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ABSTRACT

Complex mechatronic products are usually decomposed into several sub-systems for their
development. These sub-systems are developed in parallel or even independently based on their
specifications and use cases. The application of model-based solution patterns is an effective
way to comprehensively and efficiently describe the available knowledge about the sub-
systems. This contribution proposes an approach to support the selection and application of
model-based solution patterns. The approach, based on a metamodel for solution patterns using
SysML, describes the process for selecting solution patterns and aligning requirements and
constraints with the as-is properties of the sub-systems. Additionally, the approach supports the
design of solution patterns taking into account special knowledge from the development of the
sub-systems as well as the usage of the solution patterns in different systems and contexts. As
an example, an application scenario of a specific load cell within a measurement system 1is
explained.

Index Terms — Model Based System Engineering (MBSE), solution pattern,
metamodel, reuse, SysML models

1. MOTIVATION

For the development of complex mechatronic products, these products are usually decomposed
into several sub-systems according to the system theory [1]. These sub-systems are developed
in parallel or even independently based on their specifications and use cases. The final
mechatronic product is realized by integrating the sub-systems into the overall system. In the
process, top-down requirements are first decomposed to the sub-systems. These requirements
include the functional and quality requirements as well as constraints. Based on the
requirements, relevant sub-systems are selected (if these already exist) or developed. In many
development processes, existing sub-systems are reused in order to use existing knowledge and
thus reduce uncertainties, shorten development cycles and reduce development costs [2]. For
the reuse the relevant requirements (top-down) have to be aligned with the as-is specifications
of the sub-systems (bottom-up) [3]. For top-down and bottom-up alignment, a suitable
description of the overall system and the sub-systems is needed to support the assignment and
alignment process between required and as-is properties.

Using solution pattern is an appropriate way to describe the knowledge about a unified sub-
system as a base for the reuse [4]. A fundamental condition for the use of solution patterns is
the transfer of the solution pattern paradigm to the specific conditions in the respective product
development process. This requires a common understanding of the solution pattern, but also a
general pattern model for all relevant domains and a description of how a solution pattern as a
sub-system interacts with the overall system [5]. The term “model” in engineering usually refers
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to an representation based on an abstraction of a real-world product or process [6]. In the context
of model standardization, metamodels are used to formally describe the concept of the models,
including the abstraction of the properties or attributes contained in the models [7]. The
metamodel supports the target-oriented modelling of the solution patterns as a basis for the
subsequent selection and alignment process. Therefore, the metamodel has to be instantiated
context-specifically for the definition of the model-based solution pattern.

An efficient way for model-based descriptions of systems or sub-systems is the application of
Model-Based Systems Engineering (MBSE) [8, 9]. MBSE supports a clear documentation of
the solution pattern through explicit descriptions of system elements and their relationships.
MBSE promotes systems engineering processes that focuses on the creation and use of system
models for different use cases during development [10-12]. When properly implemented,
MBSE models allow for standardized representation of systems knowledge across engineering
disciplines and sub-systems, and simplifies the related systems engineering tasks while
minimizing the development risks [13]. System Modelling Language (SysML) is the most
widely used modelling language in MBSE [14]. As a semi-formal modelling language, it
facilitates analysis, verification and validation activities on the design [12]. Seen in relation to
the earlier approaches, MBSE supports the systematic capture of requirements and functions
[15], which provide an efficient way to compare as-is-properties of the sub-systems with the
required properties [4, 9].

2. STATE OF THE ART

There is a lot of research on combining solution patterns with MBSE for the consistent reuse of
sub-systems in product development. ANACKER et al. proposed a solution pattern-based
knowledge management approach including a procedure model [5]. The approach describes the
unified structure of solution patterns and the related multidimensional knowledge space to
demonstrate its certain scope of application and interdisciplinarity. WU et al. proposed an
approach that relies on the concept of patterns to realize the reuse of existing knowledge [16].
They introduced the Mining-Maturation-Implementation (MMI) method to search, maturate
and reuse the solution patterns.

GAO et al. developed a reusable modelling framework based on a designed metamodel for a
satellite system [17]. They used the elements of the metamodel and the profile to develop a
model framework that describes the relationships between the system, user model, reusable
concepts, viewpoint and pattern. PFISTER and CHAPURLAT proposed that ensuring
interoperability is the key to achieving model reusability [18]. They propose a design pattern
metamodel within a system meta-model, which provide a method to represent the invariant
knowledge and experience in design. It is legitimated by citing known application cases. The
pattern provides the potential problem in known applications and the corresponding solution.
SCHINDEL and PETERSON proposed a comprehensive and abstract data model
“S*Metamodel” and framework , for addressing the core system science issues needed to design
CPS [19]. Furthermore, based on PBSE (Pattern Based System Engineering), they developed
an application of particular S*patterns: embedded intelligent patterns. These patterns provide a
rapid and holistic method for the system risk management in Cyber-Physical System and fault
identification, analysis and planning.

ERNADOTE introduces a method to support MBSE - Modelling Planning Process (MMP) -
that combines a standard metamodel with a specialized project ontology [20]. Furthermore, the
focus is on the implementation scenario of the methodology to accelerate the modelling process
by addressing the problem of mapping redundancy when building reusable patterns as an
extension of his work [21]. This is realized by optimizing the model management through
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dynamic mapping, which enables the transfer of information and computations expressed at the
stakeholder level to the system model.

However, the analysis of the state of the art shows current research mainly focuses on the
application of a solution pattern. The processes of selecting different solution patterns or
aligning solution patterns with the required properties and the constraints in the products have
not been discussed much.

3. APPROACH

Based on the current state of art and the needs in product development, a methodology is
required that supports the selection and alignment of different solution patterns, including the
alignment of the as-is properties of the sub-system and the requirements (also required
properties) from the overall system. The process should ensure reusability and
interdisciplinarity of solution patterns based on a unified metamodel of solution patterns. This
paper presents a methodology for model-based description of solution patterns using SysML.
The methodology is applied to the example of a load cell in a concrete application scenario of
a measurement system.

The approach has two aspects:

e The first aspect aims to describe a metamodel of the solution pattern, which contains all
the elements that the solution pattern should cover and the relationships between the
elements.

e The second aspect of the approach aims to describe a method for selecting and aligning
a solution pattern as a sub-system of an overall system for the development of a
technical product, thus achieving knowledge reuse in the product development process.

3.1 Metamodel of solution pattern

A metamodel enables to specify the necessary constituent elements of a solution pattern.
Thereby, a metamodel represents the abstraction of a model. This means that the definition of
a particular solution pattern requires the instantiation of model elements based on the properties
of the sub-system.

In this paper, the metamodel of solution pattern was defined in the software Cameo Systems
Modeler using SysML, based on the SYSMOD terminology [22] and MagicGrid [23] method,
as shown in Figure 1.
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In the following, the elements of the metamodel are briefly explained:

System context

System context of the solution pattern describes the environment considered in the
development of the solution pattern. The description can include the environment of a
specific system if the solution pattern was developed in its context. Alternatively, the
environment can be the expected consolidated environment of multiple systems. The
environment includes the elements in the environment and the interactions with the
system at its interfaces. The environmental aspects have a direct impact on the
requirements for the solution pattern.

Requirements

Required properties (e.g., behavior) that need to be satisfied by the solution pattern are
derived as “Requirements” from the stakeholder demands and design principles.
Different stakeholders are involved. One stakeholder is the overall system, but there are
also stakeholders arising from the environments of the product in the different life
phases. Stakeholders can also be governments or standardization organizations (e.g.,
ISO, DIN).

Stakeholder are tracked by requirements through “Trace” relationship, because
stakeholders are where all the information on system requirements come from.
Constraints

Constraints provide a restriction of semantics for the model elements of solution pattern
to refine requirements or describe complex project knowledge of solution pattern
architecture (e.g., the Wheatstone Bridge for the electrical resistance measurement) in
the form of formulas or parameters [22], which support the understanding of the
knowledge described in the solution pattern and are a base for the system analysis.

In the specific Parameter Diagram, the relevant constraints are linked to parameters
owned by solution patterns. The “constraints for architecture” and “constraints for
requirements” are linked with parameters to validate the system behavior or the
requirements. Thus, based on the related parameters, the constraints for system may
have n-m relationship with the constraints for requirements.

Use Case

A use case describes the expected service of a system towards stakeholders [22].
Different use cases are defined to describe the services that the solution pattern should
provide. These use cases are linked to the stakeholders with an “association”
relationship.

Sub-system & Interaction

The architecture of a solution pattern may consists of sub-systems that are finally
implemented by physical elements or software components. The sub-systems are
modelled as “Block” using SysML, and a “Composite” relationship is used to integrate
them to the solution pattern in a Block Definition Diagram.

Interactions describe the energy, material and information flows between the sub-
systems via the interfaces. The interfaces are defined by the Interface Block and are
connected to Proxy Ports of the corresponding sub-system using SysML.

Function & State

A function is interpreted as an activity in a specific process that a sub-system is able to
perform [24]. These functions are assigned to the solution pattern using a “Direct
Aggregation” relationship. Based on the activities, specific operations can be called.
Activities describe the necessary behavior in an abstract way. Detailed functional
simulations can be linked via the operations, which enable verification and cooperation
with the domains [25].
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States group the functional behavior. Functions are performed in the specific active
states of a solution pattern. For this purpose, the activities are assigned to the states.

e Test Case & Instance
A Test Case is the definition of the procedure, conditions and expected results of a test
to be performed. It is regard as a flow of Actions to check whether the system meets the
requirements and is connected to the requirements in the metamodel through verify
relationships. It can be described in an Activity Diagram through a series of Actions.
Some of the functions, interactions and constraints of the solution patterns are used in
the test cases.
For test execution, the test cases are instantiated in combination with the test object
using specific parameters. These test objects with parameters are modeled as
“Instances” of solution pattern.

e Glossary
A glossary is created to explain terms that are not common or only used in specialist
areas. It is required to improve communication efficiency, so that all project participants
can clearly understand the relevant terminology. The glossary is integrated directly in
the solution pattern.

A solution pattern represents the sub-system in the context of a specific overall system. For the
decomposition and alignment process, also the corresponding model of the overall system has
to be built based on a metamodel. The model of overall system should support the
decomposition of overall system requirements to the specific requirements of sub-system. The
overall system metamodel is similar to and derived from the solution pattern metamodel.

3.2 Top-down Process
In the regard of the second aspect of the approach, the methodology should describe the
alignment process. It is the alignment between top-down requirements (from the overall system
to the sub-system) and the specifications of the sub-system (as-is properties and characteristics)
as well as the bottom-up requirements (requirements which the overall system has to fulfill for
using the sub-system) that the sub-system additionally contains.
In order to select the right solution pattern for an overall system, the requirements of the overall
system must first be top-down analyzed and decomposed in such a way that they can be realized
by the sub-system. The requirements meant here not only refer to the stereotype
“Requirements” in SysML, but include all the properties that needs to be provided by the
solution pattern, such as the necessary behavior and related parameters. Furthermore, it is
necessary to analyze the functions, context or some specifications of overall system which
support the performance of solution pattern.
The result is the requirements for a sub-system as a basis for selection and comparison with the
as-is specification of a solution pattern.
The top-down process is a step-by-step procedure. In each step, the result is organized in the
package “demand” (see Figure 2) under the structure of the overall system project.
1. Extraction and decomposition of specific requirements
The requirements related to the required sub-system are examined and extracted from
the requirements of the overall system and then these requirements are decomposed
according to the architecture decisions. The main purpose of the decomposition is to
transform the original requirements for the overall system into requirements for the
solution pattern. The solution pattern can only implement requirements alone that are
specified at the boundary of the sub-system. Requirements that cross several sub-
systems cannot be implemented by the solution pattern alone and must therefore be
further decomposed. With regard to the “Extraction” operation in this and further steps,
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it aims to organize and store the information in a package under the “demand” package
for easier and more intuitive analysis of the information in the subsequent assignment
process.
Finally, the decomposed requirements are organized and stored in a “requirements”
package in “demand” to facilitate subsequent use and access.

2. Extraction and derivation of the corresponding constraints from the relevant
requirements
In this step, the constraints are extracted or derived from the requirements associated
with the solution pattern to clarify the refinement of requirements. They are then stored
in the “constraints for requirement” package under “constraints” in “demand” for further
use and access.

3. Extraction of context, functions and states
The solution pattern should work properly in the context of the overall system, so the
information involved under the system context should be extracted for subsequent
analysis. However, some parameters and work context (e.g., temperature change due to
thermal conduction in physical frame) may have changed when they are aligned with
the solution pattern due to the structure of the system. These should be considered with
special attention.
The analysis of states and functions refers to the analysis of which functions the solution
pattern should perform in which states. Certain functions may be reused for different
states. This information is extracted into the corresponding package “architecture
analysis” under “demand”.

4. Extraction of corresponding constraints from the system architecture
Some constraints can be determined from the system context, functions and states to
define important performance parameters. These constraints contain the parameters that
need to be provided by the solution pattern and act during the simulation or validation.
At the same time, new constraints that directly relate to the solution pattern need to be
modified or added according to the requirements of the system. These constraints are
extracted to the “constraints for architecture” package under “constraints” in the
“demand” package.

5. Extraction of corresponding parameters
Some of the parameters in the system are inherited and used by the solution pattern, e.g.
environment variables in context. Moreover, some parameters have to be provided from
the solution pattern, e.g., the output values of the solution pattern. These parameters
need to be organized in a top-down process and then stored in a new created Block called
the *D-Parameter’ (Demand Parameter) for subsequent comparison and analysis with
the solution pattern.

6. Interaction analysis
The interaction between the solution pattern and the other sub-systems in the overall
system should be analyzed to guarantee the communication between the sub-system as
well as the behavior of the whole system. Thus, in the top-down process, the input and
output relationships between them and the ports are identified, the ports are stored in
the appropriate packages (“interaction” under “architecture analysis”).

The information required to select the solution pattern is organized. Afterwards the “demand”

package is sent to the solution pattern and analyze and compare the information in the “bottom-
up process”. The corresponding package in the Package Diagram is shown in Figure 2.

© 2023 by the authors. — Licensee Technische Universitdt llmenau, Deutschland. 6



pkyg [Model] Model[ Demand |
Demand
Architecture Requirements of overall system Parameter Constraints of overall system
T it} &r o T [iF]
Context State Interaction Functicn Constraints for requirement Constraints for architecture

Figure 2: Package Diagram of the demand from top-down process

3.3 Bottom-up Process
Based on the “demand” defined in the top-down process, the information from the solution
pattern is compared to the overall system through a bottom-up process for the alignment.
The bottom-up process consists of three tasks:
1. Alignment of the as-is specifications of the solution pattern with the requirements of the
overall system;
2. Checking the bottom-up requirements of the solution pattern which the overall system
has to fulfill for using the solution pattern as sub-system;
3. Elaboration of the demand for changes or improvements to the overall system based on
the bottom-up requirements.
The bottom-up process supports the decision to be made on the suitability of the solution pattern
to be selected for the overall system. At the end of the process there is the specification of the
sub-system and, if necessary, an adapted specification of the overall system, so that the required
and as-is properties fit together sufficiently.

3.3.1 Stereotype definition

For the evaluation of the specification and requirement information correspondence between
overall system and solution pattern in the comparison process, relevant comparison stereotypes
should be defined. Six stereotypes describing the result of the respective alignment are defined
as the derivation of the “Allocate” relation, as well as two stereotypes with suggested
modifications, as shown in Figure 3.
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Figure 3: Stereotype definition for the evaluation
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The utilization of 8 stereotypes as a criterion for analyzing the requirements and specifications
in solution pattern and overall system has several benefits. The different stereotypes of the
specific alignment result make it transparent and comprehensible from a holistic perspective.
As the assessment is based on the expertise and experience of the engineer, the stereotypes also
help to compensate for differences in understanding of the model elements and parameters by
different professionals. The limitation is that the application of the stereotypes still depends on
the expertise of the engineer and requires a detailed and comprehensive analysis of the content
of the solution pattern.

3.3.2 Requirements & Architecture Analysis
As the solution pattern was developed in many cases in a different product and project context
[3], the solution pattern was also developed against possibly different requirements. In addition
to the requirements, the constraints, states and associated functions in the solution pattern may
be defined or cut differently than in the higher-level system. Therefore, for the bottom-up
process, the associated elements from the solution pattern are stored in the “solution” package
under the structure of the solution pattern project and aligned with the elements of overall
system.
The analysis method is performed in the following steps (see also Figure 4 for the packages):
1. Alignment of requirements
The requirements of solution pattern are stored in the “requirements” package under
“solution” package. Based on the described solution pattern, the requirements
associated with the as-is properties of the solution pattern are compared with the top-
down requirements to gain knowledge about whether the pattern can meet the
requirements of the overall system.
Some requirements describe the system context of the solution pattern. Only if the
overall system meets these context requirements (e.g., sufficient supply of energy), the
solution pattern can fulfil the required properties.
Using SysML in Cameo Systems Modeler, the requirements packages from “solution”
and “demand” are then imported into the SysML allocation matrix for alignment. The
six stereotypes defined above allow the requirements in “demand” package to be aligned
with the requirements of the pattern.
Based on the alignment results in the allocation matrix, a preliminary assessment is
made as to whether the pattern is suitable for the system. Furthermore, the requirement
to be modified or improved is assigned to the corresponding content of the overall
system by means of two stereotypes.
2. Alignment of constraints and requirements
In addition to the requirements, the constraints must also be aligned, which are stored
in the “constraints for requirement” package under “constraints” and “solution”. The
constraints are aligned with the constraints and requirements from “demand” of the
overall system in the SysML allocation matrix.
The two stereotypes “constraints to constraints” and “constraints to requirements” are
used for the alignment.
The purpose of aligning constraints with requirements is to determine whether
constraints from the solution pattern can be used to describe the requirements of the
overall system. Since constraints are a further refinement of requirements, analyzing
and aligning the constraints from the solution pattern with the requirements of the
overall system provides a cross-check for the selection decision and use of the solution
pattern.
Constraint to constraint alignment means that the parameters used in the constraints of
the solution pattern match with the parameters used in the constraints in “demand” of
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the overall system. The constraints may also differ from the solution pattern and overall
system. For example, if the result value of the permissible load of a load cell is given in
force (in newtons) or in terms of mass (in kilograms), or if the cost limit is given in
euros or dollars.
3. Analysis of contexts
In order for the solution pattern to be used in the overall system, the specified context
of the solution pattern must also match the overall system. The comparison of the
context is relatively special because some elements of the context of the overall system
are also elements of the context of the solution pattern. Therefore, the alignment cannot
be described exactly by the six stereotypes.
4. Alignment of functions and states
The functions and states of solution pattern are also represented in relevant packages
and aligned with the states and function of the overall system in SysML allocation
matrices. Also, for the states and functions, the required functions can be described and
cut differently by the overall system than the realized functions of the solution pattern
(e.g. the measurement function is required as one function in the operation state, but in
the solution pattern the function is divided into several functions and possibly sub-
states).
5. Alignment of the constraints from architecture
Similar to the constraint alignment in requirements analysis, the constraints in the
solution pattern for description of the sub-system are stored in the “constraints for
architecture” package under “solution”, and then aligned in the SysML allocation matrix.
The alignment here analyzes if the constraints have different description with the
constraints of the overall system due to different principles and parameters.
6. Alignment of the parameter
All the parameters (modeled as value properties with SysML) used in the solution
pattern are stored in a Block called “S-parameter” (solution parameter). In the SysML
allocation matrix parameters are aligned with the parameters in the d-parameter (see
section 3.2). The elements to be analyzed include the following:
o Whether the parameters from overall system and solution pattern have the same
value?
o Whether the parameters have the same name but represent different attributes?
o Whether there are parameters required by the overall system that are not
available in the solution pattern?
o Whether there are parameters required by the solution pattern that are not
available in the overall system?
o Whether there are parameters in the solution pattern that are not needed or not
considered in the overall system?
7. Interaction analysis
The interaction between the solution pattern and the other sub-systems in overall system
is analyzed based on the ports and flows used in the model to determine which input
and output the solution pattern supports as well as which inputs and outputs are required.
The ports from solution pattern are stored in the “interaction” packages and aligned with
the “interaction” from “Demand” in the SysML allocation matrix.
Based on the combination of top-down and bottom-up analysis, insights are gained into the
extent to which the overall system or, if applicable, the solution pattern needs to be modified
for use in the overall system. With each modification in the overall system or solution pattern,
the alignment (top-down and bottom-up) has to be re-evaluated.
The solution package diagram is shown in Figure 4.
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Figure 4: Package Diagram of Solution from Bottom-up Process
4. APPLICATION ON THE EXAMPLE OF LOAD CELL

The concept developed is applied in this paper using a precision engineering application,
specifically for a load cell. For this example, the top-down requirements decomposition and the
required product properties derived from the requirements of the measurement system to the
load cell are explained. The bottom-up requirements for the measurement system from the load
cell are also analyzed and described.

4.1 Model of solution pattern and overall system

The application example used in this paper is a measuring system for force measurement. The
force measurement is always carried out via a strain measurement with known stiffness. A
possible solution for the measurement is a load cell with strain gauges based on the
piezoresistive effect. Load cells can be selected as one of the key sub-systems in the
development of the measurement system.

In the scope of this paper, the models of the measuring system as well as the load cells are built
based on the proposed metamodel. On the one hand the load cells are modeled with reference
to some parameters of existing products (but intentionally adapted for the research question in
order to investigate relevant aspects) and the OIML standard [26]. On the other hand, the
measuring system is modeled based on the following stakeholder requirements.

e The measuring system should provide a static measuring range of 1000 N in the
direction of gravity and a dynamic measuring range of +/-10 N;

e The operating temperature of the measuring system should be -10° to 100°;

e The measuring system should be able to resist shear forces.
During the modelling process, some requirements, specifications and structures of overall
system and load cell were modified in order to show the alignment process between the
measuring system and the load cell, which means the model in the paper doesn’t represent the
real product. Due to space limitation of the paper, it is not possible to show the detailed model.
The system and load cell structure using Block Definition Diagram is shown in the Figure 5 &
6.
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Figure 5: Main Structure of Measuring System
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Figure 6: Main Structure of Load Cell

4.2 Top-down Process
Top-down process is performed to select the appropriate solution pattern as sub-system for the
measuring system. By analyzing the specification and requirement information that the
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measuring system can provide to the load cell and extracting the relevant information to define
the top-down requirements, a “demand” package is created under the model to store information
about the different elements.

The requirements from stakeholders for the measuring system, as shown in section 4.1, are not
a complete reflection of the needs of a measuring system for load cells. In other words, the
current requirements contain a large amount of unclear information. Therefore, they should be
decomposed into more basic requirements or a more precise description of the requirements
though the architecture analysis, as the basis of alignment with the requirements of solution
pattern. The result of decomposition for requirement is shown in Figure 7.

# | A Name | Text

1 B [E D1 Force measurement The load cell should measure the axial force in certain measuring range and show

2 [&l D1.1 Static load In the static cases the load cell should measure the axial force from ON to 1000N and show

3 [& 512 Dynamic load In the dynamic cases the load cell should measure the axial force with 10N threshold load and
show

4 [El D1.3 Force direction The force 10 be measured should be in the direction of gravity

5 B [® D2 Structure The structure of the load cell should resist the interference

6 B [l D2.2 Shear Force The structure of the |oad cell should resist the disturbance from the shear force

7 El [’ D271 Internal shear force  The structure of the load cell should resist the internal lateral force

8 LRl D2.1.1.1 Thermal strain The structure of the load cell should resist the shear force by thermal expansion

9 El [® D272 External shear force  The structure of the load cell should resist the external lateral force

10 B D2.1.2.1 Additional forces The_s_tvucture of Ihe load cell should withstand the additional forces that are introduced in
addition to the axial force

11 B [’ D3 Environment The load cell should run normally in certain environment

12 B [E D3.1 Temperature The load cell should run normally in certain temperature range

13 [Rl D3.1.1 Static temperature The load cell should run nermally at a certain temperature

14 [® D3.7.2 Dynamic temperature The load cell should run normally with the temperature variation

Figure 7: Decomposed requirement table of measuring system

In the parameter analysis, all parameters used in the measuring system model are divided into
two categories to distinguish the parameter which the solution pattern should provide with the
parameter that required by solution pattern. The parameters that define the internal properties
of the measuring system are stored in a new Block called “d-parameter-sys” under “parameter”
using value properties. For example, the parameters: required amount of load cells, real-time
temperature. The other parameters that the measuring system needs from the load cell are
extracted and stored in a new Block called “d-parameter-dem” under “parameter”. For example,
the mass data, maximum and minimum working temperature of the load cell, load limit etc.
Due to space limitations, not all of the process steps in section 3.2 are explained in detail. After
the top-down process, a set of information about decomposed requirements and required
specification for load cell is defined for the application of the load cell (requirements,
constraints, etc.). The bottom-up process from the load cell to the measuring system is carried
out based on the as-is characteristics of the load cell.

4.3 Bottom-up Process

In the requirements analysis, the requirements of load cell and measuring system are imported
into a SysML allocation matrix under “Requirements” package and aligned.

For example, the static force and dynamic force requirements from measuring system are
described in the OIML-load rage, while the force direction requirement corresponds to the
OIML-load type, so the “matched to solution pattern fully” is used to allocate the decomposed
requirements of the measuring system to the corresponding requirements of the load cell.

The external shear requirement has no correspondence in the load cell, so it has “no match with
system”, which means that the structure of the load cell is not able to resist external forces other
than axial forces. Thus, the structure of the measuring system needs to be modified to meet this
requirement of the measuring system. Therefore, this requirement allocates to itself using
“require modification” stereotype.
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For load cells, the installation requirements and the safety measurement requirements have no
corresponding requirements in the measuring system, so they are linked to their own allocate
with “no match with system”. Since the satisfaction of these two requirements is related to the
structure of the measuring system, they are linked to the structure requirements of the measuring
system by “require complement” and “require modification”, representing if the load cell is
selected, the installation and safety measurement requirements of the load cell have to be added
to the structural requirements of the measuring system and satisfied by modifying the structure.
The completed matrix table is shown in Figure 8.
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Figure 8: Requirement Allocation Matrix between load cell and measuring system
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The above relationships allow a preliminary assessment of whether the load cell currently
selected is suitable for the measuring system. The selection logic includes:

e  Whether the requirements of the measuring system for the load cell are well satisfied?

e  Whether there is a large number of unmatched or incomplete matches between the two
requirements?

e  Whether the application of this load cell requires a large amount of complementary and
modification work on the measuring system?

The matrix shows that the comparison and alignment of information between the top-down

process and the bottom-up process is of great importance in the selection of the solution pattern.
It also shows that the selection of the solution pattern is not a one-way process, but only when

© 2023 by the authors. — Licensee Technische Universitdit llmenau, Deutschland. 13



the overall system and the solution pattern meet each other’s demands, the system can operate
properly.

Besides the alignment using stereotype of allocation, the analysis process of system context is
different. The system context of the load cell is extracted and stored in the “Context” package
under “Architecture”. The “Context” file under “architecture” is renamed “s-environment” in
order to distinguish it from the context of the top-down process. As described in section 3.3.2,
since a part of the measuring system exists as a context for the load cell, instead of describing
the context aligned by the “Allocation” relation, “D-environment” and “D-Environment” are
imported into the Block Definition Diagram called “Context”.

bdd [Package] Context[ Context | J

«Proxy» «proxy» «proxy»
p11 : Structure and object p2 : Energy p12 : interference

i i il

«system context»

S-Environment

iues
T_mex : celsiusTemperature = 110.0
T_min : celsiusTemperature = -10.0
g : 9.80665 = ©.80665 mvs2 {unit = metre per second squared)
V_ex : voltage[volt] = 12.0 V {unit = volt}

{t}
p1: ~Measure signal
«proxy»

EProxy» €PIOXY»
pZ2 : Energy p1: Interference
f] {t}

«system context»

D-Environment

T_Umin : celsiusTemperature =-10.0

T_Umax : celsius Temperature = 110.0

Rho_Air: 1.2 = 1.2 kg/m3 {unit = kilogram per cubic metre}

g : 9.80665 = 9.80665 nvs2 {unit = metre per second squared}

Figure 9: Context of the load cell and the measuring system

As shown in Figure 9, the two contexts have a lot in common, such as the maximum temperature
of the environment, the minimum temperature, and the value of gravitational acceleration. It
can also be found here that for the environment maximum and minimum temperatures, the two
contexts do not use the same symbols, but they indicate the same meaning. In addition, the two
proxy ports “Energy” and “Interference” stay in both contexts, indicating that both contexts
provide the flow of energy and interference to the system. Further analysis is required to identify
the difference between contexts and related suggestions of modifications.

The rest of the alignment process following the method described in the previous section has
not been presented due to the limitation of the length of the paper.

4.4 Complement & Modification

If the selected load cell basically satisfies all the requirements of the measuring system and
provide a good match in terms of function, interaction interface, and parameters, the solution
pattern can be determined as suitable sub-system for utilization by the measuring system.
Nevertheless, following the Allocation Matrices, the requirements and specifications marked
with “Require complement” and “Require modification” in the aligning result should be taken
into consideration for utilization of load cell. The corresponding suggested information can be
stored in a generic table in Cameo Systems Modeler, as shown in the Figure 10, where a few
simple examples of suggested modifications are presented. The load cell can only be used in
the measuring system after all the related information or structure has been modified and
complemented in the model according to the corresponding suggestions.
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# | Name Documentation

1 Additional shear force | The structure of load cell can't withstand additional forces, should realize it by measuring system

N The unit of dynamic load is Newton, not match with the load cell, which use kilogram to define the
2 Dynamic load i 9

. load range

n The unit of static load is Newton, not match with the load cell, which use kilogram to define the
3 Static load load range =

(a) Complement suggestions

# | £ Name Documentation
1 Accuracy The load cell has its accuracy data

. The load cell should work in a calibration state, which should be added to measuring system and let
2 E:j Calibrate load cell : : : :

measuring system provide the corresponding function and state.

3 LC-Calibration The load cell has a requirement about calibration that should be satisfied
4 LC-Check The load cell has a requirement, that it should be checked in specific time
5 reference voltage The load cell has the reference voltage

(b) Modification suggestions

Figure 10: Suggestions in Generic Table

Furthermore, an instance based on the measuring system with the load cell can be generated,
through which the measuring system can run a simulation of the state machine in which the
achievement of the constraints is indicated. Based on the result of simulation, it is possible to
intuitively verify whether the requirements of the overall system have been fulfilled.

5. CONCLUSION

Mechatronic systems consist of an increasing number of sub-systems in order to solve
increasingly complex tasks. In terms of a comprehensive and efficient description of the
available knowledge about the sub-systems, the application of model-based solution patterns is
an effective approach.

This paper proposes a methodology to enable the selection and application of solution patterns.
The methodology consists of two aspects. On the one hand, a metamodel about the description
of the solution pattern and related overall system is presented. With the metamodel, the
development of a solution pattern for load cells is possible, which also support the selection and
alignment process for the reuse in different measuring system.

On the other hand, the methodology explains the selection and alignment process, including the
top-down requirements decomposition and the specifications analysis of the solution pattern,
as well as the generation of bottom-up solution and suggestions. Meanwhile, the methodology
describes an evaluation approach to analyze the suitability of the solution pattern for the overall
system. The bottom-up requirements from the solution pattern to the overall system are also
taken into account.

Although the methodology has been evaluated on a concrete application scenario with load
cells, the work still reveals open questions that are considered to be the subject of further
research. On the one hand the metamodel of solution patterns should be further optimized. A
more detailed description of metamodel can effectively reduce the difficulty of applying the
metamodel for the design of complex solution patterns in specific domains. However, the
exhaustive description will increase difficulty about applicability of the metamodel. Therefore,
how to balance the generalization and complexity of the metamodel is worth researching.

On the other hand, the systematic evaluation approach between the solution pattern as a sub-
system and the overall system should be further discussed. The current evaluation only deals
with the alignment of information and the need for modification or refinement using the
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engineers' experience, but how to standardize the suitability of the solution pattern for selection
by alignment is not discussed in the current methodology. A possible way is to use the
corresponding scores to measure the impact of the information mismatch on the overall system
and the impact of specific requirements not being met on the overall system, such as increased
costs, longer development cycles and complexity of the development process, etc.

In addition, the application of the methodology to more fields than measurement systems are
much worth exploring.
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