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Abstract

During the lifecycle of mechatronic manufacturing systems, repeatedly exchanges of different system elements have to be conducted. These
system elements can be either single discipline-specific components, or modules composed of components or further modules. In order to ensure
the elements’ compatibility and the system’s functionality, which must comply with the specification after the exchange, a model-based analysis
of the change influences is presented in this paper. A SysML-based modeling approach is combined with the formal representation of the model
in an OWL ontology to conduct the required compatibility check. By that, the disciplines involved in the engineering process, e.g. mechanics,
electrics/electronics and software, can be modeled and taken into account for the analysis of change influences. Thus, this paper contributes to
the domain of manufacturing systems by providing a meta model for the interdisciplinary modeling of manufacturing systems on the one hand

and by defining a corresponding formal representation intended to ensure system elements’ compatibility on the other hand.
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1. Introduction

Engineering of manufacturing systems is a complex process
involving experts from multiple disciplines, e.g. mechanical,
electrical and software engineering. During its lifecycle, a man-
ufacturing system evolves through changes of system elements,
e.g. due to requests for increased product variety [1]. These
system elements can be either single discipline-specific com-
ponents, e.g. bus clamps, or modules composed of components
or further modules, e.g. a cylinder. To cope with the system’s
complexity, it is indispensable to ensure its correct functional-
ity [2]. One challenge is to ensure the elements’ compatibility
after a change, as interfaces between connected parts of the sys-
tem must match and required functionality must be provided.
Another challenge is to ensure, that the manufacturing system’s
variables fulfil the imposed performance requirements [3]. To
make things worse, in a mechatronic manufacturing system, an
exchange of system elements can have discipline-specific as

well as interdisciplinary influences on other elements, e.g. for
a sensor exchanged, electrical connections and the software can
be affected. To consider these influences, an interdisciplinary
system model and an analysis of the elements’ compatibility is
needed. The Systems Modeling Language (SysML) enables the
comprehensible modeling of manufacturing systems [4].
SysML however lacks a formal base, and, thus, compatibility
checks cannot be performed directly [5]. An approach that en-
ables the explicit knowledge representation and the application
of inference mechanisms is the Web Ontology Language
(OWL). However, OWL is intended for a formal knowledge
representation and, thus, lacks in comprehensible modeling.
Therefore, this paper proposes to combine systems modeling
with semantic technologies, i.e. OWL, for performing compat-
ibility analyses and, hence, change influence analyses. The ap-
proach is exemplarily applied for SysML4Mechatronics [6],
which focuses on the discipline-specific and interdisciplinary
connections of system elements and their port specifications.
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The paper is organized as follows: In the next section, re-
lated work on systems modeling and semantic technologies is
discussed. Subsequently, an application example motivating
the proposed approach is introduced. The proposed approach
combining SysML4Mechatronics and OWL for applying com-
patibility analyses as well as its evaluation using a lab-size
demonstration model are presented in sections 4 and 5, respec-
tively. Finally, the paper is concluded in section 6.

2. Related work

The Systems Modeling Language (SysML) is a graphical
modeling language for systems engineering [4]. In order to in-
tegrate disciplines of the engineering process with their own
approaches within the modeling notation, Thramboulidis [7]
proposes the application of SysML profiles for realizing a 3+1
view model. A similar approach for integrating discipline-spe-
cific views was proposed in [8] through applying profiles for
modeling and model transformations for consistency checks
between the views. The application of SysML as high-level
modeling notation was proposed in [4]. Besides a methodology
for engineering the system, the authors propose mechanisms
for consistency check and validation of models. Mechatronic
compatibility checks however were not proposed by these ap-
proaches yet. Nevertheless, due to the semi-formal character of
SysML, formal models and computer-interpretable mecha-
nisms are needed to implement compatibility checks [5]. Auto-
mationML addresses the data exchange between disciplines
and along the life cycle of a production system for ensuring
interoperability between tools within manufacturing systems
engineering [9]. However, in contrast to SysML, Automa-
tionML does not inherently provide standardized graphical
modeling support within appropriate diagrams to model the
systems structure, behavior and requirements. Graphical tools
and appropriate interfaces need to be implemented for Automa-
tionML for making it applicable to the interdisciplinary manu-
facturing systems domain. In [10] such an architecture for col-
laboration between tools and persons within the engineering
process is proposed. However, the means for ensuring con-
sistency within the models, e.g. using a formal knowledge base,
is not provided, which is addressed in this paper.

While classical programming approaches require to code
knowledge explicitly within the program code, knowledge-
based systems enable the explicit representation of knowledge
as well as its automatic processing [11]. An established tech-
nology for formal knowledge representation is the Web Ontol-
ogy Language (OWL). Using standardized, deductive reason-
ing mechanisms, in OWL formulated ontologies can be pro-
cessed automatically e.g. to identify inconsistencies within the
model. Further mechanisms, e.g. query languages (SPARQL
Protocol and RDF Query Language, SPARQL), enable the ex-
tension of OWL’s expressiveness. Recently, ontologies are ap-
plied for semantic description of requirements imposed on
building automation systems [12] as well as for device descrip-
tion for verifying the consistency, completeness and correct-
ness of devices and the system’s design [13]. Lastra et al. [14]
extend the IEC Automation Object Reference through a mech-
atronics ontology and an IEC 61499 ontology for ensuring re-
usability and interoperability of automation devices. In Lohse
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et al. [15], a device ontology according to the function-behav-
ior-structure paradigm was developed for selecting, configur-
ing and evaluating system alternatives. However, all these ap-
proaches do not focus a visual modeling notation for modeling
the production system. Hence, the use of CAEX for modelling
the plant model, its validation using OWL [16] and the identi-
fication of inconsistencies and redundancies within the CAEX
model [17] was introduced. Nevertheless, these works neglect
the holistic mechatronic structure of an automation system. An-
other approach addressing the management of model versions
by consistency-preserving merges for several modeling nota-
tions using OWL was presented by [18]. The applicability for
production system’s compatibility analysis needs to be evalu-
ated. Further approaches focus on verifying behavioral aspects
of manufacturing systems, e.g. mode handling of flexible man-
ufacturing systems [19], but do not consider the structural com-
patibility of the manufacturing system’s elements.

Concluding, various approaches for modeling the interdisci-
plinary aspects of a production systems exist. Due to their semi-
formal nature, processing of the modeled knowledge, e.g.
checking the compatibility of model elements, is not supported
inherently. Thus, the application of formal knowledge repre-
sentation and processing of the modeled knowledge is needed.
Within this area, numerous approaches for enabling compati-
bility check and retrieval of modeling elements exist but ne-
glect their comprehensible modeling. An approach that inte-
grates a modeling notation for interdisciplinary systems and
formal knowledge representation for verifying compatibility of
modeling elements has been not proposed, yet.

3. Application example: Pick and Place Unit

For the described approach, a bench-scale model of a pro-
duction process serves as an application example. For the sake
of clarity and simplicity, the application example was reduced
to the substantial facts for illustrating the approach. The Pick
and Place Unit (PPU) [20, 21] consists of a stack depot, a crane,
a stamp module and a sorting belt. The stack depot poses as
material source of the process. In the first step, a work piece
(WP) is pushed into the handover position. The crane grabs the
WP at 0° and transports the WP to the stamp located at 180°.
After the crane has released the WP it is clamped, stamped and
released afterwards. In the last step, the crane transports the WP
to the sorting belt at 90°. Finally, the WP is transported, accord-
ing to its color and material, to the appropriate slide (Fig. 1).

Option #1:
Crane

e,

Option #2:
Switch
R, N

Fig. 1. CAD-model of the Pick and Place Unit [20, 21].
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Thus, the crane constitutes a central module to fulfill the
functionality “Move WP circularly”. In order to fulfill this
functionality, the crane module consists of the mechanical
crane structure, a cylinder to lift the crane, a turntable to fulfill
the rotational movement, a vacuum gripper to grab the work
pieces and an according software component to control the
crane. However, a crane is not the only possible solution to ful-
fill the functionality “Move WP circularly”; instead also a
switch with conveyor belts at the according positions (0°, 90°,
180°) could be utilized, which uses a different operating prin-
ciple to achieve the same outcome. A changed customer re-
quirement, e.g. that the work piece should not be lifted up,
could make such an exchange of the module necessary.

If such an exchange shall be implemented to the production
system, it is essential that all influences have been taken into
account. In order to analyze, which influences an exchange of
the crane through a switch would have on the existing system,
it has to be verified which interfaces are compatible and which
interfaces have to be changed in the different disciplines.
Therefore, an integrated system model (SysML4Mechatron-
ics), including the components and ports of each discipline, and
an according formal model (ontology) will be utilized.

4. Approach for integrating model-based engineering and
semantic technologies

In the following, the approach for integrating model-based
engineering and semantic technologies for applying compati-
bility checks (cf. Fig. 2) is presented for the PPU. Using
SysML4Mechatronics, the system can be modeled (sec-
tion 4.1). Subsequently, the modeled information is trans-
formed into the OWL ontology (section 4.2). Using SPARQL
queries, incompatibilities can be identified (section 4.3).

SysML4Mechatronics

Graphical language for

OWL ontology SPARQL queries

—»  Knowledge base for ——»-
modeling interdisciplinary formally representing
manufacturing system modeled knowledge

- -

Fig. 2. Overview on the proposed approach

Compatibility
rules

4.1. SysML4Mechatronics model

In the first step during the development phase, the mecha-
tronic production system is modeled in SysML4Mechatronics.
Fig. 3 and Fig. 4 show parts of the meta model. Elements of

«stereotype»
Block
SysML
SysML4Mechatronics
«stereotype» «stereotype»
SysML i F ionali
Name : String Name : String
Version : Integer .1'—1
[ [ [
«stereotype» «stereotype» «stereotype»
Mechanical-Block E/E-Block Software-Block
0.* 0.%

Fig. 4. Part of the SysML4Mechatronics meta model

(block, module definition).
each discipline (Mechanical-Block, E/E-Block, and Software-
Block) are included into the model during the design and con-
nected with according ports (Mechanical-Port, E/E-Port, Soft-
ware-Port). Thus, through the integrated model, elements and
interfaces can be described discipline-specifically as well as in-
terdisciplinary.

Fig. 5 shows e.g. the crane and the switch modules as black
boxes with the ports resulting from their internal components
in the different disciplines. Due to spatial restrictions, the mod-
ules’ port connections to corresponding ports of other modules
are not shown in the figure. While the E/E-components of the
crane module are connected directly to the digital binary in-
and outputs (24 V DC) of the Programmable Logic Controller
(PLC), the switch module is connected through a fieldbus, i.e.
Profibus DP, to the PLC. Furthermore, blocks and modules
have functionalities, which they fulfill (e.g. an inductive sensor
fulfills the functionality “detect metal work pieces”). In order
to implement a specific functionality, certain ports are manda-
tory (e.g. the power supply for a motor is mandatory for each
functionality, while the port for pulse width modulation is only
mandatory for the functionality “velocity control”).

After the system has been modeled in the described way dur-
ing the development, change influences can be analyzed
therein. In order to ensure a correct operation after the ex-
change of a system component or module, the required inter-
faces as well the functionality have to be fulfilled appropriately.
Therefore, compatibility rules apply for the ports in each disci-
pline, cf. section 4.3. In order to check the compatibility of the
exchanged element with the existing system, a formal represen-
tation of the system is required, as described in the next section.

«enumeration» «enumeration»
«stereotype» «stereotype» Direction FeatureDirection
SysML::Ports&Flows: SysML::Ports&Flows: In Provided
:ProxyPort :InterfaceBlock Out Required
SysML InOut
SysML «stereotype» 1.7 «stereotype» «stereotype»
4Mechatronics SysML4MechatronicsPort Functionality SysML4MechatronicsinterfaceBlock
Name : String
0..¥ | Conjugated : Boolean 1.5 Name : String
. Type : SysML4MechatronicsinterfaceBlock is mandatory for
is connected to A
1
I le T ) «stereotype» «stereotype» «stereotype»
i E/E-Inter k rf
«stereotype» «stereotype» «stereotype» T . . : . Qi
a ype : DataType Type : DataType OperationName : String
eSanicaiiort EESAoL Seiivao Direction : Direction Direction : Direction FeatureDirection : FeatureDirection
DefaultValue : Real Port
LowerValue : Real

UpperValue : Real

Fig. 3. Part of the SysML4Mechatronics meta model (Port definition).
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«block»
«module»

«block»
«module»

Crane1 : Crane module Switch1 : Switch module

Move WP Circularly ~ Functionality
Mechanical Mechanical
Ports B Softy P

Name : P1 Software orts Software
g Type : DC orts -\ Ports
LowerValue : 10 Name : S1 Name : P5
OperationName : Type : Profibus DP
CircularMovement Direction : InOut

Move WP Circularly Functionality

DefaultValue : 24
UpperValue : 30

IR (1 FeatureDirection : Conjugated : False
Conjugated : False Provided. MandatoryFor :
MandatoryFor : Conjugated : False Move WP Circularly

Move WP Circularly

E/E Ports
AR s{a-alx

E/E Ports

A HA YV HAHAHVHY

Fig. 5. Comparison of the crane module and switch module showing ex-
emplarily the port specification of an E/E-port in each module.

4.2. OWL ontology

For the intended compatibility check, the SysML profile
serves as the meta model, which will be represented within the
terminological knowledge, thus, providing the base vocabulary
of the ontology. The resulting model itself is then transformed
into the assertional knowledge. The main concepts and rela-
tions of the OWL ontology are shown in Fig. 6. The stereotypes
within the SysML4Mechatronics profile are transformed into
corresponding  OWL concepts, e.g. SysML4Mechatron-
icsBlock, -Port and -InterfaceBlock. By that, specific modeling
elements of a SysML4Mechatronics model are represented as
OWL instances of these concepts. Associations modeled in be-
tween those modeling elements are represented as OWL prop-
erties. OWL literals are defined for respective attributes.

Direction || Boolean

. .
hasDirection |sConJanled isConnectedTo

SysML4MechatronicsBlock SysML4
MechatronicsPort
Mechanical-
hasModule /’_E Block E* Mechanical-Port hasUpyValue

2 7}

Modue Jo={  EEBock | | £ | [ EEPort hasbefaultValue>] Real
8 N
<
——( Soﬁware—BIock] [ Software-Port ] hasUpper\/alLTe

<
hasFunctionality

e et
Functionality isMandatoryFor hasType
i |«—hasName
string SysML4Mechatronics

DataType RasType InterfaceBlock
— Mechanical-InterfaceBlock
hasDireclion ‘

E/E-InterfaceBlock
FeatureDirection hasFea(ure%clion Software-InterfaceBlock
<_hasOpelétionName

Legend: ) Gy Literal (O OWLConcept —= OWLProperty ‘

Fig. 6. Excerpt of the OWL ontology.

An exemplary representation of a model within the ontol-
ogy’s assertional knowledge for the module Cranel is shown
in Fig. 7. The modeling elements of the SysML4Mechatronics
model in Fig. 5 are represented using OWL instances of the
OWL concepts, e.g. Cranel and PI, and related to each other
via the OWL properties, e.g. hasBlock and hasPort. By that,
the SysML4Mechatronics modeling elements have an equiva-
lent representation within the ontology.

4.3. Compatibility rules for analyzing change influences

In order to analyze change influences in the system model,
compatibility rules between exchanged elements need to be
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Functionality
hasName
Crane1_Functionality

hasFunctionality

“Move WP
circularly”
isMandatoryFor

hasﬁwe Value—={__10 |
hasDefaultValue—[_24 ]
= hai;lpperValue
ha@irection—»
isConjugated—{ false |

Module
Crane1

hasType

e-Interf:

hasEeatureBi\rection* “Provided”
“Circular
Movement”
Legend:

hasOperationName
@ OWLInstance ] OWLLiteral () OWL Concept—= OWL Property

Fig. 7. Exemplary OWL representation of the crane example.

formulated. These compatibility rules are represented within
SPARQL queries, which provide the opportunity to describe
patterns that are retrieved from the OWL ontology. By that,
specific incompatibility criteria can be formulated and results
of the queries return instances that do not comply to the com-
patibility rule. Typical compatibility rules that apply for the
SysML4Mechatronics model as well as their SPARQL formu-
lation are shown in Table 1 and described in the following.

The first compatibility rule for mechanical and E/E-ports is
the compliance of the connected ports’ data types. Those types
need to be exactly the same for two modules (variables m/ and
m2). Using the SPARQL query (1), all ports that are connected
to each other (variables p/ and p2) are queried. The query result
is filtered if the connected ports’ types (variables ¢/ and ¢2) are
not equal. In the application example, P/ must be connected to
a corresponding DC port and P5 to a corresponding Profibus
DP port (cf. Fig. 5). Another restriction, which has to be ful-
filled by connected mechanical and E/E-ports, is their direction
property. In-ports may only be connected to either Out-ports or
InOut-ports, but not to In-ports (same applies for Out-ports).
Thus, SPARQL query (2) is applied: If all ports are connected
properly, the query returns no result, as e.g. the case for P/
and P35; thus, their directions match the rule.

A further compatibility rule that needs to be fulfilled within
system design is the fulfilment of connected ports’ data ranges.
In general, the range of an In-port must include the range of the
Out-port it is connected to, resulting into several restrictions for
the In- and Out-ports’ lower, upper and default values. Within
the SPARQL query (3), the first FILTER expression ensures
that variable p/ is the input of the connected port pair; the sec-
ond one retrieves the results not compliant to the rule. By that,
it is ensured that the Out-port’s data range fits the In-port’s ac-
ceptable range, i.e. that variable p2’s lower value low2 is
greater than or equal to variable p/’s lower value low! (defini-
tion of other values respectively). A detailed view of the con-
nection between the crane’s port P/ and the PLC’s port
P1_PLCisshownin Fig. 8. In the illustrated example, the mod-
ules are connected correctly as the values of the Out-Port
(P1_PLC) fit the In-Port’s (PI) range. Similarly to mechanical
and E/E-ports’ data types, it must be ensured that software ports
connected to each other refer to the same software operation.
In the application example, the crane’s software port S/ refers
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Table 1. Compatibility rules and corresponding SPARQL query.

Mechanical-Ports, E/E-Ports

Same data types
SELECT ?m1 ?m2 ?pl ?p2 WHERE {
?ml :hasPort ?pl . ?m2 :hasPort ?p2 . ?pl :isConnectedTo ?p2 .
?pl :hasType | :hasType ?t1 | . ?p2 :hasType [ :hasType 72| .
FILTER ( 7t1!=7t2) . } 1)

Data
Type

In — Out, InOut — InOut, In — InOut, Out — InOut
SELECT ?m1 ?m2 ?pl ?p2 WHERE {
. ?ml :hasPort ?pl . ?m2 :hasPort 7p2 . ?pl :isConnectedTo ?p2 .
tion ?pl :hasDirection 7d1 . 7p2 :hasDirection ?d2 .
FILTER ( 7d1 = ?d2 && ?d1 != "InOut” && ?d2 '= "nOut” ) . }  (2)

Direc-

E/E-Ports

Range of In-Port must match range of Out-Port
SELECT ?m1 ?m2 ?pl ?p2 WHERE {
?m1 :hasPort 7pl . ?m2 :hasPort ?p2 . 7pl :isConnectedTo 7p2 .
7p1 :hasDirection ?d1 . ?p2 :hasDirection 7d2 .
?pl :hasLowerValue ?lowl . ?p2 :hasLowerValue ?low2 .
?pl :hasUpperValue ?uppl . ?p2 :hasUpperValue ?upp2 .
?pl :hasDefaultValue ?def1 . ?p2 :hasDefaultValue ?def2 .
FILTER ( ?d1 = "In" || 7d1 = "InOut’ ) . FILTER ( ?low2 < ?lowl ||
Pupp2 > Tuppl || 7def2 < ?owl || ?def2 > Tuppl) . } (3)

Range

Software-Ports

Same required/provided operation

SELECT ?m1 ?m2 ?pl ?p2 WHERE {
?m1 :hasPort ?pl . ?m2 :hasPort ?p2 . ?pl :isConnectedTo ?p2 .
?pl :hasType | :hasOperationName ?01 ; :hasFeatureDirection ?d1 | .
?p2 :hasType | :hasOperationName ?02 ; :hasFeatureDirection ?d2 | .
FILTER ( 7d1 = ?7d2 || 701 != 702 ) . } (4)

Oper-
ation

Block/Module

Fulfillment of same functionality
SELECT ?n WHERE {
: Cranel :hasFunctionality | :hasName ?n | .
FILTER NOT EXISTS {
: Switchl :hasFunctionality [ :hasName 7] } . } (5)

Func-
tiona-
lity

Mandatory ports must be connected
SELECT ?m ?f ?pl WHERE {
?m :hasFunctionality ?f . ?pl :isMandatoryFor ?f .
FILTER NOT EXISTS { ?p1 :isConnectedTo 7p2 } . } (6)

Man-
datory
ports

to the provided operation “Circular Movement”. If a module is
connected to the crane via S/, it must be ensured that one of the
connected modules requires and the other one provides the re-
spective operation. Hence, the query (4) is applied ensuring
that the operations (variables o/ and 02) of the respective con-
nected ports (variables p/ and p2) refer to the same operation
and that their feature directions (variables d/ and d2) corre-
spond to each other. In the application example, S/ has the fea-
ture direction Provided and thus provides the operation Circu-
larMovement. Hence, in order to be compatible, S7 needs to be
connected to a port that requires (feature direction Required)
the respective operation CircularMovement.

In order to ensure that the system’s functionality remains, if
a module is exchanged, the new module needs to provide the
same functionality. For the application example, the module
Cranel is replaced by module Switchl; thus, it must be en-
sured, that Switchl fulfils the same functionality f being pro-
vided by Cranel. The SPARQL query (5) is therefore applied
to retrieve the functionality provided by Cranel and to filter
the results to identify the functionality not fulfilled by Switchl.

Excerpt of the Crane module Excerpt of the PLC module

Name : P1 Name : P1_PLC
Type : DC Type : DC
Lower\Value : 10 < < LowerValue : 15
DefaultValue : 24 : DefaultValue : 24
UpperValue : 30 > > UpperValue : 25
5 .

Fig. 8. E/E-connection of the Crane’s port P/ with the PLC’s port P/ _PLC.

In the example, both fulfil exactly the same functionality;
hence, the query returns no result. Furthermore, it must be en-
sured that the ports that are mandatory in order to fulfil a spe-
cific functionality are connected to according ports of other
system elements, cf. SPARQL query (6). In the application ex-
ample, P/ is mandatory for the functionality Move WP Circu-
larly and, thus, must be connected to a respective port in order
to provide the circular movement of a work piece.

5. Evaluation of the proposed approach

In order to evaluate the applicability of the approach, a
change of the stack cylinder (for separating the work pieces)
was conducted additionally to the example used in the preced-
ing sections. Fig. 9 shows the old cylinder (left) and the new
cylinder (right); their connections to respective ports of other
modules are not shown. The old cylinder was made up by two
3/2-way valves, two end position sensors, and represented in
the software by two software-blocks for extending and retract-
ing the cylinder (Fig. 9 shows the resulting ports of the cylin-
der, the inner structure is regarded as black box). Thus, in order
to fulfill the functionalities “Extend” and “Retract”, all ports
are mandatory. The new cylinder uses one 4/3-way valve. Next
to the software-blocks for extending and retracting the cylinder,
it is also possible to extend the cylinder to a certain length and
stop it in the respective position. The corresponding software
port “Set Extension Length” is only mandatory if the cylinder
shall be stopped in other positions than the end positions.

«block»
«module»

«block»
«module»

CraneCylinder : Cylinder_01 CraneCylinder : Cylinder_02

Functionality

Extend, Retract Extend, Retract,

Functi lit
unctionality Extend to length x

Mechanical Mechanical

Softs Software
Ports oftware Ports Ports

Set_Extend()
Set_Retract()

Set_Extension_Length()

Ports

Valves connected to Set_Extend() o Valve connected to

valve cluster valve cluster
Set_Retract()

Digital Binary connections of
sensors and valves (24 V DC)

VIV B Ports

Digital Binary connections of
sensors and valve (24 V DC)

E/E Ports

Fig. 9. SysML representation of old/ new cylinder with brief statement of
port functionalities.

Similarly to the transformation in section4, the
SysML4Mechatronics models of the cylinders were trans-
formed into the OWL ontology. Using the SPARQL que-
ries (1)—(3), the connected ports’ compatibility can be identi-
fied — all ports are connected correctly. Furthermore, as both
cylinders provide the operations “Extend” and “Retract”,
which are required by the PLC the cylinders are connected to,
all operations required by the system are fulfilled and SPARQL
query (4) identifies no compatibility issues. In addition, as the
new cylinder fulfils an extended functionality, SPARQL
query (5) identifies no problems regarding the functionality of
both cylinders. As the valves were connected correctly (cf. pre-
vious queries), all mandatory ports needed for the module’s
functionality were connected properly, i.e. the valves required
to perform the functionalities “Extend” and “Retract” are con-
nected to respective ports. Hence, also SPARQL query (6)
identifies, that an integration into the system is possible. This
change analysis therefore showed that the new cylinder can be
implemented into the system, although the working principle is
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different. However, if the enlarged cylinder functionality “Ex-
tend to length x” shall be used, it is necessary to adapt the other
software blocks of the existing system.

The evaluation of the approach showed that it is applicable
for lab-size demonstration models. However, the proposed ap-
proach deals with a pure structural compatibility analysis and,
hence, is limited to a structural change influence analysis. In
order to provide a more holistic analysis, behavioral aspects
need to be integrated. By that, it could be automatically identi-
fied, whether the exchanged elements fulfil the same function-
ality as the original ones. Moreover, in order to make the ap-
proach applicable for complex manufacturing systems, the au-
tomatic validation of composed and more complex system ele-
ments must be provided. Nevertheless, using the proposed ap-
proach, influences of exchanged system elements on respective
dependent elements can be analyzed and visualized. Thus, the
approach has the potential to support engineers of different dis-
ciplines while designing complex manufacturing systems.

6. Conclusion and outlook

In this paper a SysML-based modeling approach and the ad-
equate formal representation in an OWL ontology was shown,
in order to enhance the possibility to analyze change influences.
The combination of these two approaches appears very useful,
as the SysML model offers the developers from different disci-
plines a comprehensive possibility to create an interdisciplinary
system model with all required information, while the ontology
can be utilized for the formal compatibility check. Thus, a first
step towards providing (semi-)automatic compatibility checks
for interdisciplinary models is provided. A major benefit of the
used approach SysML4Mechatronics is the integration of the
disciplines involved in the engineering process, e.g. mechanics,
electrics/electronics, software, as in this way discipline-spe-
cific, as well as interdisciplinary dependencies between system
components can be modeled, and thus, taken into account for
the analysis of change influences. However, the integration of
further aspects into the modeling approach, e.g. different vari-
ants and versions of system elements, will be investigated.

In this paper, the compatibility rules were defined before-
hand and constitute general rules which have to be fulfilled by
each exchanged system element. In future work, these rules
will be extended to offer the possibility to define element-spe-
cific compatibility-rules (e.g. a maximum allowed energy de-
mand for a module). In this way, also project-specific compat-
ibility rules can be taken into account, enhancing the benefit of
a model based change analysis even further. Furthermore, the
purely syntactic description of operations will be extended to-
wards a semantic description. Moreover, the proposed ap-
proach will be integrated into the existing modeling environ-
ment using automatic transformation between the
SysML4Mechatronics model and the OWL ontology. By that,
change influences can be analyzed in the formal model and af-
ter the reverse transformation visualized in the SysML model.
Moreover, further research will be conducted towards enabling
(semi-)automatically resolving incompatibilities by identifying
appropriate elements from a central library. Together with ex-
perts from industry, the applicability of the approach for com-
plex manufacturing systems will be evaluated.
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