioontology.org/ontologiesurlhttp://bioportal.bioontology.org/ontologies for a

complete listing.

Ontology Maintained By Format # Classes
Wit NCI Thesaurus (NCIt) National Cancer Institute OWL 80K
Medical Subject Headings (MSH) National Library of Medicine RRF 223K
Gé Gene Ontology (GO) GO Consortium OBO 33K
m Systematized Nomenclature of Medicine-Clinical Terms International Health Terminology Standards Development RRF 391K
("‘Uﬂ] (SNOMEDCT) Organisation
Medical Dictionary for Regulatory Activities (MDR) Maintenance and Support Services Organization RRF 69 K

y

Radl.ex RadLex (RID) Radiological Society of North America PROTEGE 30K
[CD International Clasification of Diseases(ICD10) World Health Organization RRF 12K
NCBI organismal clasification (NCBITaxon) National Center for Biotechnology Information OBO 513K
Mouse adult gross anatomy (MA) The Jackson Laboratory OBO 3K
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A sample of resources included in the Resource Index. Please refer to http://rest.bioontology.org/resource_index/resources/list/urlhttp://rest.bioontology.org/

resource_index/resources/list/ for a complete listing.

Resource/contexts indexed

Maintained By

Elements

Gene Expression Omnibus (GEO)

gene expression and molecular abundance repository
/title, summary, organism

ArrayExpress (AE)

microarray data and geneindexed expression profiles
/name, description, species, experiment_type
caNanoLab (CaNano)

biomedical nanotechnology research results
/Composition, Association, Method, etc.
Adverse Event Reporting System Data (AERS)
adverse events reported to FDA by doctors and other professionals
/Drug_char, Drug_names, Drug_admin_route
Clinical Trials (CT)

reports on clinical research in human volunteers
/title, description, condition, intervention
Research Crossroads (RXRD)

medical funding data

/title

[~ 7 UniProt KB (UPKB)

protein sequence and functional information
/genesymbol, goAnnotationList, proteinName

G0 |

Tl

National Center for Biotechnology Information (NCBI)

European Bioinformatics Institute (EMBL-EBI)

National Cancer Institute’s cancer Nanotechnology

Lab

AersData.org

ClinicalTrials.gov

ResearchCrossroads.org

UniProt.org

23,287 (21 Mb)

16,444 (23.4 Mb)

890 (19.1 Mb)

1,172,881

(278.4 Mb)

101,606 (187.3 Mb)

1,033,651 (89.6 Mb)

18,461 (4.2 Mb)

and can drill down on the specific resources that contain their
terms of interest or any other relevant terms.
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Abstract

The range of publicly available biomedical data is
enormous and is expanding fast. This expansion
means that researchers now face a hurdle to
extracting the data they need from the large numbers
of data that are available. Biomedical researchers
have turned to ontologies and terminologies to
structure and annotate their data with ontology
concepts for better search and retrieval. However,
this annotation process cannot be easily automated
and often requires expert curators. Plus, there is a
lack of easy-to-use systems that facilitate the use of
ontologies for annotation. This paper presents the
Open Biomedical Annotator (OBA), an ontology-
based Web service that annotates public datasets
with biomedical ontology concepts based on their
textual ~metadata (www.bioontology.org). The
biomedical community can use the annotator service
to tag datasets automatically with ontology terms
(from UMLS and NCBO BioPortal ontologies). Such
annotations facilitate translational discoveries by
integrating annotated data.!™!

Introduction & background

The wealth of publicly accessible biomedical data is
beginning to enable cross-cutting integrative
translational bioinformatics studies.’)’ However,
translational discoveries that could be made by
mining biomedical resources are hampered because
most online resources typically do not use standard
terminologies and ontologies to annotate their
elements (i.e., experimental data sets, diagnoses,
diseases, samples, experimental conditions, clinical-
trial descriptions, published papers). Currently, a
researcher studying the allelic variations in a gene
would want to know all the pathways that are
affected by that gene, the drugs whose effects could
be modulated by the allelic variations in the gene,
and any disease that could be caused by the gene, and
the clinical trials that have studied drugs or diseases
related to that gene. The knowledge needed to
address such questions is available in public
biomedical resources; the problem is finding that
information. The research community agrees that
ontologies are essential for data integration and
translational discoveries to occur.

However, the variety of biomedical data is very large
and the data are often annotated with free text meta-
data by the researcher who created the dataset. The
problem is that these text metadata are unstructured
and rarely described using standard ontology terms
available in the domains. This situation creates a
challenge of producing consistent terminology or
ontology labels for each element in public biomedical
resources. Such labels would enable the identification
of all related elements at a given level of granularity.
For example, the Gene Ontology (GO) is widely used
to describe the molecular functions, cellular location,
and biological processes of gene products and allows
the integration of these descriptions across several
databases. A similar query on the disease dimension
is currently not possible because of the lack of a
common  terminology to  describe  disease
involvements for gene products.

One mechanism of achieving ontology-based
annotation is map existing textual metadata
describing the resource element to ontology terms
allowing formulation of refined or coarse search
criteria.™*®!

The annotation of biomedical data with biomedical
ontology concepts is not a common practice for
several reasons:®!

e Annotation often needs to be done manually either
by expert curators or directly by the authors of the
data (e.g., when a new Medline entry is created, it
is manually indexed with MeSH terms);

e The number of biomedical ontologies available for
use is large and ontologies change often and
frequently overlap. The ontologies are not in the
same format and are not always accessible via
application programming interfaces (APIs) that
allow users to query them programmatically;

e Users do not always know the structure of an
ontology’s content or how to use the ontology to do
the annotation themselves;

e Annotation is often a boring additional task without
immediate reward for the user.

We have previously reported on a system for
ontology-driven indexing of public resources for
translational bioinformatics.™ In this paper, we


http://www.bioontology.org/

present an annotator Web service that allows
scientists to utilize available biomedical ontologies
for annotating their datasets automatically. The Open
Biomedical Annotator (OBA) Web service processes
the raw textual metadata and tags them with relevant
biomedical ontology concepts and returns the
annotations to the users. Annotations are scored
according to the context from which they have been
generated. The OBA Web service utilizes ontologies
for annotation of biomedical data in order to facilitate
interoperation, search and translational discoveries.

Methods

The OBA Web service’s workflow is composed of
two main steps (Figure 1). First, the user’s free text is
given as input to a concept recognition tool along
with a dictionary. The dictionary (or lexicon) is a list
of strings that identifies ontology concepts. The
dictionary is constructed by accessing biomedical
ontologies and pooling all concept names or other
string forms, such as synonyms or labels that
syntactically identify concepts. The choice of the set
of ontologies used to create the dictionary depends of
the type of biomedical data the OBA Web service is
used to annotate. For instance, if a user wants to
annotate gene-expression datasets with disease
names, then SNOMED-CT and the NCI Thesaurus
could be used. The tool recognizes concepts by using
string matching on the dictionary.? The output is a set
of direct annotations.

This primary set of annotations serves as input for the
semantic expansion components, which expanse the
annotations extracted from the first step using the
structure and/or semantics of one or more ontologies.
For example:

¢ An is_a transitive closure component traverses an
ontology parent-child hierarchy to create new
annotations with parent concepts of the concepts
involved in direct annotations. For instance, if data
are directly annotated with the concept melanoma
from NCI Thesaurus, this semantic expansion
component can generate new annotations with
concepts skin tumor and neoplasms because
NCI Thesaurus provides the knowledge that
melanoma is_a skin tumor and skin tumor

1 A concept is unique in an ontology (class). A term is a
particular string form that identifies a concept. Usually, a
concept has several terms (e.g., name, synonyms, label).

2 Note that the concept recognizer does not execute any
natural language processing techniques (stemming, spell-
checking, morphological variants). However, this is not a
major drawback as biomedical terminologies often contain
syntactic variants for concepts as synonyms/terms.

is_a neoplasms. The maximum level in the
hierarchy to use is parameterizable.

¢ A semantic distance component uses a given notion
of concept similarity (or semantic distance)!"® to
obtain related concepts and create new annotations.
For instance, if a text is directly annotated with the
concept melanoma from Mesh, this semantic
expansion component can generate new annotations
with concepts apudoma and neurilemmoma
because Mesh specifies these three concepts as
siblings in the hierarchy. The maximum distance
(threshold) and the type of semantic distance
(path/graph based or information content based) to
use are parameterizable.

An ontology-mapping component creates new
annotations based on existing mappings between
different ontologies. For instance, if a text is
directly annotated with the concept NC1/C0025202
(melanoma in NCI Thesaurus), this semantic
expansion component can generate new annotations
with concepts SNOMEDCT/C0025202 (melanoma
in SNOMED-CT) and 38865/D01D:1909
(melanoma Hunan disease) because the UMLS and
the NCBO BioPortal provides the mapping
information. The type of mapping to use is
parameterizable.

The OBA web service is designed in manner that
allows multiple semantic expansion components to
be plugged-in, selected, and parameterized by a user
when requesting the service.® As the result of the
second step, the direct annotations and several sets of
semantically expanded annotations are extracted,
scored and returned.

Annotations performed with the OBA service have
implicit semantics that say this dataset is about (or
deals with) this concept. Concepts are identified by
UMLS Concept Unique Identifier (CUI) * or
National Center for Biomedical Ontology (NCBO)
Uniform Resource Identifier (URI). An annotation
context asserts whether the annotation is direct or
semantically expanded. In the latter case, the
component used to produce the expanded annotation
is described along with the concept from which the
new annotation is derived. For example, the
annotation [C0431097—1SA_CLOSURE-C0025202]
states that given text was annotated with the concept

® The service response time depends on the selected
components as each consumes resources at a different
level.

4 NCBO is collaborating with National Library of Medicine
to implement a license checking mechanism for UMLS
licensed terminologies.
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Figure 1.

OBA web service workflow. First, direct annotations are created from raw text based on syntactic

concept recognition according to a dictionary that use terms (concept names and synonyms) from both UMLS and
NCBO ontologies. Second, different components expand the first set of annotations using ontologies semantics.

C0431097 (“malignant melanocytic lesion’) using the
is_.a relations of the concept C0025202
(‘melanoma’). The scoring algorithm takes into
account the context (direct, expanded, level, distance,
etc.) and the frequency of annotations to evaluate
which concepts annotates the best the given data.
Annotations can be returned to the user in different
formats (text, tab delimited, XML, or OWL). The
description of the results returned by the OBA Web
service is available.

Results

We have implemented the service using (at the
moment of writing), all the (English) ontologies in
UMLS (more than 94) and a subset of the NCBO
BioPortal ontologies (more than 36),°. Those
ontologies offer a dictionary of 2,627,933 concepts
and 5,177,973 terms. The service uses Mgrep,*” a
concept recognizer with a high degree of accuracy
(>95%) in recognizing disease names™! developed
by the National Center for Integrative Biomedical
Informatics (NCIBI) at the University of Michigan.
Mgrep implements a novel radix-tree-based data-
structure that enables fast and efficient matching of
text against a set of dictionary terms. Mgrep was
parameterized to match all the possible concepts.®
We have conducted™? a comparative evaluation of
Mgrep with the gold standard in the biomedical

® Not all the NCBO BioPortal ontologies are fully usable
through the REST web services API.

6 If a text contains “cutaneous melanoma,” two annotations
are generated: one with ‘melanoma’ one with ‘cutaneous
melanoma’ because the dictionary contains the two terms.

community MetaMap. For space reason, the results
of this evaluation (in terms of precision, speed of
execution, scalability and customizability) are
described in another publication.™®. In the second
step of the workflow, our biomedical annotator
currently uses an is_a transitive-closure component
and leverages UMLS metathesaurus CUI-based
mappings in order to expand the annotations created
by Mgrep. The service is publicly available. It is
deployed as a SOAP (Simple Object Access
Protocol) and RESTful (REpresentational State
Transfer) Web service.

We evaluated our biomedical annotator for the
purpose of annotating a wide range of open
biomedical resources.* For example, we annotated
a set of 1,050,000 PubMed citations (title, abstract
and other metadata), creating 174,840,027
annotations (18% direct, 82% expanded with is_a
relations). We obtained an average of 160 annotating
concepts per citation and approximately 99% of our
set was annotated (with at least 1 concept),
demonstrating the service’s utility.

We have used the annotator service internally to
process several online datasets and have constructed
an Open Biomedical Resources (OBR) index that
allows a user to search for biomedical data annotated
with ontology concepts."* The OBR index is
directly queriable in the NCBO BioPortal ontology
repository  (http://bioportal.bioontology.org/). For
example, searching for “melanoma” in BioPortal
returns, among others, the concept DOID:1909 from
the human disease ontology. A user can access the 13
ArrayExpress experiments, the 673 clinical trials, the
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960 articles in PubMed, or the 10 GEO datasets
related to this concept that OBA has annotated.

Use cases supported

They are many use cases for the OBA Web service.
The first use was to create the OBR index, which is
described in a separate publication™*. The service is
currently being evaluated for use in several external
workflows: (1) Researchers working on Trialbank
(wwwe.trialbank.org) at the University of California,
San Francisco, create annotations for HIV/AIDS
clinical trials in order to provide a Web application
for visualizing, and comparing the trials. They are
evaluating the use of OBA to process the ‘health
condition’, ‘intervention’ and ‘outcomes’ fields for
trial records from clinicaltrials.gov. (2) Researchers
at the University of Indiana are evaluating the utility
of embedding the service in their research
management system called Laboratree
(http://laboratree.org); so that any textual annotation
created in Laboratree would also have corresponding
ontology term annotations.(3) Developers at Collabrx
(http://collabrx.com) are embedding the service in
their Rex platform for processing user generated
content; and will evaluate the suitability of using
medical dictionaries for processing such content. (4)
Researchers at the Jackson Lab (www.jax.org) are
evaluating the utility of the OBA service in triaging
articles for curation based on the ontology terms
recognized in their title and abstract. Each of these
groups get better interoperability of their data by
using ontology annotations created with OBA. We
are currently working on specific evaluations of
OBA when used by each of these groups.

There are many other groups who are potential users
of the annotator service. For example, Cancer
nanoparticle research groups at Stanford and
Washington Universities aim to use the annotator
service for creating ontology-based annotations for
the caNanoLab. And in the Ontology Development
Information Extraction project, researchers at the
University of Pittsburgh are developing a set of tools
for extracting meaning and codifying medical
documents that can enhance the annotator service
(http://www.bioontology.org/collaboration.html).

Related work

In the biomedical domain, automatic annotation or
indexing of online resources is an important topic. A
number of publicly available concept recognizers
identify entities from ontologies or terminologies in
text. For examples, see IndexFinder™™™ MetaMap™,

CONANNE and  Mgrept™®*, MetaMap, which

identifies UMLS metathesaurus terms in text, is
generally used as the gold standard for evaluating
these tools. Our choice for Mgrep was made based on
criteria for flexibility, speed and scalability as
described before. Note that CONANN is very similar
to OBA and is also available online. CONNAN aims
to identify the best possible matches, whereas Mgrep
in the OBA identifies the greatest number of
concepts. Plus, CONANN uses term frequency to
filter results. However, CONNAN is limited to
UMLS and does not perform any semantic expansion
step. Indeed, the knowledge contained in ontologies
is rarely used to expand annotations, which gives to
OBA a significant advantage. Note that the use of
ontology semantics to enhance search is an active
area of research.®!

Discussion and future work

The OBA Web service distinguishes itself from

previous efforts for several reasons:

e It is a Web service that can be integrated in current
programs and workflows;

e It uses public ontologies both to create annotations
and to expand them;

e It has access to one of the largest available sets of
publicly available biomedical ontologies from the
UMLS metathesaurus and the NCBO BioPortal
repository.

Current response times performed by the OBA Web

service are ~20-25 seconds for 500 words. However,

we are performing further technical improvements to

OBA, such as: (1) keeping the dictionary loaded into

memory between service calls (Mgrep constraint) and

(2) loading the pre-computed hierarchy table into

memory — in order to ensure fast response times for

users

Future work will concentrate on three main issues
that will determine the continued success of OBA
Web service: (1) enhancement of the concept-
recognition step by wusing natural languages
processing techniques and eventually recognize
‘relations,” (2) enhancement of the customizability of
the service (parameters and ontologies used), and (3)
enhancement of the semantic-expansion step by
developing new components that use the knowledge
in ontologies to relate concepts.

Conclusion

Ontology-based annotation of biomedical data plays
a crucial role for enabling data interoperability and
the making of translational discoveries.™ This
situation is also true for e-science generally. The
need to switch from the current Web to a semantic
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Web with semantically rich content annotated using
ontologies has been clearly identified.'! Meeting
this need requires services (usable by humans and
software agents) that can be integrated into existing
data curation and annotation workflows.

We have presented a service for ontology-based
annotation of biomedical data. Our biomedical
annotator has access to a large dictionary, which is
composed of UMLS and NCBO ontologies. OBA is
not limited to the syntactic recognition of terms, but
also leverages the structure of the ontologies to
expand annotations.

The service workflow is currently used in a project
within NCBO to annotate a large number of public
biomedical resources.*” The OBA Web service is
available to (and is already being used by) the
community to evaluate its utility for creating
ontology-based annotation of their data. The service
can be customized to their specific needs (in terms of
annotations parameters and biomedical ontologies
used).
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