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M.Sc. and PhD 
McGill University

2011-2018

Master’s: Evolving game AI

NECSIS Network: Automotive 
academia-industry collaboration

Research stay of two months at GM

PhD: Model transformation verification
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1st post-doc 
U of Antwerp 

Belgium
2018-2021

Functional safety V&V with Siemens and Dana:

Co-simulation configuration with Siemens and Boeing:

DTDesign project with various companies:
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2nd post-doc 
U of Montréal

2021-2023

Assisting domain experts in using ML:

Tool for ontology construction from NASA JPL:

Continuing Digital Twin work:
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Assistant Prof
Polytechnique 

Montréal
2023-present

Current Research Focus: Accelerating and 
Systematizing Digital Twins Engineering

Objective: Accelerating Knowledge Engineering for Complex Systems

Tools and techniques: Ontological modelling and analysis, 
model-based engineering, machine learning, generative AI, 

co-simulation, 3d game engines



What is a Digital Twin?



“Digital Twin” Definitions

Collection of 112 definitions:

https://awortmann.github.io/research
/digital-twin-definitions/

https://awortmann.github.io/research/digital-twin-definitions/
https://awortmann.github.io/research/digital-twin-definitions/


Core Idea: “Twinning”

Physical Twin
(Object/

system/process)

Virtual 
Representation

“twins”



Incubator Example 

After Inoculation Halfway Through Incubation Final Tempeh “Cake”

“The incubator is a simple system. The goal is to keep the 
temperature inside an enclosed chamber as close to as 
possible to 37.5◦ C, to promote the fermentation of 
soybeans to make tempeh.”



Incubator DT Services

1) Present historical data about incubation process to help spot anomalies
2) Energy saving by adjusting controller settings when lid is open
3) Signalling that tempeh is ready, reducing opening of incubator lid
4) Signalling for maintenance

Virtual Incubator

Data

Insights/Actions

Physical Incubator



Further Digital Twin Services

● Visualize system
● Control heater
● Ensure safety
● Anomaly detection
● Find system improvements
● Automatic optimization
● Predictive maintenance
● Train users
● Formally prove properties
● ...



One More Digital Twin Definition

“dynamic virtual representation of 
a complex system, for supporting 

its design and operation”

Digital Twin paradigm =
Modelling and simulation

+ visualization
+ multiple domains

+ real-time/ahead-of-time data/control
+ source of truth for services

+ intelligence (machine and human)
+ integrating and extending as far as possible...



Systematic DT Reporting

Sensing and Sensors



Motivation

Systematic DT Reporting



DT Diversity



“What Does Your DT Do?”

Let’s discuss what your DT is and does

Instead of arguing about definitions...

My questions: Is it real-time? What 
are the services it provides? How 

did you engineer it?



Unclear Info in Reports

Oakes et al.. (2021). Improving digital twin experience 
reports. MODELSWARD (pp. 179-190).

We argue that due to the lack of standardization in 
Digital Twins, essential information is not being 
adequately reported



Digital (Model vs Shadow vs Twin)

Kritzinger et al. (2018). 
Digital Twin in manufacturing: A categorical literature review and classification.
Ifac-PapersOnline, 51(11), 1016-1022.



Unclear Info Example

Bilberg & Malik (2019). Digital twin driven human–robot collaborative assembly. 
CIRP annals, 68(1), 499-502.



Hindering Empirical Research?

Returning to my questions:

What exact services are there? What technology? What models? 
What were the engineering milestones of the DT? Etc.

- Important for both researchers and practitioners 
(to know best practices)

- Having all details explicitly reported would allow 
for more detailed empirical research



Reporting Framework

Systematic DT Reporting



Reporting Framework Goal

● Define DT characteristics to be reported/discussed
● Move towards common language (textual and graphical)

● Not to be enforced on authors, simply guidance
● Characteristics must be flexible and change as needed



Constructive Intention

Reporting framework is intended to 
support improvement, not criticize 

DT researchers or their papers



Reporting Framework Progress

Oakes et al. (2021). Improving digital twin experience reports. 
MODELSWARD (pp. 179-190).

Insights 
/ Actions

I: Boat info., 
service 
recommenda
tions & offers 
A: Posting to 
social 
networks(?).

I/A(?): 
AGV 
code.

I: 
Performance 
reports A: 
Drill control 
signals.

I: "Analysis 
data" and 
recommenda
tion info.  A: 
Control 
instructions.

I: 
Production 
schedule, 
list of 
bottlenecks, 
flow 
observation
.

I/A(?): 
Production 
rates 
suggestions
/commands(
?).

I: Decision 
support, 
prognostics. 
A: Emergency 
shutdowns, 
graceful 
degradations.

I: 
None(
?) A: 
Part 
flow 
path.

I: Simulated 
performance
, product line 
design 
changes A: 
None

I: Timing 
mismatch, 
design for 
product 
line, fault 
warnings.

I/A: Fault 
detection 
and 
localization, 
quality 
inference (?).

●  Defines characteristics to be reported, and ‘constellation’
●  Five DTs examined in paper, further fifteen online
●  Classification differences found with other papers



Reporting Framework Progress
Oakes et al. (2023). A digital twin description framework and its 
mapping to Asset Administration Shell. Selected extended papers of 
MODELSWARD (pp. 1-24). Springer.

● Expanded description of characteristics
● Application to industrial DT of a “smart clamp” (holds drilled piece steady)
● Mapping of framework to Asset Administration Shell



AAS Mapping

● Mapping of explicit/partial/implicit AAS support for characteristics
● Different concerns: AAS meant for technical/implementation concerns, 

while reporting framework meant for reporting

Administration shell

Drilling machine

Administration shell
ID Asset drillingmachine_01
ID Shell shell_01

Header

BodySubmodel drillBit

Property y

Property x
Property position

Property z

Data startPos Data endPos

Function movePath

Submodel drillWear

Property wearModel

Property currWear
Property wear

Data 1DWear

...



DT Systematic Reporting Framework

Gil, Oakes, et al. (2024). Toward a systematic reporting framework for digital 
twins: a cooperative robotics case study. Simulation.

● 18 fundamental characteristics and 
three cross-cutting characteristics 
for reporting DT case studies

● Formed by systematically merging 
three frameworks from Oakes, 
Dalibor, and Jones

● Reports robotics, mobile robotics, 
and incubator case studies



Merging Frameworks

+ +



Merging Detail

...



Main Idea: DT Constellation
● DTs:

● connected in loop with PT
● provide services (top)
● operate on models/data (bottom)
● Have enablers (in-between)
● Data flows through DT 



Robotics Case Study

C

B

A

D

DT: what-if simulation, trajectory 
visualization, discrete working space 
commands, and deviation checking

PT: Manufacturing cell with 
independent assets

(2 robotic arms, 2 grippers)



Robotics Constellation



DT Characteristics

● 18 characteristics are 
“essential”

● 3 characteristics are 
“cross-cutting”

● Characteristics are 
(multi-) labelled with 
four system life-cycle 
stages



Robotics Table Summary



Robotics Prose

...



Characteristics 1/6
Characteristic Description Flex-Cell Summary

C1: System under Study Describes the SUS, (Physical 
Twin), of system of interest

Manufacturing cell with 
independent assets (two 

robotic arms and two grippers)

C2: Physical Acting 
Components

Describes acting components, 
i.e., mechanisms DT can use 

to act on PT

Controllers of the robotic arms, 
grippers, and safety system

C3: Physical Sensing 
Components

Describes sensing 
components, i.e., the 

mechanisms PT can use to 
transfer data to DT

Sensors of robotic arms and 
grippers, including 117 

observations for UR5e, 31 for 
Kuka lbr iiwa 7, and 2 for each 

gripper

C4: Physical-to-Virtual 
Interaction

Describes interactions from 
physical world to virtual world, 
i.e., data transmitted from PT 

to DT, including inputs and 
events that DT processes

PT-to-DT interaction is 
managed by the DT Manager 

with the method
getAttributeValue on periodic 

basis or on event



Characteristics 2/6
Characteristic Description Flex-Cell Summary

C5: Virtual-to-Physical Interaction Describes interactions from 
virtual world to physical world, 

i.e., data transmitted from DT to 
PT, including outputs DT 

generates as part of its services.

DT-to-PT interaction is managed 
by the DT Manager with methods 
setAttributeValue for parameter 

update and executeOperation for 
direct actions

C6: Digital Twin Services Describes services, such as 
optimization, task planning, and 
visualization, which DT provides 
to users and physical system.

flex-cell DT provides services for 
what-if simulation, trajectory 

visualization, discrete working 
space commands, and deviation 

checking

C7: Twinning Time-Scale Describes time-scale use and 
time rates for DT services and 

DT-to-PT synchronization.

DT-to-PT synchronization is on 
demand, on periodic basis, or on 

incoming events. DT supports 
slower-than-real-time, real-time, 

and faster-than-real-time services

C8: Multiplicities Describes multiplicities, i.e.,  
internal twins that compose the 

DT system, which can be 
implemented in a centralized or 

decentralized way.

Each independent asset has its 
own DT and composition is 

enabled. There is no
multiplicity of same DT class



Characteristics 3/6
Characteristic Description Flex-Cell Summary

C9: Life-cycle stages Describes lifecycle and 
representation phases in which DT 

takes place, i.e., as designed 
(ideal), as manufactured, or as 

operated

DT services include design, manufacturing, and service 
life-cycle phases. Within service phase, it supports 

creating, executing, analyzing, saving, and terminating. 
DTs cover system as-designed and as operated.

C10: Digital Twin 
Models and Data

Describes DT components, 
including available models and 

data, and their role in DT 
constellation

Data models initialized from DT schemas using AAS 
meta-model, structural models for visualization with 
URDF format, and behavioral models as FMUs for 

robotic arms kinematics. Data in DT are related to robot 
positioning.

C11: Tooling and 
Enablers

Describes tools or enablers that are 
used to achieve DT goals, i.e., they 

enable DT to provide services.

DT Manager for interfacing and service access, 
Robotics Toolbox and UniFMU for behavioural models, 

URInterface for UR5e robot, Kukalbrinterface, 
ModbusTCP, MQTT, and RabbitMQ for connectivity, 

Maestro and RMQFMU for co-simulation, URSim, Unity, 
ZeroMQ, and URDF for viz, and DTaaS for cloud 

execution

C12: Digital Twin 
Constellation

Describes orchestration of the DT 
system, components, and services 

as a whole.
(also show the constellation figure!)

 Orchestration of the system-as-a-whole is defined, and 
in multiple scenarios for provided services. 

Configuration files and scripts for components.
(Figure 5 is the constellation)



Characteristics 4/6
Characteristic Description Flex-Cell Summary

C13: Twinning
Process and 

DigitalTwin Evolution

Describes engineering process involved 
in DT implementation, including 

development process,
quality assurance, and definition of 

requirements. Also informs on 
milestones of DT engineering process 

over time and intended upgrades

DT was engineered based on an existing 
manufacturing cell with a set of own requirements. 
The evolution presents 12 milestones (described in 

paper)

C14: Fidelity and
Validity

Considerations

Describes fidelity and validity 
considerations behind

models in DT, including verification
and validation mechanisms, uncertainty, 

and errors

DT contains sufficiently accurate models for the 
robotic arms and overall execution. Low coverage 

of models for the grippers. Flex-cell DT has
been experimentally validated and provides 

mechanisms for consistency checking

C15: Digital Twin 
Technical Connection

Describes technical network connection 
details between PT and DT, including 
network protocols and architectures

Connection to the physical assets needs to be 
done on a LAN. Several communication protocols 

are used for the whole system deployment

C16: Digital Twin 
Hosting/Deployment

Describes technical hosting aspects of 
the DT and associated technology

Flex-cell DT can be deployed on a LAN or on the 
DTaaS platform in the cloud



Characteristics 5/6

Characteristic Description Flex-Cell Summary

C17: Insights and
Decision Making

Defines insights and decision making, 
i.e., indirect outputs of DT, which have no 

direct effect on PT, such as update of 
parameters, plans, and so on.

Flex-cell DT can provide insights in the form of 
simulation-based analysis and

semantic reasoning

C18: Horizontal
Integration

Describes information exchange with 
external information systems not limited 

to other DTs.

horizontal integration with flex-cell PT and 
infrastructure services of DTaaS Platform. The flex-
cell DT is able to exchange information with other

information systems not limited to other DTs



Characteristics 6/6
Characteristic Description Flex-Cell Summary

C19: Data Ownership 
and Privacy

Refers to ethical and technical aspects 
regarding data ownership and data privacy.

Is the data owned by the PT
owner or by DT service provider?

Not considered in the case study

C20: Standardization Refers to standards being followed for
engineering of the DT and its components.

Behavioral models conform with the FMI 
Standard Version 2. Twin schemas
conform with the AAS meta-model 

(IEC-63278-1)

C21: Security and 
Safety Considerations

Refers to ethical and technical aspects 
regarding data cybersecurity and safety on 

operation. Can a DT execute
operations remotely on a PT where there may 

be accidents with humans?

Security aspects inherited from the DTaaS 
Transport Layer Security (TLS). Safety 

aspects regarding remote
operation for accidents and collisions

Cross-cutting characteristics



Suggested Framework Usage

● Report on these characteristics 
as precisely as possible

● In detail and/or tabular form
● Draw the constellation figure

● For guidance, paper offers 
three DT reports

● Flex cell
● In detail and in table

● Robotti mobile robotics
● In table form

● Tempeh incubator
● In table form

● DT book also provides  
Gunnerus ship DT (in older 
framework version)

● Nothing set in stone, make 
changes if needed

● Out of room? Place table in 
appendix or online



Tempeh Incubator



Desktop Robotti



Gunnerus Research Vessel
● Owned by Norwegian University of 

Science and Technology (NTNU) for 
marine research and exploration

● C7: Services:
● what-if simulations, real-time visualization, 

estimate effect of environmental 
disturbances, anomaly detection and 
estimation of Remaining Useful Life (RUL)

● C8: Enablers
● Open Simulation Platform (OSP)

C2: Acting Components and C5: 
Data Transmitted
● cellular 4G/5G connection with 

Message Queuing Telemetry 
Transport (MQTT)



Ongoing DT Reporting Work
● Validation on further case studies



Systematic Reporting 
Framework Conclusion

Gil, Oakes, et al. (2024). Toward a systematic reporting framework for digital 
twins: a cooperative robotics case study. Simulation.

● DT research and engineering held 
back by incomplete reporting

● Framework has 21 characteristics to 
report as precisely as possible

● Case study examples provided



Systematic DT Construction

IoT/Networks



EDTconf 2024 Paper

Towards Ontological Service-Driven Engineering
of Digital Twins

Bentley Oakes, Claudio Gomes, Eduard Kamburjan, 
Giuseppe Abbiati, Elif Ecem Bas, Sebastian 

Engelsgaard

 Best Short Paper🏆



Proposal - Start Top Down

Multiple DT construction 
approaches start at bottom layer

Instead, leverage DTs as a 
constellation
◦ Pick desired service, then 
recommend components
◦ Guide users in selection, 
modelling, deployment
◦ Focus on non-software 
engineering experts



Wind Turbine Testing

With Aarhus U., U. of Olso, R&D 
Test Systems, LORC

◦ Representative testbench for
bending/torquing turbine nacelle

Problem: Detect mismatches 
between dynamics model and 

testbench, as failure can
cause structural damage

Digital Twin

Physical Twin

Wind Loading Testbench DUT

DUTMonitor

Operator

DUT&TB
Coupled
Model

Legend:
Data flow

Dependency



Menu of Services

● Is it possible to create a menu of DT services?

● Where user can pick and choose service(s), and DT is 
assembled together (semi-)automatically



Proposed Approach



Ontological Basis

Multiple ontologies in Ontological Modelling 
Language (OML), built in openCAESAR
◦ This slide is a selection of the ontologies
◦ Total concepts: 42+, Total relations: 25+ Ontology concepts:

1) Specific: Artifact, Simulator, 
ODEModel, DeployedModel

2) DT/Roles: System, 
ConstellationElement, 
ServiceRole

3) Process/notebook: 
Process, Step, DeployStep, 
ProduceArtifact, Decision



Step 2) Role Recommendation

Recommendations are stored in knowledge 
graph, typed by ontologies
◦ Recommend roles for the service to be 
found or created
◦ Connect to workflows (next step)

● Can query knowledge graph
to find roles not yet filled

● Further work: Connect to
repository, additional role
constraints (validity, fidelity)



Step 3) Service Eng. Workflows
and Ontology-aware Tooling

● Workflows as guided steps for user to
find/model/test/deploy components

● Modelled in ontology, enacted in Jupyter
notebook

● Concepts: Steps, decisions, artifact
production/consumption, simulation steps

●  Model management problems



Ongoing Work

● Connect with existing DT/Industry 
4.0 ontologies

● Process modelling, sensors, ...

● Evaluation and validation 
with expert users

● Determine menu of services



DT Construction Conclusion

● Can leverage DT constellations and services
● Ontologies for heterogeneous/flexible/rich modelling and 

model management
● Role/workflow/notebook approach welcomed by practitioners

Towards Ontological Service-Driven Engineering of Digital Twins
Oakes, Gomes, Kamburjan, Abbiati, Bas, Engelsgaard



Conclusion



Lab Members and Topics

PhDs

Carlos Pambo
- Recommendations 

and guided workflows 
Application: Wind 
turbine testing DT

Lei Zhao
- Empirical foundations for 

DT engineering
Application: Permafrost DT

Master’s
Kérian Fiter

- DT reporting
- DT engineering using LLMs

Globalink Research Intern

Angelica Portocarrero
Universidad Autónoma de 

Occidente, Colombia
- DT engineering using LLMs

Open position:
- Consistency 

framework
Application: 

Advanced Air 
Mobility



Conclusion

1) Systematic DT reporting
2) Ontology-based DT engineering

Thank you! bentley.oakes@polymtl.ca
bentleyoakes.com

Takeaways:
1) DT engineering and reporting must become 

more systematic
2) Many opportunities for model-/ontology-based 

techniques to structure DTs and guide users
 

mailto:bentley.oakes@polymtl.ca


OML and openCAESAR
● Ontological Modelling Language (OML):

◦ Essentially a DSL over OWL, removes accidental complexity
◦ Vocabulary (like meta-model) and descriptions (like model)
◦ Consistency checking and inference rules, a-posteriori typing
◦ Text-based for version control, federation of ontologies
◦ Trick: Closes world for analysis, becomes specification model

Elaasar et al (2023, October). openCAESAR: Balancing agility and rigor in 
model-based systems engineering. In 2023 MODELS-C (pp. 221-230). IEEE.

openCAESAR:
◦ OML editor (Rosetta)
◦ Fuseki server for 
knowledge graph


