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Semantic harmony

• Consistent representation of data and what 
the data is about using ontology terms. 
• Consistent development, management and 

application of ontologies. 
• Balance of “we need it now” pragmatism 

and “do it correctly” formalism.

Cocoa and Emma as yin-yang



Ontologies* can support different aspects / multiple 
dimensions of standardization at the same time

• Not everyone needs to work in all dimensions but a better 
understanding of each will make for better usage. 

* See Rector et al.: On beyond Gruber: “Ontologies” in today’s biomedical 
information systems and the limits of OWL. J Biomed Inform. 
2019;100S:100002.

Ontology

defined terms with IRIs
classes with relations (TBox)

Instances in triples (ABox)



Definitions to get us on the same page
• Internationalized Resource Identifier (IRI). A Universal 

Resource Identifier or URI with an expanded character set.
• Identifiers for finding things on the internet. 
• e.g. http://purl.obolibrary.org/obo/OBI_0000070 or OBO: 

OBI_0000070
• Ontology terms are more than just the label (like “assay”)

• TBox (terminology): Expressions that contain universal 
statements about classes *
• ABox (assertion): Expressions that contain assertions about 

instances *

Ontology

IRIs

TBox

ABox

* L. Vogt Journal Biomedical Semantics 2021 12:20



Referring to reality: IRIs and classes (TBox) and instances (ABox)

Bandrowski et al. The Ontology for Biomedical Investigations. PLoS One 2016
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Semantic harmony for databases, community 
standards, and graphs

• Striving for semantic harmony in a large project with a small 
ontology team
• The VEuPathDB story (annotations, IRIs)

• Aspiring to common terms and patterns across diverse 
domains and with diverse ontology backgrounds. 
• OBI/OBO Foundry (classes, TBox)

• Applying ontology-driven tools on real-world data
• TURBO and semantic graphs (individuals, ABox triples) 



VEuPathDB is a collection of eukaryotic pathogen, 
vector, and host informatics resources

• Primarily an NIAID-supported Bioinformatics Resource Center.
• Also funding from Wellcome Trust. Now an Elixir-UK service selected to ensure high service 

quality and match UK priorities as identified by its funders.
• Started in 2000 with the Plasmodium Genome Database - PlasmoDB (reflects a long running 

project) to provide researchers studying parasitic organisms a way to access genomic data. 
• Grew to include other ampicomplexans and then other pathogenic protozoa and then their 

vectors. Successful scalable infrastructure.
• Amos B, Aurrecoechea C, Barba M, Barreto A, Basenko EY, Bażant W, Belnap R, Blevins AS, 

Böhme U, Brestelli J, Brunk BP, Caddick M, Callan D, Campbell L, Christensen MB, 
Christophides GK, Crouch K, Davis K, DeBarry J, Doherty R, Duan Y, Dunn M, Falke D, Fisher S, 
Flicek P, Fox B, Gajria B, Giraldo-Calderón GI, Harb OS, Harper E, Hertz-Fowler C, Hickman MJ, 
Howington C, Hu S, Humphrey J, Iodice J, Jones A, Judkins J, Kelly SA, Kissinger JC, Kwon DK, 
Lamoureux K, Lawson D, Li W, Lies K, Lodha D, Long J, MacCallum RM, Maslen G, McDowell
MA, Nabrzyski J, Roos DS, Rund SSC, Schulman SW, Shanmugasundram A, Sitnik V, Spruill D, 
Starns D, Stoeckert CJ, Tomko SS, Wang H, Warrenfeltz S, Wieck R, Wilkinson PA, Xu L, Zheng
J. VEuPathDB: the eukaryotic pathogen, vector and host bioinformatics resource center. 
Nucleic Acids Res. 2022 Jan 7;50(D1):D898-D911. 

Cristian Cocos





VEuPathDB has expanded to include 
ClinEpiDB and MicrobiomeDB
• Now working with datasets from clinical epidemiology (ClinEpiDB) and 

microbiome (MicrobiomeDB) studies. (Functional) genomic datasets typically 
come with few “metadata” – sample and experimental details. Expanded system 
to cover complex demographic, clinical, and even social data impacting health.

• While VEuPathDB sites are gene-centric, ClinEpiDB and MicrobiomeDB are 
organism-centric

• ClinEpiDB: an open-access clinical epidemiology database resource encouraging 
online exploration of complex studies. Ruhamyankaka E, Brunk BP, Dorsey G, Harb
OS, Helb DA, Judkins J, Kissinger JC, Lindsay B, Roos DS, San EJ, Stoeckert CJ, 
Zheng J, Tomko SS. Gates Open Res. 2020 Apr 6;3:1661. doi: 
10.12688/gatesopenres.13087.2. eCollection 2019. 

• MicrobiomeDB: a systems biology platform for integrating, mining and analyzing 
microbiome experiments. Oliveira FS, Brestelli J, Cade S, Zheng J, Iodice J, Fischer 
S, Aurrecoechea C, Kissinger JC, Brunk BP, Stoeckert CJ Jr, Fernandes GR, Roos DS, 
Beiting DP. Nucleic Acids Res. 2018 Jan 4;46(D1):D684-D691.





Human dwelling





VEuPathDB Ontology supports the harmonization 
of annotations/data variables for genomic, 
epidemiological, and microbiome datasets

• All annotations/data variables with the same label are equivalent and 
have the same IRI
• Data variables are organized following the same web display hierarchy 

across sites (not the same as the ontology hierarchy).
• Goal is to provide consistency (i.e., semantic harmony) – terms have 

the same meaning everywhere and can be found in the same way.



ISA file
Ontology

Specifies

GUS

Loaded into

Data file OWL file
Transformed into

Provides IRIs (intended meaning)

Entity value 
table

Extracted to

Web site 
page

Displayed on

Provides IRIs (foreign key constraints)

ISA file is ontology-driven. 
Can validate whether annotations use registered ontology terms. 
OWL file and ontology loaded into Genomics Unified Schema 
(GUS) ontology tables

Semantic consistency of VEuPathDB dataset annotations is 
ontology-driven through “harmony” of IRIs during data loading



https://obofoundry.org/ontology/eupath.html



We “Make” the VEuPathDB Ontology with OntoFox, ROBOT, and templates

https://github.com/VEuPathDB-ontology

ROBOT: A command line tool to 
automate ontology workflows.

http://robot.obolibrary.org/




The VEuPathDB Ontology is an application ontology 
supporting VEuPathDB resources
• Not trying to capture parasite biology. Employs other ontologies like the 

the Ontology of Parasite Lifecycles (OPL) to do that.
• Primarily reuses terms from OBO Foundry. Imports terms from over 50 

sources.
• However, ~1900 terms out of ~5000 have EUPATH prefix (created by 

VEuPathDB) so there are a lot of terms only in the VEuPathDB ontology!
• Many of these are placeholders. Active effort to get these in domain / 

reference ontologies.
• Many are precomposed terms reflecting researcher-based distinctions.

• E.g. ’presence of Plasmodium in blood by microscopy assay’, ‘specimen used for DNA 
PCR’

• Universal or arbitrary grouping?



What is the value of having this VEuPathDB
“application” ontology in the OBO Foundry?
• DISCLAIMER: These are my views and don’t reflect the OBO Foundry!
• Provides a basis for shared terms typically to be put in a domain/ reference 

ontology.
• Get to share how we are ontologizing data from surveys and case report forms.
• Show the design patterns we’ve come up with and naming conventions.

• Is it ever OK to reuse our classes outside our projects? Why do we have them? 
• Need terms for database releases on different schedule from external ontology releases.
• Contact us if you have need for the same term and we’ll work together to get it in the most 

relevant ontology. E.g., OBI, ENVO, OMRSE, PRO
• Note this raises the issue of ontology class expressions (TBox) for ‘universals’ as 

opposed to arbitrary groupings.
• Do classes for arbitrary groupings belong in reference ontologies? 
• Probably not, but do need a home because still be of general use and therefore has value for 

reuse. 



Aspiring to common terms and patterns across 
diverse domains and diverse ontology 
backgrounds with OBI
• We could not have made the progress we have in VEuPathDB using 

ontologies without OBI and the OBO Foundry.
• OBI is the Ontology for Biomedical Investigations and arose initially from the 

MGED ontology to cover microarray assays and then FuGO, functional 
genomics ontology. 

• Recognition that different technologies generating large datasets had a common need 
to describe experimental conditions, protocols, and designs.

• The same specimens could be used for transcriptomics, proteomics, and 
metabolomics experiments. 



Think OBI first when developing ontology 
terms related to peforming research!
• Community benefits of working with OBI (extends to other OBOF) 

• Get broader input, more likely to be interoperable, and bigger impact
• Weekly meetings where you can champion your terms
• Not just an issue tracker but also GitHub pull requests (can track your terms!)

• Vita R, Zheng J, Jackson R, Dooley D, Overton JA, Miller MA, Berrios DC, 
Scheuermann RH, He Y, McGinty HK, Brochhausen M, Lin AY, Jain SB, 
Chibucos MC, Judkins J, Giglio MG, Feng IY, Burns G, Brush MH, Peters B, 
Stoeckert CJ Jr. Standardization of assay representation in the Ontology for 
Biomedical Investigations. Database (Oxford). 2021 Jul 9;2021:baab040. 
• Design patterns and ROBOT templates
• Working together to share and apply best practices
• “Both the ontology terms and the OBI community were improved through this 

collaborative community effort, which made developers more aware of terms 
outside their area of expertise and gave them a better understanding of assay terms 
as a whole.”



http://obi-ontology.org/





Aspiring to common terms and patterns across diverse 
domains and ontology backgrounds with the OBO Foundry

• OBO Foundry (OBOF) arose to provide interoperability for ontologies 
covering different domains

• Requires principles for building and documenting the ontologies
• Benefits from a common upper level and relations
• Mainly for reference ontologies but many project-based ontologies have become 

involved

• Ontologies for complex data can cross many domains and require a meta-
community like the OBOF to get coverage at least at a mid to upper level. 
• OBO Foundry arose out of a recognition that communities should work 

together on ontologies.



OBOF is about representing what happened in reality not how 
things are stored in a database (or "cognitive representations 
on the part of domain experts”).*
• BFO (Basic Formal Ontology) provides an upper level ontology to 

distinguish between material entities, processes, and information.
• Now an ISO standard (in First Order Logic - not just OWL, thank you Alan 

Ruttenberg!)
• Not the only upper level ontology and not everyone is happy about exposing 

non-ontologists to ‘continuants’ and ‘occurrents’ so still part of the struggle 
for semantic harmony across communities.

• But we all use the Relations Ontology (RO)!
• A requirement for being part of the OBO Foundry.
• Connections (object properties) between ontology terms are often between 

different domains and RO provides the primary ones. 
• RO used in TBox definitions but are for ABox assertions on Instances of classes

* Ceusters, Smith. A realism-based approach to the evolution of biomedical ontologies.
AMIA Annu Symp Proc. 2006;2006:121-5. 



Aspiring to semantic harmony of terms across 
communities: Core Ontology for Biology and 
Biomedicine (COB) 
• From the COB GitHub page:
“This project is an attempt to bring together key terms from a wide 
range of Open Biological and Biomedical Ontology (OBO) projects into a 
single, small ontology. The goal is to improve interoperabilty and reuse 
across the OBO community through better coordination of key terms. 
Our plan is to keep this ontology small, but ensure that one or more 
COB terms can be used as the root of any given OBO library ontology.”

• A work in progress: https://github.com/OBOFoundry/COB/issues

http://obofoundry.org/


Harmonizing communities: OBO Foundry

• Longstanding mechanisms for participation.
• OBOF web site
• OBO-discuss mail list
• Meetings like ICBO



Harmonizing communities: OBO Foundry
• New ways to be part of the community.

• Slack https://obo-communitygroup.slack.com
• >50 channels! >240 members in the general channel!
• Ontologies (e.g., COB), technologies (e.g., SPARQL), tools (e.g., ODK), resources (e.g., 

Jobs)
• Governance

• On-line resources
• Tool tutorials 
• OBO Semantic Engineering Training https://oboacademy.github.io/obook/ (Open 

Biological and Biomedical Ontologies Organized Knowledge)

• Please attend the OBO Foundry Town Hall on Wednesday afternoon, 
Sept. 28.

• Operations Committee
• Governance

https://oboacademy.github.io/obook/




OBO Foundry recent activities have included 
working on operationalizing principles
• Jackson R, Matentzoglu N, Overton JA, Vita R, Balhoff JP, Buttigieg PL, 

Carbon S, Courtot M, Diehl AD, Dooley DM, Duncan WD, Harris NL, 
Haendel MA, Lewis SE, Natale DA, Osumi-Sutherland D, Ruttenberg A, 
Schriml LM, Smith B, Stoeckert CJ Jr, Vasilevsky NA, Walls RL, Zheng J, 
Mungall CJ, Peters B. OBO Foundry in 2021: operationalizing open data 
principles to evaluate ontologies. Database (Oxford). 2021 Oct 
26;2021:baab069. PMID: 34697637 
• Capturing consistent ontology metadata in the OBO registry
• Defining operating principles for OBO ontologies
• Establishing a framework for automatic evaluation of ontology metadata

• Aids in being FAIR (Findable, Accessible, Interoperable, Reusable)
• Not there yet but tools, tutorials, and communication platforms in place.



Challenge of interoperating with other 
communities
• Criteria for joining the OBO Foundry. 

• Scope: Use case relevant to life sciences.
• Balance of inclusion and quality. 
• SOP for reviewers on new ontology requests is now available at 

https://obofoundry.org/docs/SOP.html (open for improvement).

• Ontology / Semantic web communities:
• Interoperability of OBOF principles and tools with other standards. 
• What are they? What are current connections? ENVO yes but Financial 

Industry Business Ontology (FIBO)? SNOMED? FHIR?
• Presence at ICBO / joint conferences (e.g., with US2TS this year) has been a 

step in the right direction but unclear what progress comes of that. 



Applying ontology-driven tools on real-world 
data: The TURBO story
• Real-World Data (RWD): "data relating to patient health status and/or 

the delivery of health care routinely collected from a variety of 
sources.” 

• https://www.fda.gov/science-research/science-and-research-special-
topics/real-world-evidence

• Also RWD is typically messy! (inconsistent in use of fields and incomplete)
• Billing codes (ICD) and problem lists (SNOMED, LOINC) capture the 

category for describing the patient diagnoses and findings but don’t 
provide a representation of the patient and the clinical experience (or 
a biobank specimen and its history and status).
• Biobank and clinical data needs harmonization and integration with 

other data and are focused on individuals so a good ABox fit.



Real-world data on individuals can best be 
represented as triples and captured as graphs

• Including relations enables making explicit the implicit 
connections between data records.
• Triples provide a mechanism to accomplish this:

• <subject> <predicate> <object>
• <patient1> obo:RO_0000056#participates_in <HCE1>
• <HCE1> rdfs:type <obo:OGMS_0000097#’health care encounter’>

• Modeling of real-world data is best done by ontological 
realism.*
• Transforms data from different sources (and typically different schemas) 

to a common representation of what happened in the real world.

patient1 HCE1

Health 
care 

encounter

participates_in

type

Ceusters. The place of Referent Tracking in Biomedical Informatics
https://osf.io/q8hts/



PennTURBO aims to facilitate clinical research 
through semantically rich representations of RWD

• TURBO stands for Transforming and Unifying 
Research with Biomedical Ontologies. 

Transform relational data to graphs gaining flexibility of queries
Unify data from different sources through alignment to reality (what data is about)
Research is supported by tracking provenance of data processing and integration
Biomedical Ontologies provide computable hierarchies and connections.

TURBO can find patients based on demographics (e.g., sex, BMI), diagnosis related 
to a disease class (e.g., lung cancer), medications prescribed (e.g., opioid orders), 
lab test results (e.g., blood glucose measurements), and representation in specific 
resources (e.g., Penn Medicine Biobank, the Penn Cancer Registry).



PennTURBO is comprised of three major components:
Carnival, Knowledge graphs, and the Semantic Engine.

Carnival
Harmonize data 

into property 
graph, 

Return graphs 
and reports

TurboKG API
Query the Turbo 
Knowledgegraph

Semantic 
Engine

Transform simple 
instance data to 

OBO compliant RDF

Turbo KnowledgeGraph
Static RDF triple store that contains 

connected knowledge about diseases, 
meds, labs, and assays.  Does not 

contain individual level patient data.

Data Sources
• RDMS
• Flat files
• EPIC
• OMOP
• RedCap

Cohort 
Graph 

TURBO 
Ontology

Cohort 
Graph Cohort 

Graph Cohort 
Graphs 

Carnival data integrator

Knowledgegraphs linking ontologies to searchable fields in EHR

Generator of patient cohort 
graph database (Semantic 
Engine)



The Semantic Engine uses a graph specification for 
allowable triples based on the TURBO Ontology
• Application ontology that imports terms from > 20 OBOF ontologies.
• Also includes TURBO project terms

• “TURBO assertion making process” : A planned process that takes a datum as 
input and has a rdf:Statement as output. (used to track various recodings)

• Originally built using Ontodog (started based on the Ontology for 
Biobanking - OBIB) and Ontofox (for imports).
• Made a release this year with the Ontology Development Kit (ODK).

• https://github.com/PennTURBO/turbo-ontology/releases/tag/2022-05-09





Explicitly expressing the semantics that are 
implicit in the data

Differs from ontology in defining 
only a single way to relate instances



Clinical picture and therapeutic options: 
Patient had a recent myocardial infarction. 
Clopidogrel was prescribed to inhibit platelet 
aggregation via P2Y12 antagonism. It was later 
determined that the patient has the 
CYP2C19*2/*2 genotype and lacks the 
enzyme necessary to convert Clopidogrel into 
its active form. However, the patient is 
wildtype for CYP2C9, the gene whose product 
does the analogous conversion for 
Prasugrel, another P2Y12 inhibitor.

Visualization of a TURBO graph 
pattern with mock EHR data: 
CYP2C19*2/*2 MI patient taking 
Clopidogrel



Data fields 
currently 
included in the 
PennTURBO
Group’s clinical 
data model

Category of Data Fields Modeled

Patient demographics and observations ● Centrally Registered Identifier (CRID)
● Date of Birth
● Gender Identity
● Racial Identity
● Height
● Weight
● BMI
● Systolic Blood Pressure
● Diastolic Blood Pressure

Healthcare and Biobank Encounters ● Encounter Primary Key
● Date of Encounter

Diagnoses ● Diagnosis Primary Key
● Diagnosis Code
● Diagnosis Code Registry (ICD9, ICD10, SNOMED, 

etc.)
● Diagnosis Description String

Medications ● Medication Primary Key
● Medication Code
● Medication Code Registry (e.g., RxNorm)
● Medication Description String



Can it scale? Comparison of the time taken for the Semantic 
Engine to transform various types of data, by cohort size. 

Cohort Size 

(Patients)

Patient 

Instantiation 

Time (seconds) 

Encounter 

Instantiation 

Time (seconds)

Diagnosis 

Instantiation 

Time (seconds)

Medication 

Expansion Time 

(seconds)

1,000 3 47 6 21

10,000 29 444 62 238

100,000 255 3,004 542 1,757

1,000,000 2,937 37,724 8,734 24,573



Applying ontology-driven tools on real world 
data: Challenges to applying TURBO

• Using knowledge graphs to connect RWD to ontologies requires 
significant mapping.
• Need more developers comfortable with graphs, working with triples. 
• Operationalizing in a SQL world, matching ontology expressiveness to 

the needs of the data. 
• Recognition of benefit for data integration where individuals matter.



We are developing PennTURBO as generalizable 
open source projects using GitHub

• TURBO team: Heather Williams, Tom Hutchinson, Danielle Mowery, Hayden Freedman (UCI) , Mark 
Miller (LBL), Chris Stoeckert, David Birtwell (USC)
• Carnival: https://github.com/carnival-data/carnival
• Heather Williams, Tom Hutchinson, David Birtwell, Louis Lee

• Semantic Engine: https://github.com/PennTURBO/semantic-engine
• Hayden Freedman and the TURBO team

• Knowledge Graphs
• Tom Huthchinson, Mark Miller and the TURBO team
• https://github.com/PennTURBO/medication-knowledgegraph-pipeline
• text strings to RxNorm to drugs and their roles

• https://github.com/PennTURBO/disease-diagnosis-knowledgegraph-pipeline
• ICD codes to disease terms 

• Currently working on a lab test knowledge graph pipeline. 
• https://pennturbo.github.io/Turbo-Documentation/
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https://github.com/carnival-data/carnival
https://github.com/PennTURBO/semantic-engine
https://github.com/PennTURBO/medication-knowledgegraph-pipeline
https://github.com/PennTURBO/disease-diagnosis-knowledgegraph-pipeline
https://pennturbo.github.io/Turbo-Documentation/


Insights from a holistic approach in striving for semantic 
harmony of datasets, communities, and RWD

• Striving to achieve semantic harmony across datasets in 
VEuPathDB has identified issues to be addressed as a community 
of ontology developers
• Patterns for ontology terms
• Role of application ontologies

• OBI and OBOF are addressing issues of semantic harmony through 
encouraging community involvement
• Providing tools (ROBOT, Dashboard), tutorials, and communication 

platforms but need more outreach.
• Balancing inclusivity and quality

• Real-world data is about individuals (ABox).
• Carnival enables the aggregation of data from disparate sources into a 

unified property graph and provides mechanisms to model and interact 
with the graph in well-defined ways inspired by OBO Foundry ontologies.

• TURBO Semantic Engine generates RDF triples with OBOF semantics 
denoting patients and their health care encounters.

Ontology

IRIs

TBox

ABox
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