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Today

e Part | Digital Twins Introduction:
Concepts and Engineering Perspectives

e Part Il Modelling Knowledge using
Semantic Technologies

Tomorrow:

e Part 11l Modelling Physical Systems

e Part IV Semantically Reflected Digital Twins



Digital Twins — The Hype

Digital twins are an emerging, enabling technology
for industry to transition to the next level of digitisation J
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Digital Twins — The Hype

Digital twins are an emerging, enabling technology
for industry to transition to the next level of digitisation J

Increasing traction

1. Digital twins: a means to understand and control assets in
nature, in industry, and in society at large

2. Companies increasingly create digital twins of their physical assets

Success stories

. GE experienced 5-7% increase of energy production from
dlgltlzmg wind farms

2. Johns Hopkins Hospital’s centre for clinical logistics reported
80% reduction of operating theatre holds due to delays

3. For the Johan Sverdrup oil field, digital twin innovations

have boosted earnings by $216 million in one year
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Digital Twins: Emerging Engineering Discipline

e DTs originally conceived at NASA
for the space program.

e They have emerged as an
engineering discipline, based on
best practices

NASA's definition of a DT

“an integrated multi-physics, multi-scale, probabilistic simulation
of a vehicle or system that uses the best available physical models,
sensor updates, fleet history, etc., to mirror the life of its flying
twin. [/t is ultra-realistic and may consider one or more important

and interdependent vehicle systems”

NASA Modeling, Simulation, Information Tech. & Processing Roadmap, 2010
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s & Models

Is a digital twin just another word for “model”? J
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DTs & Models

Is a digital twin just another word for “model”? J

Is a digital twin just another word for “control system”? J

A digital twin integrates aspects of models and control systems
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What is a Digital Twin?

Model
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What is a Digital Twin?

| Observations ¢

Physical Digital
twin (PT) twin (DT)

T Actions |

1. DT is a live replica of a physical system (PT)

Digital Twin

2. DT is connected to PT in near real-time via data streams
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Lifecycle Management

Digital Thread: The Digital Twin Evolves in Tandem with the Asset

1. Connects the designs, requirements and software that go into the

system represented by the DT

N

Connects the different phases of the system to the DT:

design, development, operation, decommissioning, ...
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by Operator
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Lifecycle Management

Digital Thread: The Digital Twin Evolves in Tandem with the Asset

1. Connects the designs, requirements and software that go into the
system represented by the DT

2. What are the lifecycle events for operational systems?
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Digital Twins: A New Paradigm in SE?

DTs: a new paradigm in SE

Model-based e Models go beyond the sys-

Engineering tem design phase
e Model-centric systems
the purpose is not models to
oo build software, but software to
Digital .

maintain models

Cyber- Twins e Model evolution:

Physical Lifecycle reflect changes to the asset
Manage- .

Systems (automatically) throughout
ment

its lifetime
o CPSin-the-large:
distributed, heterogeneous
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The Conceptual Layers of a Digital Twin

Insight:
visualisation, dashboards, analyses

l

Information:
domain knowledge, structured data

|

Data:
observations, parameters, domain model
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The Conceptual Layers of a Digital Twin

Insight:
visualisation, dashboards, analyses

l

Information:
domain knowledge, structured data

|

Data:
Understanding observations, parameters, domain model

data
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The Conceptual Layers of a Digital Twin

Representing

knowledge

Understanding
data
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The Conceptual Layers of a Digital Twin
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Representing
knowledge

Understanding
data

The Semantically Reflected Digital Twin



The Conceptual Layers of a Digital Twin

Decision

making

Representing
knowledge

Understanding
data

e Descriptive: Insight into the past (“what happened” scenarios)

e Predictive: Understanding the future (“what may happen”
scenarios)

e Prescriptive: Advise on possible outcomes (“what if" scenarios)

e Reactive: Automated decision making
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From Information to Insight (and Back Again)

Between information and insight

e Interesting to explore relations between the different layers:
information and insight

e We are currently exploring connections between behavioral
analyses (e.g., using simulators) and knowledge representation in

the information layer
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DTs & Formal Methods

What is the role of formal methods in digital twins? J
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e Correctness

Better tool support

Beyond simulation: worst-case, what-if scenarios, etc
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DTs & Formal Methods

What is the role of formal methods in digital twins? J

e Conceptual clearness, semantics, compositionality

e Correctness

Better tool support

Beyond simulation: worst-case, what-if scenarios, etc

What is the role of knowledge representation in digital twins? J

e Structural twin: uniformly represent knowledge about PT and DT
e Reasoning support that can exploit this knowledge

e Allows correctness properties to be expressed
as relations between DT and PT
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Outline: The Semantically Reflected Digital Twin

In the following, we describe a digital twin architecture using formal
methods based on three technologies/techniques.

Semantic Web Technologies for uniform knowledge representation and
integration of domain knowledge (part I1).

The Functional Mock-Up Interface standard for interfaces between PT
and DT, as well as simulations (part I11).

Semantic Reflection to reason about PT and DT through the integration
of SWT and FMI into a programming language (part 1V).

The system is implemented in SMOL, a unique language designed
Lspecifically for integration of SWT and programming.

J
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Example: House heating

Room1 Innerwalll Room2

QuterWalll Outerwall2

Heatert [ ||| Hester2
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Example: House heating

Structural twin

e Asset model: Domain knowledge

connects the rooms, heaters, walls
into a "house”, with corresponding
simulators, etc

e Asset model: Instance
instance of the domain knowledge

Fooml  nnerwall  Room2 for a particular house
QuterWalll Outerwall2

Heatert [ ||| Hester2
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Example: House heating

Structural twin

e Asset model: Domain knowledge

connects the rooms, heaters, walls
into a “house”, with corresponding
simulators, etc

e Asset model: Instance
instance of the domain knowledge
Fooml  nnerwall  Room2 for a particular house

Outerwall2

QuterWalll

Heatert [ ||| Hester2

Behavioral twin

1. Digital twin infrastructure: coordinates simulation units

2. Twin configuration: coupled simulation units
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Example: House heati

Structural twin

e Asset model: Domain knowledge
connects the rooms, heaters, walls
into a “house”, with corresponding
simulators, etc

e Asset model: Instance

instance of the domain knowledge

Fooml  nnerwall  Room2 for a particular house

owewiaz | o Twin model: Domain & Instance

QuterWalll

Heater [~ |l | Hesters . .
instance of the domain knowledge

 for the behavioral twin

Behavioral twin

1. Digital twin infrastructure: coordinates simulation units

2. Twin configuration: coupled simulation units
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Tool Installation




Software for today

e Download https://github.com/smolang/SemanticObjects/
blob/master/examples/tutorialfiles.zip

e Download and install Protegé from
https://protege.stanford.edu/products.php
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Software for tomorrow

e Download and install docker from
https://wuw.docker.com/get-started/ (or from your favorite
Linux distribution)

e Run docker pull ghcr.io/smolang/smol:latest

e Run docker pull
openmodelica/openmodelica:v1l.19.2-minimal
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Today:

e Part | Digital Twins Introduction:
Concepts and Engineering Perspectives

e Part Il Modelling Knowledge using
Semantic Technologies

Tomorrow:

e Part 11l Modelling Physical Systems

e Part IV Semantically Reflected Digital Twins



Semantic Technologies

e Knowledge can be described ad hoc or in a structural manner

e Semantic Technologies facilitate the description of
structured knowledge, consistency checking and reasoning

e W3C standards and well known technologies:
e For data: RDF (Resource description framework)

e For knowledge: OWL (Web Ontology language)

e For queries: SPARQL(an RDF query language)
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RDF (Resource description framework)

Data in RDF is expressed using a triple pattern, which consists of ]

a subject, a predicate, and an object
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RDF (Resource description framework)

Data in RDF is expressed using a triple pattern, which consists of ]

a subject, a predicate, and an object

Example:

Alice id 111 _—_>hasChiId Bob id 222 _—_>hasChiId Charlie id 333

a a a

Person Person Person

Here 'Alice’ is subject, 'a’ is predicate, 'Person’ is object,
'Alice’ is subject, 'id" is predicate, '111" is object, .. ..
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OWL (Web Ontology language)

[OWL: knowledge representation languages to build ontologies. ]
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[OWL: knowledge representation languages to build ontologies. ]

e Ontologies are logics for knowledge representation

Example:
GrandParent

A
|
1 a
1

Alice id 111 _—_>hasChiId Bob id 222 _—_>hasChiId Charlie id 333
a a a

Person Person Person

Vx3Jy3z- hasChild(x, y) A hasChild(y, z) A Person(z) = GrandParent(x)
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OWL (Web Ontology language)

[OWL: knowledge representation languages to build ontologies. ]

e Ontologies are logics for knowledge representation

Example:
GrandParent

A
|
1 a
1

Alice id 111 _—_>hasChiId Bob id 222 _—_>hasChiId Charlie id 333
a a a

Person Person Person

Vx3Jy3z- hasChild(x, y) A hasChild(y, z) A Person(z) = GrandParent(x)

hasChild some (hasChild some Person) subClassOf GrandParent

e Ontologies represent knowledge that is incremented over time
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SPARQL is an RDF query language:
a query language for databases stored in RDF format
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SPARQL is an RDF query language:
a query language for databases stored in RDF format

GrandParent
1
1 a
1
Alice id 111 _—_’haSChiId Bob id 222 _—_’hasChiId Charlie id 333
a a a
Person Person Person

SELECT ?x WHERE { ?x a :Person }
SELECT ?x 7y WHERE { ?x a :Person. ?x :hasChild 7y }

SELECT ?x WHERE { ?x a :GrandParent }
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Example in Protégé

|/ Object properties

Classes Annotations

Object prop: IS S i | Description: hasChild SEx
(T[S ][5 rtea Equivalent To

= owl:itopObjectPrope
- m SubProperty Of

= owl:topObjectProperty

Inverse Of

Domains (intersection)
@ Person

Ranges (intersection)
@ Person
Disioint With

Classes \ Annotations

Desc

o+ || X prted Equivalent To

@ owl:Thing
@ GrandParent

n: Person FIEE

SubClass Of

General class axioms

) hasChild some (hasChild some Person) SubClassOf
GrandParent

SubClass Of (Anonymous Ancestor)

Instances
@ Maria

@ Paul

@ Peter
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Exercise

Add the GrandChild Class and the hasParent property.

GrandParent GrandChild
A
I a a
0 hasParent hasParent i
Alice id 111 —_»hasChild Bob id 222 —_»hasChild Charlie id 333
a a a
Person Person Person
Hint:

Vx3dy3z - hasParent(x, y) A hasParent(y, z) A Person(z) = GrandChild(x)

Download the example from: https://github.com/smolang/
SemanticObjects/blob/master/examples/tutorialfiles.zip

File: examplela.ttl
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Asset modelli

Asset model in the engineering domain

An asset model is an organized, digital description of
the composition and properties of an asset
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Asset modelli

Asset model in the engineering domain

An asset model is an organized, digital description of
the composition and properties of an asset

e In the engineering domain it is common practice to build
asset models to support, e.g., maintenance, operations, design etc.

e There are currently several industry initiatives that
endorse the use of ontologies for asset modelling,
e.g., in the Industry 4.0
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Asset modelling

Asset model in the engineering domain

An asset model is an organized, digital description of
the composition and properties of an asset

e In the engineering domain it is common practice to build
asset models to support, e.g., maintenance, operations, design etc.

e There are currently several industry initiatives that
endorse the use of ontologies for asset modelling,
e.g., in the Industry 4.0

Asset models & digital twins

Assets models are any object of interest in a digital twin.
They provide the twin with knowledge about the static structure
that can be used for the twin's simulation model
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The House Asset Use Case

Outside

Room Room

Outer Wall
O

Outer Wall
Outside
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The House Asset Use Case

o s T °
@ i(j:) < i Ol €
3 g Room Room g 3
Wall Room Wall Room Wall
subClassOf TsubCIassOf subCIassOfT
OuterWall InnerWall OuterWall
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The House Asset Use Case

HoHS SHESE
3 § Room Room g g
w1id 21 1id 13 w2id 22 r2id 12 w3 id 23
Wall Room Wall Room Wall
subClassOf TsubCIassOf SUbCkﬂSSOfT
OuterWall InnerWall OuterWall
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The House Asset Use Case

HoHS SHESE
g § Room Room g g
. . id2
w1id 21 Mid18 — w2id 22 < r2id 12 . . w3 id 23
' left ! right ' left ! right 0
1a 1a 1a 1a ja
v v v \
Wall Room Wall Room Wall
subClassOf TsubCIassOf SUbCkﬂSSOfT
OuterWall InnerWall OuterWall
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The House Asset Use Case

3 (S é(ﬁ) SHSE
3 z 3 a
3 § Room Room g 3
leftOf ightOf leftOf ightOf
wilid2l --- e R w2id22-- SN - . w3id 23
/ +— r1id18 ————» r2id 12
g left b ght g left right 0%
g 1 a 1a ! ra ra %
f v Iy ' |
< Wall Room < Wall Room Wall
a \\\ a \\\ III
> subClassOf X subClassOf subClassOf %
OuterWall InnerWall OuterWall
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Exercise: The House Asset Use Case

T
= E =
SES SHSE
z g < 2
3 2 Room Room 2 3
° ©
O
<O Controller JKC>
Controller
a
clid1
controlsLeft Wght
leftOf ightOf leftOf ight
wiid21 -9, . MO pig oo -0 5 <T9MO_ 3 id 23
/ +— r1id13 ———>» < r2id 12 > \
7 left i right g left g right 0 Y
/ ia a /ia a et
/ 1 1 / 1 1 \
;v v Y, v %
 Wall Room s Wall Room Wall J
a \\ a \\ /l
d subClassOf d subClassOf subClassOf 4
OuterWall InnerWall OuterWall

Download the house asset model from: https://github.com/

smolang/SemanticObjects/blob/master/examples/tutorialfiles.zip
File: house.ttl
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Homework: The Family Tree

GrandParent GrandParent GrandChild GrandChild
A A 4 A
la ' a a @
! 4 hasParent. ! 4 hasParent ' hasParent U
------------------ o T
_ —————>»  Charlieid333_-_-_--_____ i i
AI|ce id 111 hasChid Bob id 222 hasChid Chgrlle id 333 hasGhid D|alna id 444
la ra 1a 1a
\ \ v \
Person Person Person Person
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main
List<Int> results = access(
"SELECT 7obj {?7a a asset:Room.
7a asset:id 7obj}");
while results != null do
Int current = results.content;
results = results.next;
print(current) ;
end
end
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