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Abstract: Short product life cycles and the associated shortening of production periods require an integrative design of
the product and production system. This paper presents a methodological approach for linking integrative design, model-
based systems engineering and model checking. This approach supports the integrative development of product and
production systems by formal description in the early design phases. Based on the example of a pedelec and the
associated production system, model checking is used to verify the behavior of the production system fully automated
with respect to specified requirements regarding the production process. The formalized description with SysML
supports this automated analysis of the integrative models by a common semantic and syntax. The methodological
approach has been evaluated comprehensively based on different product variants of the application example and on
different configurations of the production system.

1 Introduction

The current market situation results in increasing complexity throughout the entire value chain and shorter product life
cycles across all industries. Therefore, the future competitiveness of manufacturing companies strongly depends on the
complexity management of products and processes and a short time-to-market [FG13] [Sc14]. In this context, the product
and the associated production system must be closely aligned with each other in the conceptual phase of system design
[Gal0].

Decisions in product and production system design are usually determined by mutual dependencies. An efficient
development process therefore requires the integrative design of the different systems. Integrative approaches enable an
evaluation of the system properties and requirement fulfilment, the comparison of alternative variants and the analysis of
the impact of changes [GD+18]. These approaches are currently supported by formalized modelling and simulation.
However, the behavior of integrative product and production system models cannot be checked by fully automated
analyses. The complexity of relations between product and production models and the multitude of interaction possibilities
in the detailed behavior simulation make a fully automated analysis even for very powerful computers impossible
[CD+05]. For this reason, the existing approaches cannot adequately support the model analysis in the context of the
integrative conception of product and production systems.

Using the example of a pedelec, this paper shows how the integrative specification can be used for evaluating design
aspects of the product and for production system planning. For this purpose, the model-based implementation in SysML
is described with a consideration of time information. This implementation provides the methodological foundation for a
model transformation and analysis, in order to identify errors in the design of the product and production system at an
early stage.

In the following, the fundamentals of integrative product system design are summarized in Section 2. Section 3 describes
our approach of integrative modeling using the example of a pedelec. Section 4 describes the method for fully-automated
checking the behavior of the integrative model against requirements regarding the production process. Section 5 presents
the evaluation of our approach. The evaluation is based on a manual model transformation. Section 6 summarizes the
contribution and gives an outlook on future work.

2 Fundamentals: Integrative Product System Design

In traditional design theory, product development is almost completed when production system development begins. The
aim of simultaneous engineering is to parallelize the consecutive workflows of product design and production system
design. This shortens the development time of a new product and avoids subsequent changes. In this context different
methods and instruments have been established for simultaneous engineering and for an early analysis of product and
production systems (e.g. [BW97] [EM13] [Gal0]). The parallelization of integrative design requires a close cooperation
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and a high need for coordination of product and production system development, as well as a continuous exchange of
information between the specific departments. Traditional approaches have a low degree of formalization and require
manual analysis of the models (see Figure 1 — 1). Especially the design of complex mechatronic systems requires that the
impact of manufacturing technologies on the product concept and the multitude of interactions between product and
production system are analyzed in the early design phases [Gal0].

The use of a common modelling language is a good way of facilitating coordination between the disciplines. In particular,
the Model-Based Systems Engineering (MBSE) approach can combine the development activities of all participating
disciplines through a single system model [SF+16]. For the consistent representation, graphical modelling languages such
as SysML (Systems Modeling Language) [Ob15] are used. Suitable approaches for the modelling of the structure and the
abstract behavior modelling of product and production systems with SysML are presented in [KV13] [SR09]. With the
integrative modeling of product and production systems, their dependencies can be represented due to identify inconsistent
designs and to avoid redundant or contrary activities [EL+05] [MP+18]. In this way, the numerous degrees of freedom in
product and production system design can be addressed by a fast and targeted reduction of the solution space. The formal
and model-based specification offers the possibility to evaluate relevant design aspects from production system planning
at an early stage (see Figure 1 — 2). As far as possible, this analysis should be based on calculation and simulation and not
only on the intuition of experienced experts [Gal10].
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Figure 1. Evolution of supportive approaches in the context of integrative design

While modeling describes the process of building a model, simulation is the process of using a model to analyze its
behavior. SysML models can be used to describe production systems independently of simulation tools, but are less
suitable for detailed behavioral simulation or for describing time behavior [SR09] [AM+17]. For this reason the
simulations of the integrated product and production system development are carried out by dedicated simulation tools.
As shown in Figure 1 - 3, the semi-automated interpretation of the models requires a formalized description. This
description can use common semantics and syntax as well as the definition of constraints [SF+16].

Summarizing, model-based approaches and modelling languages can be used in the early phases of integrative product
and production system design - simulation-based approaches can be provided by external tools. A high degree of formal
description can support automation of the analysis of integrative models. However, the simulation of systematically
designed test cases is time-consuming and can only partly guarantee the correctness of the behavioral simulation. Methods
for fully automatic verification of the integratively designed production systems against requirements regarding the
production process do not exist (see Figure 1 —4).
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3 Integrative Design of Product and Production Systems

In this section we introduce the integrative design of the product and production system with SysML. This is illustrated
by the application example pedelec and pedelec production system. SysML is a graphical and standardized modeling
language based on UML [Ob17]. It is used as a de facto standard in the field of model-based systems engineering. SysML
offers a wide range of descriptive tools for the holistic and interdisciplinary specification of intelligent technical systems.

Figure 2 shows an overview of the approach used in this paper. First, a product model and a production system model are
integratively designed (see Sections 3.1 and 3.2). The production system considers already modelled properties of the
product model. The internal relationships, especially the resource flows of the production system are then modelled taking
into account the product model (see Section 3.3). The next step is to model the behavior model of the production system
based on the structural model and on the resource model of the production system (see Section 3.4). In Section 3.5 we
describe requirements for the production process of the production system. During the model analysis, the specified
behavior of the production system is fully automated checked against the specified requirements (see Section 4).

Structure

L1 Model
e

Structure
Model

Product

Behavior
Model

Figure 2. Approach for the automated model analysis of integrative design of product and production systems based on SysML

3.1 Product Model

The modeling of a system from the point of view of a black box is made possible by the Block Definition Diagram (BDD).
Figure 3 shows an excerpt of a product model for the pedelec in the form of a BDD. In the context of this work, the
hierarchical relationships of the product model are in focus. These relationships are expressed with a composite
aggregation. The pedelec consists e.g. of a frame, a fork and wheels. The wheel is further divided into inner tube, folding
tire and spokes. Relationships between subsystems can be modelled with Internal Block Definition Diagrams (IBD) (see
Section 3.3).

Pedelec

w heel
| Wheel ‘ ‘ Fork | ‘ Frame ‘
innerTube foldingTire\I/ spoke hubMotor\I, tube
InnerTube | | FoldingTire | ‘ Spoke ‘ ‘ HubMotor ‘ ‘ Tube ‘

Figure 3. Pedelec product model

3.2 Production System Model

The manufacturing of a product is a process. This process is realized by a production system. The production system can
be described analogous to the product by a BDD. Figure 4 shows an excerpt of a model for the pedelec production system
in the form of a BDD, which represents hierarchical relationships. The model of the production system consists of several
subsystems such as the product assembly, the welding system and the pickling system. Flow relationships of materials and
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information between the subsystems are addressed in Section 3.3. Processes of subsystems like the welding system can be
represented in the SysML by operations. An example is the operation welding, which is responsible for the welding
process. In the context of the pedelec product model, the welding process refers to the welding of a frame.

Using attributes, subsystems of the production system and their associated processes can be specified more precisely.
Attributes allow, for example, the specification of the lead time of a process. The lead time is in the following also referred
as duration. For example, a single welding process requires 5 time units. The total time for the welding process of an entire
frame can be integratively related to the product model. A simple example is the multiplication of the number of tubes of
a frame by the duration of a single welding operation. Attributes can also be used to specify the storage capacity of
individual subsystems of the production system. For example, the storage capacity of the welding system is 5 welded
frames.

Pedelec Production System

Pickling System
values
insertA_duration : Integer =5

Laser Cutting System

CNC-System insertB_duration : Integer =3
Welding Syst pickleA_duration : Integer =3

° m? ystem pickleB_duration : Integer =3

Paint System i ) values ) pickleA_capacity : Integer =5
i insert_duration : Integer = 2*frame.tube.size() pickleB_capacity : Integer = 5

w elding_duration : Integer = 5*frame.tube.size()

Product Assembly w elding_capacity : Integer = 5 operationen
- insertA( frame : Frame ) : Frame
insert( tube : Tube ())p_eﬁigge” insertB( fork : Fork ) : Fork
: : ickleA( - F :Fi
Parts Assembly w elding( frame : Frame ) : Frame g:gkI:B(( fgfl-r(n:eForbr(a)n?eF?)rk rame

Picture 4. Integrative specified model of the pedelec production system

3.3 Production System Information and Material Flow Model

The production process determines the relationships between the subsystems of the production system. These relationships
can be represented in SysML using an Internal Block Diagram (IBD). In particular, the production process is determined
by flow relationships such as the material or information flow.

Figure 5 shows an excerpt of the internal relations within the pedelec production system in the form of an IBD. The
relationships between individual system parts are named in the SysML connectors. Connectors can be linked using ports.
Flow ports allow the specification of flow directions. Using stereotypes such as «InformationFlow» or «MaterialFlow»,
connectors can be differentiated according to different flow types. For a systematic classification of flow types we refer
to [Kal3]. In total, the classification of flow types enables discipline-specific views on the system model.

The «InformationFlow» connector between the welding system and the product assembly enables the early identification
of a communication channel between these system parts. This communication channel can be used to inform the product
assembly employees about the completion of a frame so that further steps can be initiated (see Section 3.4). Another
example is the «MaterialFlows» connector between the welding system and the picking system. This connector specifies
the material flow of the frame from the welding system to the picking system.

1 - Tube : Welding System
P

«InformationFlow »

:Product Assembly

p4 : Pedelec
«MaterialFlow » E|

p1: Fork

«InformationFlow »

Picture 5. Material and information flow of the pedelec production system
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3.4 Production System Behavior Model

In this section we consider the modeling of the behavior of the production system. The SysML offers various representation
types for modeling of the system behavior. These include sequence diagrams, among others. Sequence diagrams, in
contrast to the other representation types, enable the explicit modeling of interactions between individual subsystems of
the production system. In the context of this work, interactions here correspond to processes of the production system. The
IBD of the production system (see Figure 5) is used to determine which subsystems in the sequence diagram can interact
with each other. The modeled processes of the individual subsystems (see Figure 4) determine which processes are
responsible for the interaction between the subsystems in a sequence diagram. On this basis, the sequence diagrams model
the corresponding process sequences (see Figures 5 and 6).

: Product Assembly | ‘ :Welding System |

I I
| «MaterialFlow »

] 2: insert(tube=)

- - - {insert_duration}
{w eldingSystemReady<=w elding_capacity}

«EnergyFlow »
{welding_duration} 3: w elding(frame=)
w elding_duration |
«InformationFlow »
4: w eldingSystemReady(frame=)

{w eldingSystemReady_duration}

- =

Figure 6. Process sequence between the system parts product assembly and welding system

Figure 6 shows a process sequence between the product assembly and the welding system for welding a frame. The
specified time information and storage capacities of the production system (see Figure 4) are taken into account as a
function of the specified product model (see Figure 3). If there is still space in the welding system storage, tubes can be
inserted for the welding process. The time required to insert the tubes depends on the number of tubes required for a
product variant (see Figure 3). The pipes are then welded together by the welding system to form a frame. The welding
time of a frame depends on the product variant and on the welding time of the welding system used (see Figure 4). If the
frame is welded together, the product assembly is informed by the welding system.

:Welding System | | : Product Assembly | ‘ : Pickling System |
I I
I «Dependency» I
: «InformationFlow » :
I I

1: w eldingSystemReady (frame=)| «MaterialFlow »

2: insertA(frame=)

{insertA_duration}

«MaterialFlow »
{pickleA_duration) 3: pickleA(frame=)
pickleA_duration |
«InformationFlow »

4: picklingSystemReady(frame=)

{picklingSystemReady_duration}

P____

-

Figure 7. Process sequence between the system parts welding system, product assembly and pickling system

Figure 7 shows the process sequence between the welding system, the product assembly and the pickling system, for the
process of pickling a welded frame. The specified durations of the production system (see Figure 4) are taken into account.
The pickling of a frame in this case depends on whether the frame has already been completely welded. To model
dependencies between sequence diagrams, we use the stereotype «Dependency». A possible alternative would be to set
and query Boolean variables. If a welded frame is available, the frame has to be inserted into the pickling system by
product assembly employees. The frame is then pickled in the pickling system for the specified duration. Finally, the
pickling system informs the product assembly so that further steps can be initiated.
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3.5 Requirements Regarding the Production Process

In this section we present the specification of requirements for the production process. These requirements must be
satisfied by the production system. Thereby different product variants must be considered, and different configurations of
the production system. Furthermore, potential boundary conditions must be satisfied. For the specification of these
requirements we use SysML requirement diagrams.

Figure 8 shows a requirement in the form of a production order. The production of a specific number of pedelecs must be
possible within a certain average production time. For this a special pedelec variant must be produced. For example a
pedelec for women, which differs in the frame and thus in the number of tubes. The production is based on a configuration
of the production system. The configuration is determined, for example, by the storage capacities and lead times of the
subsystems of the production system (see Figure 4). In addition, the production must comply with certain boundary
conditions. In this case, availability of a welded and a cleaned frame in the associated warehouses must be ensured after
completion of the production order.

«requirement» «refine» «constraint»
Id =5 Pedelec Production Order e Use Pedelec Product Variant A
d="5"
Text = "5 pedelecs must be produced in an average time of 370 time < - - = «constraint»
units” arefine»| | yse Pedelec Production System Configuration A
\\
~
«extendedRequirement»
Id =4 Boundary Condition

Id="4"
Text = "For the production of further pedelecs, a cleaned and a welded frame must be available in the corresponding storage spaces.”

Figure 8. Requirements regarding the pedelec production process

4 Model Analysis

The modelled product and production system models allow an early analysis prior to the development of the product and
the corresponding production system. The analysis of the models can generally be done manually by a review. The review
can uncover ambiguities or erroneous assumptions.

In this section we introduce the automatic analysis of the behavior of the production system. The model analysis focuses
on the verification of compliance with requirements regarding the production process (see Section 3.5). The analysis effort
for behavior models increases exponentially with the size of the behavior models [CK+12]. This fact makes the analysis
of large behavioral models impossible even for very powerful computers. For state diagrams, algorithms exist that enable
an efficient model analysis [CD+05]. In this case, the analysis effort only increases polynomial with the size of the behavior
models.

Section 4.1 introduces the model transformation from sequence diagrams to state diagrams. This enables an efficient model
analysis. In Section 4.2 we introduce the fully automated verification of behavioral models of the production system.

4.1 Model Transformation

In this section we introduce the model transformation from sequence diagrams to state diagrams. Within the scope of the
model transformation, modeled process sequences of sequence diagrams are mapped to transition sequences of state
diagrams. To perform the model analysis, the state diagrams are enhanced with analysis information during the model
transformation. This information ensures that requirements regarding the production process (see Section 3.5) can be
covered in the model analysis.

The direct modelling of the behavior of the production system in the form of state diagrams is not in the focus of this
paper. This is because analyzable state diagrams contain too much additional analysis information on the modeled behavior
of the production system. This makes the modeling process more difficult.

The model transformation will be explained using Figures 9 and 10. To make the transformation easier to understand, we
use the support functions init, inc, dec, checkMax and checkMin. The support functions are explained on the basis of the
model transformation.
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Figure 9. Model transformation from the sequence diagram from Figure 6 to a state diagram

Figure 9 shows a model transformation from a sequence diagram (welding process) to a state diagram. The process
sequence of the sequence diagram is generally mapped to a sequence of transitions and states of the state diagram.
Transitions can have events and can contain conditions. If an event is triggered, a state transition takes place. If a transition
has a condition, the transition only takes place if the condition is fulfilled. In this paper, the support functions init, inc and
dec correspond to events. The support functions checkMin and checkMax correspond to conditions. The events and
conditions are executed or checked depending on parameters. The parameters correspond to the processes and lead times
of the sequence diagrams.

For each sequence diagram an initial state S1 is generated, which declares the attributes. The declaration serves the
identification of attributes to be used. The attributes correspond to lead times, usage times, stock levels and storage
capacities. The lead times and storage capacities correspond to those of the production system model (see Figure 4). The
usage times and stock levels are counted for analyses of the production system behavior. If a frame is welded, the welding
time is increased by the lead time of the welding process, at the same time the stock of finished welded frames is increased
by one.

For the process insert from the sequence diagram, a new state S2 is generated. This state is connected via a directional
transition from S1. The process insert and the corresponding lead time insert_duration is mapped as a parameter to the
event function inc. The inc function evaluates the parameters as follows: The counter for the process insert is increased by
one. This captures how many tubes have already been inserted into the welding system. In addition, the time for inserting
tubes is increased by the associated lead time. The event inc, is only activated if the condition checkMax is fulfilled. This
is done depending on the value of weldingSystemReady from the sequence diagram. If there is still space in the storage
for welded frames, then the condition is fulfilled and further tubes can be inserted into the welding system. Finally, the
updated and non-updated attribute values are transferred to state S2.

The transformation of the welding and weldingSystemReady processes from the sequence diagram is performed
analogously. For the last process, the associated transition in the state diagram is connected to the initial state of S1. This
ensures that the processes can be performed as often as necessary. Simultaneously, modified and unmodified attribute
values are transferred to the subsequent state.
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Figure 10. Model transformation from the sequence diagram from Figure 7 to a state diagram

Figure 10 shows a fragment of a model transformation from a sequence diagram (pickling process) that is depending on a
different sequence diagram. The dependency is expressed by the stereotype «Dependency». In this case the pickling
process depends on the welding process. If a dependency occurs, the process of the sequence diagram is mapped to a
transition with an event function dec and a condition function checkMin being used as parameters. The dec support
function reduces the counter for existing welded frames by one. This is performed by evaluating the checkMin function.
It is only allowed to clean one frame if there is a minimum number of welded frames.

4.2 Model Checking

Model checking is a procedure for the fully automated verification of a model against a specific property. For a given
model M and a given property P, it shall be verified if M is a model for P. [CH+18]

Here the model of the behavior of the production system (see Section 3.4) is used as model M. The specified requirements
for the production process (see Section 3.5) are used as the specified property P. Model checking can be used to verify
whether the specified production process can satisfy the specified requirements, taking into account different product
variants and different configurations of the production system. If the result of the model checking is negative, adjustments
can either be made to the production process or to the product variants and configurations of the production system. If the
result is positive, the production process is verified. For this production process it is guaranteed that it satisfies the specified
requirements. The verified production process can be used as a basis for simulations with dedicated tools for the simulation
of detailed production processes.

Figure 11 shows an excerpt of the state space for the behavior (see Section 3.4) of the production system. The state space
represents possible production processes, based on the transformed state diagrams from Figures 9 and 10. For
simplification, the transition sequence (insert, welding, wheelAssemblyReady) from Figure 9 was summarized to
WELDING and the transition sequence (wheelAssemblyReady, pickle, picklingSystemReady) from Figure 10 was
summarized to PICKLING. The states indicate how many frames have been welded and how many frames have already
been pickled.

83

[WELDING=0, H
dec({WELDING), _
inc(PICKLING, ) PICKLING=1]
$1 s2

[WELDING=0, [WELDING=1, T iNnC(WELDING, ..}
PICKLING=0 i PICKLING=0
] inc(WELDING, ...) I e WELDNG.) [WELDING=2, 5
PICKLING=0] dec(WELDING), WELDNG=0, [X®)
inc(PICKLING, ..} PICKLING=2]
dec(WELDING), S5
iNc{PICKLING, ...}
[WELDING=1
iNC(WELDING, ...}

Figure 11. Excerpt of the state space of the production system behavior

Within the context of model checking, a reachability analysis [CD+05] on the state space (model M) is used to verify
whether a state S can be reached from the initial state S1, which satisfies a specified property P. P corresponds here to the
requirements of the production process (see Section 3.5). If the state S can be reached, a subgraph is identified, which
consists of a state and transition path leading to the state S with the satisfying property P. The state and transition path
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represents a production process in the context of the production system. In this case it is guaranteed that the production
process satisfies the requirements.
5 Evaluation

For evaluation we used the model checking tool UPPAAL [Up19]. This allows the verification of requirements (see
Section 3.5) against state spaces (see Section 4.2) on the basis of state diagrams (see Section 4.1).

» | [Production Order 1| 2| 3] 4 5 6/ 7/ & 9| 10/ | 11| 12| 13| 14| 15| 16| 17| 18| 19| 20
g | |Produced Pedelecs 5| 10| 15| 20| 25 5| 10| 15 20| 25 5/ 10| 15| 20| 25 5| 10| 15| 20| 25
% Average Production Time 370|355]345|270|250| |370]335|260|335/330| [360|340|325/320|250| |250|325|325|315|310
o
8 | |Boundary Condition
3 | |Pickled Frames in Storage 1| 0 1] 0o 0 6 0 1] 1] 1 2l 0] 0 0 1 1] 2| 0/ 0f O
E Welded Frames in Storage 1 0o 1| 0o 0 6 0 1] 1] 1 2l 0] 0 0 1 1 2| 0 0o o0
2| [Product Variant A B A
gﬂ Tubes per Frame 10 7 10 7
Q
E Production System Configuration A B
g Pickled Frames Storage Capacity 5 1
2 | |'Welded Frames Storage Capacity 5 1
=]
$ | [Frame Pickling Lead Time 30 30
o
|| |Single Welding Lead Time 5 3
Requirement Fulfilled ‘ ‘ yes| yes| yes| no| no| ‘ no‘ yes‘ no‘ yes‘ yes‘ ‘ no‘ yes‘ yes‘ yes‘ no‘ ‘ no‘ no‘ yes| yes| yes|

Figure 12. Evaluation of the fully automated analysis of requirements regarding the production process
under the consideration of different product variants and configurations of the production system

To evaluate our approach (see Figure 12), 20 different requirements for the production process (see Section 3.5) were
specified in the form of production orders to be satisfied. We use two different product variants and two different
configurations of the production system. The product variants differ in the frame structure and in this case in the number
of tubes for the frame. The configurations of the production system differentiate in the storage capacities for welded and
pickled frames and in the welding and pickling time of a frame. All specified requirements for the production process were
verified fully automated in the context of model checking.

6 Conclusions and Future Work

Decisions in product and production system design are usually determined by mutual dependencies. An efficient
development process therefore requires the integrative design of the different systems. Integrative approaches enable an
evaluation of the system properties and requirement fulfilment, the comparison of alternative variants and the analysis of
the impact of changes. These approaches are currently supported by formalized modelling and simulation. However, the
behavior of integrative product and production system models cannot be checked by fully automated analyses.

For the fully automated analysis, we present an integrative concept for the product and production system (PS) based on
SysML. The approach was illustrated by the application example of a pedelec and an associated PS. Based on the product
model in the form of a BDD, a PS in the form of a BDD was integratively modelled. The PS consists of subsystems such
as the welding system, which executes processes such as the welding of a pedelec frame. For processes, lead times were
given, while for subsystems storage capacities were given. Furthermore, in the form of an IBD it was presented how
material flows or information flows of a PS can be modelled. Based on the BDD and the IBD, the behavior of PS was
modelled in the form of sequence diagrams. Furthermore, integrative requirements for the PS were specified. These
consider different product variants and configurations of the PS.

Using model checking, the behavior of PS against specified requirements regarding the production process were verified
fully automatically. This required a model transformation from sequence diagrams to analyzable state diagrams. The
approach was evaluated on the basis of 20 requirements regarding the production process. Different product variants and
different configurations of the PS were used for this purpose.
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Part of future work will be the prototypical implementation of the model transformation and a simplified integration of
the model analysis into established MBSE tools. Furthermore, the integrative specification of PS under consideration of
production lines is addressed.
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