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Introduction of Technische Universität München

6/17/2016 2

• 39,081 students

• 13 faculties

• 3 Integrative Research Centers

• 6 Corporate Research Centers

• 13,248 female students

• 9,846 staff members

• 411 buildings

• ~ €1.1 billion invested in construction 

since 2001

Students by Department Total No. of female students No. of international students

Mechanical Engineering 5,216 762 1,247

Prof. Dr.-Ing. Birgit Vogel-Heuser
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Institute of Automation and Information Systems (AIS)

Technical University of Munich

• The leading university in mechanical and electrical 

engineering in Germany

Rankings 2015

• Technical University of Munich: 

– 51st at the Academic Ranking of World Universities 

(Shanghai-Ranking)

– 60th at the QS World University Ranking

• Faculty of Maschinenwesen:

– 19th at the QS World University Ranking by Subject 

(1st in Germany)

Memberships Head of Chair

• Chair of VDI/VDE (Association of German Engineers) TC 

5.15 “Multi-Agent Systems in Automation”

• Coordinator of CRC (Collaborative Research Center) 768 

“Managing cycles in innovation processes”

• Co-Initiator of PP (Priority Programme) 1593 “Design for 

Future – Managed Software Evolution”

Scientific staff

• ca. 20 PhD students

• 9 technicians, trainees (software engineering)

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser 3
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Research Topics

6/17/2016

Smart Information

Intelligent Distributed SystemsModel-Driven Development

Big Data in aPS

4Prof. Dr.-Ing. Birgit Vogel-Heuser
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My Joghurt – accepted Industrie 4.0 demonstrator
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Demonstrator: http://i40d.ais.mw.tum.de
Roadmap: http://www.plattform-i40.de/I40/Navigation/DE/In-der-
Praxis/Karte/karte.html
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?

Informationsmodell

Informationsmodell

Informationsmodell

Informationsmodell

<<BaseAgent>>

Whiteboard
Job offers, job states

Communication 
Module

Routing messages

CPPS-Agent
Representation of the 

plant

I4.0 Interface (TCP/IP)

<<BaseAgent>>

System-Agent
Structure of the plant, 

<<BaseAgent>>

Process-Agent
Supervision of process

<<BaseAgent>>

Resource-Agent
Represents plant module 

Scheduling for jobs

Description of the plant and its configuration:

- Technical Resources (Units) 

- Capabilities (Operations)

- Units‘ status (e.g. PackML)

- relevant Data points e.g. for 

Tracking/Tracing

Information Model

MES

IEC 61131-3 Software Application

Now officially 
part of the roadmap

5Prof. Dr.-Ing. Birgit Vogel-Heuser6/17/2016
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Characteristics of Cyber-Physical Production
Systems (CPPS) – Industrie 4.0

6/17/2016

Data processing and 
integration for humans

Assistance systems for 
Engineering

Data analysis of process and alarm 
data and connection with     
engineering data

Appropriation of necessary data  
for configuration, production, 
negotiation

Data consistency about different 
„stakeholders“ in different  engineering 
phases and crafts

Architecture models (reference 
architecture) for a category of 
aggregation/modules related to properties, 
capabilities, interfaces…

Description of product and operating 
resources, e.g. ontology, for independent 
analysis, presentation, organisation and execution 
of a production process

Production units with inherent 
capabilities 

Digital networks and interfaces for 
communication (between machine, human and 
plant, plant and plant)

World wide distribution of data, high 
availability, access protection

Flexible production units, adaptable to 
modified product requirements, allow also 
structural changes

CPS 
market place 

of 
production 

units 

Source: B. Vogel-Heuser, G. Bayrak, U. Frank: Forschungsfragen in "Produktautomatisierung der Zukunft". acatech Materialien. 2012.

Communication and
data consistency

Intelligent products and 
production units

Data processing for humans

6Prof. Dr.-Ing. Birgit Vogel-Heuser
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Motivation, trends and challenges

8

Trends in automation technology

• Global competition

• High customer requirements regarding
individualisation of products

• Short life-cycles

• „Long-Living“ production platforms

Challenges in automation technology

• Process improvements, greater efficiency

• Stability

• Flexibility

• Responsiveness

• Greater reusability

Disadvantages of today’s way of thinking for software development

Today’s software development for 
automation systems

Function-oriented, process-oriented, 
state-oriented, object-oriented

System structure and behavior 
predetermined by design

Functionality of the system elements, 
relationships between elements

Statistic software model

All relevant circumstances must be 
considered in the design

High dependency of elements

Failure of an element → Alternative 
defined in the design or failure

Aim: Software systems that can react to situations that are not specifically 
provided during design phase

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser
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Definition of an agent

6/17/2016

<<BasicAgent>>

Whiteboard
Job-Offers, 

Job-Requests

Communication 
Agent

Forwarding Messages 
between agents

CPPS Agent
Representation of a plant inside

the CPPS network

I4.0 Interface (TCP/IP)

IEC 61131-3
Automation Software

Prozessagent:
Informationen über den 

Prozess oder die Fertigung 
(Rezepte, Fertigungsschritte)

Steuerungsagent:
Repräsentiert einen 

Anlagenteil, erstellt Scheduling
für Prozessagenten

CPPS Platform (Library)

<<BasicAgent>>

System Agent
Techncal structure of an aPS

and its plant modules

<<BasicAgent>>

Process Agent
Implementation of a 
production process

<<BasicAgent>>

Control Agent
Allocation of single modules‘ 

funcionalities

CPS

A technical agent is an encapsulated (hardware/software) entity with specified objectives.
An agent endeavours to reach these objectives through its autonomous behaviour, in

interacting with its environment and with other agents. 

9

Source: VDI-Standard 2653 Sheet 1, 2010

Prof. Dr.-Ing. Birgit Vogel-Heuser
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Multi-agent systems in 

industrial automation

Part 1: Fundamentals
• Terminology for agents used in automation, basic 

concepts and properties of agent systems 

• User groups: Operators and developers 

Part 2: Development
• Criteria for the selection and for the comparison of 

agent-oriented development methods and 
platforms 

• Analysis of existing agent-oriented development 
methods

• User groups: Those who are concerned with the 
development of multi-agent systems 

Part 3: Application
• Reports (industry and universities) using multi-

agent systems in different application fields

• Definition of the problem and the problem solution 
with agents as well as the advantage of using 
agents 

• User groups: Those who are concerned with the 
development of multi-agent systems

Guideline VDI/VDE 2653 – Part 1

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser 10
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• New chapter „Learning“:
– Integration of rule-based learning approaches, e.g. learning classifier systems, for critial but comprehensible

control tasks

– Classifier System reviews the applicated rules.  Good rules are kept in rule set. Unusable rules are deleted in 
rule set.

– Initial learning process can be reduced through a priori rules

– Using rules based on fuzzy logic improves the adaptation of the rules

• New chapter „Energy“:
– New sub-chapters „Approach for controlling small distributed energy systems“, „Multimodal energy systems“, 

„Home automation“, „Microgrids“, „Virtual power plants“, „Energy management in vehicles“

– Switch to renewable energies requires small and distributed energy conversion systems

– Realisation through multi-agent system

• New chapter „Mobile transport robots“
– Using multi-agent systems for the control and communication of mobile transport robots

– Collaboration between MAS to accomplish joint tasks

• New chapter „Data analysis “
– Use the resulting data from different systems to generate more information and knowledge for the expansion of 

business areas and models from the collected data

– Horizontal and vertical coupling of heterogeneous systems

– If damage was recorded, compensation strategies are applicable

• New chapter „Smart Environment“
– Complexes and hierarchical control structures are implemented by decentralized intelligent algorithms

– Information about the building and the current situation are stored in a knowledge-based, semantic building 
model

Revision of the guideline VDI/VDE 2653 – Part 1

116/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser
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What are the possible problems and benefits of the
control of the production by software agents?

12

Issues:

• Violation of real-time requirements of the production process

• No determinism of the software by the autonomy of the agents

• For simple „linear“ processes and systems the overhead in the software may
be too high

Advantages:

• Reconfiguration of processes in case of failure

• Compensation of failures of plant components
– Adjustment of throughput / use of buffers in simple systems

• Optimization of plant processes under changing environmental 
conditions

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser
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Morphological box for classifying agents-
Which agent types are most appropriate for field level agents?

13
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Property

autonomy

FIPA BDI InteRRaP …

communication

language

protocol definition

world model

mobility

competition

method of 

cooperation

Knowledge of their 

own abilities

Perception of the 

environment
through observation

characteristic

adaptivity

architecture

Individually with intersection

rule-basedself-critically

learning mechanism

through communication

passive

proactive

synchronous asynchronous

jointly defined interpretive

textautomata

negotiating

Non

dominant

skillsresources

mobile

cooperative

stationary

competitive 

imitative
Not adaptively

Petri nets

together

autonomous

reactive

memoryless stored
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Fields of application for agents

14

Reaction time: 8 hours < x < 1 week

Synchronized frequency: 1 hour < x < 1 day

Any agent systems are applicable

Programming languages: C++, C#, Java, …

Reaction time: 1 hour < x < 1 day

Synchronized frequency: 60 seconds < x < 1 day

Any agent systems are applicable

Programming languages: C++, C#, Java, …

Reaction time: 1s < x < 60s

Synchronized frequency: 1s < x < 60s

Need for multi-agent systems

IEC 61131, C++, C#, Java

Reaction time: 10ms < x < 1s
Synchronized frequency: 100 μs < x < 100ms

Realtime Agents on RT-Java

Mostly IEC 61131 and C

Reaction time: partly < 1ms

Synchronized 

frequency: partly < 1μs 

Need for multi-agent systems

Extended

Enterprise

Merchandise 
management 

system

Production planning and 
controlling systems

Field control system

Control of the production processes

Field control system

Control of the machine physics

Source: See Lüder, A. Möglichkeiten und Grenzen Agentenbasierter Steuerungssysteme; 2006
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Information model

production process

Enterprise Resource Planning (ERP)

Changes in the requirements of 
automation architecture

16

Intelligent field devices: Integration of functions based on I/Os from the control level to the field level

Decentralized control system: Integration of automation functions in filed devices of production systems

Results

Increasing flexibility based on the interconnection of modularized field devices with production systems 
→ Limitation of individual production systems 

Automation pyramid

1980- 2000

Automation pyramid  Diabolo

Since 2000

Source (right): B. Vogel-Heuser, G. Kegel, K. Bender und K. Wucherer: Global Information Architecture for Industrial 

Automation. In: Automatisierungstechnische Praxis (atp), Jahrgang 51 (2009), Heft 1, S. 108-115.

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser
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Characteristics of Cyber-Physical Production
Systems (CPPS) – Industrie 4.0

6/17/2016

Data processing and 
integration for humans

Assistance systems for 
Engineering

Data analysis of process and alarm 
data and connection with     
engineering data

Appropriation of necessary data  
for configuration, production, 
negotiation

Data consistency about different 
„stakeholders“ in different  engineering 
phases and crafts

Architecture models (reference 
architecture) for a category of 
aggregation/modules related to properties, 
capabilities, interfaces…

Description of product and operating 
resources, e.g. ontology, for independent 
analysis, presentation, organisation and execution 
of a production process

Production units with inherent 
capabilities 

Digital networks and interfaces for 
communication (between machine, human and 
plant, plant and plant)

World wide distribution of data, high 
availability, access protection

Flexible production units, adaptable to 
modified product requirements, allow also 
structural changes

CPS 
market place 

of 
production 

units 

Source: B. Vogel-Heuser, G. Bayrak, U. Frank: Forschungsfragen in "Produktautomatisierung der Zukunft". acatech Materialien. 2012.

Communication and
data consistency

Intelligent products and 
production units

Data processing for humans

17Prof. Dr.-Ing. Birgit Vogel-Heuser
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Four stages of industrial revolution

18Prof. Dr.-Ing. Birgit Vogel-Heuser
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Reference architecture for Industrie 4.0

Source: VDI/VDE-Gesellschaft Mess- und Automatisierungstechnik: Statusbericht; Industrie 4.0; Wertschöpfungsketten. Düsseldorf: VDI e.V., April 
2014.

6/17/2016 19Prof. Dr.-Ing. Birgit Vogel-Heuser



©
 A

IS
, 
2
0
1
6

Characteristics of Industrie 4.0 component based on 
RAMI 4.0

Identifiability

 Unique identifier in network 
 Physical objects are 

referenced by an ID
 Security
 Timely Behavior
 Different address types for 

I4.0 components and 
(application) objects

I4.0-compliant services 
and states

 Distinction between 
shop floor/office floor

 Protocols and 
application functions 
can be updated/ 
extended 

 Application layers with 
different protocols

Virtual Description

Virtual representation (including
dynamic behavior) 

I4.0-conform 
communication 

Self-identification
(SOA-Service model)

I4.0-conform Semantics

Support semantics
standardized for I4.0

Security and Safety

 Protection for functionality 
and data (Security)

 Machine safety (Safety)

 Mindset-infrastructure 
security by Design (SbD)

State

State can be obtained
at any time

Quality of Service

Satisfaction of required 
characteristics as e.g. real-

time properties, 

dependability etc.

Combinability

I4.0 components can be 
composed to form a bigger 

component

Source: VDI/VDE-Gesellschaft Mess- und Automatisierungstechnik: Statusbericht; Industrie 4.0; Wertschöpfungsketten. 
Düsseldorf: VDI e.V., April 2014.

6/17/2016 20Prof. Dr.-Ing. Birgit Vogel-Heuser
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6/17/2016

Example: servohydraulic axis RAMI 4.0

Source: open automation „ZVEI: RAMI 4.0 – next steps und das Referenzarchitekturmodell des IIC im Vergleich“, open automation, VDE Verlag, 

15.09.2015, http://www.openautomation.de/detailseite/zvei-rami-40-next-steps-und-das-iira-im-vergleich.html.

Business

Function

Information

Communication

Integration

Asset

Data:
Position, Energy

4
E
E

P
O
S

Energy management as a business process

Position control linked with machine-head 
control on functional layer

Position control with position assignment, 
collecting and evaluating of all energy data

Ethernet with OPCUA

Booster:
webserver, compilation of all sensor 
information

System:
cylinder, block with pump, servomotor, 
valves, …

Controls:
moment, velocity, …
additionally loadable functions:
safety, condition monitoring, control 
technology, energy save mode,…

21Prof. Dr.-Ing. Birgit Vogel-Heuser
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My Joghurt – accepted Industrie 4.0 demonstrator

©
A

IS
,
IF

A
K

,
IF

A
T

,
IA

S

Demonstrator: http://i40d.ais.mw.tum.de
Roadmap: http://www.plattform-i40.de/I40/Navigation/DE/In-der-
Praxis/Karte/karte.html

?

?

?

?

?

Informationsmodell

Informationsmodell

Informationsmodell

Informationsmodell

<<BaseAgent>>

Whiteboard
Job offers, job states

Communication 
Module

Routing messages

CPPS-Agent
Representation of the 

plant

I4.0 Interface (TCP/IP)

<<BaseAgent>>

System-Agent
Structure of the plant, 

<<BaseAgent>>

Process-Agent
Supervision of process

<<BaseAgent>>

Resource-Agent
Represents plant module 

Scheduling for jobs

Description of the plant and its configuration:

- Technical Resources (Units) 

- Capabilities (Operations)

- Units‘ status (e.g. PackML)

- relevant Data points e.g. for 

Tracking/Tracing

Information Model

MES

IEC 61131-3 Software Application

Now officially 
part of the roadmap

6/17/2016 22Prof. Dr.-Ing. Birgit Vogel-Heuser
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Procedure of production control

Customer places order

Determine (new) schedule

Collecting charges and deadlines for sub-orders of system

Contracting (new) sub-orders

Splitting orders into sub-orders

Production monitoring (operator and customer)

Automatic troubleshooting

Send status report

e.g. ©
A

IS
,
IF

A
K

,
IF

A
T

,
IA

S

236/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser



©
 A

IS
, 
2
0
1
6

Modeling of CPPS with MES-ML

24Prof. Dr.-Ing. Birgit Vogel-Heuser6/17/2016

Modeling elements

Hierarchi

c

plant 

structure

Properties of

the chosen

process

fermentation plant

T11
mixing plant

T12

yoghurt 

production

O11

filling plant

T14

yoghurt 

processing

O12

milling machine

T13

filling

O14

cap engraving

O13

P

1

P

2

P

7

P

3
P1

0

P

4

P

8

P

9

P

5

P

6

Start

yoghurt 

production

End

yoghurt 

production

Engraved lid

Caps or tops

Bottles

Packing materials

Handling and
conditioning, …

Product

Gap/weaknesses

• Is automation ML “enough” for process

and resource description and its 

variations and versions?

• “rich” classification of not standardized 

or custom-specific products missing 

(more than UNSPSC necessary)

CPPS Modul
Plant’s representation within the 

CPPS network

I4.0 Interface (TCP/IP)

yoghurt 

production

According to 

UNSPSC
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Modeling of Ressource for pellet dispenser based on 
Automation ML

6/17/2016

• CAEX for structural desciption

• PLCOpenXML for behavioral description

• Collada for geometric description

25Prof. Dr.-Ing. Birgit Vogel-Heuser
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Checking attributes of ressource model and product model with 
ontologies

6/17/2016

Product description
• Name: White chocolate 

balls

• Viscosity: 2.5 Pa*s

• Yield strength: 20 Pa

• Diameter: 0.5 cm

• Aggregation state: solid 

Ressource description
• Name: Filler

• Acceptable viscosity: 

1..3 Pa*s

• Acceptable yield 

strength: 10..30 Pa

• Acceptable diameter: 

0.2..1 cm

• Functionality: separate 

single solid

Ontology
• Formal knowledge representation

• Provides the means to flexibly 

process knowledge

→ Basis to identify whether filler can 

manufacture yoghurts with white 

chocolate balls

Mapping of technical system’s characteristics with requirements from product and 

production process by means of ontologies

Product

System

viscosity

acceptable

viscosity

diameter

acceptable

diameter

yield strength

acceptable 

yield strength

26Prof. Dr.-Ing. Birgit Vogel-Heuser
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2717.06.2016 Kapitel 02 – Aufgaben der Automatisierungstechnik

„root“ 

All products
and services

„Segment 44“ 
office

equipment
and deliveries

„Family 10“ 
office

equipment
and main-
tenance

„Class 15“ 
copier

„Commodity
01“ 

Photocopier

„Class 31“ 
Drucker, 
Fax und 
Kopierer-
lieferante

n

„Commodity
03“  Toner

Calssification

number 44 4410 44103103

44101501

441031

441015

United Nations Standard Products and Services Code (UNSPSC)

Specification

• UNSPSC-Code: 8 numbers

• Titel: Text with max. 120 letters

• Definition: Description text

• Business function (optional): 2 numbers (meaning e.g.: 

maintenance, charge, leasing, installation) 

Hierarchical open convention for classifying products and services (Segment, Family, 

Class, Commodity )

6/17/2016 28Prof. Dr.-Ing. Birgit Vogel-Heuser



©
 A

IS
, 
2
0
1
6

2817.06.2016 Kapitel 02 – Aufgaben der Automatisierungstechnik

Example: Electric motor

Specification of properties through standard characteristics:

Characteristics 26101603

min. rotational speed

Field speed

Type of cooling

Size of the motor (DC)

Design of the motor (DC)

Nominal rotational speed

Allowable stress

Power loss

Protective system

Rated power

Power loss

Type of exciter

Mode

Q
u

e
lle

: 
w

w
w

.s
ie

m
e

n
s
.d

e
 

UNSPSC-

Data bank ERP- System
Motor with data

from construction

Daten exchange

Producer 1

Producer 2

Producer n

Data bank query

with characteristics

Return of available

models/producer

6/17/2016 29Prof. Dr.-Ing. Birgit Vogel-Heuser

What lacks exist in 

product description

for CPPS?
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Others
Services, devices, plants…Others

Services, devices, plants…

Agents as interfaces for Industrie 4.0 
extensions to OPC UA or MQTT for CPPS

I4
.0

-n
e
t

p
ro

d
u
c
ti
o

n
-n

e
t

privatepublic

Existing Platform
(not I4.0-compliant)

Source: cf. ABB AG / Plattform I4.0

Others
Services, devices, plants…

Devices Machines Plants

I4.0

I4.0

I4.0

I4.0I4.0

I4.0 I4.0 I4.0

Others
Services, devices, plants…

Agent

I4.0OPC-UA 
Client / Server

Soft-PLC

Source: Collaborative research with

Prof. Sabina Jeschke and Max Hoffmann

29Prof. Dr.-Ing. Birgit Vogel-Heuser6/17/2016
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Separate

Transport

Filling1

Transport

Filling2

Store

Transport

Anbieter-
Agent

Kunden-
Agent

Agent Management System (AMS)

Agent B

agent directory

Agent A: Adress A

Local network
or internet

Customer-
Agent

Directory Facilitator (DF)

service directory

Agent A: ability 1, ability 2

Message Transport System (MTS)

Ability 1: message A, B, C, D, E

message directory

Agent A

Service-
Agent

Source: B. Vogel-Heuser: Herausforderungen und Anforderungen aus Sicht der IT und der Automatisierungstechnik. In: Industrie 4.0 in Produktion, Automatisierung und Logistik, Springer, 2014.

Self-adapatation of an CPPS

30Workshop on Industry 4.0 & Next Generation Manufacturing in Japan 20166/17/2016

Starterkit I4.0: http://i40d.ais.mw.tum.de/index/industrie/l/en_US

http://i40d.ais.mw.tum.de/index/industrie/l/en_US
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Outline of the talk

31

Advanced Aspects on Model-driven Engineering and 
implementation of field level agents 

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser

1. Introduction of TUM and AIS

2. Field level agents in automation

3. Agents@PLC for CPPS and Industrie 4.0 – my joghurt demonstrator

4. Use case: Sensor reconfiguration modeled with SysML and code
generation from SysML Model to PLC‘s

5. Agents‘ knowledge of valid combinations or sequences modeled with
OCL

6. Metrics for adaptivity

7. Conclusion and future work
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SysML-Plugin „KREA“ for TwinCAT 3 (CODESYS Family)

UML-Plugin for CODESYS V3

UML-based implementation of IEC 61131-3 code
with SysML expansion for software agents

32

Class diagram State diagram

_stamp _belt _crane _magazine

Activity diagram

Block definition diagram Parametric diagram

Code generation for IEC 61131-3 (bidirectional synchronization)

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser
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Technical constraints of the automation system

6/17/2016

• Real-time requirements of 
automated production systems
 hard real-time for the platform 
(PLC)

• Cyclic behavior of the platform 
(1µs – 1s) 

• Classical PLC as well as Soft-PLC 
(PC-based) programmed in IEC 
61131-3 Languages

• Increasing amount of IPC and C, 
C-derivatives

• Online change is mandatory

CPU (platform)

Inputs

PLC-Code 

Execution

Outputs

Process 

Data

Technical 

Process 

(context)

Technical 

system (context)

Sensor signals

Actuator signals

IEC 61131-3 Languages
Sequential 

Function Chart

Step1

Step2

Step3

. 

. 

. 

. 

. 

. 

Transition 1

Transition 2

Transition 3

Ladder 

Diagram
Var1 Var2 Var3

Var5 Var4

OUT

Instruction List
LDN Var1
ANDN Var 2
ANDN Var3
ST OUT

Function Block 

Diagram
Var1

Var2

Var3

&

Var4

Var5
&

>=
1 OUT

Structured 

Text
OUT:=
(Var1 & Var2 & Var3) OR
(Var4 & Var5)

IEC 61131-3 Programming Languages

• Proprietary programming languages: 
Structured Text (ST), Ladder Diagram 
(LD), Instruction List (IL), Sequential 
Function Chart (SFC), Function Block 
Diagram (FBD)

• Upcoming: C

33Prof. Dr.-Ing. Birgit Vogel-Heuser



©
 A

IS
, 
2
0
1
6

Intelligent Software Components on PLCs

17.06.2016 Univ.-Prof. Dr.-Ing. Birgit Vogel-Heuser

Diagnosis Module

• Evaluation of 

sensors values

• Execution of 

failure diagnosis

Knowledge Base

Models of the agents‘ local

knowledge

Control Module

Control of the plant module

or other sub-agents

Intelligent software component

Diagnosis

Module

Knowledge

Base

Planning

Module

Control

Module

Sensors Actuators

State and failure

messages

Interaction with

other agents

Error 

Handling

Optimization

Executiondyn. Redundancy

Extend()

Retract()

FB_
Separator

actions:

ToggleSeparator()

Reasoning

Ontology
has_Out_Matching_Operation

has_Post

condition

post

has_Postcondition_

Input

postIn1

postIn2

postInn

has_Postcondition_

Input

has_Postcondition_

Input

has_SW_State_Input

has_SW_State_Input

has_SW_State_Input

val1

has_Value

val2

valn

has_Value

has_Value has_Value

has_Value

has_Value

opInn

opIn2

opIn1

has_Variable_Input

has_Variable_Input

has_Variable_Input

tagn

tag2

tag1

varn

var2

var1

has_Tag

has_Tag

has_Tag

has_Tag

has_Tag

has_Tag

is_Possible_SW_State_of

is_Possible_SW_State_of

is_Possible_SW_State_of

stIn1

stIn2

stInn

is_Possible_SW_State_of

is_Possible_SW_State_of

is_Possible_SW_State_of

SW_State

st

Operation

op

n

has_NumberOfInputs

has_Preceding_Operation

has_Variable_Input

op

in1

out1

inn

outm

has_Variable_Input

has_Variable_Output

has_Variable_Output

n

has_NumberOfInputs

has_NumberOfOutputs

m

has_Precondition_Input

has_Precondition_InputopPre

Operation

SW_State_

Variable

Variable_Input

Variable_Output

opPost

has_Postcondition_Input

has_Postcondition_Input

Condition

has_Postcondition

SW_Effect_

Variable

opEffect

preInn

preIn1

postIn1

efInn

efIn1

postInn

has_Related_

Variable

has_Related_

Variable

has_Effect_Input

has_Effect_Input

SW_Effect_

Operation

has_SW_Effect

has_Precondition

Thing

Tags

Electronics

Module_Atomic

Module_Basic

M_State

Module

Mechatronics

Software

Local

Output

Variable_Float

Variable_Integer

Input

Variable_Boolean

SW_State_Module

SW_State_Variable

SW_Effect_FunctionBlock

SW_Effect_Operation

SW_Effect_Variable

Operation_Simple

Operation_Complex

Action

Condition

FunctionBlock

Operation

SW_Effect

SW_State

Variable

Actuator

Sensor

Sense

Actuate

Mechanics

Flow_Out

Flow_In

ME_State_Module

ME_State_Part

Flow

Load

ME_Effect

ME_State

Position

Block_Prismatic

Block_Cylindrical

Block

R
e
-E

n
g

in
e
e
ri

n
g

Attachement 

of new module

Modeling

structure

Modeling

feasible 

module states

E
n

g
in

e
e
ri

n
g

Specification of 

module‘s mechatronic 

structure

Modeling software 

structure and behaviour

Modeling semantic 

according to hardware

Construction of a new 

module

Identifying 

matching 

software

„Separator“

1

2

3

4

5
34
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Real-Time Capable Fault Tolerant Software

Source: Frank et al. 2011, Schütz et al. 2012, DFG funded project KREAagentuse

Production Plant

T
o

o
l-

S
u

p
p

o
rt

e
d

D
e
v
e
lo

p
m

e
n

t

o
f

A
g

e
n

ts
‘ 

K
n

o
w

le
d

g
e

-b
a
s
e

KREAagentuse: 
SysML-based automation software development

17.06.2016 Univ.-Prof. Dr.-Ing. Birgit Vogel-Heuser

PD: Tolerance
Model

PD: Redundancy
Model

AD: Technical Process BDD: Software Structure

Agent Models
Redundancy Model

Tolerance Model

∫

q

Π

Tank 

T102

Tank 

T101

LI

102.06

LS-

102.07
LA+

101.02

LS+

101.04

LS-

101.03

P104

FIC

105

 

V103

F

105.01 Main Routine

Self-Aware 

Sensor Agent

Analytical 

Dependency

Model Transfor-
mation/ Code 

Generation

• Based on 
project AVE

• Implementa-
tion of tool
support

KRE

gentuse

35
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Construction of SysML diagrams

Univ.-Prof. Dr.-Ing. Birgit Vogel-Heuser 36

New diagram

Renamed & 

extension of UML 2

Extension of UML 2

Equal to UML 2

SysML

Extension of 

UML 2

UML reused by 

SysML

UML 2

Not used by 

SysML

Source: http://omgsysml.org, 2007

SysML

Requirements 

diagram

Use case diagram

Behavior diagrams
Structure 

diagrams

Activity diagram

Sequence 

diagram

State machine 

diagram

Package 

diagram

Block definition 

diagram

Internal block 

diagram

Parametric 

diagram

17.06.2016
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Introduction of the small lab scale production system
pick-and-place-unit (PPU)

Univ.-Prof. Dr.-Ing. Birgit Vogel-Heuser 3717.06.2016
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Requirement diagram of the stamping process

Univ.-Prof. Dr.-Ing. Birgit Vogel-Heuser 38

Requirement in text form: The workpiece must be stamped for at least 10 
s with a force of at least 10 N.

req [Requirement] stamping process

«requirement»
stamping process

id="1"
text="The workpiece
must be stamped for 
10 s with a force of at 
least 10N."

«requirement»
stamping force

id="2"
text="The stamping 
force must be greater 
than 10 N.”

«requirement»
stamping time

id="3"
text=„The stamping 
process must take 
more than 10s"

«deriveReqt» «deriveReqt»

table [Requirement] Stempelprozess

id name text

1 stamping process "The workpiece must be stamped for 10 s with a force of at least 10N”

2 stamping force “The stamping force must be greater than 10 N”

3 stamping time “The stamping process must take more than 10s”

Chart name in the tool

17.06.2016
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Requirement diagram – Relationships between requirements

Univ.-Prof. Dr.-Ing. Birgit Vogel-Heuser 39

«refine» : Refine relationship describes that a model element describes the properties 
of a requirement in more detail.

«satisfy» : Satisfy relationship describes design elements that fulfills a requirement.

«verify» : Verify relationship combines a test case with the requirement that is checked 
by the test case.

«requirement» 
requirement X

Use case
«refine»

Refine requirement

Refines
«requirement» requirement X

«requirement» 
requirement X

«block»
system module

«satisfy»

meet requirement

Satisfies
«requirement» requirement X

«requirement» 
requirement X

«testCase»
Test case

«verify»

check requirement

Verifies
«requirement» requirement X

17.06.2016
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Relationship between requirements diagram 
and parametric diagram

Univ.-Prof. Dr.-Ing. Birgit Vogel-Heuser 40

Defined requirements, 
which are specified in 
requirements diagrams, 
are met in "satisfy" 
relationship of 
"constraint" blocks in 
parametric diagrams.

req [Requirement] StampProcess «requirement»
StampProcess

id=„
text=„The workpiece
has to be stamped for
10 s using a force, 
which is higher than
10N."

«requirement»
StampForce

id="2"
text="The force of the 
stamp has to be higher 
than 10N."

«deriveReqt»«satisfy»

par [ConstraintBlock] MaximumStampForce

A_piston : m²

«constraint»
conversion: p_to_f

{F = p*A}

p : Pa

A : m²

F : N
F_max: N

p_max : Pa

«constraint»
Maximum

StampForce

values
A_piston : m²

parameter
p_max : Pa
F_max : N

17.06.2016
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Relationship between block definition diagram (BDD) and
internal block diagram (IBD)

Univ.-Prof. Dr.-Ing. Birgit Vogel-Heuser 41

The relationships between parts of a 
block defined in the BDD are 
represented in the IBD.

bdd Stamp

«block»
BistableCylinder

parts
PneumaticPiston : Piston
Sensor_extended : Sensor
Sensor_retracted : Sensor
ExtendValve: Valve
RetractValve : Valve

ibd BistableCylinder

PneumaticPiston : 
Piston

ExtendValve: 
Valve

CompressedAir : Air

↔RetractValve : 
Valve CompressedAir : Air

CompressedAir : Air

CompressedAir : Air

Sensor_extended : 
Sensor

Sensor_retracted : 
Sensor

↕ extended
: Boolean

Signal : Boolean

retracted
: Boolean

Signal : Boolean

→

→

→

→values
extended : Boolean
retracted : Boolean

valves

Sensors

case piston

↕

↕

Air

Air

→

↑

→

2 Position : cm

PistonPosition : cm

PistonPosition : cm

↕
CompressedAirSupply: Air2

↕↕ CompressedAir_Input
: AirAirAir

DL_Input
: Air

17.06.2016
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17.06.2016 Univ.-Prof. Dr.-Ing. Birgit Vogel-Heuser 42

Structure model – Internal block diagram (IBD)
Example: Sorting plant: Block stamp

• Modelling power is neglected to retain the 
overview

• Air and workpiece are concrete objects, 
which are transmitted

bdd [Block] Interfaces

«interface»
iCylinderControl

operations
extend() : Boolean
retract() : Boolean

ibd [Block] Stamp

GripperCylinder : 
BistableCylinder

Stamp : MonoCylinder

SensorSignal : Boolean

↔↔

↑ ↑

retracted
: Boolean

extended
: Boolean

WS
: Workpiece

WS_TakeUp
: Workpiece

↑ ↑

retracted
: Boolean

extended
: Boolean

↕

↕ ↕

CompressedAirSupply : 
Air

CompressedAir
: Air

CompressedAir
: Air

→
Supply : Energy

←

Supply : Energy

iCylinderControl

iCylinderControl

iCylinderControl

2

Air Air

4

4
↑

Workpiece

2 2
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Construction of SysML diagrams

Univ.-Prof. Dr.-Ing. Birgit Vogel-Heuser 43

New diagram

Renamed & 

extension of UML 2

Extension of UML 2

Equal to UML 2

SysML

Extension of 

UML 2

UML reused by 

SysML

UML 2

Not used by 

SysML

Source: http://omgsysml.org, 2007

SysML

Requirements 

diagram

Use case diagram

Behavior diagrams
Structure 

diagrams

Activity diagram

Sequence 

diagram

State machine 

diagram

Package 

diagram

Block definition 

diagram

Internal block 

diagram

Parametric 

diagram

17.06.2016
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State-based behavior–
Important boundary conditions to model the crane

• Crane is able to move to retracted and 
extended positions

• A pneumatic cylinder is used to extend the 
crane

 

Stempel Kran Stapel Band Panel (3x)

Aus welchen Untermodulen ist die Anlage zusammengesetzt?

 

Stempel Kran Stapel Band Panel (3x)

Aus welchen Untermodulen ist die Anlage zusammengesetzt?

Up/ 

Extended

Down/retracted

Retracted state

Extended state

right

left

phi_ist = 0°

seperator

phi_actual = 90°

conveyor

phi_ist = 180°

(stamp)
h_actual

= 0

h_actual = 

h_max

17.06.2016 Univ.-Prof. Dr.-Ing. Birgit Vogel-Heuser 44
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Univ.-Prof. Dr.-Ing. Birgit Vogel-Heuser 45

Crane_move(separator)

WP_separate()

[WP_available=

false]

WP_Pick_up ()

[Material=

Aluminium]
Crane_ move(Stamp)

WP_Set_down()

GripperCylinder_retract ()

WP_stamp()

GripperCylinder_extend()

WP_Pick_up()

Crane_move(conveyor)

WP_separate ()

WP_separate()

Conveyor_move (Pos2)

Conveyor_ move(Pos3)

[Material=

Aluminium]

[Material=Plastic]

[brightness=

bright]

[brightness=dark]

Conveyor_move(Pos1)

[Material=Plastic]

[WS_available=

true]

WP_Set_down()

Crane_ move(conveyor)

Conveyor Stamp Crane Seperator

Activity

Swimmlane

Start node

End node

Decision node

condition

fork

joinCall method

17.06.2016

Behavior model: Activity diagram
Application example: Sorting process
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SysML-Plugin „KREA“ for TwinCAT 3 (CODESYS Family)

UML-Plugin for CODESYS V3

UML-based Implementation of IEC 61131-3 Code 
with SysML expansion for software agents

Univ.-Prof. Dr.-Ing. Birgit Vogel-Heuser 46

Class diagram State diagram

_stamp _belt _crane _magazine

Activity diagram

Block definition diagram Parametric diagram

Code generation for IEC 61131-3 (bidirectional synchronization)

17.06.2016
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How can knowledge of software agents be modelled?
Which kinds of knowledge have to be modelled?

Univ.-Prof. Dr.-Ing. Birgit Vogel-Heuser 47

Which kinds of knowledge can be modelled with SysML?

Use cases (use case diagram)

Parametric relations

Interdisciplinary relations, especially internal structures of (mechatronic) 
systems

How can this knowledge be used during runtime?

Automatic model transformation/ Code generation/ „Model is code“

What is missing?

Automatic processing

Rules of consistency of the model (keyword „boundary conditions“)

17.06.2016
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Tank with upper and lower filling level sensors, valve and pump

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser 48

Source: P. Hehenberger, B. Vogel-Heuser, D. Bradley, B. Eynard, T. Tomiyama, S. Achiche: „Design, Modelling, Simulation and
Integration of Cyber Physical Systems: Methods and Applications“, 2016
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Redundancy Model of Tank according to [SWL+13] and mapping to PAR

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser 49

Source: P. Hehenberger, B. Vogel-Heuser, D. Bradley, 
B. Eynard, T. Tomiyama, S. Achiche: „Design, 
Modelling, Simulation and Integration of
Cyber Physical Systems: Methods and Applications“, 
2016
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Mapping of PAR onto initialization of the redundancy matrix

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser 50

Source: P. Hehenberger, B. Vogel-Heuser, D. Bradley, B. Eynard, T. Tomiyama, S. Achiche: „Design, Modelling, Simulation and
Integration of Cyber Physical Systems: Methods and Applications“, 2016
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Agent-based self-aware, self-describing CPPS-module

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser 51

Source: P. Hehenberger, B. Vogel-Heuser, D. Bradley, B. Eynard, T. Tomiyama, S. Achiche: „Design, Modelling, Simulation and
Integration of Cyber Physical Systems: Methods and Applications“, 2016
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Relationship between requirements diagram 
and parametric diagram

52

Defined requirements, 
which are specified in 
requirements diagrams, 
are met in "satisfy" 
relationship of 
"constraint" blocks in 
parametric diagrams.

req [Requirement] StampProcess «requirement»
StampProcess

id=„
text=„The workpiece
has to be stamped for
10 s using a force, 
which is higher than
10N."

«requirement»
StampForce

id="2"
text="The force of the 
stamp has to be higher 
than 10N."

«deriveReqt»«satisfy»

par [ConstraintBlock] MaximumStampForce

A_piston : m²

«constraint»
conversion: p_to_f

{F = p*A}

p : Pa

A : m²

F : N
F_max: N

p_max : Pa

«constraint»
Maximum

StampForce

values
A_piston : m²

parameter
p_max : Pa
F_max : N

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser
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Exemplary mapping between SysML and 
IEC 61131-3: block definition diagram

53

«block»
EnergyCalculation

values
Acceleration: REAL
StartHigh : REAL
Velocity: REAL
Mass : REAL
High : REAL
PotentialEnergy: REAL
KineticEnergy: REAL

operations

block definition diagram

• Describes a system’s structure in code conforming to IEC61131-3
• Visualization and structuring of the system, standard building blocks are stored centrally

FUNCTION_BLOCK EnergyCalculation
VAR_INPUT
END_VAR
VAR_OUTPUT
END_VAR
VAR

Acceleration: REAL;
StartHigh : REAL;
Velocity: REAL;
Mass : REAL;
High : REAL;
PotentialEnergy: REAL;
KineticEnergy: REAL;

END_VAR

SysML IEC 61131-3
(Block → Function Block)

Example: energy calculation for the vertical fall

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser
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Exemplary mapping between SysML
and IEC 61131-3: Parametric diagram

54

Parametric diagram
• Calling of IEC 61131-3 functions and function blocks
• Visualization and structuring of parametric relationships

SysML

6/17/2016

Acceleration:REAL

Velocity:REAL

mass:REAL

PotentialEnergy:REAL

KineticEnergy:REAL

High:REAL

ActualVelocity :

ActualHigh :

StartHigh:REAL

Prof. Dr.-Ing. Birgit Vogel-Heuser
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Acceleration:REAL

Acceleration:REAL

mass:REAL

PotentialEnergy:REAL

KineticEnergy:REAL

High:REAL

ActualVelocity :

ActualHigh :

StartHigh:REAL

Exemplary mapping between SysML
and IEC 61131-3: Parametric diagram

55

Parametric diagram
• Calling of IEC 61131-3 functions and function blocks
• Visualization and structuring of parametric relationships

SysML
IEC 61131-3
(Constraint → Function)

FUNCTION Ekin : REAL
VAR_INPUT

m : REAL;
v : REAL;

END_VAR
VAR
END_VAR

Ekin := m * v;

IEC 61131-3
(Block → Function Block)

FUNCTION_BLOCK Height
VAR_INPUT

v : REAL;
h0 : REAL;

END_VAR
VAR_OUTPUT

h : REAL;
END_VAR
/*...*/

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser
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Exemplary mapping between SysML
and IEC 61131-3: Parametric diagram

56

Parametric diagram
• Calling of IEC 61131-3 functions and function blocks
• Visualization and structuring of parametric relationships

SysML

ActualSpeed (a := Acceleration, h0 := StartHigh);
Speed:= ActualSpeed.h;
ActualHigh(v := Speed, h0 := StartHigh);
High:= ActualHigh.h;
PotentialEnergy:= Epot(m := Mass, h := high);
KineticEnergy := Ekin(m := Mass, v := Speed);

IEC 61131-3

Vorteile

• Inhärente Dokumentation des 
Codes (“Modell ist Code”)

• Verbesserung der 
Wiederverwendung von 
Standardbausteinen und 
-funktionen

• Verbesserung der Verständlichkeit 
durch visuelle Darstellung

Problem

What information is missing in pure 
SysML parametric diagram to 
automatically generate code?

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser
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Outline of the talk

57

Advanced Aspects on Model-driven Engineering and 
implementation of field level agents 

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser

1. Introduction of TUM and AIS

2. Field level agents in automation

3. Agents@PLC for CPPS and Industrie 4.0 – my joghurt demonstrator

4. Use case: Sensor reconfiguration modeled with SysML and code
generation from SysML Model to PLC‘s

5. Agents‘ knowledge of valid combinations or sequences modeled
with OCL

6. Metrics for adaptivity

7. Conclusion and future work
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Separate

Transport

Filling1

Transport

Filling2

Store

Transport

Anbieter-
Agent

Kunden-
Agent

Agent Management System (AMS)

Agent B

agent directory

Agent A: Adress A

Local network
or internet

Customer-
Agent

Directory Facilitator (DF)

service directory

Agent A: ability 1, ability 2

Message Transport System (MTS)

Ability 1: message A, B, C, D, E

message directory

Agent A

Service-
Agent

Source: B. Vogel-Heuser: Herausforderungen und Anforderungen aus Sicht der IT und der Automatisierungstechnik. In: Industrie 4.0 in Produktion, Automatisierung und Logistik, Springer, 2014.

Self-adapatation of an CPPS

58Workshop on Industry 4.0 & Next Generation Manufacturing in Japan 20166/17/2016

Starterkit I4.0: http://i40d.ais.mw.tum.de/index/industrie/l/en_US
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OCL as a formal language

• Software language to specify conditions for UML

• Easy to read

• Pure expression language, no change in the original model

• No programming language, i.e. aspecially

– No formulation og program logic or control flow

• Typed language

– Each expression in OCL has a particular type 

– Each OCL expression must use the correct type (e.g. no comparisson of
strings and integers)

– Status of the object is not changed during the validation

Introduction of Object Constraint Language (OCL) to model
knowledge of sequences allowed

Application of OCL: Specification of

• Invariants in class diagrams

• Pre- and postcondotion for

• Conditions in sequence and state

diagrams

• Condition of the UML metamodel
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Introduction of the small lab scale production system
pick-and-place-unit (PPU)

Univ.-Prof. Dr.-Ing. Birgit Vogel-Heuser 6017.06.2016
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Interactive exercise – material collection by the crane

Formulate the following conditions for the crane:

• Because of construction conditions the crane is only allowed to move
in a rotation angle of 0° < 𝜑 ≤ 360°.

• The pre- and postconditions at the bearing for the collection of material by the crane
(Kran::MaterialAufnehmen()) are:

– Precondition: Crane unloaded, lowered, at horizontal bearing position (𝜑 = 90°)

– Postcondition: Crane unloaded, lowered, at horizontal bearing position (𝜑 = 90°)

• The pre- and postconditions for the rotation of an angle X (Kran::Drehen(x)) of the crane
are:

– Precondition: Crane isn‘t allowed to leave the angle range

– Postcondition: Crane is at a new position

B3 Lift cylinder at top position Boolean

B4 Lift cylinder at bottom position Boolean

B5 Vacuum gripper loaded Boolean

B6 Rotation angle of the rotary base Integer

Sensor Beschreibung Data type

B3

B4

B5

B6

B5

B6

B4

B3

Prof. Dr.-Ing. Birgit Vogel-Heuser 616/17/2016
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Formulate the following conditions for the crane:

• Because of construction conditions the crane is only allowed to move
in a rotation angle of 0° < 𝜑 ≤ 360°.

context Kran

inv: B6 > 0 and B6 <= 360

• The pre- and postconditions at the bearing for the collection of material by the crane
(Kran::MaterialAufnehmen()) are:

– Precondition: Crane unloaded, lowered, at horizontal bearing position (𝜑 = 90°)

– Postcondition: Crane unloaded, lowered, at horizontal bearing position (𝜑 = 90°)

context Kran::MaterialAufnehmen()

pre: not B5 and not B3 and B4 and B6 = 90

post: B5 and not B3 and B4 and B6 = 90

• The pre- and postconditions for the rotation of an angle X (Kran::Drehen(x))  of the crane
are:

– Precondition: Crane isn‘t allowed to leave the angle range

– Postcondition: Crane is at a new position

context Kran::Drehen(x)

pre: B6 + x > 0 and B6 + x <= 360

post: B6 = B6@pre + x

Prof. Dr.-Ing. Birgit Vogel-Heuser 62

B3 Hebezylinder an oberer Position Boolean

B4 Hebezylinder an unterer Position Boolean

B5 Vakuumgreifer beladen Boolean

B6 Drehwinkel der Drehbasis Integer

Sensor Beschreibung Datentyp

6/17/2016

Interactive exercise – material collection by the crane
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What for is the OCL or the temporal logic needed?

63Prof. Dr.-Ing. Birgit Vogel-Heuser6/17/2016

How can assumptions in a system model be considered related
to its implementation? 

• Model refining with additional assurances

• Invariants limit the allowable state space of implementations 

• Assurances (pre- and postconditions) limit possible state transitions of implementations

In this context, what is the OCL?

• OCL is a specified language to formulate logical formulas

• Necessary assurances can be integrated by OCL 

• UML in combination with OCL enables detailed system models

What information does a model inspector need to test the requirements on 
an automated model?

• A system model describes structur and behaviour of a system (e.g. UML/OCL)

• A formal description of the requirements

In this context, what is the temporal logic for?

• Temporale logic enables the formulation of qualitative and temporal properties, e.g. 
„always“ or „sometimes“

• Temporal logic can be used to describe the requirements for system behaviour
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Characteristics of Cyber-Physical Production Systems 
(CPPS) – Industrie 4.0

Data processing and 
integration for humans

Assistance systems for 
Engineering

Data analysis of process and alarm 
data and connection with     
engineering data

Appropriation of necessary data  
for configuration, production, 
negotiation

Data consistency about different 
„stakeholders“ in different  engineering 
phases and crafts

Architecture models (reference 
architecture) for a category of 
aggregation/modules related to properties, 
capabilities, interfaces…

Description of product and operating 
resources, e.g. ontology, for independent 
analysis, presentation, organization and execution 
of a production process

Production units with inherent 
capabilities 

Digital networks and interfaces for 
communication (between machine, human and 
plant, plant and plant)

World wide distribution of data, high 
availability, access protection

Flexible production units, adaptable to 
modified product requirements, allow also 
structural changes

CPS 
market place 

of 
production 

units 

Source: B. Vogel-Heuser, G. Bayrak, U. Frank: Forschungsfragen in "Produktautomatisierung der Zukunft". acatech Materialien. 2012.

Communication and
data consistency

Intelligent products and 
production units

Data processing for humans

6/17/2016 64Prof. Dr.-Ing. Birgit Vogel-Heuser
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Outline of the talk

65

Advanced Aspects on Model-driven Engineering and 
implementation of field level agents 

6/17/2016 Prof. Dr.-Ing. Birgit Vogel-Heuser

1. Introduction of TUM and AIS

2. Field level agents in automation

3. Agents@PLC for CPPS and Industrie 4.0 – my joghurt demonstrator

4. Use case: Sensor reconfiguration modeled with SysML and code
generation from SysML Model to PLC‘s

5. Agents‘ knowledge of valid combinations or sequences modeled with
OCL

6. Metrics for adaptivity

7. Conclusion and future work
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Adaptivity Metrics

Metrics for 

Real-time 

Capabilities

plcDFAI: PLC-cycles to detect faults

plcIFAI: PLC-cycles to isolate faults

plcSTSAI: PLC-cycles to switch to soft sensor

plcFCLAI: PLC fault compensation latency 

adaptivity index

Metrics for 

Fault Coverage

BECAI: Basic Event Coverage Adaptivity Index 

BENCAI: Basic Event Not Coverage Adaptivity Index 

FLCAIj: Fault Level Coverage Adaptivity Index

Metrics for the Effort 

to Increase Fault 

Coverage

MEICAI: Minimal Effort to Increase Fault Coverage Adaptivity Index 

FHAI: Fault Handling Adaptivity Index 

FHAImodel: Model Based Fault Handling Adaptivity Index

Sc12f: Additional Sensor for Fault Detection, Isolation and Handling

61

Source: Birgit Vogel-Heuser, Susanne Rösch, Juliane Fischer, Thomas Simon, Sebastian Ulewicz and Jens Folmer: „Fault 
handling in PLC-based Industry 4.0 automated production systems as a basis for restart and self-configuration and its 
evaluation”, 2015

Proposed metrics for adaptivity for aPS

Prof. Dr.-Ing. Birgit Vogel-Heuser
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Metrics for the programming
effort needed to increase fault 
coverage:
FHAIx = software elements

Therefore to detect and cover a failure
of the upper tank filling sensor, 31% of
the software code had to be modified or
added

67Prof. Dr.-Ing. Birgit Vogel-Heuser6/17/2016

Source: Birgit Vogel-Heuser, Susanne Rösch, Juliane Fischer, Thomas Simon, Sebastian Ulewicz and Jens Folmer: „Fault 
handling in PLC-based Industry 4.0 automated production systems as a basis for restart and self-configuration and its 
evaluation”, 2015

Metrics of a FCA regarding tank‘s level control error

Metrics for real-time capabilities:
For sensore failure (plcDFAI) only cycle
time is needed. For the calculated value
compared to reacting to the actual
sensor value (plcIFAI + plcSTAI) no
additional time is needed:
plcFCLAI = plcDFAI + plcIFAI + plcSTAI
plcFCLAI = plcDFAI = tcycles

new adapted removed

new adapted removed old

FHAI FHAI FHAI
FHAI

FHAI FHAI FHAI FHAI

15 1 0 16
0.31

15 1 0 35 51
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Industry 4.0 - puzzle pieces- open research issues

Data analysis of process and 
alarm data and connection with 
engineering data

Intelligent products and production 
units

6/17/2016

Agent Agent Agent

Architecture modelsData processing for humans

Data processing and 
integration for humans

Production units with inherent 
capabilities (learning) 

Flexible production units, adaptable to 
modified product requirements, allow also 
structural changes

 Metrics have to be adapted / further developed for benchmarking aPS designs and operation behavior 
regarding Industry 4.0

Reconfiguration, recovery, restart of 
production units

Description of product 
(classification and 
ontologies) – consistency
checking 

68Prof. Dr.-Ing. Birgit Vogel-Heuser

Source: Vogel-Heuser, B.; Rösch, S.; Fischer, J.; Simon, T.; Ulewicz, S.; Folmer, J.: Fault handling in PLC-based Industry 4.0 automated production systems 
as a basis for restart and self-configuration and its evaluation. In: Journal of Software Engineering and Applications, Vol. 9, No. 1, 2016, PP. 1-43.

Data consistency about different 
„stakeholders“ in different  engineering 
phases and crafts

Marketplace 
of 

production 
units
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Program of the agent expert forum

Prof. Dr.-Ing. Birgit Vogel-Heuser17.06.2016 69
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Thank you for 
your attention.

Birgit-Vogel-Heuser

Institute of Automation and Information Systems (AIS)
Faculty of Mechanical Engineering, Technische Universität München

Munich, Germany

http://i40d.ais.mw.tum.de
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