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Smart Factory

Automation

= of various individual processes
= production
= warehouse

(Enterprise-wide) integration
= of machines and processes
= factory as one organism

Control
= machines and processes
= monitoring, analytics, and diagnostics
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Smart Factory

A tc(:emg:»uhrzr-— Integrated Manufacturing Real-time Production Monitoring
u Real-time and accurate collection of Greater control over the production process

production line data
= of

’ -
Ty
= he §

Computer Integrated
Machines

Automated Process Control
Reduce the need for manual intervention
in the production line
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Smart factories
are in heart of
Industry 4.0

Environmental Conditioning and
Monitoring

Monitor and control environmental
conditions to optimize efficiency




Software View on Smart Factories

Smart factory is
= fully computerized
= software-driven (system)

Management Layer

Supervisory Layer
Control Layer

A e ) Field Devices
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Software View on Smart Factories

Smart factory is

= fully computerized
= software-driven (system)

Software levels
= embedded in machines

Ex: Conveyor belt system
= simple controlling
= positioning
= speed
= safety: emergency stop
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Management Layer

Supervisory Layer

Control Layer

7~ [Field Devices ]

Conveyor belt system



Software View on Smart Factories

Smart factory is
= fully computerized
= software-driven (system)

Software levels
= embedded in machines
= controlling several machines

Ex: Manufacturing
conveying sub-system
= combines
= Conveyer belt system
= Routing system
= Storage system

= orchestrated by complex controllers

. UNIVERSITY OF

Management Layer

Supervisory Layer

) [Control Layer ]

Field Devices

Mechatronics
Sub-System with
Siemens PLC




Software View on Smart Factories

Smar faCtory N :: Management Layer
= fully computerized =
= software-driven (system) [Supewisory Layer]
Software levels

_ _ Control Layer
= embedded in machines
= controlling several machines

P %@ Field Devices
= controlling the whole plant )

Supervisory level
= plant-wide

= jntegration

==

= orchestration of processes
= plant-wide

= monitoring

------

(Lo e = =
SCADA ::.:]‘;' - _‘__!; - w '::_?_-:v- e
. . i t S -~ i . ::- ; _ -
= diagnostics of machines and processes °°$':‘t‘e‘: e i == L
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Software View on Smart Factories

Smart factory is

= fully computerized
= software-driven (system)

= [Management Layer]

Supervisory Layer

Software levels
= embedded in machines
= controlling several machines

Control Layer

L e — | Field Devices
= controlling the whole plant A O n‘;n - -
= management level software -
= ERP
— Manufacturing resource planning
— Finance

— Human resources
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Software View on Smart Factories

Smart factory = Management Layer
= fully computerized T
= software-driven (system) Supervisory Layer
Software levels
= embedded in machines
= controlling several machines

Control Layer

an. e | 4/ | Field Devices
= controlling the whole plant ' G
= management level software -
= ERP
— Manufacturing resource planning
— Finance

— Human resources
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Software Challenges Smart factory

fully computerized and software-driven

Challenges
= Software development
= Software integration

Management Layer

Supervisory Layer

Control Layer

Field Devices

software development: ~40% of the
price of manufacturing machines

estimated by Mechanical Engineering Industry
Association (VDMA) [2011]
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Information Models for Smart Factories

Manufacturing Operations

Factory-wide info. models Knowledge

= address challenges
= SW development

IT-System Knowledge

= SW integration Engineering Knowledgs
" Ca ptu re knOW|edge Electr. & Mech. Engineering
on all SW levels Knowledge

1

Gam)

Management Layer

Supervisory Layer

Control Layer

Field Devices



Level of Detail

Information Models for S

Production Process Model
Level 0

Produce
yogurt

B

Setting up
the plant

Prepare
milk

53]

& i

Quality
Test

o]

Deployment (Prepare milk will
be executed in tank 101)

Bottling

B

j==H]1]

. - Manufactur
-
Factory wide info. models Knc
Generate | f/-———————-
/ N
Fill in Heat Hold i}"v‘("“ signal  f/{Quality Test vy
= milk ® mik | MES temperature & ik s‘:::slé ; O
= adaress chalienges "D ] e
| Qualty Quaity Test! Consequence
IT'SVSter Production Process Model Reached feti v ! desision
Level 1: Quality Test
= SW development
Create
Collect Tes
Sampl Test cieria - Sampl
= Samele Soo tst manualin Results abel
- SW o t t- Control & Print Job: label e B echnical System Model
I n eg ra |O n . . e - . HMWarchy and Attribute-Examples
Engineeril b - Nea! System o
= Take Sample as Operate Scan Label Hierard
ffg"‘l - described on . qualiy and ent 5 v ourt Produston Plant
= capture knowledge U T BT N
Sart @ Go backto
Quality Test initiating process.
Electr. & Me
O n a I | SW I eve | S Knc Equivalence (print label: original production process ®
activity, proxy in MES model) ®
MES/T Model - -
Data transfer ||
Level 0 (Signal from |\
N “TIC 101.09”
il # Attributes
o Production Production Resource W',’,’:a't'g,;"e g .d‘:,,wm.,o,,
E *g Planning 5 Execution 5K Planning process) ® g‘zs"car‘\gﬁon I
3 Production H &1 B LA+ 10102
R Y \ A LS-101.03 |
. LS+101.04
. LS+101.04 |
'l’ \I TIC 101.09 |
Manufacturing Process Model <3 Detaed ul |
sg Production - Qualty | | | caa ]
Ss Planning ] Equi
| quivalence
Product High-level High-level 8 g @ | (Collect Test MES/T Model
Product 1 Model Product 2 Model > 2 || Results: original Level 1 Quality Test
Segments a A ) MES activity,
o = L proxy in \\
Product o del)
Blueprints < cul Production process mode)
2 |(Opf=  initiaiization Plan and D4 — Collect Test Create
5 orders ] aF u % % S Results Sample
; o B \ B
Process | [T/ T A —M @ A T = > J/ \
i rocess rocess rocess rocess rocess rocess rocess [}
Routing P 1 P 2> >p 3 P 1 P 2> >P 3 P 4
I T g Data transfer (data object - Signal \
P J Sample Taking ™ will start sub MES/IT Model
rocess e e process “Create Sample”) | : ’
Segment Model I Level 2: Quality Test — Create Sample
. Equivalence (Decision about \
Process _ MES/IT Model consequences: original MES activity,
Blueprints Operation 3 Level 2: Quality Test - Chllect Test Results proxy in production process mode) Create
T z| O pattern
H
. / ? i Ry
Execution Data-driven Model ! gl
I Specified »n|s \
. S HE
Process | 5> [opemton2]  D-----------o L d H | 2 et s
- egend: 2 S for sample
Oy tion 3 O tion 3
Execution Process 2 % ) V Decision about 3 Generate signal \V/
d J Used in g | sempigfabel Open user Variance consequences & sample taking e
' o e o |s interface Enter comparision Beodon
I - : s | s with test Test - foreach test lity test
Has part 2 results quality tes
Operational beeeeeeee —ommmemeos=d 3 criteria resuit results
Data 3 —
Data flow § 8
,,,,,,,,,,,,, &
TIC = Temperature Indicator Control
[% MES = Manufacturing Execution System
Consequence [ A = Process Data Aquisition
decison PCS = Process Control System
ERP = Enterprise Resource Planning System

Refill
additional milk

Create

Production Process Model
Subprocess Level 1: Prepare Milk

Decision about
consequences
=~ based on quality

Consequence decision:

& Sample
Signal Sample 2]

akn
Testlot number

test results

1 Refill ik or
2 heat milk again or
3 rolease milk for
bottling
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Information Models for Smart Factories

Manufacturing Operations

Facto ry-wide info. models Knowledge i Management Layer

= address challenges
= SW development

IT-System Knowledge Supervisory Layer

1 1 Control & Automation
= SW mtegratlon Engineering Knowledge ( Control Layer
= capture knowledge
p g Electr. & Mech. Engineering o~ e = Field Devices
on all SW levels Knowledge v (N0 @ T

Industrial standardisation is critical
= ensures: safety, security, robustness, ...
= sets “good practices” for

.........

industrial automation
» bases for industrial information models

eeeeeee

aaaaaa

Diagram of
; IEC connector type

Organization for

Standardization | o @

INTERNATIONAL
ELECTROTECHNICAL IEC 60320 C19/C20
COMMISSION -

How well these models
solve the problems?

I‘i/!!l\'\l UNIVERSITY OF

OXFORD 3



Challenges with Existing Information Models

Reality of Information Models
= many types of models co-exist in one factory

= often incompatible models
= independently developed
= use different (often incompatible) formats
= come from different types of proprietary software
= may not come with a well-defined semantics
= specification can be ambiguous

Consequences
= applications
= ad hoc customization for various models \
= |oosely integrated
= model management is a nightmare
= development

= maintenance Can Semantic Technologies
= integration make life easier?

&asd UNIVERSITY OF
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Ontologies as Information Models % eClass’

Industrial Adoption of Sem. Tech.

= A |ot of research

= Industry started adapting Sem Tech

= Statoil, Aibel, Siemens

= OWL 2 and RDF Benefits
W3C standard
a lot of tooling

clear (machine process.) semantics
flex. data standard: storing, exch.

CLASSIFICATION AND ¥

eClE]SSﬁWL

Classification:
Preferred name:

Definition:

Keywords:

Properties:

BAI371001 -
BA1076001 -
BAI039001 -
BAH838001 -
BAIO35001 -
BAI059001 -
BAI269001 -
BAI187001 -
BAH940001 -
BAI400001 -
BAH938001 -
BAH935001 -
BAIO77001 -
BAH26001
BAI385001 -
BAIO41001 -

Classification system

Class description

Type description

- width over all

Height over all

Turbine

Gas
Turbine

hasPart /| hasPart

hasPart
Control hasPart locatedIn -
System LubeOil \

System/Ek O
hasPart InnerTurbine hasSensor Gearbox ype
ControI\L \
Unit ):I\ Senson I_l—_|Senson
‘t/ype typ\e hasPressure hasPressure {desert)
Integers Integers

ISA/D\ISA

hasPart
locatedIn
2R N

lace

type

type
\J

|
{frost}

N\

Diesel
Turbine

BAHB67001 -
BAI369001 -
BAHB53001 -
BAI038001 -
BAI461001 -
BAIO82001 -
BAIO37001 - Manufacturer country

Length over all

Material number of the coating, interio

Manufacturer drawing number
Reference norm material of the coatin

Manufacturer code of the product infor|

Material description of the coating, ext

Thickness of the coating, interior
Material number of the housing
Thickness of the coating, external su.
Code of the conformity evaluation

Conformity declaration present (Y/N)

Material number of the dynamic seal

Reference norm material of the housir
Material number of the coating, extern
Reference norm material of the dynan
Manufacturer item list number

Material key of the dynamic seal

BAH638001 - Construction of the shaft end

37-01-01-01 Gate valve [AAD643003]

Gate valve

Diaphragm slide valve Slide valve (flat plate) Slide valve (sleeve) Knife gate vaive
Bulk pusher Parallel flat slide gate valve Plate wedge gate Slide valve (elastic, flexible
wedge gate) Sluice valve with round body Wedge-type flat slide valve Slide valve
(wedge-type flat slide) Parallel slide gate valve Slide valve (parallel flat gate) Slulce
valve Slide valve (rigid wedge gate) Sleeve slide valve

=" 37 Industrial piping
=> 37-01 Metal or plastic fitting
= 37-01~-01 Gate valve
[S5F" 37-01-01-01 Gate valve S
37-01-01-07 Slide gate for waste
37-01-01-90 Gate valve (unclassified)
[85F7 37-01-01-91 Gate (parts) S
L] 37-01-02 Globe valve S
L) 37-01-03 Butterfly valve
LJ 37-01-04 Ball valve
L) 37-01-07 Condensate draining fitting
LJ 37-01-08 Reflux fitting
I 37-01-09 Safety fitting
L) 37-01-10 Appliance (incl. drive)
L) 37-01-11 Pressure reducer S
L) 37-01-12 Pigging systems
L 37-01-13 Monitors
37-01-14 Filter, Strainer
| 37-01-15 Sampling valve
L 37-01-18 Diaphragm valve
L 37-01-19 Special valve
L) 37-01-20 Valve for suction system
37-01-91 Fitting (parts)
LJ 37-01-98 valve (maintenance, service) S
J 37-01-99 Valve (repair) S
37-02 Piping (steel)

15

| 37-03 Piping (NF metal)
I 37-04 Pipeline (enameled)
I 37-05 Pipeline (glass)
L) 37-06 Pipeline (thermoplastic)
) 37-07 Piping (other metal)
I 37-08 Pipeline (maintenance, repair)
} 37-09 Air duct construction units
L) 37-10 Pipeline (distant heating, ready for installation)




QOutline

Intro

= Smart factories and the role of software
= Industrial information models to facilitate smart factories
= Ontologies as industrial information models

Our project

| Capturing
" goals Industrial Information Models with
= achievements Ontologies and Constraints

M\\ UNIVERSITY OF
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Our Project Goals Goals
1. Onto language for IIM

1. Ontology language for industrial info. models 2. Concrete ontologies
, 3. Modelling methodology
= petter understanding

and tooling
= set foundations for ontologies capturing
= master data ~ industrial standards
= domain specific model ~ concrete factories

= study
= expressiveness
= management tasks: ontology and data oriented
= algorithms: to efficiently accomplish the tasks

2. Concrete ontologies
= to show modeling capabilities and practical benefits for industry

3. Modelling Methodology and Tooling
= cost efficient for creation & management of [IM — w/o SWeb background

M\\ UNIVERSITY OF
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Our Achievements Goals

1. Onto language for IIM

Ontology language for IIM 2. Concrete ontologies
_ 3. Modelling methodology
= expressiveness

and tooling
= algorithms

Concrete ontologies
= 2 ontologies
= experiments

Modeling methodology and tooling
= SOMM systems

e

e —

WORK
IN

PROGRESS

£% UNIVERSITY OF
2

& OXFORD
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Ontology Language for Industrial Info Models

Analyzed two (sets of) industrial standards IEC 81346

A | Systems for common tasks

= Manufacturing .

. Systems of

= |EC 62264 > ISA 88 and ISA 95 | themain proces
ISO/TS 16952-10
u Energy Electrical auxiliary pollv System for storage of
= |[EC 81346 - ISO/TS 16952-10
- RDS PP and KKS
: : : Handing o offeareqf v |Conmiiceion o
= Consolidated modeling requirements ot ol ol

4 Z |systems outside of the
Heat genegfftion by combu power plant process

ISA 88/95 sources heat generatiomrTronTTaToTaTSOUTTE

-]

(g)

o

Functional 0||0Cclfi</ w Systems for administrative
or social purposes

Fuel treatment angl supp —
energy sources jfclusiveg X Ancilliary systems

m

-

=

1 J Nuclir heat generation
< May be made up of — 7 - -
| o | P . Y K lear auxiliary systems MD_[Wind Turbine System
.. an execution dependency on . —
Lo P ¢ Personnel ! ! L K, sloam, condensate o ARG ST
] B4 = "
ma(?ﬂeaypbgf Process O.n oase o 0.n . . ZMDK|Drive Train System g
u .
segment ! by<| auipment M |Systems for generation to and [MDL|Yaw System 4
2 1 transmission of electrical energ .
s a collection of Process SMDV/|Central Lubricagn System
! segment Has N |Medi | t { =
dependency o values for > edium supply system, energiMDX|Central Hydﬁlc System
o - I
P Coollng water systems iMDY Control Sfftem
Made up of Maps.
0..n X Material Personnel P 0.n AR I I
Dofinoa Material lot —] ablot class property Q |Auxiliary systems
< Define .
by ___1  Equipment R |Flue gas exha = — y 4 1 —
+ 0 Ton property 3 Prefix  Designation tasjfaspect Application
. -1
| " Ha>s | 0 Quali z F1 = Function Dx afion Main Systems, Systems,
values for | 7 test T -1 Subsystems, Basic Functions
Attribute Description Example dlue'; specification —MDA
name U |Strud
D A unique identification of a specific class, within | WJ6672892 =MDK - Product Designation Product classes
the scope of the information exchangd - —
capability, production schedule, prodi A":’a'r:‘;'e Description Examples MDL
etc.) = + Point of Installation Cabinefs, vessels
The ID shall be used in other parts of | ID An identification of the specific property. Run rate
equipment class needs to be identi - =MDV
o ity for this Template size
p ion response identifying the off pescription | Additional information about the equipment class property. | “Range of run rate for the wi —MDX + Site of Installation Building, areas
Description Additional information about the equig machines.

“Range of template sizes for RDS_PP Tontrol System I

widget machines.

Value The value, set of values, or range of the property. {1..100}

{10,20,30,40,100,200,300}

UNIVERSITY OF

OXFORD o




Energy

IEC 81346
- ISO/TS 16952-10
- RDS PP and KKS

IEC 81346

A | Systems for common tasks

=MDK40

Denomination

Torque Transmission High Speed Shaft

=MDK50

Auxiliary Systems Drive Train

=MDK51

Main Gear Oil System

=MDK52

Offline Gear Oil System

=MDK53

Common Oil Lubrication System Drive Train

=MDK54

Rotor Lock Drive Train

=MDK55

Rotor Slewing Unit

=MDK56

Cooling System Drive Train

B wonw SN COmBN

B

. Systems of

the main process
(power plants)

ISO/TS 16952-10

B [Electrical auxiliary pow, v System for storage of
C |Control and manage materials or gaods
D |Functional G”Ocdﬁ(/ w Systems for administrative
or social purposes
E Fuel treatment angf supg T
energy sources jficlusivg X Ancilliary systems
. Communication and
F andlmg of #lear eqf Y information systems
G |Water SUPM’ dlsposal Structure and areas for
: Z |systems outside of the
H Heat genegffition by combu power plant process
sources heat generatiorrronTaToTaTSTUTTES
J [Nuclgfir heat generation
K [Nggear auxiliary systems |MD_|Wind Turbine System
T er, steam, condensate PADAIRS1orS sem
- . 2 IMDK|Drive Train System y)
M [Systems for gefnelrc:tion tlo and [MDL|Yow System 4
N > i
ransmission or elecirica energMDv Central LUb[iCOﬁ System
N [Medium supply system, enerbJMDX Central Hydﬁic System
P |Cooling water systems [MDY Control Syfftem
Q |Auxiliary systems I I
R |Flue gas exha . y 4 1
Prefix  Designation tasgfaspect Application
S| -1
F1 = Function De ation Main Systems, Systems,
T -1 Subsystems, Basic Functions
=MDA
U |[Stru
—MDK = Product Designation Product classes
=MDL + Point of Installation Cabinets, vessels
=MDV
=MDX ++ Site of Installation Building, areas

UNIVERSI RDS-PP

Tontrol Sysfem I

20

Wind Turbine Model

=G002

-G003

VAR 2001

-_

Conjoint designation for Wind Power Plant:
#5154N00883E.DE_NW.ELI_TWN

Main system designation e.g. for
Wind Turbine Generator: =G001

System designation e.g. for
Yaw System: =G001 MDL

Subsystem designation e.g. for
Yaw Drive System: =G001T MDL10

Basic Function designation e.g. for
2| [« Yaw Drive 1: =<G001 MDL10 MZ010

Product designation e.g. for
% Yaw Motor 1: =G001 MDL10 MZ010-MA001

Product designation e.g. for
Yaw Gear 1: =G001 MDL10 MZ010-TLOO1




Level of Detail

Manufacturing

IEC 62264

- ISA 88 and ISA 95

ISA 88/95

| < May be made up of
0.. an execution dependency on 0.
| " 0..n P Y Personnel " 1
May be Oun class 0..n 1
. 0..n
made up of Process T Equipment
segment 1l 0 by < -}
H
1
| llecti f Process
s a collection o segment Has
dependenc values for >
P Y 0.n
0.n ) Made up of Material Personnel Maps 0.n
- Material lot — class property
< Defined 0..n sublot Eaui .
uipmen
by o ---| Eaup
0 property
.n
Has | Qualifi _
values for > | 0..n test
Attribute Description Example durel  gpecification
name test
1D A unique i of a specific class, within WJ6672892
the scope of the information exchangg " —
capability, production schedule, prodt ~ Attribute Description Examples
etc.). name
The ID shall be used in other parts off ID An identification of the specific property. Run rate
equipment class needs to be identifieg
s ility for this equi Template size
production response identifying the ed pescription Additional information about the equipment class property. “Range of run rate for the wi
Description Additional information about the equj machines.
“Range of template sizes for
widget machines.”
o Value The value, set of values, or range of the property. {1..100}
Manufacturing Process Model 110:20.30.40,100,200,300

High-level High-level
Product Product 1 Model Product 2 Model
Segments
Product N R
Blueprints N, S
% . .
\ o~
5
4 =
Process
Routing | Process 1 Process 2 Process 3 | Process 1 Process 2 Process 3 Process 4
Process Low-level
Segment Model
Process
Blueprints
Execution Data-driven Model
Process -
Execution
' ' .
' ' .
- - -
' '
Operational L T - [ S P P, ! Liaslpart
Data
Data flow

UNIVERSITY OF

' OXFORD
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How to Turn an ISA standard into an Ontology?

VocabUIary Personnel 9. Person

class 0..n Defined by
= Classes
= Main class, subclasses,
type of provenance, prov. Results 0. O
- Personnel Maps to Person
- PrOpertleS class property D BRenees property
= Data, Object, Annotation, with provenance (R %" | < Recoras g —
0. Qualification 0n --testng of test
i = test = result
. S ow to tosy_ SPecification |l used to st >
Axioms

= Properties “attached” to classes with Table 5 - Attributes of person

. Attribute Description Examples
| Typl ng name
1D A unique identification of a specific person, within the scope | 999-123-4567
of the information exchanged (production capability, N
" Defa u It Val ueS production schedule, production performance, etc.). Jane W Smith — #2
U . f | The ID shall be used in other parts of the model when the Employee 23
| person needs to be identified, such as the production
n Iq ueness O prop " Va u eS capability for this person, or a production response
identifying the person.
11 H ”
u Req u Ired pro pe rty Description Additional information about the resource. “Person information”
. . . . “Person information”
— Ca rd I nal Ity reSt”Ctlon (?) “Person information”
. . . Name The name of the individual. Joe Smith Il
u D ISJOI nt Classes This is meant as an additional identification of the resource, Jane
but only as information and not as a unique value. Eubl

= E.g. personnel & equipment

Someone has to make a design choice

GE UNIVERSITY OF on how to interpret a standard
\z. 2 OXFORD 22




A Possible Interpretation of ISA 88-95

ISA 88-95 modules Personnel | o
= Person, Equipment, Material

Person

Classes:

Personnel R Mapsto | Person

= Person, PersonClass, class property Provery
PersonProvenanceType

testing of Qualification
Qualification | . |77 test
PersonProvenanceTest | 0. st 0. result

= Engineer, Plummer, etc

Table 5 — Attributes of person

- Attribute Description Examples
Properties
1D A unique identification of a specific person, within the scope | 999-123-4567
. . of the information exchanged (production capability, Jane W Smith — #2
| I D D pt N production schedule, production performance, etc.). -
, Description, Name | Jone 0 Smi
The ID shall be used in other parts of the model when the mployee

person needs to be identified, such as the production
] DO B Ad d reSS capability for this person, or a production response
)

identifying the person.

Description Additional information about the resource. “Person information”

“Person information”

AttaChed properties for Person “Person information”

Name The name of the individual. Joe Smith Il

This is meant as an additional identification of the resource, Jane

] I D (I nt): Com pu |Sory, u n iq ue but only as information and not as a unique value. Eubl

= Name (String)

Someone has to make a design choice
@\\ UNIVERSITY OF on how to attach properties to classes
23

OXFORD




T ——— P
7 N - N
< Personnel \ . 0-/ Person
Classes s ey
Class
113 » . 0..n 0..n
= “Person” = {bob, john, ...}
Personnel P Mapsto | Person
class property property
Class of classes (?) or jobs (?) o 0.1 | Records the
L __testing of _
= “Personnel class™ = 0., | Quatfication | o,
. . < Defines a procedure specification s used to test >
{Engineers, Pilots, ...} for howto tesi]__SPeciication |15 used toest

Modeling in OWL

Class: Person Class: Engineer, Pilot

SubClassOf: Person

Class: Personnel Individual: Engineer

Types: Personnel

Individual: Pilot
Types: Personnel

Design choice is not trivial

/M.\\ UNIVERSITY OF

\ksﬁ// OXFORD
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result
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/ N
Personnel 0"/

P r i f . class 0. Defined by Person
operties of Objects

Attributes: for objects
= “Default” for objects of a given class— S

Personnel < Maps to Person >

u Eg Bob has ID, DeSC, Name class property | property

. - N
= Extra properties of objects T s
] . testing of ualitication
(for objects of a given class) 00 | Quaiication |, [T A tost.
q < Defines a procedure ification & uses o lesh 5
= Person prop. = {age, friend-of} for how o tesf]  SPecification | 1s used to test

= Defined via “templates”
= Age has ID, Desc, Value, V. unit of meas.

Table 6 — Attributes of person property

Attribute Description Examples
Table 5 — Attributes of person name
1D An identification of the specific property. Class 1 certified
Attribute Description Examples Exposure hours available
name
Pager number
1 A un|q_ue |dent|lf|cat|on of a specific person, W'th'.r! the scope | 999-123-4567 Description Additional information about the person property. “Indicates if the person is class 1
of the information exchanged (production capability, - tified widget bl
. . Jane W Smith — #2 certified widget assembly
production schedule, production performance, etc.). operator”

The ID shall be used in other parts of the model when the Employee 23 “Indicates number of exposure
person needs to be identified, such as the production hours available this month”
capability for this person, or a production response " "
identifying the person. PRI Uiy

Description Additional information about the resource. “Person information” Value The value, set of values, or range of the property. e

The value(s) is assumed to be within the range or set of 4

Person information defined values for the related personnel class property.
800-555-1212

“Person information”

Name The name of the individual. Joe Smith 1l Value unit of The unit of measure of the associated property value, if Boolean
This is meant as an additional identification of the resource, | Jane measure applicable. h
but only as information and not as a unique value.
Bubba Phone number

UNIVERSITY OF

’ OXFORD "




Default

Template

Properties of Objects

Class: Person

HasKey: ID

SubClassOf: Description min 1, description only string

SubClassOf: Name exactly 1, Name only string

ObjectProperty: PagerNumber
Annotations:

ID “pager number”

Description “descr of pager number”

Domain: Person
Range: PhoneNumber

Table 5 — Attributes of person

N

Personnel 0.2
- Person
class 0..n Defined by
0..n P

Personnel
class property

oo lEmse

Qualification
0..n

4

0..n

Person
property

< Records the| .
testing of Qualification

test

test

< Defines a procedure; specification

for how to test

Is used to test >

result

IEC 954/04

AnnotationProperty: ID
Domain: PagerNumber,

Range:

integer[ > 0]

Table 6 — Attributes of person property

Attribute Description Examples
name

1D An identification of the specific property. Class 1 certified
Exposure hours available
Pager number

Description Additional information about the person property. “Indicates if the person is class 1
certified widget assembly
operator”
“Indicates number of exposure
hours available this month”
“Pager number”

Value The value, set of values, or range of the property. True

The value(s) is assumed to be within the range or set of 4

defined values for the related personnel class property.

800-555-1212

Attribute Description Examples
name
1D A unique identification of a specific person, within the scope | 999-123-4567
of the information exchanged (production capability, -
production schedule, production performance, etc.). Jane W Smith — #2
The ID shall be used in other parts of the model when the Employee 23
person needs to be identified, such as the production
capability for this person, or a production response
identifying the person.
Description Additional information about the resource. “Person information”
“Person information”
“Person information”
Name The name of the individual. Joe Smith IlI
This is meant as an additional identification of the resource, | Jane
but only as information and not as a unique value. Bubb
ubba

Value unit of
measure

The unit of measure of the associated property value, if
applicable.

UNIVERSITY OF

HasKey is not a constraint:
does not enforce explicit ID for data

Boolean

h

Phone number

~ OXFORD




L —

i / Personnel\ 0..n
Properties of Classes

Attributes: for lasses

= “Default” for specific class /,0—«--\ 0.
= Bob has ID, Desc, Name < Personnel o ____ depele | Person

class property property

= Extra properties for classes e -
< Records thé .
= Person prop. = {age, friend-of} o Qualification | sl e | Q“"”t'éféfa“on
» test = result

= Defined via “templates” < Defines a procedure| o, gification | Is used to test >

for how to test

= Age has ID, Desc, Value, V. unit of meas. IEC 954104

Table 6 — Attributes of person property

Attribute Description Examples
Table 5 — Attributes of person name
1D An identification of the specific property. Class 1 certified
Attribute Description Examples Exposure hours available
name
Pager number
1 A un|q_ue |dent|lf|cat|on of a specific person, W'th'.r! the scope | 999-123-4567 Description Additional information about the person property. “Indicates if the person is class 1
of the information exchanged (production capability, - i :
" ) Jane W Smith — #2 certified widget assembly
production schedule, production performance, etc.). operator”
The ID shall be used in other parts of the model when the Employee 23 “Indicates number of exposure
person needs to be identified, such as the production hours available this month”
capability for this person, or a production response - -
identifying the person. Pager number
Description Additional information about the resource. “Person information” Value The value, set of values, or range of the property. True

The value(s) is assumed to be within the range or set of 4

Person information defined values for the related personnel class property.

“Person information” 800-555-1212

Name The name of the individual. Joe Smith 1l Value unit of The unit of measure of the associated property value, if Boolean
This is meant as an additional identification of the resource, | Jane measure applicable. h
but only as information and not as a unique value.
Bubba Phone number
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Personnel\ 0..n
" Person
P rt. f ( ; I class 0..n Defined by|
1 . 0..
AnnotationProperty: ID /J-“\ &
H. P | Maps to P
Domain: PersonnerlClass (\C.a;zr;f:gg:rty SRR L i
e . .
= Range: string —= o
: < Records the] e ..
testing of Qualification
HC—U On Qualification on | T test
. . . ) = test = result
8 AnnotationPro pe rty Descri pt|0n < Defines a procadure|  gpesification |Is used to test >
Domain: PersonnerlClass
Range: string
DataProperty: ClassOneCertified
GJ g . “ o ”
= Annotations: ID “Class One Certified
C_B . 0 1 . ”
o DeSCI'I pt|0n Indlcates the fan Table 4 — Attributes of personnel class property
GEJ Domaln Englneer Attribute Description Examples
name
I_ Range - BOOIean 1D An identification of the specific property, unique under the Class 1 certified
scope of the parent personnel class object. Night shift available
. 1 For example, the property “has class 1 safety training” (with
CIaSS . Englneer values of yes or no) may be defined under several different m::it::zn?xposure fous
a e personnel class definitions, such as fork lift operator and
SUbCIaSSOf Classonece rtlfled exaCtIy 1 and pipe fitter classes, but has a different meaning for each
class.
Classonece I’tlfled eXlStS {true, false} Description Additional information and description about the personnel “Indicates the certification level of
. class property. the operator.”
ClassOneCertified only {true, false} “Indicates If oparator Is avallable
for night shift.”
“Indicates the maximum monthly
Table 3 — Attributes of personnel class ST (o et &2 B
Attribute Description Example Value The value, set of values, or range of the property. {True, False}
name This presents a range of possible numeric values, a list of {True, False}
possible values, or it may be empty if any value is valid.
1D A unique identification of a specific personnel class. Widget assembly operator 0ozl
These are not necessarily job titles, but identify classes that Value unit of The unit of measure of the associated property values, if Boolean
are referenced in other parts of the model. measure applicable. Eonlen
Description Additional information and description about the personnel “General information about widget h
class. assembly operators.”

':/ OXFORD 2




Inheritance of Properties

ClassOneCertified

ClassOneCertified

Engineer

A
e

Person
Person

3 ClassOneCertified. {true} C
V ClassOneCertified. {true} C

3 ClassOneCertified. {true} C
V ClassOneCertified. {true} C

Engineer
Engineer

Table 3 — Attributes of personnel class

Attribute Description Example
name
1D A unique identification of a specific personnel class. Widget assembly operator
These are not necessarily job titles, but identify classes that
are referenced in other parts of the model.
Description Additional information and description about the personnel “General information about widget
class. assembly operators.”

29

Personnel 0.z
= Person
class .n Defined byj
9 i 0..n
/ Personnel Mo Mapsto | Person
class property property
—— 0..n
< Records the]
testing of
Qualification | - [T
0..n 0..n

< Defines a procedure
for how to test

test
specification

Is used to test >

Qualification
test
result

IEC 954/04

Q: What kind of inheritance do we need?

A: May make sense to allow different options

Table 4 — Attributes of personnel class property

Attribute Description Examples
name
1D An identification of the specific property, unique under the Class 1 certified
scope of the parent personnel class object. Night shift available
For example, the property “has ?Iass 1 safety trammg (with Monthly exposure hours
values of yes or no) may be defined under several different T
personnel class definitions, such as fork lift operator and
pipe fitter classes, but has a different meaning for each
class.
Description Additional information and description about the personnel “Indicates the certification level of
class property. the operator.”
“Indicates if operator is available
for night shift.”
“Indicates the maximum monthly
exposure hours that can be
used.”
Value The value, set of values, or range of the property.

This presents a range of possible numeric values, a list of
possible values, or it may be empty if any value is valid.

{True, False}

{True, False}

[0..20]
Value unit of The unit of measure of the associated property values, if Boolean
measure applicable.
Boolean
h




Ontology Language for Industrial Info Models

Axioms . :
SubClassOf( Turbine Equipment)

" assigning elerel) SubDataPropertyOf(hasRotorSpeed hasSpeed)
properties to classes

= |f-Then by default (A-quantifier)
= influence type of inheritance

= domains and ranges of properties SubClassOf( Conveying

Object AllValuesFrom( followedBy Packaging))

TransitiveObjectProperty (hasPart)
InverseObjectProperties(hasPart partOf)

Data Constraints
= Compulsory and default values SubClassOf( Turbine SomeValuesFrom(R B))
SubClassOf( A HasValue(R b))
(

= # of compulsory values SubClassOf( A MaxCardinality(n R B))

= functional properties SubClassOf( A MinCardinality(n R B))
FunctionalProperty(R)

= encoded as annotated
standard axioms

SubClassOf( Turbine ObjectSomeValuesFrom(hasPart Rotor))

SubClassOf( TwoRotor Turbine ObjectMinCardinality (2 hasPart Rotor))
SubClassOf( TwoRotor Turbine ObjectMaxCardinality (2 hasPart Rotor))

SEE uNVeRsITY OF Boris Motik, lan Horrocks, Ulrike Sattler:
8/ OXFORD 30 Bridging the gap between OWL and RDBs. JWS'09




Algorithms: Reasoning, Data Validation

Separate axioms and constr.
= using annotations
= axioms: reasoning
= constraints: data validation

Encode in Datalog

= gives a unified framework
for axioms and constraints

Choose the right system

= triple store or
rule inference system
= supporting
= Datalog reasoning and
= stratified negation-as-failure

= |[RIS, RDFOXx, etc

UNIVERSITY OF

OXFORD

OWL 2 Axiom

Datalog Rules

SubClassOf(A B)

B(?x) «+ A(?x)

SubPropertyOf(P; P-)

Py(?x,?y) «+ Pi(?x,7y)

TransitiveObjectProperty (P)

P(?z,?z) < P(?z,?7y) A P(?y,7z2)

InverseObjectProperties(Pi, Ps)

Py (?y,?x) + P1(?xz,?y) and
Pi(?y,?x) < P(?x,7y)

SubClassOf( A AllValuesFrom(P B)) B(?y) < P(?z,?7y) N A(?x)

OWL Axiom

Datalog rules

SubClassOf( A SomeValuesFrom(R B))

R_B(?z) + R(?z,?y) A B(?y) and
Violation(?z, a) < A(?x) A not R_B(?x)

SubClassOf( A HasValue(R b))

Violation(?z, o) < A(?z) A not R(?z, b)

FunctionalProperty ( R)

R2(?x) + R(?z,?y1) N R(?z,7y2) A

not owl:sameAs(?y1, 7y2)
and Violation(?z, a) + R-2(7x)

SubClassOf( A MaxCardinality(n R B))

R_(n+1)_.B(?z) + /\ (R(?x, ?y;) A B(?y:))
1<i<n41
/\ (not owl:sameAs(?ys, 7y;))

1<i<j<n+1
and Violation(?z, o) < A(?z) A R (n+1)-B(?z)

SubClassOf( A MinCardinality(n R B))

Rn.B(?z) < \ (RQz,%y:) A B(?y:))
1<i<n
/\ (not owl:sameAs(?y;, 7y;))

1<i<j<n
and Violation(?z, o) < A(?z) A not R.n_B(?x)

31



Our Achievements Goals
1. Onto language for IIM

Ontology language for IIM 2. Concrete ontologies
” lizati 3. Modelling methodology
= formalization and tooling

= algorithms

Concrete ontologies
= 2 ontologies
= experiments

Modeling methodology and tooling
= SOMM systems

&asd UNIVERSITY OF

%’ OXFORD
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Ontologies

Manufacturing ontology
= based on IEC 62264
= 79 standard axioms
= 20 constraints

Turbine ontology
= based on IEC 81346
= 121 standard axioms
= 25 constraints

23 UNIVERSITY OF

OXFORD

Manufacturing Process Model

High-level High-level
aProduc} Product 1 ﬂodze I’%‘O dz‘ll
.
Product o
Blueprints . ~
Process el Sa T ST, ~
Routing | Process 1 Process 2 Process 3 | Process 1 Process 2 Process 3 Process 4
[ |
E SProcess Low-level
éli egment ._.- Model
° Process
% Blueprints "'
Execution Data-driven Model
Process
Execution Legend:
_____ Sl
Operational iasbalt
NS pete L Dasfov___
Turbine
O
Gas ISA/ \ Diesel
Turbine ISA Turbine
hasPart locatedin
hasPart hasPart [ hasPart % V N\
Control hasPart locatedIn
System LubeOil Nlace
I_T_l Systeny:k d
InnerTurbine Gearbox
hasPart hasSensor type . type
type
Control ¥ \
Unit F\ Senson |_|__| IFl Senson res
desert frost
type type hasPressure hasPressure { b {frost)
ART ART2 Integers Integers
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Manufacturing Experiment

—+— # of Triples in Simulated Datasets

. 60,000 + -I-- # of Triples after Constraint Validation
Ma n Ufactu rin g data 45,000 + —+— # of Constraint Violations Detected
™ Constraint Validation Time
30,000 T pom Query Answering Time

= simulated by Siemens
= two types of products 5,000 |

= two configurations 2000 T

= manufacturing that violates
the model specifications 500 T
(too much material is used) 207

= manufacturing according
to specifications o |

= 6 data sets: 50 2> 1x1076 0

750 T

Time (ms)

7% T
50 T

Y

106

108

10

103

—102

—101

3 monitoring queries

= Q1: find all products that use material from a given lot

= Q2: find all material lots used in a given product

= Q3: find the total quantity of material in lots of a specific kind
Results

= C. validation, Q. answering is feasible on stock hardware: 87s

over data datasets with ~1 million triples
OXFORD 2

/@ﬂ\ UNIVERSITY OF

Number of Triples / Violations



Gas Turbine Experiment

Anonymized dataset

= from 800 real gas turbines
sensor readings (temperature, pressure, rotor speed and position)
associated processes (e.g., expansion, compression, start up, shut down)
converted from a relational DB into RDF
25,090 triples over 4, 076 individuals.

3 monitoring queries
= Q1: find all core parts, equipment & current state of all turb. of a given type
= Q2: find all components involved in a compression process
= Q3: find temperature readings of turbines of a given type

Results
= Constraint checking and query answering: < 2s
= 1,582 constraint violations

QR UNIVERSITY OF

#) OXFORD s



Our Achievements

Ontology language for IIM
= formalization
= algorithms

Concrete ontologies
= 2 ontologies
= Experiments

Modeling methodology and tooling
= SOMM systems

e UNIVERSITY OF

%’ OXFORD
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Goals

1. Onto language for [IM

2. Concrete ontologies

3. Modelling methodology
and tooling

See demo later today!




Summary Goals

1. Onto language for IIM
Use case analyses 2. Concrete ontologies

_ _ 3. Modelling methodolo
= Smart factories and the role of info models and tooIi?mg 9
» |ndustrial standards
= Manufacturing (IEC 62264 ), Energy (IEC 81346)

Foundations of ontology language to capture lIM
= Capturing with axioms and constraints
= Algorithms for constraint verification and query answering

Concrete ontologies
= 2 ontologies: Manufacturing, Energy

e e

= experiments SR
~ WORK |
Modeling methodology and tooling | IN

= SOMM system PROGRESS

£% UNIVERSITY OF
2 135

%’ OXFORD
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