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ePFL  The new context: Circular Economy

Closed-Loop Lifecycle Management

> Design ) >Manufacturin» > Use ) >Retirement > Renewsbles fiow management
\ Regeneration

Materials Equjpgments

feedstock

Wy Products & Equipemants
asse :
Components R Products &
assets

Feedback Sub-assemblies

= Extraction of
biochemical
feedstock?

How to set up closed loops in the technical sphere?
» Take into account several cycles of use

2 » Loops (exploitation - regeneration - exploitation /

= manufacture)

5 » Types of products (equipment, subassemblies, components,
% materials)

(6] Figure adapted from PhD Thesis Laétitia Diez, University of Lorraine

Renewal bles @ m Finite materials

Regenerate Substitute materials Virtualise Restore

o

Parts manufacturer

Vol

Product manufacturer

LR

Service provider

g L
®

Consumer

Cascades

Collection Collection

Minimi: se systematic
leakage and negative
externalities

GVTO PELKALOUDE

Stock management

ICT4SM



=PrL

B Cognitive Digital Twins

The problem: Degradation and Failure

Point where we can find out that

Early recognition e e
it is failing (“potential failure”)

Point where failure starts to occur
(not necessarily related to age) Wear | Surface Fatigue

\ I Particles Particles

Qil Ageing 4 - 50um = 2000m

Vibration  Temperature

Usage &

degradation Point where

pattern _ g S/ " /" it has failed
: o - (functional

Condition

Surveillance Cond tion Management Failure Detection

Time

Refer to: Moubray, J., 1997. Reliability Centred Maintenance. Butterworth Heinemann, Oxford, UK.
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ePFL  Itis all about Big Life Cycle Data Transformations

8
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*Product definition data, =History data
*Up-to-date product data

lLinkedDesignI ActlR RE‘LK Boost 4 QU[\ LITY ——— Direct Information flow . »
BIG DATA FOR FACTORIES ﬁ- L = = = < Indirect Information flow -Assembly/disassembly info.,

*Material info. for reuse
———> Control flow

B Cognitive Digital Twins
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What is data used for?

Advanced
analytics

Basic
analytics

Dk

Inside the factory Company-wide

http://www3.weforum.org/docs/WEF Share

Data Sharing for Manufacturing

Master

Cross-company

to Gain Report.pdf

White Paper

Share to Gain:
Unlocking Data Value in
Manufacturing

In collaboration with Boston Consulting Group

duary 2020

Where is
data shared?

[}
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B Cognitive Digital Twins
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L Design

%
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Knowledge
required for
design
foresight

A

Requirements I Functional I Concept I Embodiment I Detailed hprocess
modeling modeling Design Design Design
/W
Reuse value (L)
Toxicity
3-D models (V potential (L)
Sketches StructuraIS( ) Use
(P) Service records (L)
Vo Product analyses (V,P) Uk
(L) | Function- Concept |  architecture GD&T and complaints ()
Requirements | breakdown sketches (S.P) detailed Fa'l'ure rlfp_c’”s P
ol Ph | Dgision | sowdon)|  Material | drawings (v.L) vanuals .7
ouse 0 olution ; . . :
quality trees principles SeIeCtIOX Bill of matenlal (L,S) Manufacturing
(L,P) (L, P) (L _ A) Material Process layout (L, S)
Ontologies Mathemat_lcal details (L,S) Production
(S) calculations | anufacturing plan (L, S)
—— (S,A) processes Inventory chart (L, S)
. Supply log (L, S)
(L,S\V) Life . Production log (L, S)
—— cycle analysis
Mostly Pictorial e
L S o Mostly Mostly Linguistic
Mostly Linguistic and Pictorial Sym_bollc_, Virtual & Symbolic
Algorithmic
| ¥ { — ! '
Knowledge Representation
Legend: (P) pictorial (L) linguistic (V) virtual (A) algorithmic
SympoliCc Senthil Chandrasegaran, Karthik Ramani, Ram D. Sriram, Imre Horvath, Alain Bernard, Ramy Harik, Wei Gao
(S) symboli

The evolution, challenges, and future of knowledge representation in product design systems

Computer-Aided Design Volume 45, Issue 2, February 2013, Pages 204-228.
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EPFL  Capturing the Meaning of Data '

Quality

BFO:000019

isa

inheres in

Material Entity RO:0000052
BFO:0000040

is about is about
inheres in IAO:0000136 1A0:0000136

RO:0000052

(@] o][=Tels

BFO:0000030 .
Information

Content Entity
IAO:0000030

Value
Specification
Sensor OBI:0001933
SOSA:Sensor

isa -
isa

bearer of
RO:0000053

Prefixes

BFO: http://purl.obolibrary.org/obo/BFO
IAOQ: http://purl.obolibrary.org/obo/IAO
OBI: http://purl.obolibrary.org/obo/OBI
RO: http://purl.obolibrary.org/obo/RO
SOSA: http://www.w3.0org/ns/sosa/

isa

B Cognitive Digital Twins
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B Cognitive Digital Twins

Digital Twin

PROCUCTION QLOUD
DS IGMN CLOUD " e ~‘ ' -
= =
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Source: DigitalTwin InnoSWISS project
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ePFL  Digital Twin - Concept

Services

= “A Digital Twin is a virtual
instance of a physical system
that is conftinually updated with

” Q,
the latter’s performance, e A
maintenance, and health status $F /) comectidn between \ 29,
services and data [°4

data throughout the physical
system’s life cycle.” 2

= Key elements:
* Physical entities
« Virtual instances
« DT data
» Services
» Connections

CN_PV: connection between
physical entities and virtual models

Physical entities Virtual models

Five-dimension digital twin model *

B Cognitive Digital Twins

*aMadni et.al., Leveraging digital twin technology in model-based systems engineering, Systems, 2019
b Qi et.al., Enabling technologies and tools for digital twin, Journal of Manufacturing Systems, 2019
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cPFL DT Challenges

B Cognitive Digital Twins

= High complexity of modern industrial systems

= Heterogeneous DT models corresponding to
* related systems, subsystems and components
» different lifecycle phases
» different stakeholders, protocols and standards

= Lack of unified platform for integrating all relevant
DT models

Better understanding o
design for rapid
development

Increased transparency
for more efficient
manufacturing

Empowered decision making for
optimized operation

Fariz Saracevic, IBM, Cognitive Digital Twin, Bosnia Agile Day 2017
https.//www.nytimes.com/2017/05/03/magazine/a-look-inside-
airbuss-epic-assembly-line.htm/
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=PFL Cognitive Digital Twin

= Cognitive Digital Twin (CDT) is a digital representation of a physical system that is
augmented with certain cognitive capabilities; comprises a set of semantically
interlinked digital models related to different lifecycle phases of the physical system
including its subsystems and components; evolves continuously with the physical system
across the entire lifecycle; and support to execute autonomous lifecycle activities.

B Cognitive Digital Twins

» Characteristics :

Based on Digital Twin
= CDTis a subset of DT
Cognitive capabilities

= attention, perception, comprehension, memory,

reasoning, prediction, decision-making etc.
Autonomy capability

= conduct autonomous activities without human

assistance or minimum level of human
intervention

Cross lifecycle phases & cross system levels
Continuous evolving

= Multi-levels and multi-lifecycle phases
interaction

Digital Twin
Virtual-physical
Virtual Connections Physical

entities ’ v entities

Cognitive Digital
Twin
Multiple Multiple
system lifecycle
levels phases
 Cognitive
capability )

i /_\

T ~ ,
- 5 Phical:
F=THEE B |

Twin Twin i
: Attention
=
Environment

Digital Twin Cognitive Digital Twin

n
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=PFL Cognitive Digital Twin

» Reference Architecture

* Full lifecycle phases

- System Hierarchy levels

» Functional layers

Service Management

Model Management

Data Ingestion/ Proces

Virtual space

Real

Uj““ lization and Reporting
Interaction
Twin DT (505, Sys, Sub, DT (S0S, Sys., Sul Twin
Management i Com., Par.)_t1 , D | Mamagement
P \ Service Servil
o

g anagement P Management

a :
(2] -
c _E Model =
= § Management E
= : :
_c-w_g Data Ingestion &
[e)) & Processing Data Ingestion
=) & Processing
[ .
> Physical Physi E
= . hysical
= Entities E' . L H
c ntities
(o))
b} BOL MOL EOL Systemof  System  Subsystem Component Part "'-.1
O Full Lifecycle Phases Systems F W
= System Hierarchy Levels o

-_—



=PFL Cognitive Digital Twin

B Cognitive Digital Twins

= DT vs CDT

Virtual entities

CAD models

XK\"{\

g =%

System lifecycle

Physical entities Data
-

= Information
-

Digital Twins

System ?fecycle

Physical entities

Ont-oto'g)./ for interrélationships
between models and physical entities

|5:€F BFO;

Cognitive Digital Twins

Integrate

Information model

Virtual entities

A Davfarmannan madal
FEM Dowbnmmannnn madal

-(_;/;D m&.)d-els Performance model

-
¢

Evolut_lon_as_llficzcle Evoluion_as_lificzcl Evolution as lifec;cle

CFD Operational model

[EEE g = e
[ ] ¥ o
e “u ;

Evolution as lifecycl|

Evolution as lifecycle

Evolution as lifecycle
K -2y

A

e . -\

Ontology for interrelationships between
_ models of virtual entities

Integrate  Cognitive entities

https://iwww.industrialontologies.org/

Ontology

R
Synchronize

https://www.tandfonline.com/doi/full/10.1080/00207543.2021.2014591
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Application cases
= Multiple lifecycle phases:

 Results Service, Reaction
visualization configuration orders

DT system DT assembly DT machine/
design process tools
Decision Process Predictive
support monitoring maintenance

System model

Process model

Machine model

Ontology-based graph database

Database

Cloud
storage

IPFS

GF

Embedded easurement Inspection
SENsors equipment stations

Machining Assembly Materials,
stations lines Products etc.
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Assembly Manufacturing Quality
system design  process monitoring monotoring
Yl [

Manufacturing Operating

Development

Virtual space

Real
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B Digital Twins: Concept, Technologies & Applications

Application case QUXLITY

= CDT supports aircraft industrial system design
» Focuses on the R&D phase of the assembly line for a new model of aircraft

» Fuselage orbital junction process for a given assembly station of a Final Assembly Line
(FAL) for the new aircraft model

VERITICAL
o ABILIZER

8 3
-— CNUNE
Lo

fomaRo -
CEXTRE FUNSLAGE CENTRE
WG SO

AIRBUS =PFL = Fraunhofer N COMPONENTS

!

=Y
o

D. Kyritsis
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EP

B Digital Twins: Concept, Technologies & Applications

L=
[

L

Application case

= CDT supports aircraft industrial system design

QUXLITY

* Supports automatic trade-off among different performance parameters under different

industrial scenarios

» Key functional block of the trade space framework for system integration, e.g. requirement
model, architecture models and behavioral models etc.

Frontend

Architecture Definition Block

Visualization Block

Requirement
Management System Trade-off Co-simulation Trade-off results
Block definition definition visualization visualization
Backend
— [ Architecture | DES sim. model
/ Requirement | ‘ F . .
s model Simulation & : :
model | Ontology 3D sim. model Reasoring Slmul;ﬁlon
7 =] results
‘ Behavi / i
/' Domain ‘ \—/ :; Oa(;elf g _.’ / Ergonomic sim. Engines
| Knowledge | : model
System Integration Block Verification Block
S — VISUAL
AIRBUS =PrL ~Z Fraunhofer COMPONENTS

[y
o

D. Kyritsis
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B Digital Twins: Concept, Technologies & Applications

Application case

J—
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B Digital Twins: Concept, Technologies & Applications

Application case QUXLITY

rﬂ Formalisms for defining

L | transformation rules

| = —»
Knowledge -— & ) «— L
management n el
| | .

& Decision-making

KG for MBSE models A KG for real worlds
e T
Ontology o e i
GOPPRRE ontology Requirement ontology BFO-ontology/BFO
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Architecture models eal system manufacturing processes
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=PrL

Concept, Technologies & Applications

B Digital Twins

Application case

= Ontology development

Basic Formal Ontology

IOF-CORE Ontology

QUALITY
Domain Ontology

Airbus
Application Ontology

AIRBUS cPFL

UNLIT

Resources Materials
Relationships 4 0_M_Buttstrap4,8
hasBaseCalender 247 s S40_M_Buittstrapfi)

. & » S40_M_Buttstrag{(2)
hasCoaperties 200 » S40_M_butistrag/stringers
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A_Ca ]
hasOvt Rate 0.00 ippor_3 ® S40_M_Camess
® S40 R \Bvin.—,um.«mm ® S40_M_Drilling template
hesSitd-Rate 000 o S40 R_LFT'Robot Upper » S40_M_Fixatibns LGP/Hi-Lita
220, bore

® $40_011_Camera at
» S40_012_Set in position temporary

O Mafufacturing Operatic

$40_013_Driling butisirap 4.8 + © S40_012_Set in positio

Knowledge source 1:
Historical Orbital Joint
Process specifications.

Task Name Duration  Predecessors Resource Names
op_duration
op_type  Drilling Stringer 4,17(2) somins 18 C35Upper 1
n i IS requrest i : Deinstall LFT and rals 1Smins 1331 €35 Upper L, LFT
0,018, Drillng Suinger 4,17(2) 2 € S40_M_Sutsiropd sy 20 -
40 016 Dkl LPT ok ety = S40_R_C36 Upper 1 | Set up the Rixations LGP/Hi-Lite on buttstrap/stringers  %0mins 20 €35 Upper_1
$40 020 Set up the fixations LGP/HI-Lite 12/3/6/9/14/18 Left
Operations + Finalize remaining serial & part of stringerson 141 Left ~ S0mins 21 €35 Upper 1
Riveting butstraps and stablliser LU2/3/6/9/14/181ek  TSmins 22 35 Upper 1
=  Inspection L2 C35 Upper INT 1Bmins 23 35 Upper 1
© hasOperation ® $40_011_Camera at stating holes_1 Load P65 DMT/Fixing the buttstraps L4-5,7-8.10-12,13 ek 95mins 24FS+10mins 35 Upper_1
S e O hasOpeation © S40_012_Set in position temporary f $120186 Bmins 4 LFT Robot Upper
» S40_R C35LowerRight L3 hasOperation _ _ 9 Driling b Y 15220186 smins 26 LFT Robot Upper
» S40_R_C35 Rail © hasOperation ® S40_014_Drilling Stringer 4,17(1) 216 15mins 11 LFT Robot Upper
® 540_R_C35 Upper_1 © hasOperation ® S40_015_Camora at stating holes_2 ARSI Wmks % UT hobot Upper
SmSue 1S62616 1Smins 2 LFT Robot Upper
1720616 80mins 30 LFT Robot Upper
Material Process Resource Feature/Function Quality

+ Technical
characteristic - Parameter - Tool condition - Performance
- Measurement. configuration « Setup condition indicator
data collection ~ * Process sequence . Machine condition * Measure data

Knowledge source 2:
Domain experts’ knowledge.

specifications

o cugleg

Z Fraunhofer

VISUAL
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cPFL RMPFQ model

B Cognitive Digital Twins

= RMPFQ-model:

* Resource: devices, tools and means to
produce goods and services, except raw
material and product components [ISO
15531].

* Material: raw materials, product
components and assemblies etc., that is
needed to produce a certain product.

* Processes: processing and transforming
materials into the final goods by using
machines, tools and human labour.

* Functions/Features: distinguished
characteristics of a product, e.g.
functionalities like specific tasks, actions
or processes that the product is able to
perform; and/or other features like
performance

* Quality: the degree of conformance of
final product functions and features to
designed requirements [ISO 9000].

AIRBUS cPFL

QUXLITY “

Material

Process

Resource

- Technical

characteristic

- Measurement

data collection

- Parameter
configuration
- Process sequence

- Tool condition
- Setup condition
+ Machine condition

- Performance
indicator
- Measure data

- Quality parameters
- Design specifications

=

~ Fraunhofer

VISUAL
COMPONENTS
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cPFL From BFO to RMPFQ to applications

subClassOf
—_———p )
integrate_to Resource Function/Feature
r LY
. s
it Product .
Specification Design Requirement

NN

Descriptive Information  Directive Information
Content Entity Content Entity

N

Material Intangible Manufactured Information
Resource Resource Product Content Entity

RMPFQ ontology

Material Quality Process
- .
.

Business Assembly Manufacturing
Process Process Operation

Material . - i Planned

“Artifact Function Capability Process

Object Disposition _l\.,%::::f

[/ /7

material realizable

entity quality entity

immaterial
entity

Resource Product

Continuant

T10F-Core BFO

AIRBUS

B Cognitive Digital Twins

generically independent
dependent continuant continuant

&%‘/LJ

=PrL

specifically spatiotemporal  temporal Srocess process
dependent continuant region region I o boundary

Occurrent

%K—J

Entity

\

Z Fraunhofer

QUXLITY

Application
Ontologies

Application
Ontologies

RMPFQ
Domain Ontology

IOF-Core
(Middle-Level Ontology)

BFO
(Basic Formal Ontology)

VISUAL
COMPONENTS

21
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=PrL

B Digital Twins: Concept, Technologies & Applications

Ontology support new process design QUXLITY

= Knowledge captured from the existing orbital joining process is represented in the ontology
by a generalized class which contains necessary operation classes and their relationships

= When designing a new Orbital Joint Process, the new instance (e.g. Individual
RD_S40_ OrbitalJointProcess) automatically inherit the predefined properties (operations).

= |t provides starting point for Industrial System Engineer for new system design

Captured Knowledge Knowledge instantiating

AIRBUS =PFL = Fraunhofer N COMPONENTS

D. Kyritsis

ICT4SM



EPFL  Ontology in Graph Database - Neo4j QUXLITY N

n 4j@bolt://localhost:7687/orbitaljoint - Neo4j Browser

File Edit View Window Help Developer

1 MATCH (operatoin)-[relationship]-(entity) WHERE operatoin.name STARTS WITH 'N'

> L
2 RETURN *;
b3 Overview >
Graph
£ Node labels
=
) @ CImD
A
Relationship Types
Code

0 ] cavassorarn

Displaying 300 nodes, 1,386 relationships.

@

B Cognitive Digital Twins

ICT4SM

Q
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=PrL

B Digital Twins: Concept, Technologies & Applications

2D Simulation

= Generate Discrete Event Simulation (DES) model from
application ontology, which describes a design

architecture

= Automatic generation covering different scenarios for

assembly process designing

= Achieve decision supports with DES and data analysis

»

SysML & 2
Ontology  —

during industrial system design r
SysML
arser
: Tool-agno
data set fo'
gene‘a(e
Protégé DES models
‘ synchronize Ty
29 = e -
* (- -] ,9_9 Neodj = B
generate = =
o - : =
I i
;.‘._,.._L‘\._,;;. ,'.'._'/ ._'A A
)
Simple multi-criteria
trade-off concept
- - ... ® o
} o ° Y @ o
Ontology °
parser based et .- . e
L]
on SPARQL o o’ f |
2 | e ®
°?
L eee®®

AIRBUS

=PrL

QUXLITY

Pre-processing data
structure for DES

Directed
Acyclic Graph

Adjacency Matrix
representation

Data assumption & data generator

for concept visualization

BASIC_COST_RATE = 0.8

MANUAL_COST_RATE = 0.58 | nm

AUTONOM_COST_RATE = 2 #

BAISC_ENERGY_RATE = 300

AUTONOM_ENERGY_RATE = 80

Z Fraunhofer

Configuration

Generated scenarios

VISUAL
COMPONENTS

N
=

D. Kyritsis
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=PrL

B Digital Twins: Concept, Technologies & Applications

3D Simulation QUXLITY

= Once created the virtual scenario faster validation,
allows using 3D simulation from the initial design steps

» Easy validation of different cases (workers, -
resources,..), independent of the facility -

[

v

[Virtual 30 scanner (point cloud)

= Mapping from Ontology to Simulation: . iy e T

Parse the content Map the
to Python Bmmd concepts to tool EEe
dictionaries specific functions

Load the model Populate the

simulation model

file

Simulate the
production
system

Fine tune as
needed

| Extract statistics l  Visualize the
B and measure KPIs l statistics data

AIRBUS =PFL = Fraunhofer N COMPONENTS

D. Kyritsis
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Research methodology

SEI=S
]

Pilot information

17 T @
I 2
Process modeling  optimization Data analysis Anomaly
Domain knowledge detection

W

Y Y ,_
. _[e . _[e ]
L . .

I0F I0F-SE BFO

Ontology  Ontology  Ontology

Reference ontology

Define all the entities in the scope

\J

Alignment to Basic Formal Ontology

<

= - = = -
i = - o g =-= =
- = .“.° = S
- o ==
SQWRL Seasoning Visualization

Factlog ontology

SPARQL Query

oy eFACT

www.factlog.eu

Unified description of digital twins and
information across FACTLOG platform

Anomaly detection for cognition

Visualization of the interrelationships of
all the ontology entities and individuals
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Ontology framework L wFACTLOG

www.factlog.eu - —

Faclog entities

= (o

Generally dependent continuant Independent continuant Specifically dependent continuant
Spatiotemporal_region

Information Content Entity Immaterial entity Material entity Quality Realizable entity,
R, R T WW 0D T ;
! Disposition

Process boundary Temporal Region

Artifact

@ Artifact_aggregate

d-;

Reference ()

@D o
T o
TR o

Class Hierarchy
of Main Concepts

IWF Ff




Factlog Pilot Ontology S wFACTLOG

www.factlog.eu -~ —~——

Ontology “(=FACT.OC  Ontology cumFACTLOC

@Fﬁ&g@ @F&k@@ Ontology

B JEMS

Piacenza
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Factlog Pilot KG models

Knowledge graph model tymwFACTLOC

www factiog.eu

| [ Object property |

BRC

Knowledge graph model FACTLOG
Rgee W g Knowledge graph model

¥ @ Factiog_Piacenza_service

° nunhlc recovery_service
_restart_service
® nome stop_service

Knowledge graph model
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Favorites

Local scripts

MATCH (n1:owl__NamedIndividu...
MATCH (n1:owl__NamedIndividu...
MATCH (n:owl__Class) where n....
MATCH (n:owl__Class), (n1:owl_...

MATCH (n1:owl__Namedindividu...
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Sample Scripts
» [ Basic Queries
» O Example Graphs
» [0 Data Profiling

» (O Common Procedures
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