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Knowledge Representation
How an Artificiality becomes Intelligent?

B “An artificial intelligence system can think and have a mind. “ (John Searle 1986)

B “Machine intelligence with the full range of human intelligence” (Kurzweil 2005)

An artificiality needs a Knowledge-base to become intelligent!

Knowledge-Base: A collection of symbolic structures
representing what it believes and reasons with, during the operation of the
system
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Knowledge Representation & Reasoning

Meaning - Breakdown

Knowledge

o= .y
d ~
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Representation and [Reasoning|:

S\e”

Rantl
Manipulation of symbols encoding

,John knows that...”
Knowledge can be true or false

propositions to produce representations of
new propositions

Symbolic encoding of propositions believed.
Symbols represent things in the world!

- Any discussion of representation unavoidably carries along with it a view of intelligent reasoning.
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Knowledge Representation & Reasoning
KR — Knowledge Representation and Reasoning

A Knowledge Representation & Reasoning Root Of KR
(KR)

Biology: Reasoning emerges from parallel
— interconnection of a large collection of very simple
is a medium... processors - Connectionism

N— —

fh for effici : : i ing i
orhuman ] [_ or efficient Mathematical Logic: Intelligent reasoning is some

expression computation

variety of deduction — First order logic

M KR are also the means by which we express things | Psychology: Reasoning as a characteristic human
about the world, the medium of expression and | Pehavior—Capturing human expert reasoning
communication in which we tell the machine

B A KR is afragmentary theory of intelligent reasoning Statistics: It adds to logic the notion of uncertainty —
Casual networt
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Ontology Types and Categories

Overview
Controlled vocabulary General logic constraints
Thesauri Formal IS-A Frames
1 1 1 1 I
1 1 1 1 1
L + + : +
T T + T T
[ ] / ] ]
! ! ‘ ! o
Glossaries Informal IS-A Formal instance Value restrictions Disjunctiveness,
Inversiveness, Part-of...
Expressivity
. . Taxonomies .
Lightweight Heavyweight
ontologies ontologies

TECHNISCHE INSTITUTE OF
UNIVERSITAT MANAGEMENT SCIENCE
WIEN Research Group of Production and
Vienna University of Technology Maintenance Management



Knowledge Representation & Ontology Development

A KR is a Set of Ontological Commitments

.

(l Complexity of the natural world is overwhelming (example = self driving car)ﬁ

Making a set of decisions about how and what to see in the world

A strong pair of glasses that determine what we can see

Bringing some part of the world into sharp focus, at the expense of blurring

other parts

|

Epistemology

J

Philosophy

/ B Ontology

-

The set of concepts offered as a way of thinking about the world

B A degree of ontological commitment

The selection will have a significant impact on our perception of and approach

to the task and our perception of the world being modeled

~

Ontology Axiology
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Knowledge Representation & Ontology Development
Ontology

B Ontology serves as the basis for

Structuring the metadata of informal knowledge sources
Information Gathering

Integration

B Ontology supports Knowledge

Approves

Requirement

Designation Collates
Measurement COﬂEegpts Chooses C.nnstmcts ) Search
S Do _Reléflons
/ .~ Retrieval
4 Cost Grade
’ Knowledge
i Attributes \ ) )
’ Foundations Link
/' Knowledge Sets AR & e Personalization
A Location L2ngu
T A o
/ \ Visualization
4
rd
’
”
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Knowledge Representation & Ontology Development

Ontology

B Ontol
Str
Int

s’
-

— 4

Ontologies do not only introduce a
sharable and reusable knowledge
representation, but can also add new
knowledge about the domain.

Int
Concept
Concept ,_/"/ S . o
0 ) instances of objects
¥ /,""k—--’/ { ‘\'oq‘q . . v
g ' 0 Onto / rules
. B , 5 pt? o ?
s g autribl
| Tt 4 .
- W]-J£ alﬂ J i - —axioms
/' roul Concept dolﬂ R Clapsy . . . e
g a L A B S
""-/. * https://www.ontotext.com/knowledgehub/fundamentals/what-are-ontologies/

https://www.b'\mfrramework.info/ZOlS/OS/b'\m—onto\ogy.htm\

Based on: M. Kohbreh "Knowledge Representation & Ontology Development", for KM in CPPS 2020
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Knowledge Representation & Ontology Development
Ontology

—
... TO THIS

i SN et X
® o n

A TN
=8 _@

You can go from this...
\

.

cav
https://www.linkedin.com/pulse/ontology-data-science-favio-v%C3%Alzquez/
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Knowledge Representation & Ontology Development
Definition

Ontology...
M |s an explicit specification of a conceptualization*

B Defines the basic terms and relations comprising the vocabulary of a topic area, as well as the rules for combining
terms and relations to define extensions to the vocabulary**

B Provides the means for describing explicitly the conceptualization behind the knowledge represented in a
knowledge base***
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Knowledge Representation & Ontology Development

Definition

Ontology... Ontologies function like a brain’.
They ‘work and reason’ with concepts and relationships

M |s an explicit sp in ways that are close to the way humans perceive

interlinked concepts.

B Defines the bas
terms and relat

‘or combining

B Provides the mi dina
knowledge bas:t
*Gruber, T. A translation Appro.
**Neches, R.; Fikes, R.; Finin, T.
**% A Bernaras;|. Laresgoiti; J. (Mttps://www.ontotext.com/knowledgehub/fundamentals/what-are-ontologies/ . . . . . .. ] Crgerrees curohn Wiley& Sons, Ltd. 298-302
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Knowledge Representation & Ontology Development
Definition

Ontology...
M |s an explicit specification of a conceptualization*

B Defines the basic terms and relations comprising the vocabulary of a topic area, as well as the rules for combining
terms and relations to define extensions to the vocabulary**

B Provides the means for describing explicitly the conceptualization behind the knowledge represented in a
knowledge base***

Ontologies allow to...

B Represent a domain of interest

B Process the meaning of information automatically
B Relate and integrate heterogeneous data

B Automatically deduce implicit (non-evident) information from existing (evident) information (through Reasoning)
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Knowledge Representation & Ontology Development
Ontology

Idea:

Explicitly express meaning in a machine-understandable manner using formal and standardized
knowledge representations

) (2
%D A= ;%) ac

Goal: x,_'\\ /

B Knowledge sharing and reuse

. . . 0 :
B Make domain knowledge explicit E:>“g§;§’f;g;:w
M Facilitate communication among people and machines :

B Create interoperability between software agents

Hlinil)

LOGIC REASONER I

22 omon

Do 1F
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Knowledge Representation & Ontology Development
Shared Concept - Breakdown

An ontolo; What is Maintenance? tualization
‘:W Checks, measurements, adjustments, parts replacement, and
’ cleaning, performed specifically to prevent|faults|{from occurring
[Wikipedia]
¥
,

A fault is defined as an abnormal condition or defect at the
component, equipment, or sub-system level which may lead to a
failure [Wikipedial.

. S
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Knowledge Representation & Ontology Development
Shared Concept - Breakdown

An ontology is a formaIL explicit specification|of ajshared conceptualization

( : ’ \
\ | Machine-readable .= !
’ Consensual Knowledge |, ~

-
— = = m— =
- -

Concepts, properties relations, functions,
constraints, axioms...are explicitly defined
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Knowledge Representation & Ontology Development
Shared Knowledge - Example

B Agreement on the meaning of the vocabulary used to share knowledge
o= e ot M
= Y N Sl “I need a new pipe”
) e “We might need a pipe”

A tube used to convey
water, gas, oil, or other
fluid substance

A device for smoking
tobacco

“People [and machines!] can’t share knowledge if they don’t speak a common language.” [Davenport, Prusak 98]
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Knowledge Representation & Ontology Development
Shared Concept - Breakdown

An ontology is a formaIL explicit specification|of a shared| conceptualization

————————— . ! Yol I
- / N /
( : ’ \ /
v,| Machine-readable .= ! /
’ Consensual Knowledge |, ~ R4
/ 7’
/ _ - -
‘ - -——
. . . ’
Concepts, properties relations, functions, e
constraints, axioms...are explicitly defined | - — -
’ \ Abstract model and simplified view of
% some phenomenon in the world that we

want to represent
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Knowledge Representation & Ontology Development
Shared Concept - Breakdown

An

Maintenance

replaces

checks —¥

measures ——————— ¥

- adjusts —»

\

System

confronts

—

cleans }—.e

prevents

<— js-a-failure-in —

/

Fault

WIEN
Vienna
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Ontology Development
A Taxonomy

An Ontology could also be viewed as: a taxonomy extended with other relations and further constraints

Any Animal has a.t |e|?5t it Relations point from a

1 BodyPart (cardinality LivingThing — [relton = pomain to a Range

constraint) concept
BodyPart

AEEEL: Inverse relations
S/ ~\~ isPartOf
’ .. s
Disjoint concepts
é describe non-overlappig
instance sets
\\\

Carnivores eat only Animals
(universal quantifier)
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Ontology Development
Example

Mechanical
Device

hasPart @ @

isPartOf ___——-—"“"—_

Hydraulic
System

Hydraulic

supplies Jet
Pump

FuelTo Engine

hasPart

connectedTo
isPartOf
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Ontology Development
Instances/Entities

Metadata to describe the image:
— Tom is a Carnivore
— Jerry is an Animal
— Tom eats Jerry

~. Instance represents an

=Y
LY
\
\
\
1
1
1
I
!
I

Terminological
Space

eats . . 2
Instance ) entity in the universe of
; e --” discourse.
instanceOf

& ommmite instanceOf TypeS the instance with
C g - \ , 1 “> respect to a concept
% S ( Tom R Pl lerry ' ; :
s =8 b P S (the instance is of type
u‘:} CD S - O -

concept).
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Ontology Development

Example
haslInstitution
hasMember
-
a”"
-
"
—”‘
a”"
AEEEEEEEEEEsEsssssEEEEEEEEEEEEEs ,—f.’.:: .................................... /./...
’4’ V4
- /l
———m ’
td ~ 4
U4 \
/ Hans \ R4
U4
v Miller / 4
~ s - -
S ="" ,a’ ~‘s~
Vs
’ Clara Y

*._ Schneider __/

'
§~-_- ___—‘

hasColleague __/

(symmetry)

String
Kd ~
SubClassOf -
- SubClassOf
’
e ‘\\
N studentld
» Lecturer
- hasStudent
U4
/’ hasColleague
Y (symmetry)

e

” ~
hasStudent ‘ Anna \\

7
«. Weber S

S

,[

~
Srmmm=-—
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Ontology Development
What is inside an ontology? - Recap

Concepts:
B Denote the main concepts of the domain

Carnivore, animal, pump, engine

Concept hierarchy:
B Denotes specialization/generalizations

Carnivore is a kind of animal

Restrictions on relations:
M Type, cardinality

Any animal has at least one body part

Instances:
B Denote concrete entities in the domain

Tom, Jerry

Relations between classes:

Carnivore eats animal

B Denotes specialization/generalizations
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Ontologies

How to develop?

BUILDING AN ONTOLOGY

)

7~
AX

S 1| ot inrves
e
ri-ay
\am’ TWE LOGD.
Govtace
Tamarhc
ey

o7
st
ussec

wws

wnaes

Sevuar Data
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unsTs

connis
e
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Y ace Geagrapnic
ey

User-generated content
Govemmant
Cross-comain
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Building an Ontology
Methodologies for Building Ontology

METHONTOLOGY

Ontology Development 101
On-To-Knowledge
TOrontoVirtual Enterprise (TOVE)
DILIGENT

UPON Lite

Adapted from NeOn
Uscholdand King Methodology
Holsappleand Joshi‘s approach
UPON

HCOME

® deming
,/ y,
o Vd
A A
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Building an Ontology
Ontology 101

Dertermine Consider Enumerate

the scope reuse terms

Define
classes

Define
properties

Define Create
constraints instances

1. Determine the scope
2. Consider reuse
3. Enumerate terms
4. Define classes
_ _ Closely interwined
5. Define properties
6. Define constraints
7

. Create instances

Ontology Development 101: A Guide to Creating Your
First Ontology
Natalya F. Noy and Deborah L. McGuinness
Stanford University, Stanford, CA, 94305
noy@smi stanford edu and  dim@ks! stanford edu

1 Why develop an ontology?

In recent years the development of ontologies—explicit formal specifications of the terms in
the demn, e s, g, thom (Cenbee 1993)bms b movicg s e el of
AnificalIncllgence lsbomioncs to_the deskinps of domin. copers, Ondolopes have
a the Workd Wide Web, The loniologics bn the Web mage rom loge
g Web sites (such a5 on Yahoo!) 1o categorizations of products for
ich a5 on Amazoncom). The WWW Consortum (W3C) is
developing the Resaurce Deseription Framework (Brickley and Guba 1999), a language for
encoding knowlcdge on Web pages to make it understandable o clectronic agents scarchin

on. on the
Web (Hendler and McGuinaess 2000), Many disciplines now develop standandized ontologies
that domain experts can use-to share and annotate. information in their fields. Medicine, for

cxample, has produced large, standardized, structured vocabularics such as SNOMED (Price an
Spockman 2000) and e scrantic nciwork of the. Usificd Medeal Langiage Sysiee

Conpiecys i Londber 1993, Bl grenk g, ndclogis e cneiog s well. Fo
anple, the United Nations Development Prog combi

Chori o fevelop the UNSPSC ontalogy whith rovides temminclogy Tor products aad
services (www unspse o7z)
An ontology defines a common vocabulary for rescarchers who eed to share information in
& domain. It includes maching-interpretable definitions of basic concepts in the domain and
relations among them.
Why would somcone want to develop an antology? Some of the reasons arc

To share common understanding of the stnicture of information among people o1

software agents

To cnable reuse of domain knowledge

To make domain assumptions explicit

Ta scparate domain knowledge from the operational knowledge

To analyze domain knowiedge
Sharing common_ undersianding of the siructure of information among people or software
s s o of e s, common gole i develaping osklogics (s 1999; Grber
nmy B cuapl. suppose sl ifloemt Wi s oo s, maticu afiratnn o¢

cal TSR Yo, [ these: Weks gk e el Wit B b

und:llylng mﬂolog)‘ "ot he tems hey al we, then :()mpm:l ag:nls can extract and
apgrega tion these different sites, this_ ageregated
R i i et wnct ety s o e b il el
Enabling reuse of domain knowledge was one of the driving forces behind recent surge in
ontology researsh, For exampl, models for many e oo e t e the

of time. This representation includes the notions of time intervals, points in time,
preodllinn bt el oo o i bbb e Giaghin
in detail, others can simply rcusc it for their domams. Additionally, if we need to buld a large
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Knowledge Representation
Who are involved in Representing Knowledge

creates new [

knowledge \

Knowledge Provider

uses knowledge

uses knowledge

./

Knowledge User

.

Artificial Usér

= N

M. Khobreh, Ontology Enhanced Representing and Reasoning of Job Specific Knowledge to Identify Skill Balance, University of Siegen, Germany, 2017

Research Group of Production and
Maintenance Management
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Knowledge Representation & Ontology Development
Building an Ontology - Class

B Defining concepts in the domain (classes)
M Typical candidates for classes are NOUNS, however...
actors of use cases do not necessarily correspond to classes
—>Example: “Oil leakage is a type of Leakage”
Recap: Knowledge Acquisition in METHONTOLOGY
B How to define classes:
Interview: Talk to subject matter experts

Documentation: read what experts have written about the
subject matter, read the requirements documentation, read
proposals and invitations to tender

Observation

Reflection
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Knowledge Representation & Ontology Development

Building an Ontology - Class

Class Hierarchy
|

|
|
|

Equipment
System "
|

Classes represent concepts in the domain and not the words that denote these concepts

- Synonyms for the same concept do not represent different classes

All the siblings in the hierarchy (except for the ones at the root) must be at the same level of
generality

A sub-class of a class represents a concept that is a “kind of” the concept that the super-class
represents

If a class has only one direct sub-class there may be a modeling problem or the ontology is not
complete

If there are more than a dozen sub-classes for a given class then additional intermediate
categories may be necessary
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Knowledge Representation & Ontology Development
Building an Ontology - Class

Class Hierarchy

- . ts
A CONCEPT/CLASS
represents the set of all
entities of that type.

subclassof _ A SUBSUMPTION ne level of
”””””””””” ™ relation points from

more specific to

more generic
concepts - Herbivore - - super-class

more SpecCITIC 10

more generic
concepts Herblvore . »logv is not

b

SYBLINGS share a
parent concept

m

‘ermediate
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Knowledge Representation & Ontology Development
Building an Ontology - Class

Class Hierarchy Overlap Classes

Mobile
Device

Equipment

System

Equipment

Based on: M. Kohbreh "Knowledge Representation & Ontology Development", for KM in CPPS 2020 TECHNISCHE INSTITUTE OF
UNIVERSITAT MANAGEMENT SCIENCE
WIEN Research Group of Praduction and
Vienna University of Technology Maintenance Magagement



Knowledge Representation & Ontology Development
Building an Ontology - Class

Class Hierarchy Overlap Classes Disjoint Classe

High Temp.

Mobile
Device

Equipment

Deviations

System

Equipment

B Classes are disjoint if they cannot have
common instances

B Disjoint classes cannot have any common
sub-classes either

Based on: M. Kohbreh "Knowledge Representation & Ontology Development", for KM in CPPS 2020 TECHNISCHE INSTITUTE OF
UNIVERSITAT MANAGEMENT SCIENCE
WIEN Research Group of Praduction and
. Maintenance Management

Vienna University of Technology



Knowledge Representation & Ontology Development
Building an Ontology - Class

CI H. Relations point
ass | N from a Domain to
= relation —
Any Animal has at least 71 BodyPPart R t.

I (esramslinsconsa gy —
LivingThing

V= | hasPart o  Inverse relations

BodyPart - - B R isPartOf
T >d1hasPart U TRese
_ N isPartof = TSR 4——1——,» Disjoint concepts
= = - describe non-
overlapping instance
5 sets.
Vv eat aar 5 ).

//,/' - TSy o ,"’4 ":;\\-

Carnivores eat only Animals
(universal quantifier)

Relations point
from a Domain to
a Range concept.

_ relation —

Any Animal has at least 7 BodyvPart
(cardinafity constraint)

- L

Inverse relations

T~ =>d1hasPart

isPartOf Disjoint concepts

describe non-
overlapping instance
sets.

have

i\\\=
nmon

Carnivores eat only Animals
(universal quantifier)

[ | [ | DUNTLIADDTD TILIITI
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Knowledge Representation & Ontology Development
Building an Ontology - Relationships

B Typical candidates for relations are VERBS
“ verbal phrases and things that could have been verbs
- Example: “Oil leakage is a type of Leakage”
™ Recap: Knowledge Acquisition in METHONTOLOGY
B How to define relationships:

“ Interview: Talk to subject matter experts

" Documentation: read what experts have written about the
subject matter, read the requirements documentation, read
proposals and invitations to tender

Observation

Reflection

09.05.2023 Based on: M. Kohbreh "Knowledge Representation & Ontology Development”, for KM in CPPS 2020
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Knowledge Representation & Ontology Development
Building an Ontology - Relationships

M Typical

= verb:

Company:
Widgets, Inc

Works for

Employee:

Has a contract with Alice Reddy

© Reca

B How tc Company: Works for
Reports to

Consult, Inc

= Inter

Employee:

o BN Bob Jones
subje |
ro Consultant: Works with
brop Kat Thomas
Working on
Obse
Working on
Refle

Project:
Sales Process

Redesign

https://www.linkedin.com/pulse/ontology-data-science-favio-v%C3%Alzquez/
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Knowledge Representation &

Ontology Development

Building an Ontology — Relationship Characteristics 1/2

Inverse

M If relation p has inverse relation g, and p links A
to B, then it can be inferred that g links Bto A

Inverse

confronts

[ Functional I Symmetric

I B For a given individual, the relation takesl B If 3 relation links A to B then it can be
only one value inferred that it links B to A

[ I

[ I

1 |

I Functional I

I Condition [

[ I Symmetric

I I cooperates

[ I

[ I
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Knowledge Representation & Ontology Development
Building an Ontology — Relationship Characteristics 2/2

A
B Transitive: if a relation links A to B, and B to C then it can be inferred that it links A to C sa
Danger of multiple inheritance: cycles in the class hierarchy
B
Transitive N
supervises supervises e
Sub System Equipment -

B Reflexive: if a relation links one node back to itself

Reflexive

controls

System Component

controls

TECHNISCHE INSTITUTE OF
UNIVERSITAT MANAGEMENT SCIENCE
WIEN Research Group of Production and
Vienna University of Technology Walkonance Monmgcrienl.



Knowledge Representation & Ontology Development
Building an Ontology — Relationship part-of

B Describes the r«
B Existence depel

“ Component

Based on: M. Sabou & E. Fajar “Introduction to Semantic Systems", 2019
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Knowledge Representation & Ontology Development

Building an Ontology — Individuals
Condition

B Define an individual/instance of a class requires... Temperature

over 40

choose a class
create an individual instance of that class

filling in the values of the properties/relations

M If arelation is: S
subject_individual = hasProperty = object_individual :‘%
B The domain is the class of the subject individual
B The range is the class of the object individual
® Fault
Burn out
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Knowledge Graphs (KG)

Motivation

B Knowledge Graphs enable a compelling abstraction for
organizing the world’s structured knowledge

M Enable a way of integration information extracted form
multiple data sources

B Central role in representing information extracted from
Natural Language Processing

Computer Vision

B A Knowledge Graph is a direct labeled graph where domain
specific meaning is associated with nodes and edges

Friendships
Customer Relationships
Supply Chains

Manufacturing Processes
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Knowledge Graphs (KG)

Growing Expectations

Digital Twin

Biochips.

Smart Workspace
Brain-Computer Interface

Deep Neural Nets (Deep Learning)

Autonomous Mobile Robots CarborHanotbe
Smart Robots loT Platform
mart Rol
Deep Neural Network ASICs V'T‘P‘*" Assistants
Silicon Anode Batteries
Al PaaS
Blockchain

Quantum Computing
5G

Connected Home
Autonomous Driving Level 4

Volumetric Displays
Self-Healing System Technology
Conversational Al Platform

"] , :
& Autonomous Driving Level 5 Mixed Reality
2 Edge Al
=
3 Exoskeleton )
2| Blockchain for Data Security rleuromnrpmc
B Knowledge Graphs |
@
Artificial General Intelligence
Smart Fabrics
Smart Dust .
Flying Autonomous Vehicles Augmenied Realty
Biotech — Cultured or Artificial Tissue
Peak of
Innovation oak Trough of Slope of
Inflated S
Trigger i Disillusionment Enlightenment
Expectations
time
Plateau will be reached:
QO lessthan2years @ 2to5years @ 5to10years A more than 10 years @ obsolete before plateau

2018

As of August 2018

Plateau of
Productivity

Gartner Hype Cycle for
Emerging Technologies,|2019

Biochips
Al PaaS
Edge Analytics b i 4"56

Autonomous Driving Level 5 % \ -

Low-Earth-Orbit Satellite Systems._ .\.C’

Edge Al
Explainable Al 9

Graph Analytics

Next-Generation Memory
3D Sensing Cameras

Synthetic Data £
Light Cargo Delivery Drones — )
Transfer Learning - » — Emotion Al
Flying Autonomous Vehicles — g

Autonomous Driving Level 4

Augmented Intelligence
Nanoscale 3D Printing

Decentralized Autonomous - r
Organization DigitalOps

Adaptive ML

Expectations

Generative Adversarial
Networks
Desentralized Web —— &

AR Cloud - Immersive Workspaces

Biotech - Cultured
or Artificial Tissue

Peak of
Innovation Inflated Trough of Slope of Plateau of
Trigger EXF i Disillusis Enligh nent Productivity
Time
Plateau will be reached:
less than 2 years @ 2105 years 51010 years () morethan 10 years @@ obsolete before plateau As of August 2019

gartner.com/SmarterWithGartner

Source: Gartner
© 2018 Gartner, Inc. and/or its affiliates. All rights reserved.

Gartner

TECHNISCHE INSTITUTE OF
UNIVERSITAT MANAGEMENT SCIENCE
WIEN Research Group of Praduction and
Vienna University of Technology Walkonance Monmgcrienl.



expectations

Knowledge Graphs (KG)

Growing Expectations
Gartner Hvne Cvele for

Al for Product Configuration - SIEMENS

... Safe design for Railway Interlocking Control Systems lngeuuity for Life
moaie et
D Ne |Ns::;l:k
BN Challenge - >10°°possible o
" Vohamettc O configurations and complex e ‘
S‘";’}f:k:‘?fil‘g:.}?”{.:: constraints of railway control - ; 4o , : _
onomous Lrving Leve g — | e A Z 5 -
Exoskeleto eqU|pment .' ih 5 L - .
Blockchain for Data Security. s 'y
[ Kromindus Cocy y : 5
s Solution - Al logic solver for ~
e determining configurations,
» optimization to find best Bt
configuration from / oy : y
e Knowledge Graph , 24 27 o
Trigger o /7 AN Smart g
: ’ ) +\| Configuration "‘;é’ wgust 2018
Plateau will be reached: OUtcome = COnﬁguratOFS L g / ) /r “\ Services &
CIEUUEIEIIN] secure correct interlockings ',_Duta anaytcs wa ssatzaion

- : ' A - ner.
and highest level of train il <
control #Railway In-teﬁ?Cking

Unrestricted © Siemens AG 2019 siemens.com/innovation

Research Group of Production and
Maintenance Management
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Knowledge Graphs

Technical Value = ——) KG support the data science process
-

7’
The

Data Science Process

As data sources for Data Science tasks

Ask = Whalt is the scientific goal?
an interesting What would you do if you had all the data?
question. What do you want to predict or estimate?

Data integration from heterogeneous sources

GET S
the data. ki ipnini Car —

“Knowledge layer” over various data sources

EXPLORE_ L / Representing new types of (graph) data
Are there patterns? 4 ’
taadd S - Fithe megat

Validate the model

Communicate What did we learn?
and visualize Do the results make sense?
the results. Can we tell a story?

ﬁj ;TQJ?ZN'Z‘??JTI‘Z; D e A R e mvsseny . Data SC'entiStS have a better u nderSta nd | ng of the

Data Science Process « — - - - avai|ab|e data
Asl What is the sciertific goat?
A > V\Yv';iivgi’“yﬁu’i“aﬁié Z,i’:d’“?;‘;st Erimr: - - - —
- \ @ Semantic features simplify model building
GET  _ | W4 e ekt i

the data.

Are there priva

— “ Richer knowledge gained from richer data

EXPLORE Plot the data.
- Are there anomalies?
th ta.
Silala s Are there patterns?

MODEL Bung = mode - -
AR, Validate the modcl o~ ~
S Do e e s emeer ~S o " Improved transparency of results for end-users
_—

(explainable Al)
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Knowledge Graphs

Technical Value = ——) KG support the data science process
-

e
T e
Data Science Process I [ Ac data cniircec far Data Srience tacke I
Al in Production Planning - SIEMENS
Recommending automation system configurations lngemuity for Uife

Data: configurations from . _
90.000 customer projects n e W i

A planning project can be
represented as a
knowledge graph

lesecooccooa0

Generates design-specific
recommendations for

automation equipment T
Combining planning
history with deep domain
knowledge
Isers

Unrestricted © Siemens AG 2019 siemens.com/innovation
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Knowledge Graphs

Technical Value

-
Y

| 4

B Search Applications

o

>
Google

€

N KG enable high-level applications - o
- S~ N

¥

B Knowledge Discovery

Discovery implicit links and patterns in knowledge graphs

Gartner: “graph analysis is possibly the single most
effective competitive differentiator for organizations
pursuing data-driven operations and decisions”
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Knowledge Graphs

Technical Value
--—— KG enable high-level applications - o
- - ~

- ~
Vg
> Y

B Search Applications B Knowledge Discovery

B - ~ WY

has journal —

has subject — 5,492

Journal (80)
Officer

Article is funded publication of —

€ Subject (144) o000

https://www.semspect.de/
https://www.semspect.de/

Maintenance Managemen
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Knowledge Graphs

Technical Value

Product Configuration and Design - SIEMENS
Augmented by Artificial Intelligence lngenuity for Uife

Capture

ENGINEER AT WORK

Tools I Knowledge graph Learning '
AR Wl .. ..
00 008
10000 -
ENGINEERING DATA

%::: =L O
Ress Simulation PO 20 -0
o

Knowledge base 0100 o
PRODUCT IN USE S 000 :
o

G

Teaching
machines to
augment
human design

capabilities

{

= ll..ol.l.
. B =}
» Discovery of Alternatives 3 o
» Automation of repeating tasks a Grant (21)
» Al engineering assistant % | Product Production '\ VAutomation
é’ Design Design ngineering

Unrestricted © Siemens AG 2019 Unrestricted © Siemens AG 2019 siemens.com/innovation
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Knowledge Graphs

Technical Value

KG are key to industrial Al applications
https://pauldinnovating.com/2017/12/29/as-we-enter-2018-we-will-need-knowledge-graphs/

SIEMENS
Artificial assistants augment hi - A ohr= Yl A o 4 %
decision making and performar  One day in the life of an artificial assistant @ Siemens g~y forife

Auratificial Assistant

Al System that augments human decision m:
learns from its interactions with humans and

A Views on Industrial Knowledge Graph

T e e | whetistecpina |

Knowledge Graph
Continuously collect, connect
and provide derived knowledge

With Augmented Intellig:

on ambitious and creative instead

Aurtificial assistants augment hi
decision making and performai

Aurtificial Assistant

Al System that augments human decision m:
learns from its interactions with humans and

Ty —- .
Knowledge Graph

Continuously collect, connect
and provide denved knowledge

With Augmented Intellig:

on ambitious and creative instead
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Knowledge Graphs
Technical Value
KG are key to industrial Al applications

Artificial assistants augment human SIENVIENS
decision making and performance lngeoenity for Life

Auratificial Assistant

Al System that augments human decision making and continuously
learns from its interactions with humans and the environment

Knowledge Graph Al Algorithms Augmented Intelligence
Continuously collect, connect Reason and leam to solve Reason and learm to solve
and provide derived knowledge problems and answer questions problems and answer questions

With Augmented Intelligence engineers can focus
on ambitious and creative instead of repetitive tasks

Artificial assistants augment human SIENVMIENS
decision making and performance lngecity for tife

Aurtificial Assistant

Al System that augments human decision making and continuously
learns from its interactions with humans and the environment

S ! > MI Core
> - > T . —
. e . M -
e e o -_— -
Knowledge Graph Al Algorithms Augmented Intelligence
Continuously collect, connect Reason and leam to solve Reason and leam to solve
and provide denved knowledge problems and answer questhons problems and answer questons
With Augmented Intelligence engineers can focus
on ambitious and creative instead of repetitive tasks
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Knowledge Graphs

Technical Value

Business Taxonomy

L& Intorventions (2)
»
-
,
=
3
,
=
Accuracy and measurement based
objectives (0)

Content Sources

salesforce

: Drupal Excel

! '4 MediaBeacon’

An ESKO Company

B> SharePoint

Ewiktker

Microsoft  .=*\/\/o:LDAM'
M Dynamics —® oo mamen

Business Ontology

Graph Database
[ Subject_| predicate | Object |

Project A hasTitle Title A

Person B isPMOn Project A
Document C isAbout Topic D
Document C isAbout Topic F

Person B IsExpertin  Topic D

J

Enterprise Knowledge Graph

Topic E

Project A

Person B R

Person F

| will retumn a ranked
list of suitable

ocument C . ®

https://enterprise-knowledge.com/what-is-an-enterprise-knowledge-graph-and-why-do-i-want-one/ I——
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Knowledge Graphs

Definitions

Definition

A knowledge graph (i) mainly describes real world entities and their interrelations, organized in a graph, (ii)
defines possible classes and relations of entities in a schema, (iii) allows for potentially interrelating arbitrary
entities with each other and (iv) covers various topical domains.

Knowledge graphs are large networks of entities, their semantic types, properties, and relationships between
entities.

Knowledge graphs could be envisaged as a network of all kind things which are relevant to a specific domain or
to an organization. They are not limited to abstract concepts and relations but can also contain instances of
things like documents and datasets.

We define a Knowledge Graph as an RDF graph. An RDF graph consists of a set of RDF triples where each RDF
triple (s,p,0) is an ordered set of the following RDF terms: a subject sEUUB, a predicate p€U, and an object
UUBUL. An RDF term is either a URI u€U, a blank node b€eB, or a literal IEL.

[...] systems exist, [...], which use a variety of techniques to extract new knowledge, in the form of facts, from
the web. These facts are interrelated, and hence, recently this extracted knowledge has been referred to as a
knowledge graph.

A knowledge graph acquires and integrates information into an ontology and applies a reasoner to derive new
knowledge.

H. Paulheim. Knowledge Graph
Refinement: A Survey of Approaches and
Evaluation Methods. Semantic Web
Journal, 2016.

M. Kroetsch, G. Weikum. Journal of Web
Semantics: Special Issue on KGs, 2016.

A. Blumauer. From Taxonomies over
Ontologies to Knowledge Graphs, 2014.

M. Farber, B. Ell, C. Menne, A. Rettinger,
and F. Bartscherer. Linked Data Quality of
DBpedia, Freebase, OpenCyc, Wikidata,
and YAGO. Semantic Web Journal, 2016.

J. Pujara, H. Miao, L. Getoor, and W.
Cohen. Knowledge Graph Identification. In
12th Int. Semantic Web Conf., 2013.

L. Ehrlinger, W. W6R: Towards a Definition
of Knowledge Graphs. SEMANTICS 2016
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Knowledge Graphs

Mathematical - Definition

B Adirected labeled graph is a 4-tuple G = (N, E, L, f)
B N is asetof nodes

M ECN XN isasetof edges

M L isasetof labels

B f:E — Listhe assignment function from edges to labels

M For Example: The label B to an edge E = (A, C) can be viewed as a triple (4, B, C) -

TECHNISCHE INSTITUTE OF
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WIEN Research Group of Production and
Vienna University of Technology Walkonance Monmgcrienl.



Knowledge Applications
State-of-the-Art

B Probably best-known application: Google-KG

B Over 500 billion facts and 5 billion entities

B Improves Google search results using information collected from various sources
B Presented in the form of an info box (see figure)

B Other applications: Amazon Product Graph, DBPedia, Geonames, etc. - Link

B Application areas of KGs: Question answering, Recommendation systems, Information retrieval, Domain
specific, Other applications (Zou, 2020)

* Query Representation
* Document

3. Information Retrieval Representation

* Rankig

Deep Learning

* Semantic Parsing

¢ Information Quering
¢ Embeddings

* Deep Learning

¢ Complex Tasks

1. Question Answering

¢ Medical
4.D : ifi * Cyber Security
Application Areas of o DRITEIT HEEE * Financial
Knowledge Graphs * News
e : ¢ Education

¢ Embedding 2. Recommender
* Path-based Systems

¢ Other methods

Social Network

- * Classification
5. Other Applications . Geosience

Zou, X. (2020). A survey on application of knowledge graph. In Journal of Physics * Other Applications

¥4
QE

Florence Price

Komponistm

Verflgbar bei
B ‘YouTube
@ Spotily
@ vouTubs Masic
s Deezer
Florence Beatrica Smidh Price war eine US-
amerikznische Komponistin. Sie war die 2rste

Afrosmerikanenn, die in den USA ais Komponistin
kisssischer Musik bekannt wurde. Wikipedia

Geboren: & April 1887, Litthe Rock. Arkansas,
‘Warzinigie Stasten

WVerstorben: 3. Juni 1283, Chicago, lllinoiz, Verzinige
Stasten

Kinder: Edith Cassandra Frice, Thomas Jr., Florence
Ptice Robinzon

Kompositionen
Symphony No. 1
Fantasie Megre
Symphony Ne. 3

Uber 35 waiters ansehan

Wird auch oft gesucht Uner 3 wsiters ansshen

NaEa

Margaret Williarm Samuel #Amy Beach
Sonds Grant Still  Toéeridg...
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Knowledge Graphs

Knowledge Graphs Data Integration

B Knowledge Graphs offer a 360-degree view of a topic

B Manufacturing companies can use Knowledge Graphs for machine
failure documentation

B Methodology (Chaudhri et al., 2021)

Data Analyst sketching out schema with key entities, events and relations

Machine
Event

Specification through business experts, enabled through visual nature

name occurs_to
Loading individual data sources into the knowledge graph engine toolpark
Linking of data sources through vocabulary Main-
Use of triple format to allow analyzing of relations of immediate relevance Machine has_technician tenance
Easy adoptable requirements of the analysis process due to generic tipple oroduct T‘ec‘hn-
schema mount IClan

Chaudri, Vinay K. et al. (2021) An Introduction to Knowledge Graphs http://ai.stanford.edu/
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Knowledge Graphs

Ouick Recan

Knowledge graphs combine existing ideas in a package

mG
B K
fe
mC
tr

that works in practice for large organisations.

graph paradigm

reasoning

large reference terminologies

global hierarchical IDs

clusters, scale-out

data + meta data

Unrestricted @ Siemens AG 2019

Semantic networks

Logic-based knowledge representation

Ontologies Al OVWL2 |

Linked Open Data

=

Big Data SR GCIRAPH

Smart Data

Knowledge Graphs

Knowledge graphs combine existing ideas in a package

that works in practice for large organisations.

graph paradigm

reasoning

large reference terminologies

global hierarchical IDs

clusters, scale-out

data + meta data

Unrestricted © Siemens AG 2019

Semantic networks

Ontologies
Linked Open Data

Big Data

ScHEMA ORG

Smart Data - 2 :

Knowledge Graphs

WordNet )
A lexical database for English

e «
- &
Google
@ Frowledus Gragh A

R D

:flﬁG raph it~

Scale to real
world problems/t

WYWordiNet )
A lexical database for English

-
*® Google @
@ rrowiesad Grapn _——

[

Scale to real
world problems/?

TECHNISCHE
UNIVERSITAT

WIEN

Vienna University of Technology

INSTITUTE OF
MANAGEMENT SCIENCE

Research Group of Production and
Maintenance Management



<owl:ObjectProperty rdf:ID="located_In"/> ]

<owl:Class rdf.ID="City"> = name

<rdfs :s u bc I as SOf> Subclass‘:; ‘\;l;bclass of

<owl:restriction>
<owl:.onProperty rdf:resouce="located_In"/> |:> o)y
<owl:someValuesFrom rdf:rresource="State"/> sm;':, bc,, isParentOf su.,c.aiw s;:;.m
</owl:restriction>
</rdfs:subClassOf> Daughter . .
</fowl:Class>

... BACK ON BUILDING AN ONTOLOGY -
IMPLEMENTATION
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Knowledge Representation & Ontology Development

“Machine-Understandable Form“

<Person> IS-A

<name> {
has

has

<Employment>

<education>

IS-A

dependsOn <jobs> ==

—

pe—

<skills> =

—

Rz, RIEEMAFR. ERENNFE

BREABAOFERRERWRBBLF LB
SREF/ AW HINE LTLLAGEREN

RIBEW ERIRGE 2R H R ENRER KN S?
‘DR AT RN IR R b

ZRBEBMRABERETE SFHFREUAETE
AR E RS EEL S BRI TIMRITHE

LETE: h%ﬁ?ﬁﬂﬂ?@il?&?lﬁ%ﬁ%ﬁﬁﬁﬁqu#
HIX—REMHEZ ABIE IERRSEEEMK

RHEE—REIERICHHERAY FN445

IRILSOR rERHHRARNKLIR? BRHNIEEEH!
WEREE, MAR BERTKESKEEZSE
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Knowledge Representation & Ontology Development
Enabling Technologies

B One or more standard vocabularies (ontologies) capturing the semantics

- so search engines, producers and consumers all speak the same language
M A standard syntax

— so meta-data can be recognized as such
M Examples are

XML, RDF, RDF Schema, OWL
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Knowledge Representation & Ontology Development
Enabling Technologies

Standard Syntax, Knowledge Representation Languages

X 2
. . n .
User Interface & applications ) 3 The Semantic Web
- g Q Technology Stack
. Trust 7, g (not a piece of cake..)
Proof < o
(o d w Most appe uee only o subsetof he stack __ 9
I Unifying Logic ' (0] Querying ltows i graned data secess " {3
3 Standardized information Is %
Rildes: Q Formats are ,.hﬂnﬂlmlw}. g
Query: RIF - The Semantic Web is based on the Web .-~ __\_\\
SPARQL ot ~
o o0 ..f"'"
: L
@ﬁ";
XML
qu | _l Source’ bnode org

Podgorelec, V., & Grasic, B. (2010). Implementing Innovative IT Solutions with Semantic Web Technologies. In Products and Services; from R&amp;D to Final Solutions. Sciyo.
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<owl:Class rdf:ID="Person"/>
<owl:Class rdf:ID="Probability"/>
<owl:DatatypeProperty rdf: 'prob">

<rdfs:domain rdf:resource="#Probability"/>

<rdfs:range rdf:resource="http://.../XMLSchema#float"/>
</owl:DatatypeProperty>
<owl:ObjectProperty rdf:ID="hasProb">

<rdfs:range rdf:resource="#Person"/>

<rdfs:domain rdf:resource="#Probability"/>
</owl:ObjectProperty>
<Probability rdf:ID="P1"/>

<prob
rdf:datatype="http://.../XMLSchema#float">0.5</prob>
</Probability>
<Person rdf:I
<hasProb rdf:ID="P1"/>
</Person>

<owl:Class rdf:ID="Person"/>
<owl:Class rdf:ID="Probability"/>
<owl:DatatypeProperty rdf:ID="prob">
<rdfs:domain rdf:resource="#Probability"/>
<rdfs:range rdf:resource="http://.../XMLSchema#float"/>
</owl:DatatypeProperty>
<owl:ObjectProperty rdf:ID="hasProb">
<rdfs:range rdf:resource="#Person"/>
<rdfs:domain rdf:resource="#Probability"/>
</owl:ObjectProperty>
<Probability rdf:ID="P1"/>
<prob
rdf:datatype="http://.../XMLSchema#float">0.5</prob>
</Probability>
<Person rdf:ID: om">
<hasProb rdf:ID="P1"/>
</Person>

<owl:Class rdf:ID="Person"/>
<owl:Class rdf:ID="Probability"/>
<owl:DatatypeProperty rdf:I 'prob">
<rdfs:domain rdf:resource="#Probability"/>
<rdfs:range rdf:resource="http://.../XMLSchema#float"/>
</owl:DatatypeProperty>
<owl:ObjectProperty rdf:ID="hasProb">
<rdfs:range rdf:resource="#Person"/>
<rdfs:domain rdf:resource="#Probability"/>
</owl:ObjectProperty>
<Probability rdf:ID="P1"/>
<prob
rdf:datatype="http://.../XMLSchema#float">0.5</prob>
</Probability>
<Person rdf:I tom">
<hasProb rdf:ID="P1"/>
</Person>

Ontology

Metadata

—— UoD/Resources

Home et Draw Design Tansiions Anmations Sideshow Rew

o)
¢ A~ 2 A~ me AN

9. | @
o [

Pute

Navigation Wk

Hesings  Pages  Resus

Tl Hesding

M 2018
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Resource Description Framework - RDF
Building an Ontology - RDF

What is RDF?

B RDF —the Resource Description Framework —is a framework for representing interconnected data on the web

B RDF statements are used for describing and exchanging metadata, which enables standardized exchange of data based on relationships
B RDF is used to integrate data from multiple sources

<rdf:RDF

Ontologies
xmins:rdf="http://www.w3.0rg/1999/02/22-rdf-syntax-ns

mlns:foaf=http://xmlns.com/foaf/0.1/

<foaf:Person rdf:about= "http://www.example.orgtlinus">
<foaf :familyName>Kohl</foaf:familyName>

Metadata
<foaf :givenName>Linus</foaf:givenName>

</foaf:Person>

</rdf:RDF>
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Resource Description Framework - RDF

RDF Basics
"’———___————————-_-__.A
[” Graphs
Triplets

isA

http://www.example.org#lin_ Foaf:familyName = Kohl
us - - Foaf:familyName

http://www.example.orgm iSA R .
< us - > Foaf:Person

@://www.example.orgD
us
@://www.example.orgm Foaf:givenName o Linus

us /

Foaf:givenName

http://www.example.org#lin
us

Foaf:based_near
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Resource Description Framework - RDF
Linking RDF

isA

Foaf:familyName Foaf:givenName

http://www.example.org#lin
us

Foaf:based_near

A 4
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n

Linking
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Resource Description Framework - RDF
Linking RDF

’————-"---—-------_-_——-—--*

Merging Linking

Knowledge extraction
( B
Foaf:family? 3\‘ (\)/F

WIKIPEDIA D B p e d I a

Die freie Enzyklopidie

Ontology
(359 classes, 1.7K properties)
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Resource Description Framework - RDF
Linking RDF
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Knowledge Representation & Ontology Development

Building an Ontology — SPARQL

PREFIX x:<..>

SELECT ?subject ?Pproperty robject
WHERE

{

?subject ?property Pobject.

#this 1s comment

}

SPARQL Editors:
B Apache Jena Fuseki
M SPARQL Tab in Protégé

Declare prefix shortcuts

The SELECT clause lists variables that you want
returned

The WHERE clause contains restrictions on them,
mostly in the form of triples

# (note: everything after a ‘#’ is a comment)
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Knowledge Representation & Ontology Development
Building an Ontology — SPARQL Example 1/3

[ Active ontology -l'E_rg@ilies x | Classes xiObje_cl properties = | Indiiduals by class n[Di:_Grggr_y xiSWRLTgb x | OntoGraf = | SPARQL Query x

SPARQL query:

PREFIX rdf. <hitp:/iwww w3 org/1998/02/22-rdf-syntax-ns#>
PREFLX owl: <httpimww.w3.0rg/i2002/07iowl#=
PREFIX rdfs: <http:/fwww.w3.0rg/2000/01frdf-schema#®>

<
I PREFIX m: <hitp.iwww.semanticweb.org/marjankhobreh/ontologies/2018/3/untitled-ontology-3#= I

SELECT ?Unit ?Supervised_unit
WHERE { ?Unit m:supervises ?Supervised_unit )

Unit Supervised_unit
Air_conditioning_system Temperature_sensor
Machine_CPS Valve_actuator_sub-ystem
Machine_CPS Alr_conditioning_system
Execute
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Knowledge Representation & Ontology Development
Building an Ontology — SPARQL Example 2/3

|Active antology = Entities = | Classes = Object praperties * | Individuals by class x| DL Query = | SWRLTab = OntoGraf x | SPARQL Query x|

SPARQL query

PREFIX rdf. <hitpAwww w3.01g/1999/02/22rdf-syntax-ns#=

PREFIX owl: <http:/fiwww.w3.0rg/2002/07/owl#=

PREFIX rdfs: <http:/www. w3.0rg/2000/01/rdf-schema#=

PREFIX xsd: <hftp:/www.w3.0rg/2001/XMLSchema#=

PREFIX m:<http:/iwww.semanticweb orgimarjankhobreh/ontalogies/2018/3/untitied-ontology-2#>

SELECT ?Unit
WHERE { ?Unit m:is_a_failure m:Temperature-over-40 )

Unit
Enviromental_unit_burn_out

Execute

Based on: M. Kohbreh "Knowledge Representation & Ontology Development", for KM in CPPS 2020 TECHNISCHE INSTITUTE OF
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Vienna University of Technology Maintenance Magagement



Knowledge Representation & Ontology Development
Building an Ontology — SPARQL Example 3/3

Active ontology = | Entities = | Classes x| Object properties =  Individuals by class = DL Query = | SWRLTab x OntoGraf x SPARQL Query x

SPARQL query

PREFIX rdf. <http:/\www.w3.0rg/1999/02/22-rdf-syntax-ns#>

PREFIX owl: <http:/iwww w3 orgi2002/07iowi#>

PREFIX rdfs: <httpiwww.w3.0rg/2000/01/rdf-schema#>

PREFIX xsd: <http-iiwww w3 orgi2001XMLSchema#>

PREFIX m: <http:fiwww.se manticweb.org/marjankhobrehiontologiesi2018/3/untitied-ontology-3%>

SELECT ?Unit ?Part

WHERE
{ 2Unit m:supenises ?Part
?Part m:has_state_of 7x|}

Unit Part
Ajr_conditioning_system Temperature_sensor

Execute

Based on: M. Kohbreh "Knowledge Representation & Ontology Development", for KM in CPPS 2020 TECHNISCHE INSTITUTE OF
UNIVERSITAT MANAGEMENT SCIENCE
WIEN Research Group of Praduction and
Maintenance Management
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