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Motivation

= The Good

= Heterogeneity Engineering since Distributed Database Systems
= Language / Transformation Engineering since Model-Driven Engineering

= The Bad
= Dealing with Views, Interfaces, (In-)Consistencies still in its infancy

= The Ugly
= Lots of implicit conventions, hidden knowledge around
= Missing domain knowledge
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MDE: From Software to Systems

Main Motivation: Ubiquitous computing, software, models

Models

Computers Software
everywhere?

everywhere everywhere

Computer Software Model
Assisted Intensive Driven
Design Systems Engineering?
X'%NH} J. Bézivin. Software Modeling and the Future of Engineering. STAF Keynote, 2014. 4 -
X



The CPPS Domain

Scope and Scientific Challenges

= End-to-End Interoperability « Realization of Self-X Functionalities

5 i Cl'""‘"- "\..: ~ . &
System Design of CPPS Cyber Space Basic Technological Foundations

.(Juamy \ Avauabthty _

Errors - -
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Ressources Energy Supply
Real Space aris,
Supplier Engineering r Production Customer

Lifecycle (Product und Production System)
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Virtuality Reality

J
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Separation of Problem Space and Solution Space

Domain Engineering vs. Support Engineering

Engineering
Fields

/\

Domain
Engineering

{incomplete,
overlapping}

Support
Engineering

/ \ {incomplete,

overlapping}

| | | |
Robotics Civil Process Model
Engineering Engineering Engineering Engineering
Electrical Mechanical Data Service
Engineering Engineering Engineering Engineering
ﬁil&ﬂi J. Bézivin. Software Modeling and the Future of Engineering. STAF Keynote, 2014. 6 :
X



Taking a closer look at CPPS

Problem and Solution Clusters

=  Sub-Domains

= Economics )
= Logistics
= [nternet of Things
= Mechanics ] ..
= Electrical Engineering - Main Characteristics
= Mechatronics = Mul'_u—dlsmpllnary fleld
= Control Engineering » Socio-Cyber-Physical Systems
= Enterprise Engineering
= Robotics
= Support Engineering )
» Product Line Engineering
= Model Engineering Main Challenges
= Ontology Engineering = Which solutions are usable by domain
= Requirement Engineering — engineers?
= Component Engineering =  Which adaptations are necessary for
= Document Engineering the specific domain?
= Agent Engineering

>
—

\'

1 i
—



Introduction | eyl ea @il 8 Model Exchange > Resume >

Content

Introduction
= Modeling and Model-Driven Engineering in Software Engineering
= Cyber-Physical Production Systems (CPPS)

MDE in CPPS I: Interface Integration

MDE in CPPS Il: Model Exchange

Résumeé




Interfaces within a manufacturing company
Clear definition of system boundaries (ERP — MES — SCADA/RFID/PLC)

Enterprise Level Business Planning and Logistics
time period: quarterly, Production Planning,
monthly Aant Management, etc

Level 4 Interfaces addressed

. -
Shop Floor Control Level nufacturing Operations and Control /

time period: weeks, shifts | ching Production, Detailed Production Scheduling, SEIN

per day Reliability Assurance, etc in[pet 3 ancl4
N L | -

Shop Floor Field Level Batch Continuous Discrete

time period: minutes, Sontrol Control Control

seconds
Levels2,1,0

Blﬁ Source: ISO/IEC 62264-1 N
Xﬁ/\n Enterprise-Control System Integration 9
x Part 1: Models and Terminology




Functional Enterprise-control model

Source: IEC 62264-1
Enterprise-Control System Integration
Part 1: Models and Terminology
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and Engineering

e The model describes 31 information flows between the 10

enterprise domain (level 4) and the control domain (level 3)



Types of Information Exchange between Level 4 and Level 3

Business Planning and Logistics
Production FAanning,
Fant Management, etc

Production Production Production Production
Definition Capability Schedule Performance
Information Information Information Information
How to make a product What is available — When - Scheduling Performance Analysis
— bill of material Resource planning

Manufacturing Operations and Control
Dispatching Production, Detailed Production Scheduling,
Reliability Assurance, etc

IS Source: |IEC 62264-1
\%fﬁ{%; M/ Enterprise-Control System Integration
NVXT Part 1: Models and Terminology
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ISA-95 Information models
B2MML: XML serialization of the ISA-95 models

Source: IEC 62264-1
Enterprise-Control System Integration
Part 1: Models and Terminology

Modell aus Teil 1,2 und 5

Information About Information
Equipment Classes About Equipment

XML Modell

Equipment
Ciass - Equipment

lnformanon About
Equipment Classes

Information
About Equipment

-...l......l. ....l-"l..-

XML-Schema

<7xmil version="1.0" encoding="UTF-8" 7>
- <wsd:schema xmins:xsd="http: / /www.w3.0rg/2001/XMLSchema" targetNamespace="1
xmlns:EztEndEd-”hﬁa:Ifwww.wbﬁnrgIxmlIh2mml-vl]3[lB-Extensiuns" elementFormi

<l- Inclu

Comnon schena -

<xsd: lnclude schémaLacatmn— B2MML-v0300-Common.xsd" />

hems =

<xsd: IITIDDI't namespace=" Ilttp / fvaveve.wbf.org/xml/b2mml-v0300-extensions” scher

+ exed annntatinn>

O .'- ol .
o A ua}.b'e made ug of *.,
- % o "a
...' o... ..P n -...
s Equipment 5 Jon ~
: Class = - Equipment s
: 0..n . Den!ed by <
: ] H 3
-
E Has : E Has s
: pmpemeosf § : values for $
: - - -
: : $ $
s o.n : : 0.n :
.g k - = g
5 Equipment s Maps o 3 : Equipment H
. Class Property oo - -|- - Property E
-
. . . :
L ....c-n-.o.é.- — $
" is testea | 1.n ..;j S e on :
*e,, DY 3 & " % Equipment ¥
TN -'.. Equipment 'l.. == ======p Capability Test ...
Information About $ 0.0 e Sl < e Result i
. — t
Capability Tests 1Y = o
%, opslifeg 2 o
ey - "'C---o-oo-o.uooac.-..”"

- -
....l-l‘..ll.....

i Il-fln tion” type=" i
="Equi " type="| Type" />
"Equi tClass" type="E tClassType" />
= Eqummenttapnhllltv‘l‘estSnectfn:imnn type="EquipmentCapabil
ex Type ->
ame="EquipmentIinformationType">

InformationType” />

me="ID" type="IDType" minOccurs="0" />

me="Description” type="DescriptionType" minOccurs="0" maxOccL
me="Location" type="LocationType" minOccurs="0" />

me=" Puhllshednate type="PublishedDateType" minOccurs="0" />
me="E " type="Equi Type" minOccurs="0" maxOccurs
me="EquipmentClass" type="EquipmentClassType" minOccurs="0"
me="EquipmentCapabilityTestSpecification" type="EquipmentCap
0300 —>

e ded:Eaui

tInformation” minOccurs="0" maxOccurs="1" /
me="Any" type="AnyType" minOccurs="0" maxOccurs="unbounded

ame="EquipmentType'>

me="ID" type="IDType" />

me=" Descrlpbun type=" Des:ﬂphonTvpe minOccurs="0" maxOccL
me-' operty” type=" opertyType" minOco
me="Equipment" type="E tType" minOccurs="0" maxOccurs
me=" Equinmen:clasle type=" EquipmentclnssmTvpe minOccurs
me="Maint: questID” type="Maint questIDType"

ﬁme— MaintenaanurkOrderlD" tvp ="MaintenanceWorkOrderIL

=me="Location" tiype="LocationType" minOccurs="0" />

-
Extended.Euulnment minOccurs="0" maxOccurs="1" />
me="Any" type="AnyType" minOccurs="0" maxOccurs="unbounded

ame="EquipmentPropertyType ">
ame="EquipmentClassType" >
ame="EquipmentClassPropertyType">

ame="Equi apabilityTi ificationType">
ame="TestedEquipmentPropertyType">
ame="TestedEquipmentClassPropertyType'>

12



REA Ontology (ISO 15944-4)

Resource Event Agent Business Ontology

RESOURCES: goods, services, labor, rights — have utility, are scarce and are
under the control of a legal or natural person

EVENTS: are occurrences in time that relate subsequent process states to
each other

= |ncrement event: gaining control of a resource

= Decrement event: loosing control of a resource

AGENTS: enterprises, departments, persons (accountable for, participate in,
initiate)
REA differs two kinds of business activities

» EXCHANGE (Transfer) exchange of resources between business partners

= TRANSFORMATION ,production process" - implicit exchange and
conversion (use, consume, produce)




Source: FFG BRIDGE-Project REAlist
REA Meta MOd el Mayrhofer, Mazak, Wally, Kratzwald, Huemer, 2014

MOF Level REA Schematic Example

Meta
Meta-Model
(M3)

Tlnstance of

REA-DSL
Meta-Models
(M2)

Instance of 71
REA-DSL Models ﬁ" \ { o

o 55340 = =2

5.;.,1:.;«- r.f -Iu:m—-
Salesman  Salesman  Shopfsustant Customer ” S & r— x b
Tlnstance of — A - A A R
” 1 ’ \ : (s
SaleCommitmentTable : CashAccounts | Employee | Y
InSta nce/ DB Order Order Salesman Account  Balance
d ata Nr Date [T}
(MO) 32 Sept 61982 | John 1234 700 Euro | .. 1 John

4543 155 Euro | ... 2 Lisa




REA: Value Net and Value Chalin

EXHIBIT 3-2

Relating Value Suppliers External View Customers

System “

and Value . Goods and Payment for

R P. f .

Chain Levels  focoiices input resources services for goods and

l ’ custcimers senzces
Interal View ENTERPRISE
Acquistion e Saleg
payment : : collection
process Provides process Provides process
input goods and
resources services

; Source: Enterprise Information Systems:
X A Pattern-Based Approach, Dunn et al., 2004




InteGra 4.0 Approach

e
- --——---'—--
——

- .
—-.____--
-
-

Model-driven Smart Engineering: Alignment
of the concepts of REA and the models of
ISA-95

*  Horizontal integration through value
networks

«  Vertical integration and networked
manufacturing systems

+ End-to-end digital integration of
engineering across the entire value chain

o

Business functions across
the entire value chain , from
the moment an order is
placed right through to
outbound logistics

ISA-95 describing information
flows between the enterprise
domain and the control
domain

MES
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Engineering of CPPS

= Industry 4.0: computerization of manufacturing

= Principles
= Interoperability: the ability of CPPS and
humans to connect and communicate

= Virtualization: a virtual copy of
the factory with sensed data

= Decentralization: the ability of
CPPSs to make decisions on their own

= Real-time capability: monitoring,
analysis, planning, execution

= Modularity: flexible adaptation of
smart factories to changing requirements

= Challenges
= Multi-disciplinary domain
= Heterogeneous document/tool landscape

overall system design
, -~

/ \

; OO
0@ '

echanical | @) I electrical

engineering engineering

i

software
engineering

{ '=domain @ = tool O = doc

o



Introduction: Engineering of industrial production systems

Industry 4.0
overall system design

Lab-sized flexible manufacturing system:

- hardware parts: turntables, motor, RO
Raspberry PI, Field 1/0 modules, ! :.D\\

electrical
engineering

electrical wirings.

- software: Raspberry Pi programs
(IEC 61131-3 standards, PLC
programming)

echanical
engineering

. a2

software
engineering

H ‘ e ) .]';.‘-’. s

1

F et J

( ' =domain @=tool O =doc

= Equipment Center for Distributed Systems,
Institute of Ergonomics, Manufacturing Systems
and Automation at Otto-v.-Guericke University

Magdeburg. [




Problem Description

= Different engineering disciplines are
involved in the engineering process

= Engineering steps are often done in parallel

= Current solutions often lack support for...
= Versioning
= Linking different engineering artefacts

act Overall Engineering Process
Part Design

Standard Plant Planning

Planning
|

¥
[ Standard Plant |

J

[ Abstract Material
|__Flow Simulation

Real Plant Planning

¥
Real Plant .
L Plannin r]-——-l Quotation

Construction/
Manufactoring

act Functional Engineering ‘ Mechanical
Engineering

T
|

HMI

1
ing

Robot Electrical Control
Simulation Engineering Engineerin
I

[

Enginee
J

Refined Material
Flow Simulation

T
Robot Offline Virtual
Programming Commissioning

Commissioning/
Production

|
Pre-
Commissioning

Typical industrial plant engineering process
R. Drath, B. Schréter, and M. Hoernicke,
“Datenkonsistenz im Umfeld heterogener

Engineering-Werkzeuge”,

in Automation Conference, 2011, pp. 29-32.
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Artefacts found in CPPS Engineering Process

Condensar

Typical operating ranges

Abzorber & 3510 50 °C and 510 205atm of sbrolute pressure
Regenerstor |u|'$lo 128 °Cg
oy

(Hz8 +COz)
Aeid 03

0 1.7 stm of absolute pressure

I3 Derno-Process-LevelControl-Plc i
Flle Edit Search View Functions Mode Help

G[z[=[e[[a[a]o] u]

L
[}
z
H

@
£
1

[P orua

[ -] setop | Pi.Mode.opau

i @ Pulse

MotoraggrFo
st onf—=--.,

e [—
m | @ xor

@

»

3

w
[=jujeTulu Repa s

SetDv | Reset

(o5 ] o5 [ Pump ¢

[ TLog
3 Components

Sensorfo
VALl

Lol

jear

3D mechanics

| b=, {nusn; I

load
n__n

b3={0.0,0}

b=
. b4=0.073.0}

3 r4={0,1,0} &

MValveFo
ord

m-{u 1.0}

state machines

CrurseControl_init(_C_CruilseControl ¥ _C_)

b
P

time>3

CruiseSpeedMat_init(&(_C
CruiseState H:lt_m:l.tr&'
{_€_-=_M_condact_0}
Throt‘tl—fmd initis
- M init) =

- CO_CruiseSpeediat));
3 CruiseStateMat) )

A true

C_-=_C4_Throttlecmd) | ;
‘trua

o1d CruiseControl(_C_CruiseControl + _C_}
bool
bool

bool

BrakePressed;
AcceleratorPressed:
SpeedOutOffLimits;

Detect Pada'l..F'
BrakePressed
acceleratorPr

Cn DetectPedal Pressec
ectPedals Pressed,_0

Detect peedlel‘t"

n Deté-’t’p”? 11ta ._G




Engineering of CPPS: Common Format?

= AutomationML (AML)

= Emerging standard for tool data exchange

= Foundation for harmonizing engineering
data coming from an heterogeneous tool
network by means of a unified format
and data model

overall system design

electrical
engineering

COLLADA
CAEX IEC 62424 ISO/PAS 175062012
Top level format i Geometry
Kinematics '
ObjectA software
Planttopology . .
information Object Ay PLCopen XML @ engineering
Mechatronics ol Behaviour £
: Sequencing - .
Communication ObjectAy f+— | = ( ) = domain @ = tool O = doc
i Further formats
» Furtheraspects of B
i engineeringinformation |—— | |

= AutomationML website: http://www.automationml.org

= |[EC 62714 - Engineering data exchange format for use in industrial automation systems engineering - AutomationML,
www.iec.ch, 2014.




Our AML Research Topics

Modeling THERE
AML overall system design C .
onnections
echanice
engineering
Evolution
Linking Support
AML software
engineering
(:‘ = domain @ = tool O = doc
YO 23



Our AML Research Topics

Modeling THERE
AML overall system design .
R Connections
; OO
I .. )
echanic.’ | @)
engineering 00
Evolution
Linking Support
AML software
engineering
(:‘ = domain @ = tool O = doc
TR 24



AutomationML =
Automation (Markup | Modeling) Language?

Toolbex - @ X
& AMLBaseRoRClasslib
k  Fointe

O Stucture
Faces

ow | Plant Model

O Process

) Product
» Resource
AMLCSRoleClasslib
AMLExtendediicleCl,

AMLMIRoleClaysLib ;
» AMLMURcleClasclin
» AMLPRoleClasalib M d I 1 — M d I 2
BxComponets - o u e ki o u e
% PaUs * s

a Connecions
k  Pointer |

/ Affihationlink

f— i v
— Aspirator

SW component2 ——— P ——— M nepirator}
! - P-JST r . I
» SrorageC omponants I l i

UsesDefinedRoleCles... ] { (a) i :'i':
Uses DefinedRoleClas... Max1 Min1 Jaatveye Funnel v " Max2 Min2 Mf"Sd | funnel i w
UserDefinedRoleClas. Belt1 locked1) : Trigger| : |Blockedd ¥ .

4 Ussr DifingdRoloClac...
Yo y——— : [ B O S— > |1
H (g‘}(.,..

(A) ‘ < )
& Softwarebicdul 2 ;s']i.... A

Consumer

7 Pronder

=

; i(*’ll"\(fnﬂlrll SWoomponentl
) r

& PressureConv..

v

@e © QT.J

) Scales

| e e e e

= S. Faltinski, O. Niggemann, N. Moriz, A. Mankowski: AutomationML: From data exchange to system planning :
and simulation, in Proc. of ICIT, 2012, pp. 378-383. 25




AutomationML =
Automation (Markup | Modeling) Language?

= Object-Oriented Format
= Automation object: physical or logical entity in the automated system

= Tree-Based Format?

= Plant topology information: The plant topology acts as the top-level data
structure of the plant engineering information and shall be modelled by
means of the data format CAEX according to IEC 62424:2008, Clause 7,
Annex A and Annex C. Semantic extensions of CAEX are described
separately. Multiple and crossed hierarchy structures shall be used
by means of the mirror object concept according to IEC 62424:2008,
A.2.14. Mirror objects shall not be modified; all changes shall be done at
the master object.

. i - .
<InstanceHierarchy Name="Parent child relations example">

<InternalElement Name="0ObjectA" ID="GUID1">

ObjectA

<InternalElement Name="ObjectA_1" ID="GUID2"/>
ObjectA_1 <InternalElement Name="ObjectA 2" ID="GUID3">
ObjectA_2 <InternalElement Name="0bjectA_2_1" ID="GUID4"/>
- </InternalElement:
ObjectA_2_1
</InternalElement>

Blr </InstanceHierarchy> |
P A4 A\
T 26




From Tree-based to Graph-based Representations
Language Engineering via Metamodeling

Graph Theory Metamodeling Stack Linguistic
« formalized_b definesp Meta-
TypeGraph = Meta-Metamodel
Language
N
g 8
n [72)
£ | £
S| S
C [
8! 8
disa « formalized by defines p
Graph TypeGraph Metamodel Language
A N\ AN
o, S
0! o |
£ £ !
£ g
« formalized by represents p
Graph Model System
= T. Kihne: Matters of (Meta-)Modeling. Software and System Modeling 5(4), pages 369-385, 2006. 27

= G. Engels, C. Lewerentz, M. Nagl, W. Schafer, A. Scharr: Building Integrated Software Development
Environments Part I: Tool Specification. ACM Trans. Softw. Eng. Methodol. 1(2):135-167, 1992.




AutomationML by Example

eClassVersion

) Min. Rotation Speed Instance Hierarchy (IE, ExtInt)
Name Min. Rotation Speed A °[§ [AF Plant
Description A m FlexibleManufacturingSystem { Class: Role: Resource}
Value 5800 ~ ~ ) [If] TransportationLine {Class: Role: Cell}

= Equipment Center for Distributed Systems, LB ~) [I) Tumtable_M_IS {Class: Turntable_M_IS Role:}
Institute of Ergonomics, Manufacturing Systems unit = +) [[] M1 {Class: Motor Role:}
and Automation at Otto-v.-Guericke University Ll <) [iE] ISL { Glass: InductiveSensor Role:)

Nominal Speed
M agd ebu rg. Rt SupportedRoleClass: MechatronicAssembl

System under Study

System Unit Class Library

(SUC’ |E, Extlnt) v ) [IPAOWiring {Class: Role: PhysicalNetwork}
Pl-based C?ntro”er ~) Ef GeckoExampleSystemUnitClassLib_PlantComponents RoleRequirements; Resource
4 ~ ) [5if) Motor {Class:}
o _ | «0 MotorAn_PinA {Class: Signallnterface ROle ClaSS LiArary (RCy Ethnt)

D SupportedRoleClass: 27-02-25-01 DC-Motor (IEC) Resource {Class: AutonationMLBaseRole}

. SupportedRoleClass: Deyice Product {Class: Autor|ationMLBaseRole}
Etht;rnet Cable (hw) Connec‘tor (sw) il Al Rkl f— — process [ClassiAutom tio.nMLBaseRCﬂE}

5 = ~ @ Turntable {Class:} A Structure {Class: AutomationMLBaseRole}
WAGO |I0/A <) [iE] myMotor {Class: Motor Role:} ProductStructure {{Class: Structure}

ProcessStructure {{Llass: Structure}

=]

—

) [IE] myInductiveSensor {Class: InductiveSensor Role: }
~ ResourceStructure [ Class: Structure}

[sRf] SupportedRoleClass: MechatronicAssembly

Interface Class Library (IC)

Cell {Class: RefourceStructure}

MainGroup {Class: ResourceStructure}

AutomationMLInterfaceClassLib
~ ﬁ Y ! ! FunctionGroup|{ Class: ResourceStructure}
10 Cable_Motor ~) +o AutomationMBaselnterface {Class:} - SubFunctionGrgup {Class: ResourceStructure}
10 Cable_Sensor v) #0 Order {Class: AutomationMLBaseInterface} | MechatronicAssembly {Class: ResourceStructure]
J . 1 I I I I I
«0 PortConnector {Class: AutomationMLBaselnterface} MechanicalAssembly {Class: ResourceStructure}
«o InterlockingConnector {Class: AutomationMLBaselnterface} |_| MechanicalPart {Class: ResourceStructure}
«0 PPRConnector {Class: AutomationMLBaselnterface} Device {Class: ResourceStructure}

r I I I I I I
~) =0 ExternalDataConnector {Class:AutomationMLBaseInterface}u

)‘/ HX «o COLLADAInterface {Class: ExternalDataConnector} 28
«0 PLCopenXMLInterface {Class: ExternalDataConnector}

I I I I I I I
+) =0 Communication {Class: AutomationMLBaselnterface}




Metamodeling AutomationML

= AutomationML family is defined by a set of XML Schemas

= Systematic metamodel creation process
= Step 1: Generative approach to produce initial Ecore-based metamodel
= Step 2: Refactorings for improving language design

= Resulting metamodels

= are complete and correct with respect to XML Schemas
= allow to import/export data from/to XML data

XSD <::Correspondences::> Ecore
N l N
conformsTo E E implies conformsTo i
1 \/ :
Metamodel
AML XSDs Transformation > AML Metamodel
n ! N
conformsTo | implies conformsTo
| Model :
ode
AML XML Transformation AML Model

= A. Schauerhuber, M. Wimmer, E. Kapsammer, W. Schwinger, W. Retschitzegger: Bridging WebML to
Model-Driven Engineering: From DTDs to MOF. IET Software 1(3), 2007.
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AutomationML Metamodel Exceprt

RoleClass (RC)

*

EO.. ®

-

t. 1Y

RoleClassLib
(RClib)

<P

0..*

Model (M)

+baseClass
0.1

+baseClass I 0.~
0.1

SystemUnitClass

fileName: String

schemaVersion: String

o

SystemUnitClassLib

(SUClib)

SupportedRoleClass

(SRC)

(SUC)

InstanceHierarchy

(IH)

InterfaceClassLib

(IClib)
$

¢

(RR)

RoleRequirement 1

defaultValue: Strin
unit: String
value: String

nternalElement
(IE)

+partnerSideA
1\

IntenalLink (IL)

+partnerSideB

WV VY

0..70."

+baseClass
0.1

InterfaceClass (IC)

~

YA

Externalinterface

(E xtl)

\ 0..1prototype /}

= S. Biffl, A. Lider, E. Matzler, N. Schmidt, M. Wimmer: Linking and Versioning Support for
AutomationML: A Model-Driven Engineering Perspective, accepted for INDIN, 2015, pp. 1-8.
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AutomationML (AML)

metami
.ecore

(from .xsd)

(Ql = AML editor
-’

eClassVersion

1

s ) Min. Rotation Speed
«Conforms tO» Name Min. Rotation Speed
model - - I H ’, Description
- y: Value 5800
~) 1] FlexibleManufacturingSystem {Class: Role: Resource petaitalue
Unit 1/s
A E TransportationLine {Class: Role:} DataType xsinteger

Nominal Speed

~) [IE] Turntablel {Class: Turntable Role:}
A [E] M1 {Class: MotorRole: }
SupportedRoleClass: 27-02-25-01 DC-Motor (IEC)
SupportedRoleClass: Device
~) %9, Interfaces

«0 MotorAn_PinA {Class: Signallnterface}
A [E] IS1 {Class: InductiveSensor Role: }

SupportedRoleClass: 27-27-01-01 Inductive Proximity Switch
SupportedRoleClass: Device
A) %9 Interfaces

«0 SensorValue_Pinl {Class: Signallnterface}

SupportedRoleClass: MechatronicAssembly

<__-———

RoleClass (RC)

<@

RoleClassLib
(RClib)

Model (M)

- fileName: String

¢

+baseClass
0.1

- schemaVersion: Strin

InterfaceClassLib

0.:*

SystemUnitClassLib

(SUClib)

SupportedRo

+baseClass

0.*

nstanceHierarchy
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(IClib)
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* 0.
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rotetype 0

Attribute (Attr)
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RoleRequirement 1
(RR)
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- defaultValue: Strind
- unit: String +baseClass
- value: String 0.1
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1

«represented by»

+) [If] ControlCabinet {{ (4 Link_IOCable_Motor
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AutomationML (AML)

metam
.ecore

(Q‘ = AML editor
-’

model:: SUCIib

v ﬁ PhysicalCommunicationDevices
A
A PiProgram {Class:}

v ) =0 MotorAn {Class:}

LogicalCommunicationDevices

v ) =0 SensorValue {Class:}
«0 ReadRegisterSensorState {Class: ModbusTCPMasterRequest}
«0 WriteRegisterMotorAn {Class: ModbusTCPMasterRequest}
SupportedRoleClass: CommunicationRoleClassLib/LogicalDevice
v ) [su] IOMapperApplication {Class:}
+ ) [Si] ModbusLogicalConnection {Class:}
v ModbusRequestPackage {Class:}
v ModbusResponcePackage {Class:}
-~ PlantComponents
v Motor {Class:}
v InductiveSensor {Class:}
-~ Turntable {Class:}
~) [I£] M1 {Class: Motor Role:
SupportedRoleClass: 27-02-25-01 DC-Motor (IEC)

SupportedRoleClass: Device
~) %9, Interfaces
«0 MotorAn_PinA {Class: Signallnterface}
+ ) [if] IS1 {Class: InductiveSensor Role: }
SupportedRoleClass: MechatronicAssembly

D" .
RoleClass (RC) (<@ WORSRaSLY; <—40 - Model (M) I‘ o] IntertaceClassLib
(RClib) ‘. ; (IClib)
- fileName: String
0 +baseClass schemaVersion: Strin
0.1 1 9.1 ¢
0.* 0.*
~~~~~~~~~~~~~~~~ SystemUnitClassLib InstanceHierarchy
AAAAAAAAAAAAAA (suc“b] (lH)
+baseClass | g.ir
\\\\\\\ ystemUnitClas:
(suc) A 0.*
SupporntedRoleClass —
(SRC) +prototype ntema(lli'l)ement
5y ' IntemalLink (IL
- T —
s +parinerSideA "pa“"ers'd‘:B Y] FE
0.7 —
Attribute (A
ute (At InterfaceClass (IC)
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unit: String +baseClass
0. value: String 0.1 0..1prototype
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AutomationML (AML)

(Ql = AML editor
-’

model:: RClib

A AutomationMLBaseRoleClassLib

~ AutomationMLBaseRole {Class:}
v Group {Class: AutomationMLBaseRole}
Facet {Class: AutomationMLBaseRole}
(0 Port {Class: AutomationMLBaseRole}
Resource {Class: AutomationMLBaseRole}
Product {Class: AutomationMLBaseRole}
Process {Class: AutomationMLBaseRole}

A Structure {Class: AutomationMLBaseRole}
ProductStructure {Class: Structure}
ProcessStructure {Class: Structure}

~ ResourceStructure {Class: Structure}
Cell {Class: ResourceStructure}
MainGroup {Class: ResourceStructure}
FunctionGroup {Class: ResourceStructure}
SubFunctionGroup {Class: ResourceStructur

MechatronicAssembly {Class: ResourceStructure}

MechanicalAssembly {Class: ResourceStructure}
MechanicalPart {Class: ResourceStructure}
Device {Class: ResourceStructure}
PropertySet {Class: AutomationMLBaseRole}

v CommunicationRoleClassLib

v ModbusTCPRoleClassLib

~) [ EClassRoleClassLib

~ EClassClassification {Class: AutomationMLBaseRole}
A 27 {Class: EClassClassification}

Madel (M) I B itsitsteCinesli

- fileName: String (IClib)
- schemaVersion: Strin ’

+baseClass
0.1

SystemUnitClassLib
(SUClib)

0.1 0.

+prototype,

nternalElement
(IE)

IntemalLink (IL)

+partnerSideB| |[0.70..7(0.."
1

+partnerSideq\

0.
—. InterfaceClass (IC)
- defaultValue: Stin *
- unit: String +baseClass
- value: String 0.1 0..1prototype

Externalinterface
(Extl)
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AutomationML (AML)

(Ql = AML editor
-’

model:: IClib

-

«0 LogicalEndPoint {Class: Communication}
+«o DatagrammObject {Class: Communication}

v ModbusTCPInterfaceClassLib

- - -
FN ﬁ CommunicationinterfaceClasstth

«0 PhysicalEndPoint {Class: Communication}

i

il

PN AutomationMLInterfaceClassLib

v

~) =0 AutomationMLBaselnterface {Class:}

«0 Order {Class: AutomationMLBaselnterface}

«0 PortConnector {Class: AutomationMLBaselnterface}

«0 InterlockingConnector {Class: AutomationMLBaselnterface}

«0 PPRConnector {Class: AutomationMLBaselnterface}

«0 ExternalDataConnector {Class: AutomationMLBaselnterface}
«0 COLLADAInterface {Class: ExternalDataConnector}
«0 PLCopenXMLInterface {Class: ExternalDataConnector}

«o Communication {Class: AutomationMLBaselnterface}

«0 Signallnterface {Class: Communication}

1

RoleClass (RC) é—’o' RoleClassLib éd Model (M)
(RClib) 0.* .
fleName: String
. +baseClass - schemaVersion: String
0.1 1 9.1
+baseClass
B-:1
SystemUnitClass
(suc) 0 w{l/
...... 017"
SupportedRoleClass InternalElement
(SRC) | +prototype
(IE) g 0;_ IntemalLink (IL)
+partnerSideA "pa""ers'd‘:B el el
0..? I .
—>j  Attribute (At InterfaceClass (IC)
=1 gefaultvalue: Stin
‘ - unit: String
value: String [I& /I\ 0..1prototype

RoleRequirement
(RR)

Externalinterface

(Ext)

«represented by»
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Flexible Manufacturing System in AML Editor

-

@) = AML editor

-’

InstanceHierarchy |

b

vtb)

SystemUnitClassLib

e d) _Ro!eclml..ib

k%R W

14| %@ ™ || 3¢ | @ |
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1 I_ - wm w= = g SENsorvalue_Pinl (Class: Signalinterface) ~ Turntable {Class:} ) ~ |E| ResourceStructure {Class: Structure)
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4 * prototvpe =0 SensorValue_Pinl [Clan:&gnalln!er“xe).- -"T E] Device {Class: ResourceStructure)
| @)| ~ Lnkiocbietoter Internal link (IL) [ SupportedRoleClass: 27-27-01-01 Inductive Proximity Switch :\ [i] PropertySet (Class: fLBaseRole)
(] Name Link_IOCable_Motor f] SupportedRoleClass: Device .\ ~) [ EClassRoleClassLib
1 RefSide A | 2884ff5b-fbSc-442a-b0d7-29215eSee0d4:Plugl ] SupportedRcleClass: MechatronicAssembly '\ ~) [ff] EClassClassification {Class: A MLBaseRole)
1 RefSide B | 23191¢06-171-4¢05-0aad-3d2beeb88a24:Motor l‘ ~) [fD) 27 (Class: EClassClassification)
I| ~) Link_IOCable_Sensor | G2 22-00 Elactrical Drive {Class: 27)
Name Link_lOCable_Sensor c, InterfaceClassLib b-25 D! o -al D
! MgAdractiirirg System
" RefSide A | adebc30f-9db2-4b09-225d-d16896ed83fb:Sensorvalue_Pinl ljg] )] ble. ire ¢ ¥l Y
\ RefSide B | 2884ff5b-fbSc-442a-b0d7-29215e5e0d4:Plug2 *) [ Communicationinterfaceciassiib
~ ModbusTCPInterfaceClassLib
def Attributes -
) ( ) ~ AL MunterfaceClassLib
Name Min. Rotation Speed | | Name Nominal Speed 2) oo AutomationMLBaselnterface {Class:)
Description Description ¥ s0 Order {Class: AutomationMLBaseinterface)t
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Further Benefits of Explicit Models

Model Transformation Pattern and Supporting Tools

Metamodel

N\

«conformsTo»

Model

Transformation
Implementation

executes p

reads

Transformation
Engine

writes p

Metamodel

N\

«conformsTo»

Model

Blﬁ K. Czarnecki, S. Helsen. Feature-based survey of model transformation approaches. IBM @
W(ﬂ)’( Systems Journal 45(3), pages 621-646, 2006. 37




Transformation Scenario Investigated
AML and SysML: Two Unrelated Modeling Standards
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SysML in a Nutshell (1/2)

SysML is a graphical modeling
language standardized by OMG for
the development of large-scale,
complex, and multi-disciplinary
systems in a model-based
approach.

It provides modeling concepts for
representing the requirements,
structure, and behavior of a
system.

Captures the overall design of a
system on a high level of abstraction
and traces this design to the
discipline-specific models

requirements

& electrical engineer

information technology |

product




SysML in a Nutshell (2/2)

= Additions to UML for
Requirements and Properties — —

pkg [Model] Example Model [Model Organization] )

u Req u i rem ent: SySM L prOVideS Requirements Behavior Structure Parametrics
mOdeIIng ConStrUCtS to represent req [Package] Requirements ) act [Activity] Behavior::AQ ) bdd [Package] Structure ) par [Block] Parametrics::Analysis J
text-based requirements and sywem | o | L[ o _

H - . lues - -
relate them to other modeling T property 1 [
. el
elements. «requirement» [roagrement | [ requrements L2545 \ . L
Requirement name - - \ Comp 1 Comp 2 I property 1.1 | | property 1.2 |
\ values values
text="The system shall do” v O . 7[R [ lroperty 11 | [property 1.2
Id="62j32." \ - i
act [Activity] Egbafior::m J ibd [Blolfk] System ]
:Comp1 :Comp2 7
= Constraints and Parametric

Al

Diagram (constraint analysis)

= Customization of UML for
structural modeling through
Classes and Composite

Structures
Deployments

= Block dgrlves from Interactions
CompositeStructures::Class

UML4

SysML SysML

Classes
CompositeStructures
Activities

StateMachines

Requirements
Properties




From AutomationML to SysML
and Back Again

= Commonalities and differences between the structural modeling
sublanguages of AML (CAEX) and SysML (Block Diagrams)

= AML metamodel and profiles for UML and SysML

= Transformations between AML and SysML (UML/SysML already
available through language definition)

UNIFIED o %\
MODELING .
LANGUAGE A

Class Diagram(s) Block Definition Diagrams (BDDs)
Composite Structure Diagram(s) Internal Block Diagrams (IBDs)




Comparison of AML and SysML

1. AML: Data exchange format vs. SysML: language for systems modeling

 AML serves as a standardized exchange format between the diverse

discipline-specific tools involved in the development of automation
systems.

« SysML is designed as a language for systems modeling, i.e.,

representing the design of a system that builds the basis for planning,
implementing, and analyzing it.

2. AML: Tree-based editing vs. SysML.: diagram-based editing

« Benefits of graphical representation: visualizing the architecture of a
system and the power of building multiple views on a complex system

Yot )



Comparison of AML and SysML

3. AML: Prototype-based vs. SysML: Class-based model:: IH

A E FlexibleManufacturingSystem {Class: Role: Resource}

A E TransportationLine {Class: Role:}

model:: SUCIib

v ) @ PhysicalCommunicationDevices
A LogicalCommunicationDevices
-~ PiProgram {Class:}
v ) =0 MotorAn {Class:}

v | =0 SensorValue {Class:}

«o ReadRegisterSensorState {Class: ModbusTCPMasterRequest}

«0 WriteRegisterMotorAn {Class: ModbusTCPMasterRequest} I ! | £T table SUC
cione O urntapie
@ SupportedRoleClass: CommunicationRoleClassLib/LogicalDevice Onlng —————— -
Interfaces
v IOMapperApplication {Class:} ~) %R
«0 SensorValue_Pinl {Class: Signallnterface}

v ModbusLogicalConnection {Class:}
v @ ModbusRequestPackage {Class:}
v @ ModbusResponcePackage {Class:}

SupportedRoleClass: MechatronicAssembly
v [E ControlCabinet {Class: Role:}
v @ I0Wiring {Class: Role: PhysicalNetwork}

A PlantComponents

v @ Motor {Class:}

RoleRequirements: Resource

. N manufacturing system
- @ ]:duitwisef °r_{ Tss_'} < «represented by» -

~ ) [suq] Turntable {Class:} prototype for IH::IEs < - — - -
~ ) [if] M1 {Class: Motor Role: = =

SupportedRoleClass: 27-02-25-01 DC-Motor (IEC)

SupportedRoleClass: Device

«0 MotorAn_PinA {Class: Signallnterface}

v [E] IS1 {Class: InductiveSensor Role:}

|
I
I
|
|
| ~) %9 Interfaces
I
I
I
|

e e o o o o - -

_@.SupponedRoleCIass: MechatronicAssembly




Comparison of AML and SysML

4. Extensibility Mechanisms

AML. RClibs can be used for introducing new concepts
* Role. Arole is a class that describes an abstract functionality without defining
the underlying technical implementation.

A Resource is an entity involved in production; they execute processes and
handle products. Examples for resources are robots, conveyors or machines.
Resources may be hardware components of a production system, but also
software.

* A Product depicts a produced good. Products are processed by resources.

* A Process represents a production process including sub-processes, process
parameters and the process chain.

SysML: UML profiling mechanism

\. /

\(J}
44
||
'a
v v



Modeling with AML4SysML

= SysML is an extension of UML

AML4UML | AML4SysML
= We reuse and extend the common AML Element | StereotyPe | 'y retaclass | Metaclass
Package. Model|Package.
M ‘ ;
U M L Sys M L Su b S et Model Library ModelLibrary
Attribute Attr Property Property
DataType DataType
. Package.
InterfaceClassLib IClib Package ModelLibrary
. . . Package,
Lib p
ibraries RoleClassLib —— Package ModelLibrary
SystemUnitClassLib Lib Pack i;cgalg;fb
AML4UML AML4SysML Sucli ackage ode__1brary
InterfaceClass IC Class InterfaceBlock
UML <<metaclass>> <<metaclass>> AML Classes |RoleClass RC Class Block
Metamodel Class Class SystemUnitClass suc Class Block
_____________________ $— _ Externallnterface ExtI Port Port
SvsL <<stereotype>> AML Object  |InstanceHierarchy |IH Class Block
Vs
Profile Block InternalElement IE Class _ Block -
Inheritance |BaseClass BaseClass |Generalization |Generalization
————————————————————— %‘l— —_———- és Object Rel. |InternalLink IL Connector Connector
~ =
AML <<stereotype>> <<stereotype>> g 2 . RoleRequirement RR Dependency | Dependency
v =|  Object- Class Block
Profile InternalElement InternalElement 3
(IE) (IE) S| € lass Rel. |SupportedRoleClass |SRC Dependency  |Dependency
Prototype Prototype |Dependency |Dependency

o




Flexible Manufacturing System in AML Editor

(@) = AML editor
-r

|;" Hierarchy| ~ ) Sremontcists - d_ RoleClassLib
%X ® W L3I 33
v °a [AFPlant ] | PhysicalCommunicationDevices ~ AutomationMLBaseRoleClassLib
':.Jm FlexibleManufacturingSystem (Class: Role: Resource) ~) [ LogicalCommunicationDevices ~) [f[] AutomaticnMLEBaseRole (Class:}
I ~ [if] TransportationLine (Class: Role: Cell) PlantComponents v [ff] Group (Class: AutomationMLBaseRole)
1 A [E] Turntablel {Class: Turmtable Role:) A Motor {Class: } @ Facet {Class: AutomationMLBaseRole}
1 -~ .. [if] M1 {Class: Motor Role: } suggorts «0 MotorAn_PinA (Class: Signalinterface] v) [R[] Port (Class: AutomationMLBaseRole]
] 7 E SupportedRoleClass: 27-02-25-01 DC-Motor (IEC) ® E SupportedRoleClass: 27-02-25-01 DC-Motor ([EC) @ Resource {Class: AutomationMLBaseRole)
: ,I =] SupportedRoleClass: Device A] [ER] SupportedRoleClass: Device prototype [/7] Product {Class: AutomationMLBaseRole}
~ ) %9, Interfaces ass:] [&q] Process {Class: AutomationMLBaseRole}
{_ [ MomrAn‘_PmA { Class: Signalinterface) +0 SensorWerl_Pinl {Class: Signallnterface} ~) [R] Structure { Class: AutomationMLBaseRole)
1 " ) [1T] 1SL (Class: InductiveSensor Role:) SupportedRoleClass: 27-27-01-01 Inductive Proximity %witch [RT] Productstructure { Class: Structure}
,' | ~ %@ Interfaces 7 SupportedRoleClass: Device ' [Rr] ProcessStructure {Class: Structure}
- - = = ==« s SENSOMValue_Pinl (Class: Signalinterface] A Turntable {Class:} ~ ResourceStructure {Class: Structure}
" : [ SupportedRoleClass: 27-27-01-01 Inductive Proxamity Switch ~ [if] M1 {Class: Motor Rolle:) clo:e “ [Rt] Cell {Class: ResourceStructure)
, I SupportedRoleClass: Device SUP pc;ris_ —[B] ~) %@ Interfaces MainGroup {Class: ResourceStructure}
' 1 SupportedRoleClass: MechatronicAssembly +o MotorAn_PinA {Class: Signalinterface} @ FunctionGroup { Class: ResourceStructure)
' ] v [E] ControlCabinet {Class: Role:} clone\ E SupportedRoleClass: 27-02-25-01 DC-Motor (IEC) [E] SubFunctionGroup {Class: ResourceStructure)
| =+ [if] 1OWiring {Class: Role: PhysicalNetwork} p \ [ SupportedRoleClass: Device [B]“ )@ MechatronicAssembly (Class: ResourceStructure)
: [E] RoleRequirements: Resource \ A E] 151 [Class: InductiveSensor Role: ) @ Mechanicalassembly {Class: ResourceStructure)
| \ ~) %9 Interfaces clone [R) MechanicalPart [ Class: Resourcestructure}
1 ? * prototvpe =0 SensorValue_Pinl [Clnl:Slgnaumerface).- --T @ Device (Class: ResourceStructure)
) @) EERLnk JOCabie Motor Internal link (IL) SupportedRoleCiass: 27-27-01-01 Inductive Prosimity Switch || [f] PropertySet [Class: AutomationMLBaseRole)
] Name Link_IOCable_Motor SupportedRoleClass: Device ’ ~ EClassRoleClassLib
|I :':::: 2:::#5:6-&;:-:;:@057-29215¢wmw1 SupportedRoleClass: MechatronicAssembly : ~) [RT] EClassClassification (Class: AutomationMLBaseRole)
@ 23191e96-17f1 5-9aad-3d2beeb88a24:Motor
. 1 - @ 27 {Class: EClassClassification)
|l A '-:‘:i’cab'@;ii"‘l‘o"‘c — _ 1 ~) [RD) 27-02 Electrical Drive {Class:27)
: : 2 X c) InterfaceClassLib ] | [Al= 3 (v F 27-02-25 DC-Motor (Class: 27-02 Electrical Drive)
\ RefSide A | adebc30f-9db2-4b09-225d-d16896ed83fb:Sensorvalue_Pinl ‘Lﬁz & W [} <) [ff] 27-06 Cable, wire (Class:27)
\ RefSide B | 2884ffsb-fbSc-4422-b0d7-29215eSee0d4:Plug2 <) [ CommunicationinterfaceClassLib I <[] 27-24 Control {Class: 27)
J. f) ( Attributes) v) [ ModbusTCPInterfaceClassLib : ~ | [Rf] 27-27 8inat Sensor Technology {Class: 27)
- ~ [ AutomationMunterfaceClassiib
Name Min. Rotation Speed | | Name Nominal Speed %) oo AifomationMLBasaliberface { Clakx) I
Description Description ~) =@ Order {Class: AutomationMLBaseinterface) :
Value S800 Value 8746 «o PortConnector {Class: AutomationMLBaselnterface) I
Default Value Default Value «o InterlockingConnector {Class: AutomationMLEBaseinterface) |
Unit 1s Unit i/s ~o PPRConnector {Class: AutomationMLBaseinterface) I
DataType xs:integer DataType .xsﬂoat v =g ExternslDataConnector {Class: AutomationMLBaselnterface) ]
~ =0 Communication {Class: AutomationMLBaseinterface} I
«o Signalinterface (G-I:Commmmmn].‘ Sp————
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Flexible Manufacturing System in AML and SysML (excerpt)

~) [if] FlexibleManufacturingSystem {Class: Role: Resource}
A [E] TransportationLine {Class: Role:}
~ ) [IE] Turntablel {Class: Turntable Role: }
A [E] M1 {Class: Motor Role: }
@ SupportedRoleClass: 27-02-25-01 DC-Motor (IEC)
[sRQ] SupportedRoleClass: Device
~) %@ Interfaces
«0 MotorAn_PinA {Class: Signallnterface}
A [E] IS1 {Class: InductiveSensor Role: }
@ SupportedRoleClass: 27-27-01-01 Inductive Proximity Switch
@ SupportedRoleClass: Device
A) %9 Interfaces
«0 SensorValue_Pinl {Class: Signallnterface}
SupportedRoleClass: MechatronicAssembly
v E] ControlCabinet {Class: Role:}
+) [I£] IOWiring {Class: Role: PhysicalNetwork}

RoleRequirements: Resource

i

x@

A

«block»
«H»

SysML Internal Block Diagram |AFPant[ =

«block»
«IE» =

flexibleManufacturingSystem : Flexible ManufacturingSystem

«block»
«IE» Q

trans portationLine : TransportationLine

«block»
«IE» E
turntable1 : Turntable1
L Value Pin1 «block» «block»
SensorValue_Pin <E» =] <E» motorAn_PinA
is1:181 m1:M1
«Extin <Extiht»
7 N
ya AN
«block» =
«lL» = . s o «lL»
ioWiring : loWiring
Plua2 «block» Plug1
us «|E» E -
io_cable :10Cable_M1_IS1 «Extint»

«Extint»
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Flexible Manufacturing System in AML and SysML (excerpt)
bdd PlantComponents (SUCIib)

bdd 1AF Plant «IH» «model library»
«Extht»
«I:()(k').lc;(» = “motorAn_f FinA Slgnalhterface
IAFPlant l
iaf_plant «SUC» =
flexibleManufacturingSy stem «block»
«block» B8 Motor P
«|E»
Flexible ManufacturingSystem «F’rotom —_—
flexibleManufacturingSy stem / , 5
transportationLine «bl‘:;k» = \
«E»
«block» = / M1
«|E» D
TransportationLine 1 «Extint»
transportationLine § «SUC» = \ motorAn_FnA : Signalinterface B
turntable1 -\ - Bf  «block» SensorValue_Pn1 : Signalinterf
«Protot » y SensorValue_Pin1: Signalinterface
«block» B e i Turntable «BExtht» —
«[E» T \ '— l—lg
Turntable \ «block»
turntable \ «B»
turntable 1s \ \ il
«block» — — T W— Mty# ;
m1 «IE» E—— E— E— — — \
«block» = 181 «SUC»
«IE» \ «block»
M1 SensorValue_Fin1 : Signalinterface Inductive Sensor

«Extint» /
motorAn_PinA : Signalinterface

«Extint» /

«Bxtint»
SensorValue_Pin1 : Signalinterfaced




Flexible Manufacturing System in AML and SysML (excerpt)

bdd PlantComponents (SUClib bdd EClassRoleClassLib (RClib bdd AutomationMLInterfaceClassLib (IClib’
a) bdd IAF Plant c
<<modelLibrary>> <<modellibrary>> __::ﬁ‘ﬁﬁ <<modellibrary>>
- e ~ ~
«Exthnt» e e «SRC»
ablock» = motorAn_PinA : Signalhterface ] = ,_,—”’ \ “SF?\:»
«H» pred AT N \
P e «RC» A \
IAFPlant «SUCH = | 7 «block» = ‘\\ \ cinterfaceBlock»
iaf_plant «block» BT AutomationMLBaseRole b \ s
flexibleManufacturingSystem Motor v ¢BaseClasss LP \ t‘ AutomationMLBaselnterface
7
«block» A 4 \ | «BaseClass» ,L
- = | hochiper 7 # «tli?li» = “\ l‘l &
" " ’ W
FlexibleManuiacturinggystem / EClassClassification o «interfaceBlock»
flexibleManufacturingSy stem «T"Ec»k” =] p «BaseClass» 4 “ ! ExternalDataConnecior
transportationLine M1 «RC» = l‘ : vaiues «BaseClass»
«block» = «block» y refURI: String
«Ex» «Extint» 27 Electric Engineering, Automation, [
TransportationLine «SUC» motorAn_FnA : Signalnterface Process Control Engineering ‘|| ! et aas g mr=
- " 1
transportationLine T«blo:kl:: SensorValue_Pin1 : Signalinterface «BaseClass» |4\—\«BHSQCHSS” i «IC» «interfaceBlock»
turntable ;rn el «Exthty «RC» [ «RC» =] «interfaceBlock» Communication
ey gl ] cblocky «blocks v | |coLLADAmzerface —
«E» " «Prototype» “*f("é"” 27-27 Binary Sensor Tech 27-02 Electrical Drive }l = Te =
Il «IC» «IC»
Tianianles 181 T «BaseClass» T «BaseClass» I «interfaceBlock» «interfaceBlock»
turntable «Prototypen ™ «RC» = «RC» E| || |PLCopenxMLinterface | |Signalinterface
turntable .«SRC» «block» «block» I lL
m “'3('?;»"” «SUC» =] < |27-27-01 Proximity Switch 27-02-25 DC Engine H !
«block» ™. I
«BaseClass» «BaseClass» 1)
«block» [ 181 Ty Inductive Sensor ? ? e
=" Mg «SRC»- «RC» B «RC» B
M1 SensorValue_Pin1 : Signalinterface «Extht» R S «block» «block»
 «Extinty >~ SensorValue_Fin1 : Signalhterface “127-27-01-01 Inductive 27-02-25-01 DC Engine (IEC)
motorAn_PinA : Signalinterface “SREE, . RN s 3 Prox. Switch
«Extint» S e
J
Bl (\ 7
Yo O
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Summary

Industry 4.0
overall system design

= Mapping between the structural
modeling concepts of AML and SysML
= Comparison
= Metamodels
=  UML/SysML profiles
= Transformations
= Bridge between I[EC and OMG

echanical
engineering

-

software
engineering

software
engineering

=  Future Work

= Explore mappings between the behavioral modeling parts of AML PLCopen
and SysML Activity Diagrams

= Code generation, model transformation to formal domains for analysis
purposes

il 50 X




Our AML Research Topics
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AML overall system design Connections
echanics _ caI.
engineering gineering
|
0.
' .
‘D. QD,' Evolution
c . \
Linking 9 Support
AML software
engineering
(:‘ = domain @ = tool O = doc
TR 51



Problem Description

= Engineering industrial production systems is a multidisciplinary activity

= Engineers from diverse domains are involved

= Engineers are working in parallel

> Challenge: Evolution of engineering data has to be managed

= AutomationML is the predominant standard for representing
engineering data of production systems in a model-based way
= Availability of libraries defining prototypical system elements is an

important pragmatics of designing production systems with AutomationML

= Model of a production system is built by cloning prototypical elements

> Challenge: Co-evolution of prototypes and clones has to be managed

«library» AL «library»
L Lf
N\ N\
«conformsTo» «conform[sTo»
| A |
BI&" «model» m «model»
T m m*
WO

-



Motivating Example

(a) Instance Hierarchy (m) (b) System Unit Class Libraries (L)

~ “E IAF Plant > PhysicalCommDevices + eClassVersion

“ClassVersion ~) [IE] FlexibleManufacturingSystem {Class: Role: Resource} v) B LogicalCommunicationDevices ) Min. Rotation Speed

~) [IE] TransportationLine {Class: Role: Cell} ~) g PlantComponents

1
1
1
1
1
1
1
1
1
1 . )
= : Name Min. Rotation Speed
Min. Rotation Speed |
° 7 : ~) [I£] Turntable_M_IS {Class: Turntable_M_IS Role:) : v [su] Motor {Class:} ./ (1) BLyye- Descnption
Name Min. Rotation Speed {v) [f] M1 {Class: Motor Role:) 1 ) [sf] InductiveSensor {Class:} I— Value 5800 7565 @— (3) 6Laﬂrupd
Description !
valuep 7500 ) [iE] IS1 {Class: InductiveSensor Role: } ' ~ ) [si] Turntable_M_IS {Class:} Default Value
. ; ! M1 {Class: Motor Role: } Unit 1/s
Default Value SupportedRoleClass: MechatronicAssembly : v [E] e o . /.

i " : Induct : t int
= ye RoleRequirements: Cell : +) [IE] 181 {Class: InductiveSensor Role: } Na alypleS R xstinteger
DataType aeger +) [if] ControlCabinet {Class: Role:) ! +) [IE] M2 {Class: Motor Role:) @— (2) 8L+ gy "ominal Spe
Nominal Speed ) [I£] IOWiring {Class: Role: PhysicalNetwork} ' SupportedRoleClass: MechatronicAssembly ‘

| RoleRequirements: Resource -:- ----------------------------------------------------------------
M = medho und m’'=med. .+ ! (c) System of Discourse —
att'P ~ ) [IE] Turntable_M_IS {Class: Turntable_M_IS Role: } : Pl-based controller
%7 v [IE] M1 {Class: Motor Role:} i
b
eClassVersion v [1£] IS1 {Class:InductiveSensor Role: } :
Min. Rotation Speed |+| (v [E] M2 (Class:Motor Role:) :
! T
Name Min. Rotation Speed : Connector (sw)
Description g i WAGO I0/A (O Register. Turntable
¢} J— ' 1 -
Value 5800 up l mes= m°6Lsuc' ] ‘ :
1
i ddos (~) [IE] Tumtable_M_IS {Class: Tumtable_M_IS Role:})| !
Unit 1/s esalii—— :
ass: Motor Role: _—
DataType xs:integer L m i
Nomikal Speed F s s BRle— |
1
1
1

B
X

=)

K}')!zﬁ 53



Contribution

Formal framework to managing prototype/clone co-evolution
1. Generic metamodel for prototype-based languages
2. Levels of consistency rigor between prototypes and clones

3. Change types on prototypes and their impact on prototype/clone
consistency

4. Repair operations to re-establish prototype/clone consistency

A = L. Berardinelli, S. Biffl, E. Maetzler, T. Mayerhofer, M. Wimmer: Model-Based Co-Evolution of
))(HX Production Systems and their Libraries with AutomationML, 20" IEEE Conf. ETFA, 2015, pp. 1-8.




1. Generic Metamodel for Prototype-Based Languages

Slot

+clones * +prototype 0..1
Object
ObjectStore - id :int
tobjects| - name :String o *slots

+ createObject() :Object

*

+ deleteObject() :void

+ + + +

createClone() :Object

addSlot() :Slot

deleteSlot() :void
modifySlot() :void

*

name :String
Value :Object[*]

context Object::createClone()

post: new c:Object |

-- clone refers to its prototype
c.prototype = self and

-- clone contains all prototype slots

self.slots -> forAll(pS | c.slot -> one(cS | pS.name

pS.value = cS.value)) and
-- clone only contains prototype slots

c.slots -> forAll(cS | self.slot -> one(pS | cS.name

cS.value = pS.value))

BIG

cS.name and

pS.name and

95



2. Levels of Consistency Rigor between Prototypes and
Clones

= Clones and prototypes may evolve independently
= Different levels of consistency between clones and prototypes may apply

Level O: Uncontrolled Compliance
= Clones may evolve completely independent from prototypes
» Prototypes are solely used as templates or classification mechanism

Level 1: Substantial Compliance
= Evolution of clones is partially restricted

Level 1a: Extension
Level 1b: Restriction
Level 1¢: Redefinition

Level 2: Full Compliance
= Clones may not evolve independently of prototypes

K)'%(H' 56
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2. Levels of Consistency Rigor between Prototypes and
Clones

Formalization of Consistency Levels: Consistency Constraints

Level O: Uncontrolled Compliance
No consistency constraint required

Level la: Extension

-- clone defines all prototype slots but may define additional slots

context Object [self.prototype <> OclUndefined]

inv: self.prototype.slots -> forAll(pS | self.slots -> one(cS | pS.name = cS.name
and pS.value = cS.value))

Level 1b: Restriction

-- clone defines subset of prototype slots
inv: self.slots -> forAll(cS | self.prototype.slots -> one(pS | cS.name = pS.name
and cS.value = pS.value))

Level 1c: Redefinition

-- clone may redefine values of prototype slots
context Object [self.prototype <> OclUndefined]
inv: self.slots -> forAll(cS | self.prototype.slots -> one(pS | cS.name
inv: self.prototype.slots -> forAll(pS | self.slots -> one(cS | pS.name

.name))
cS.name))

1l
©
n

Level 2: Full Compliance

Post-condition of createClone() operation must always hold 57



3. Change Types on Prototypes and their Impact on
Prototype/Clone Consistency

Change Types

Slot

+clones * +prototype 0..1
ObjectStore Object ot
+objects +
+ createObject() :Object - : 32&122’((:)8 I.c\>/t0i q ‘—*
+ deleteObject() :void +  modifySlot() .:void
Impact on Prototype/Clone Consistency

Operation LO | L1a|Llb| L1lc| L2
ObjectStore::createObject | 1 1 1 1 1
ObjectStore::deleteObject | # | # | # | # | #
Object::addSlot 1 * 1 * | #
Object::deleteSlot 1 1 * * *
Object::modifySlot 1 F | # ) ¥

\

A

J

\‘ \ ‘/w N (;j_r
N \ P [\_‘ﬂ‘

change on prototype

|

impact on consistency of clones

1 non-breaking

# breaking
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3. Change Types on Prototypes and their Impact on
Prototype/Clone Consistency

Example
Desired consistency level: L1a Extension

Motor : Object +prototype +clones M1 : Object
- id=1 - id=2
- name = "Motor" - name ="M1"
: Slot : Slot
- name = "nominal speed" - name = "nominal speed"
- value =9000 - value =9000

-- clone defines all prototype slots but may define additional slots
context Object [self.prototype <> OclUndefined]

inv: self.prototype.slots -> forAll(pS | self.slots -> one(cS | pS.name = cS.name
and pS.value = cS.value))




3. Change Types on Prototypes and Their Impact on

Prototype/Clone Consistency

Example

Desired consistency level: L1a Extension

Motor : Object

- id=1
- name = "Motor"

+prototype +clones

¢

: Slot
- name = "nominal speed"
- value =9000
: Slot

addSlot()

name = "min rotation speed"

value = 5800

M1 : Object
id=2
name = "M1"

: Slot

- name = "nominal speed"
- value =9000

-- clone defines all prototype slots but may define additional slots

context Object [self.prototype <> OclUndefined]

inv: self.prototype.slots -> forAll(pS | self.slots -> one(cS | pS.name
and pS.value =

cS.value))

cS.name




3. Change Types on Prototypes and Their Impact on
Prototype/Clone Consistency

Example
Desired consistency level: L1a Extension

Motor : Object +prototype +clones M1 : Object
- id=1 - id=2
- name = "Motor" - name ="M1"
: Slot : Slot
- name = "nominal speed" - name = "nominal speed"
- value = 9000 - value = 9000
. Slot addSlot()
- name = "min rotation speed"
- value = 5800

-- clone defines all prototype slots but may define additional slots

context Object [self.prototype <> OclUndefined]

inv: self.prototype.slots -> forAll(pS | self.slots -> one(cS | pS.name = cS.name
and pS.value = cS.value))




4. Repair Operations to re-establish Prototype/Clone

Consistency

= Breaking changes lead to inconsistencies between prototypes and

clones and violations of consistency levels

= Re-establishing prototype/clone consistency requires
1. Detection of inconsistent clones through consistency constraint
2. Application of repair operations on clones to resolve inconsistency

Operation LO | L1a|Llb | L1lc| L2
ObjectStore::createObject | 1 1 1 1 1
ObjectStore::deleteObject | # | # | # | # | #
Object::addSlot T 1 # | 1T | # | #
Object::deleteSlot 7 T # | # | #
Object::modifySlot T | # | # T £

7+ manual resolution needed # automated resolution possible

> Add slot to clones
> Remove slot from clones

> Update slot value in clones

G
)

N

ad
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Y
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4. Repair Operations to Re-Establish Prototype/Clone
Consistency

Example
Desired consistency level: L1a Extension

Motor : Object +prototype +clones M1 : Object
- id=1 - id=2
- name = "Motor" - name ="M1"
: Slot : Slot
- name = "nominal speed" - name = "nominal speed"
- value = 9000 - value = 9000
. Slot addSlot()
- name = "min rotation speed"
- value = 5800

-- clone defines all prototype slots but may define additional slots

context Object [self.prototype <> OclUndefined]

inv: self.prototype.slots -> forAll(pS | self.slots -> one(cS | pS.name = cS.name
and pS.value = cS.value))




4. Repair Operations to Re-Establish Prototype/Clone
Consistency

Example

Desired consistency level: L1a Extension

Motor : Object +prototype +clones M1 : Object
- id=1 - id=2
- name = "Motor" - name ="M1"
: Slot : Slot
- name = "nominal speed" - name = "nominal speed"
- value =9000 - value =9000
. Slot addSlot() . Slot addSlot()

name = "min rotation speed" -
value = 5800 -

name = "min rotation speed"
value = 5800

fix title :
for (pS :

"Add missing slots from prototype" do
self.prototype.slots)

if (not self.slots -> exists(cS | cS.name = pS.name))
self.addSlot(pSlot.copy())




Case Study: AutomationML

= Mapping of generic framework to AutomationML

Object

\

Prototype

Clone

/

\
RoleClass (RC) RoleClassLib Model (M) 2| InterfaceClassLib ‘
[Reib) ot . fileName: String - (iclib)
LYK \|/_. seltematleron Sm.—\l/ 'y SystemUnitClass
e 1 (suc) 0.+
et o 01
P | | o> InternalElement
= prototype
(suc) — 0. Vo ’ (IE)
|SupportedRoleClass 1
(SRC) “II ......

RoleRequirement

AutomationML Metamodel (excerpt)

+clones0.' ] +prototype 0.1

0.~

Attribute (Attr)

defaultValue: String

unit: String
value: String

Object

— Slot

+ deleteObject() :void

+ addSlot() :Slot
+ deleteSlot() :void
+ modifySlot() :void

Object
ObjectStore - i cint slot
+objects| - name :String +slots
+ createObject() :Object o~ ’_. - name :String
+ createClone() :Object 0.*|- value :Object[0.%]

Generic Metamodel for Prototype-Based Languages



Case Study: AutomationML

= Tool support

E

o

Q- TEHE GBS 51

rlnstan

[

ADE]

~

1 level0

- X

~_SystemUnitClassLib|

DE RS e

2 levella
3 levellb

Hx@®

4 levellc
5 level2 a)

Wﬂm

~ E Turntablel {Class: Turntable Role: }

v [1€] 151 {Class:InductiveSensor Role:}

v ) [IE] M1 {Class: Motor Role: }

Resource}

Attributes: M1

-|-x

- 0

+  eClassVersion
v Hersteller-Name
v Herstellerartikelnummer

+  Nominal Speed

[ Vvalidation 52

eClassReferenceFeatureGrouplD2
+  eClassReferenceFeatureGrouplD

.

~) [ GeckoExampleSystemUnitClassLib_PlantComponents

v InductiveSensor {Class:}
v Turntable {Class:}
v Motor {Class:}

'I'X

«  eClassVersion

+  Hersteller-Name

+  Herstellerartikelnummer
~  Min. Rotation Speed

+ Nominal Speed

eClassReferenceFeatureGrouplD2
+ eClassReferenceFeatureGrouplD

L
').-ﬂlr' i b)

@ Missing Attributes for Internal Element: M1
& No SystemUnitClass defined for Internal Element ' FImbIeManufal @ Copy missing Attributes from System Unit Class ‘Motor’ I c)

® No Sﬁemﬂnﬁtlass defined for Internal £ emenf‘Transcha!mn[me F5T57cel-e/cU-39b0-83c1-beabideboddl]

Run configurations for different
Consistency Level Rigors
Evolution: Attribute added to
SystemUnitClass (=Prototype)
Validation Results with proposed
fixes

YK

BIG



Summary

= Evolving libraries and co-evolving system models
= General model to characterize prototype-based languages

= Minimal change model and classified changes based on different
consistency levels

= Adopted the general model to AutomationML
= Tool support for consistency checks and (semi-)automated fixing

= Future work
= Define nesting and inheritance for prototypes in the general model

= Consider all concepts of AutomationML (e.g., interfaces and roles
resulting in multi-level prototype/clone relationships)




Our AML Research Topics

Modeling Language
AML overall system design Connections
echanics
engineering
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AML Data Integration and Version Management

= Process for AML
Data Integration and
Version Management

= Versioning of Data Elements
= Linking the versioned

ﬁ * engineering Results
Mechanical ° Project
w Engineer b Manager
[ A = Model-driven tool support
EBa.S'C Tool D Storage Customer
ngineer —] Representative
[ﬁ et vl AutomationML w
Tool Data |—— Repository
Process Software
Engineerﬁ Electrical Plan I Engineer

ool Data }
Electrical Engineer - Control Engineer

L7 K" 0
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The AutomationML Repository

i

Mechanical

i Engineer

Basic
Engineer

i

Process
Engineer

Electrical Plan

) .
Electrical Engineer

AML
Storage

AutomationML

Repository

Project
+root 1
+content
Entty <} VersionedEntity |«
0.*| . absoluteName: String|
- name: String
+container T | +revisions\[/ 0..*
> - Folder File Revision
0.1
- extension: String author: String
4 number: Int
AMLFile
CAEXBasicObjecf | coLLADAFile | | PLCOPENFile
CAEXFile

fleName: String

schemaVersion: Sting = 2.15

70




Linking Engineering Artefacts (view of a plant planner)

4 . AML File Turntable.aml|
4 E CAEX File ModbusTCP_Beispiell_Drehtisch_150123.aml
Fl ‘E Instance Hierarchy IAFDemonstrationPlant
4 [IE] Internal Element FlexibleManufacturingSystem
4 [IE] Internal Element TransportationLine
4 [1E] Internal Element Drehtischl
b Aa Attribute Hersteller-Name
i Re Attribute Herstellerartikelnummer
4 [IE] Internal Element myMotor
A Attribute eClassRefi e iplD2
» A Attribute eClassReferenceFeatureGrouplD
» R Attribute eClassVersion
. R Attribute Hersteller-Name
» P Attribute Herstellerartikelnummer
i Ra Attribute Min, Drehzahl
i R Attribute Nenndrehzahl
+0 Interface Class MotorAn_PinA
Supported Role Class GeckoE: pleEClassRoleClassLib/ECI
Supported Role Class AutomationMLBaseRoleClassLib/Autc
b [IE] Internal Element myInduktivsensor
St Role Class At ALBaseRoleClassLib/Automa
Role Requirements AutomationMLBaseRoleClassLib/AutomationV
4 [1T]Internal Element ControlCabinet
4 [TE] nternal Element WagolOA
b [E] Internal I
v [TEl1ntarnal Flament Kannles750.241

a) Repository with artefacts

< [ m | »

+ TOM. Annlikats
PPEIRPE

treeViewxmi ‘

generatedLinkModel.xmi [

platform:/resource/ModeLinkWorkingCopy/output/generatedLinkModel xmi
4 Linking Group
47 Drehtischl <--> TurntableS
a &7 myMotor <--> Motor Drehkranz
y?’ MotorAn_PinA <--> Vorlauf_Stromanschlussbuchse I
2 mylndukti <=-> Induktr _Turntable
;?7 SensorWert_Pinl <--> Signal_Stromanschlussbuchse
b g7 +B WagolOA <--> WAGO_750_342_BusKopplerl
47 DIL750-437.Pind <--> 0.55tromanschlussbuchse
47 DO1750-530.Pin0 <--> 3.7Stromanschlussbuchse
4 47 10Kabel_Sensor_DI1_DrathA <--> Kabel_TurntableSInduktivsensor WAGO1_0.5
£ Plugl <--> Stromanschlusssteckerl
#7 Plug2 <--> Stromanschlussstecker2
a 47 10Kabel_Motor_DO1_DrathB <--> Kabel_WAGO1_3.7_TurntableSMotorDrehkrat
#7 Plugl <--> Stromanschlusssteckerl
## Plug2 <--> Stromanschlussstecker2

~ |6

b) Links: artefacts €<-> topology

[l " 1 [

4 [If] Internal Element TurntableS
» R Attribute Frame
4 [IE] Internal Element Motor_Drehkranz
i PR Attribute AktuelleBetriebsstunden
» Pe Attribute MaxBetriebsstunden
» P Attribute Geometrie
A Attribute Material
A Attribute Anschlisse
A Attribute Leistung
Ay Attribute Gewicht
» Ra Attribute Drehzahl
«0 Interface Class Verzahnung_Drehkranz
=0 Interface Class Verschraubung_Untergestell
+0 Interface Class Vorlauf_Stromanschlussbuchse
1» «0 Interface Class Motor_COLLADAInterface
«0 Interface Class Ricklauf_Stromanschlussbuchse
=0 Interface Class Motor_PLCopen_LogicInterface
Supported Role Class Modell RoleClassLib/Motor
[ E Internal Element Motor_Band_Turntable
» [IE] Internal Element Endlagenschalter_gUZS
» [IE] Internal Element Endlagenschalter_mUZS
» [IE] Internal Element Untergestell_Turntsble
» [E] Intemal Element Obergestell_Turntable
b @ Internal Element Drehkranz
» E Internal Element Band_Turntable

[ -

c) Plant topology

Y TS SO . i

topology.xmi
A !

d) Link properties

Change Date 15-05-05T11:27:12.000+0200

Edited By U= Emanuel Maetzler

Link To AML ¢ Interface Class Vorlauf_Stromanschlussbuchse

Link To File 4 Interface Class MotorAn_PinA

Name '= MotorAn_PinA <--> Vorlauf_Stromanschlussbuchse
Version 12
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Linking Metamodel

o AT
¢ 1D AN P Moo T3 it B, 150023 ek

. [
Element LinkModel +leftModels Model
_ i - Stri 1.*
edntet{By._Sinng 0.4 |<J— +rightModeis
@ - name: String
[ - purpose: String 17
— - version: String
e +links\[/0..*
= +leftMEs
Link ModelElement
0.
+parent 0..1 +rightMEs
0.*
+children 0.*7 [P
Trace Cormrespondence Dependency

redefines leftMEs | i | redefines rightMEs |

+localElements \[/0.* 0-"\)/ +topologyElements
AMLInternalElement
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Evaluation

= RQ1 Roundtrip capabilites

=  Are transformations between
AML XML and AML models possible
without loss of information?

» Result: All reference examples and
real world examples could be
transformed to AML models and back
to AML XML without loss of information

= RQ2 Integration capabilites

= Is the linking language expressive Lab-sized Production System
enough for practical settings? Fetp et g VgL Ce/ertoehioche auisStartung
. . cvs.html, Institute of Ergonomics, Manufacturing Systems
> Res u |t A” mapp“"]gs Of a |ab-S|Zed and Automation at Otto—gv.—Guericke University &agydeburg.

production system (picture to the right)
could be modeled

it 7



Introduction >Interface Integration >M0del Exchange m

Content

= |ntroduction

= Modeling and Model-Driven Engineering in Software Engineering
= Cyber-Physical Production Systems (CPPS)

= MDE in CPPS I: Interface Integration
= MDE in CPPS Il: Model Exchange

= Résumeé




Résumé
Our Lessons Learned

= Model-Driven Engineering is beneficial to
= Represent modeling languages
= Derive tool support
= Bridging different languages

= Resulting modeling tools are
= Open and extensible
= Usable in combination based on model exchange
= Allow for a mixture of modeling languages leading to multi-paradigm
modeling approaches
= Model management support is available out-of-the-box based on
common metamodeling language

. Y
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Résume
Model-Driven Engineering in CPPS — Still enough to do :-!

State of the Art
A

—

»Pre-Knowledge« Implicit Explicit Community

Knowledge Knowledge Knowledge

MDE Practice MDE Research
in CPPS in CPPS
= Appropriateness of = Many different proposals,
some standards application areas and goals
questionable (SysML) » E.g., DSMLs,
— not yet adopted Models@Runtime, Model-
= CASE-tool vendors based Testing, Simulation,
jump on the MDE Validation, and Verification,
bandwagon Multi-Paradigm Modeling, ...
» Emerging standards and
initiatives
BIG > E.g., ManTIS DTF @ OMG C
K 77



Résumeé

Mo

del-Driven Engineering — Yet Another Silver Bullet?

Are existing standards mature enough to represent a proper basis for
engineering CPPS ...

... or are they just a more or less useful
patchwork of interests of different parties?

Are existing MDE-tools capable to manage increasing systems complexity

... or doesn'‘t they contribute even more to the
complexity of systems engineering?

Do we already understand the ,modeling phenomenon® enough in order to
build appropriate MDE techniques ...

... or are we still in the ,crafts(wo)menship*“ phase, recalling
just another CASE-tool area?
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