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Expected Outcomes
Purposes of Tutorial

Digital Model, Digital Shadow, Digital Twin
IOF and Approaches

Overview of Digital Thread

Jet Engine, Bio Process, Machining (plastics case)
Competency Question and Capability

Case Studies

Protégé, GraphDB, SPARQL

Tools for Ontology Development,
Reasoning, and Testing

Hands-on Experience
Practical Work
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Purposes
Purposes
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Purposes of Tutorial
Expected Outcomes



What is this tutorial about?
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 Compare various approaches to 
model digital artifact ontology

 Utilize IOF to build digital artifact 
ontologies

 Practice using Protégé and 
GraphDB to develop use cases

 Explain development of design and 
planning entities using IOF ontologies

 Practice using GraphDB to run 
use case SPARQL queries

 Practice using GraphDB to 
explore knowledge graph

 Build instance data sets from 
external sources (csv files)
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Practical skills for developing 
relations between digital artifacts 
and produced artifacts

Enhanced Protégé skills for managing 
imports, developing ontologies,

and building instance data

Enhanced skills in using GraphDB and 
SPARQL to obtain answers to the competency 
questions related to design and planning

Understanding of importance 
of modeling digital artifacts 

and digital models 

What are the expected outcomes?
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Overview of Digital Thread
Digital Model, Digital Shadow, Digital Twin

IOF and Approaches

ACKNOWLEDGEMENTSPRACTICAL WORKSTOOLSCASE STUDIESOVERVIEWSPURPOSES 

6



Examples of Digital Models (Artifacts)
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Examples of Digital Models

Requirement 
Analysis Design

CAD Model

Tolerances MBE

Finite Element 
Analysis Model

Process Plans

CAM Model NC Simulation 
Model

Factory Design

Discrete Event 
Simulation 

Model



Information Interoperability

Sormaz, D., and Sarkar, A., 2021, “Interoperability between PLM, ERP, and MES Systems Using Formal Ontologies,” Taichung, Taiwan.
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Product Life Cycle 
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APPROACHES 
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Approaches for Future/Digital Artifacts
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Sormaz, D. , Kulvatunyou, B. , Drobnjakovic, M. , Seeharit, S. and Sarkar, A. (2023), Comparison of Ontological Representations of Relations between Digital 
and Physical Artifacts In Manufacturing Domain, Proceedings of the ASME 2023 IDETC Conference, Boston, MA, US, 

Information
Content Entity

Use ICE to represent
all information

(knowledge, decisions) 
about the future artifacts

ICE

Modal Relation
Ontology

Use MRO approach
to represent

future artifacts, based on
replica of relations

(from BFO or any)  into
Modal relation space

MRO

Representation
and Specification

Use R/S approach
(given in a paper

by Sarkar and Sormaz),
specialize ICE to have 
Representation and 

Specification
as subclasses

R/S

Counterpart
Relation

Use CR approach, which is 
motivated by MRO 

approach but connects 
relations and provides for 

new relations between 
designed/planned entities 

and actual entities

CR



Approaches Used in This Tutorial
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Information
Content Entity

Counterpart
Relation



Use Cases in the Tutorial
Jet Engine and Biomanufacturing Process
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Jet Engine Design and Requirement Verification 

An engineering task:

“There is a need to design and produce
a jet engine that will have a compressor 

as its part, and it will be able
to produce a minimal thrust of 700 kN”.

This simple example provides sufficient elements to 
compare the approaches.
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Jet Engine Phase 2
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• Add Components and Qualities
• Turbine, Fan Assembly, Ball 

Bearing
• Turbine diameter, Ball bearing 

load
• Run the same competency questions



a. What is the thrust of a real engine?

b. Does a real engine have at least the same thrust as its design?

c. Does a ball bearing of a fan assembly in a real engine meets the load requirement?

d. Does a turbine diameter of real engine have value as specified in the design?

e. What are the (real) components and subcomponents of a real jet engine?

f. What is the difference of real engine thrust and designed engine thrust? 

g. Does a real engine have all the designed components and subcomponents and nothing extra?

h. Does a real engine have any extra components or subcomponents not in the design? 

i. Which engines are built as designed?

j. Which (real) engines failed design specification?  

k. Which revisions of the design meet a revision of its requirements

Jet Engine Competency Questions
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Does a real engine have at least the same thrust as its design?

Does a turbine diameter of real engine have value as specified in the design?

Which (real) engines failed design specification? 



Bio Process
The fed-batch production bioreactor unit operation

• The fed-batch production bioreactor unit operation consists of 
two phases: growth phase and production phase. The growth 
phase precedes the production phase. In both phases the pH 
MUST be kept at 7± 0.1. To achieve this a pH controller is 
required as a process participant which has the capability to 
control pH up to a precision of 0.1. The process specification 
prescribes to use either bioreactor instance1 or instance2. In the 
run instance 1 was used. Both bioreactors are identical w.r.t.
volume which is 3L. The unit operation duration is 21 days.
However, due to some in-process complications the run only 
lasted 18days (we do not have to capture the in-process 
complications) just the duration difference.
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A. Which equipment are used in a (real) process?

B. What is the difference of duration between actual and planned process?

C. What is min and max pH value measured during a real process and are they within the range of a plan?

D. What is the difference between the planned pH value at time t1 vs. the measured value at t1? Are the values 
within the control setting? Are the values within the planned range?

E. What is the concentration of a drug substance (or unwanted substance) after a unit operation O1 compared to 
the concentration of a drug substance (or unwanted substance) recorded for the batch run? Is the 
concentration within the required range or designed range? 

F. What is the difference between a predicted CQA at time t1 vs. the measured value at t1? Is the difference 
within the control strategy? Is the difference within the plan?

G. Was the pH within limits for the entire process?

Bio Process Competency Questions
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Which equipment are used in a (real) process?

What is the difference of duration between actual and planned process?



Tools for Ontology Development,
Reasoning, and Testing

Protégé, GraphDB, SPARQL
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• Drawio editor

• yEd (Graphml) editor

• Protégé

• GraphDB

– Repository

– Knowledge graph exploration

– SPARQL queries
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List of Tools



Drawio Editor
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yEd
(graphml)

Editor
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Ontologies 

• BFO

• IOF Core

• Mfg-Planning (not used in the practice)

• Jet engine, Bio Manufacturing

• Example Data (A-Box)
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Practical Work
Hands-on Experience
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Jet Engine Model Approaches
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IC
E

CR
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Use Case Description
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Condition\Jet Engine Jet Engine 1 Jet Engine 2 Jet Engine 3 Jet Engine 4 [countif ROW value = TRUE]

(A) Has ALL design component

(B) No Extra component

Component test

28

Component Perspective

Jet Engine
 Compressor
 Turbine
 Fan Assembly

 Ball Bearing

TRUETRUE
TRUETRUETRUETRUE

TRUETRUE

TRUETRUE
FALSE (a2)FALSE (a2) FALSE (a1)FALSE (a1)

FALSEFALSE FALSEFALSE FALSEFALSE

FALSE (tur)FALSE (tur) FALSE (com)FALSE (com) 22

22
11



Classes and instances [Jet Engine Phase 2 case study] showing in GraphDB
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SPARQL Query b – CR approach
Does a real engine have at least the same thrust as designed? (minimum of 700 kN)
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SELECT ?engine ?thrust ?realthrustValue ?spec ?engdesign ?thrustdesign ?thrustDesignValueExpr ?isSatisfactory

WHERE {

?engine rdf:type jeb:JetEngine. # find engine and its thrust

?spec cr:prescribesActualEntity ?engine.

?engine core:hasQuality ?thrust.

?thrust core:hasValueExpressionAtAllTimes ?thrustValueExpr. # find the thrust value

?thrustValueExpr core:hasSimpleExpressionValue ?realthrustValue.

?spec cr:prescribesDesignedEntity ?engdesign. # find the engine design from associated spec

?engdesign core:hasQuality ?thrustdesign.

?thrustdesign core:hasValueExpressionAtAllTimes ?thrustDesignValueExpr. # find design thrust value

?thrustDesignValueExpr jeb:hasLowerBoundValue ?designThrustValue.

BIND((?realthrustValue >= ?designThrustValue) as ?isSatisfactory) } # compare them
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SELECT DISTINCT ?jetEngineDesignSpec ?jetEngine ?designedThrustValue ?realThrustValue ?isSatisfactory

WHERE {

?jetEngine rdf:type jet:JetEngine.                     #retrieve all individuals that are jet engines

?jetEngine core:hasQuality ?thrust.

?thrust core:hasValueExpressionAtAllTimes ?thrustValueExpr. #retrieve thrust 

?thrustValueExpr core:hasSimpleExpressionValue ?realThrustValue.

?jetEngineDesignSpec rdf:type jet-ice:JetEngineSpec.   #retrieve all designs for the jet engine

?jetEngineDesignSpec core:prescribes ?jetEngine.

?jetEngineDesignSpec core:prescribes ?thrustSpec.

?thrustSpec bfo:BFO_0000110 ?thrustDesignValueExpr. #retrieve thrust specification value

?thrustDesignValueExpr jet-ice:hasLowerBoundValue ?designedThrustValue.

BIND((?realthrustValue >= ?designedthrustValue) as ?isSatisfactory) } #compare them 
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SPARQL Query b – ICE approach
Does a real engine have at least the same thrust as designed? (minimum of 700 kN)



https://github.com/ohio-ontology/IOF-DigitalThread-Tutorial/

ACKNOWLEDGEMENTSPRACTICAL WORKSTOOLSCASE STUDIESOVERVIEWSPURPOSES 

32



33

ACKNOWLEDGEMENTSPRACTICAL WORKSTOOLSCASE STUDIESOVERVIEWSPURPOSES 



Setup Protégé
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Import Ontology File
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Import Ontology File
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Create Classes
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Create Individuals
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Object Property Assertions
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Practice on Protégé! (test?)
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1. While in Protégé, navigate to File (located at the top left corner of the application) and select 
Open... Note** If there is a dialog box called “Open in current window” appear, select “No” for 
this scenario.

2. Navigate to the tutorial folder and locate the file named “jet-engine-CR-forPractice.rdf”
a) For this example, it is found in → IOF-DigitalThread-Tutorial-main (this is the folder extracted from 

the ZIP file downloaded from GitHub) → IOF-DigitalThread-Tutorial-main → examples → jet-engine
b) You can either double-click on the file “jet-engine-CR-forPractice.rdf” or select the file, then click 

“Open”.
3. Assignments (refer back to sections 1.4 and 1.5 if needed for guidance): 

a) Add an individual named “c-DS1” (for compressor’s design specification)
b) Assign the Types in the Description View to c-DS1 as DesignSpecification, which is a class 

from the IOF Core ontology. Note** c-DS1 is an acronym for compressor's design 
specification number 1.

c) Add multiple Object property assertions: 
i. prescribesProducedEntity c1
ii. prescribesProducedEntity c2
iii. prescribesDesignedEntity c-d1

Note** the properties CR:prescribesProducedEntity and 
CR:prescribesDesignedEntity are part of new Object 

properties currently under proposal. 



Build Ontology in Protégé (Ex. Jet Engine phase 2)
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Populate Instance Data in Protégé (Phase 2) 
Using Reasoner
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Log In to the GraphDB 
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Setup a Repo & Import Data
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Setup a Repo & Import Data (2)
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Explore Knowledge Graphs



SPARQL Query
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SPARQL with Pivot Table Results
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SPARQL with Google Chart Results



GraphDB
1. Create a New Repository: Start by creating a new repository. Name it something relevant to ICE 

(Information Content Entity) to reflect the focus of this exercise. 

2. Import Files: Import all necessary files into your newly created repository. Instead of importing jet-
engine-CR.rdf, import jet-engine-ICE.rdf. This change targets a different aspect of the ontology, 
focusing on Information Content Entities.

3. Knowledge Graph Differences: Once you've imported the files, explore the Knowledge Graph. 
Observe the differences compared to the CR (Counterpart Relation) model. Consider how Information 
Content Entities are represented and related within this new context. 

4. Edit SPARQL Queries: Adjust your SPARQL queries to align with the new ontology. This may involve 
changing PREFIX definitions and other necessary components to ensure your queries are compatible 
with the ICE-focused ontology. 

5. Explore Result Functions: With your updated SPARQL query, run and explore the different result 
functions available in GraphDB. Pay attention to how the results differ from those related to the CR 
ontology and what insights they might offer regarding Information Content Entities.
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GraphDB Repository Setup
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GraphDB SPARQL Editor and Results
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GraphDB Explore Repository 



Importing Data into GraphDB

• We can import the data in CSV format

• Ontotext refine is tool to import data 

• Procedure

– Inspect CSV file and underlying ontology

– Design the mapping from CSV columns into ontology

– Define mapping visual editor 

– Refine mapping SPAQRL in text editor

– Execute the SPARQL query

– Export the RDF file
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Jet Engine Sample Data
Simulated data about 10 engines

• The example has data with missing values
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Mapped Example Data in Protege
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