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Introduction 1 

1 Introduction 

In product design the single tasks to specify and design a product or system are defined in the 
design processes. In many of them the overall task spans from the first idea to the complete 
product ready for sale. Conceptual design is an early phase where the problem is identified 
and decomposed into manageable pieces. Then for any particular problem, solutions are 
searched for. These are synthesized, meaning assembled, to create the whole artifact. Though 
stated in guideline VDI 2221 [1993], an integrated computational support is not common in 
industry today. Instead, the single tasks supported by paper based models are shifted to the 
computer as spread sheets and text documents. If single tasks are supported by a modeling 
tool, like requirements management, these tools are only connected via result documents to 
other tasks. A core part of conceptual design is functional modeling. From a function 
structure, components that embody the function can be identified and synthesized into a 
solution. This is at the same time a methodical approach and a creative task. The creativity 
can be supported by providing the right components for the embodiment. Since with 
conceptual design, the function of the product and its core properties are laid out, it is 
important to cover the majority of modeling in conceptual design in an integrated way. 

At the beginning of the nineties original theories for mechatronic design appeared [BUUR 
1990]. Mechatronic design is the academic field that describes the processes, methods and 
tasks to design mechatronic products and systems. These are products that integrate 
functionally interacting artifacts of the domains of mechanical, electric and software 
engineering, e.g. a numerical controlled milling machine. With mechatronic design, the 
products became more complex and the inter domain communication is a key factor for 
designing mechatronic products. Thus, it gets more difficult to manage consistent documents 
and models throughout conceptual design. Still functional modeling is a common task of all 
involved disciplines.  

Systems engineering is a discipline that also deals with the specification, design and 
certification of domain spanning and complex systems. In contrast to mechatronic design, 
systems engineering is not limited to the abovementioned domains but also can integrate 
astrophysics, chemistry or others. In a systems engineering viewpoint, physical products are 
often part of a complex system like mobile phones that are part of a world spanning 
communications system. The methods for architecting software intensive systems and the 
need for gapless documentation of systems engineering lead to the Model Based Systems 
Engineering (MBSE) approach. MBSE is a systems engineering paradigm with the aim to 
create a holistic computer based system model instead of creating paper documentation in 
parallel to disconnected models [ESTEFAN 2008]. A MBSE Methodology describes the related 
methods, tools, processes and resources. Most of the model based approaches make use of a 
modeling language capable of supporting consistent models that provide a system overview. 
One of the most widely used modeling languages is the Systems Modeling Language 
(SysML) that is also used in this thesis. 

In this work, the conceptual design process in product and mechatronic design and MBSE 
approaches are compared. Common tasks and terms are discovered. Tasks of the methodical 
approach of conceptual design are transferred to SysML models. Thus, the majority of 
conceptual design tasks can be realized as an integrated computational model. SysML model 
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libraries are introduced to improve the consistency of functional models, enable the 
comparison of function structures and provide databases for conceptual design tasks. The 
approach is validated using a simple mechanical product, a luggage compartment cover, and a 
more complex mechatronic product, a 3D-desktop printer.  

1.1 Motivation for integrated modeling and model libraries 
Conceptual design faces a general problem: there are many methods of great maturity 
described in text books. However, there is hardly commonly used dedicated computational 
support for single tasks. Since ages it is commonly known that the costs and efforts of 
conceptual design are contrasted by the costs that are allocated to the whole product. This fact 
is stressed in academia as well as in industry, presented as charts as well as formulated as a 
heuristic. “…all serious mistakes are made in the first day” [MAIER & RECHTIN 2009]. 

At current state of conceptual design poor integration of models and tools can be observed. 
Models for requirements, component structure, cost, weight, function, behavior and space are 
separate, but not independent. Kreimeyer [2010] states that processes and documents are 
interlinked. With documents, it is difficult to obtain an overview of their interrelations. 
Portions of one document are manually transferred to another document. Thus, updating one 
document needs an update of other documents. An evaluation, if all components that embody 
a function are budgeted, is difficult since the functional model, component model and budget 
model are written down in different documents. Moreover, in automotive design, the tasks are 
distributed to different departments upfront. Thus, the teams designing the models describing 
an integrated function are also distributed. The author experienced it as a difficulty to ensure 
the consistency of the functional model and the component structure due to distributed 
documents. In the worst case, a particular component is not considered in conceptual design 
and an option cannot be offered to the customer. Motivated to find an improvement, it was 
searched for approaches that allow integrated modeling in conceptual design. In an empirical 
study, the MBSE approach together with SysML showed the potential to provide 
computational support for conceptual design [WÖLKL & SHEA 2009]. 

Functional modeling used as a paper-based method for the selection of principle solutions, i.e. 
sketches of artifacts that make use of a physical effect, set the requirements for formality in 
functional modeling. ROTH [2000] and KOLLER [1998] meet that requirement with a lexicon, 
i.e. a collection of all possible building blocks for functional modeling, of formally defined 
functions allowing the mapping of principle solutions. Although in the approach of this work 
a direct mapping of functions to components is proposed, the formal modeling of functions is 
necessary to exploit mapping to components. Integrating sets of predefined elements in the 
modeling environment for SysML requires modeling libraries, e. g. for functional modeling 
and component modeling.  

In an industry project the, MBSE approach was tested by modeling the luggage compartment 
cover with SysML. Interviewing the engineers, it proved that modeling in conceptual design 
still was paper based, but in electronic development the requirements are described in a 
requirement management tool and state machine and activity diagrams (both possible with 
SysML) are required from the supplier to document the concept of how the control unit 
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works. In the same project students modeled conceptual tasks with SysML. They first 
followed the approach of Systems modeling (SYSMOD) [WEILKIENS 2006], then adopted 
modeling according guideline VDI 2201 [1987]. They complained about the fact that they had 
to define a huge number of elements before they could actually use them. Providing modeling 
elements for reuse is also an aspect that requires model libraries to improve the usability of 
SysML modeling. 

1.2 Contributions 
Similarities of Model Based Systems Engineering (MBSE) approaches and Systematic 
Product Development [VDI 2221 1993] are discovered. Requirements management, 
functional modeling and modeling of a product structure are included in both. MBSE 
approaches provide modeling with languages and integrated modeling that are not included in 
product development approaches so far. Due to the similarity, MBSE approaches can be 
adapted to product development tasks and modeling languages can be used. An overview of 
MBSE Approaches is given in Chapter 2.  

The National Institute of Standards Technology (NIST) Functional Basis provides 
comprehensive function and flow taxonomies. Ambiguities and missing explicit information 
have been discovered that required additional information for the definition of a function 
model library. 

The concepts of functions have been defined and transferred to SysML. Based on this, the 
object oriented concept of inheritance and the concrete SysML syntax of call behavior actions 
are exploited to build up a model library. The definition of flows and functions as library 
elements guides the user during the selection of appropriate functions, i.e. by the 
documentation of functions. In the model library, predefined flows, i.e. material, energy and 
signal and their specifications, help to set a more specific flow during the modeling. 

The component library is set up and filled with elements of E-Cl@ss a product and service 
classification standard. Meaningful components for synthesis are transformed to SysML 
blocks and augmented with ports. Although only a small portion of the PSCS was transferred 
to the model library, it was difficult to keep the overview. Browsing large model libraries and 
finding library elements by combination of attributes are the limiting factors. 

The concept for the identification of components by the mapping of incoming and outgoing 
flows to input- and output- ports is defined. In this concept, the interacting flows of functions 
and the interacting ports of components have the same type. The components can be searched 
for in the model library according to the flows of the functions.  

Abovementioned findings are shown with a modeling example and validated with a validation 
study. The validation study is more complex and needs an additional layer of decomposition 
that can be managed with the library support. It demonstrates the concepts and shows that the 
approach is generally applicable. 
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2 Literature and related work 

This thesis involves the domains of systems engineering and product design. The domains are 
highly intertwined. The first reviewed topic is literature on design processes with a focus on 
conceptual design and on systems engineering approaches. Product modeling and 
architectural description methods are tightly linked to design processes and the systems 
engineering process respectively. Models are used for problem description, evaluation of 
design alternatives and finally product documentation. Functional modeling and component 
modeling are common tasks of both systems engineering and product design. Literature on 
functional modeling and the definition of function in systems engineering reveals differences 
in terms of function and behavior. Modeling languages are the enablers to build highly 
interrelated models that cover several areas of an integrated product model. Lexicons, 
catalogs, taxonomies, model libraries and repositories are examples for information sources 
for engineering tasks that are reviewed here. 

2.1 Design processes 
In this section an overview of relevant processes of design and systems engineering is 
presented. Similarities and differences of the domains of mechanical design, mechatronic 
design and systems engineering are highlighted and differences are resolved. 

2.1.1 Design processes in product design 
A general task of engineering design is to create artifacts that satisfy human needs. [PAHL et 
al. 2007] Although mechanical engineering can be considered to start from 1875 [RAULEAUX 
1876], the first decades were devoted to machine theory. From the 1960s genuine theories of 
the process of synthesizing or creating machines and mechanical products began to appear. 
[ANDREASEN 1991] Another decade later, the way of human thinking was considered. The 
systematic approach of Pahl and Beitz was developed in the 1970s and is one of the most 
representative design processes of the European school. [PAHL et al. 2006] 

Systematic product development starts with a general description of the design process and 
ends with detailed methods to realize concrete steps of single tasks within that process. Pahl 
and Beitz structure their design process into four phases: “clarification of task”, “conceptual 
design”, “embodiment design” and “detailed design”. This approach is also integrated in 
several American textbooks [ULLMAN 2002, ULRICH & EPPINGER 1994]  

Common concepts of conceptual design stages from the mentioned authors are requirements, 
functional modeling and working structure modeling. First the task is described and 
requirements are collected and ordered. Then inputs and outputs of the system or product are 
determined and the main function is identified. The main function of the product is broken 
down into solution neutral sub-functions. At the lowest break down level, physical effects 
realized by working principles are assigned to the functions. This procedure assures a great 
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variety of different designs. The best designs can be selected and handed over to embodiment 
design. 

Next to the mainstream trace there are some others. Hubka & Eder [1988] describe technical 
systems through four viewpoints: “processes or transformations” that mirror the technology 
of the product (mechanical, electrical, etc.), “functions”, providing the effects for the 
processes, “organs”, that create the effects by applying a working principle and interact with 
other organs and “machine parts” that embody the organs and can be assembled to the 
system or machine. Although to the term function is used in Hubka & Eder’s [1988] work and 
abovementioned design processes, the applied concepts of functional modeling and functional 
decomposition is different. Modeling the overall function is similar to modeling processes or 
transformations. The significant difference is that processes are described in terms of purpose 
functions, meaning functions that describe an “expedient effect of an artifact” [BUUR 1990]. 
Then the decomposition of functions into sub functions is only possible when a means for its 
realization has been selected. A functions/means tree is the preferred diagram to present this. 
It is contrasting the systematic approach of Pahl and Beitz, where the overall function can be 
decomposed into sub functions without assigning means to functions. 

Axiomatic Design [SHU 1998] is a theoretical design approach that starts the development of 
a product from functional requirements (FR) that are linked to design parameters (DP) and to 
process variables (PVs). Several axioms guide the designer through the design process. The 
most important one is the independence axiom. It states that FRs have to be independent from 
other FRs. Design parameters can be components as well as single surfaces that provide FRs. 
Axiomatic design is a process that requires rigorous formal modeling and analysis of relations 
between single model elements. The allocation of FRs to modules is done with design matrix 
operations. A common point to this thesis is the linking of functions (or FRs) to working 
principles (or DPs) and the use of function (or FR) as a decisive step in synthesis. Although 
Aximotic Design uses a way of linking from requirements (FRs) to components (DPs) it uses 
a completely different metamodel describing the relations among them. 

A consolidated view of systematic processes and methods for product development is the VDI 
guideline 2221 entitled “Systematic Approach to the Design of Technical Systems and 
Products”. [VDI 2221 1987] It was developed in Germany in 1986, revised in 1993 [VDI 
2221 1993] and contains a design process that is illustrated by examples. It is the result of a 
joint effort of academia and industry to provide an efficient and commonly accepted design 
process as a standard. The process shown there is high level and greatly influenced by the 
approach of Pahl & Beitz. This standard is also interesting for this research since it describes 
the requirements for computational support. 

The overview in Fig. 1 illustrates the product development process in the VDI guidelines 
2221 and 2222. On the left hand side, the lifecycle phases of products and systems are 
provided. Design is a short but decisive phase at the beginning of the product lifecycle. The 
middle column breaks down “Design” into three phases, each of which is broken down into a 
series of stages. These stages in turn are decomposed to single tasks that have to be 
completed. Conceptual design is chosen for the scope of this work as it is generally thought to 
be the most difficult for computational modeling and is the area where more support is 
needed. 
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their structures. The overall function can optionally be stated form the user perspective. The 
decomposition into sub-functions can then be accomplished with appropriate decomposition 
methods. According to Pahl et al. [2007] a function is a solution neutral description of 
transitions from inputs to outputs represented by a verb-noun pair. Consequently it is 
important in this stage to remain solution neutral at a high level of abstraction. 

The decomposition of a primary function into basic sub-functions can also be used in adaptive 
design. It deals with the adoption of a legacy product to an extended purpose, e.g. a printer 
that is extended with a scanner to work as a photocopier. The focus of modeling functions in 
this case is on varying the structure of functions by means of replacing, reordering, adding or 
deleting functions. For new products, function structure alternatives need to be generated and 
evaluated. 

Assigning flows to functions establishes the necessary connectivity that is then realized by 
working principles. Flows can be material, energy and signal. The appearance of flows, either 
discrete or continuous, can be modeled as well. Relating requirements is a means of linking 
required information to functions to simplify the selection of physical effects and principle 
solutions in the next stage.  

The third and last stage of conceptual design is decomposed into several tasks. In the first task 
working principles are allocated to the abstract functional structures worked out in the 
previous stage. Traditionally the task of allocating working principles is alleviated by 
collections of physical effects and design catalogs of working principles and matrices to find 
working principles by input and output variables described by ROTH [2000] and Koller 
[1998]. Working principles are driven by a physical, chemical or biological effect that is 
represented by a mathematical equation. The advantage of utilizing only known physical 
effects is that the number of applicable effects is limited. To find innovative solutions it is 
essential to find all feasible effects that realize working principles. Requirements, in the sense 
of design constraints, are used to determine if a working principle can be applied. For some 
effects the input-output ratio within given constraints is too weak for them to be applied. 

Still principle solutions have to be combined to create the overall product structure. Here, the 
interfaces between combined principle solutions must be matched by type and by value. For 
example, a working principle with an output of mechanical rotational energy defined by 
rotational velocity and torque can only be combined with a working principle with the same 
input types and values. If outputs of one do not match the inputs of another principle solution, 
a transformation of energy function has to be added to the function structure. This auxiliary 
function has to be realized with a working principle as well, e.g. the effect of cohesion 
embodied in a gear pair. 

Another task is to present the working principle in an easily understandable manner. Sketches 
help paper-based methods and also portray initial dimensions. In this stage new requirements 
can be discovered that must be added to refine the previous collection of requirements. 

During conceptual design several principle solutions for the overall product are created. The 
final task of conceptual design, though not mentioned in Figure 1, is the selection of 
appropriate solutions. If performance and cost of several solutions are similar, the selection of 
the design favorite is a challenge to the designer. 
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This design process as outlined in the VDI 2221 [1993], especially the part for conceptual 
design is the basis for systematic modeling in this thesis. The VDI guideline has been selected 
since it is a consolidated design process with contributions from academic and industry and 
for the information that is given on computational support. 

As shown above, different processes and approaches exist. Nevertheless, all of them provide 
some ordering of tasks to reach a good design. Although the design processes for mechanical 
design are mature and understandable to designers of that domain, interaction with other 
domains today is common. The following section presents two design processes for 
mechatronic systems. 

2.1.2 Approaches to design of mechatronic systems 
Mechatronic design plays a special role in the field of design. It is a rather young discipline 
that includes the three domains of mechanical engineering, electronic engineering and 
software engineering. Engineers of the three disciplines have to work together in an efficient 
way. To manage this, the VDI guideline “Design Methodology for Mechatronic Systems” 
proposes the V-Model (see Figure 2) as the procedural model at macro level. [VDI2206 2006] 
Adapted to mechatronic design the system design and system integration is carried out 
together with involved domains and the design tasks are accomplished concurrently in the 
involved domains. The “V” is run through iteratively several times for conceptual design, 
embodiment design and detail design. The methods and processes are taken from the involved 
domains, e.g. guideline VDI 2222 [1997] for mechanical design. Major challenges of 
mechatronic design are the synchronization of the involved designs and developing an 
understanding of the other involved domains. A property of systems is complexity. Drivers 
for complexity are number of different elements amount of different relations. Mechanical, 
electric, electronic and software components are of different types (due domain) and have 
different kind of relations. This justifies using the term mechatronic system although the 
system can be an integrated product e.g. a laptop computer or a numerically controlled milling 
machine.  
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Figure 2: V-Model and tasks of system design for mechatronic design according to VDI 2206 [2006] 

Functional modeling plays a central role in mechatronic design since it serves as a common 
language understandable to all involved domains. [BUUR 1990] Only with an abstract model 
of the purpose of a mechatronic product, a sensible partitioning into the three sub-domains 
mechanic, electronic and software is possible. It is part of the system design of the V-model 
depicted in Figure 2.  

The “Specification Technique for Self-Optimizing Systems” is a methodology for complex 
mechatronic systems. [FRANK 2006, GAUSEMEIER et al. 2009] It provides an adopted 
procedural model with the stages task clarification, conceptual design of the system, 
conceptual design of modules and integration of modules. The single stages are organized into 
sequences of tasks that guide the engineers through the design process. The result of each 
stage is documented in one or more of the interrelated coherent partial models. They finally 
form an integrated product model. They are named: requirements, application scenarios, 
functions, behavior, active structure, shape, system of objectives and environment. In order to 
keep the integrity, most of the partial models are modeled with the Mechatronic Modeling 
Language derived from Unified Modeling Language (UML).  

Mechatronic products mark a transition from traditional mechanical design towards systems 
engineering. The core methods to cope with the complexity are the common specification, the 
decomposition into subsystems and the integration into the whole system. It is related to this 
thesis through the tasks in the specification phase that are the same as for mechanical design, 
namely requirements modeling, functional modeling and component modeling. Additional 
challenges of mechatronic design are communication among experts of multiple domains and 
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the partitioning of the system into domains.  

2.1.3 Systems engineering approaches 
In contrast to product design, with roots in machine theory, systems engineering is a rather 
young discipline that deals with the specification, design and implementation of systems. 
Systems engineering mostly follows a top-down bottom-up process. In the top down process 
the system is specified form the whole systems down to details. The designed artifacts are 
implemented and integrated in a bottom up manner. A simple model for that approach is the 
V-Model as shown in Figure 4. According to standard IEEE 1220 [2007] systems engineering 
is defined “as the total technical effort responsible for establishing the product design, as well 
as the concurrent establishment of the development, test, manufacturing, support, operations, 
training, distribution, and disposal processes. Thus, the term systems engineering implies that 
a total system perspective should be applied to the development of a system.” This definition 
is overlapping with integrated product design. 

The systems engineering process (SEP) [ISO/IEC26702 2007] is in some points similar to the 
design process outlined in Figure 1. The differences arise from the different definitions of a 
system and product. A system is “a set or arrangement of elements [people, products 
(hardware and software) and processes (facilities, equipment, material, and procedures)] that 
are related, and whose behavior satisfies operational needs and provides for the lifecycle 
sustainment of the products.”[ISO/IEC26702 2007] A product can be either a system itself, 
e.g. a car, or can have an is-part-of relation to a system, e.g. a car is part of a postal service. 
People and processes are considered as elements of a system as well. Taking this viewpoint, 
the factory that produces products is a system, e.g. a car manufacturing plant, as well as a 
company that provides a service that includes the use of a product, e.g. the postal service. 
MBSE approaches integrate all core tasks of the SEP and provide the modeling methods for 
it. 

Therefore, the main activities of systems engineering are first scoping, which is to define what 
is inside and what is outside the system. Requirements analysis then detects conflicts of 
requirements and consolidates requirements. Further the partitioning of the system, a task that 
is referred to as “Decomposition/allocation trade-offs and impacts” in Figure 3. Partitioning 
involves the design of interfaces as well as the assignment of functions to a domain, e.g. 
hardware or software [ISO/IEC26702 2007]. An example to clarify the difference of systems 
engineering and product design is the architecture of the distribution system of the catalytic 
agent “Ad Blue” that is used for cleaning exhaust gases of diesel engines. Designing the 
architecture of the distribution system via service centers and gas stations either as liquid from 
a hose for trucks or in a special container for passenger cars is a systems engineer’s job. The 
design of the interface at the vehicles to allow the filling of the agent into the vehicle is the 
product designer’s job. 
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Figure 3: The Systems Engineering Process (SEP) [ISO/IEC 26702] 

Figure 3 depicts the SEP. Since systems are more complex than stand-alone products, 
validation and verification plays a major role. In product design, each following task can be 
seen as a verification of the preceding task. At systems the number of elements and their 
interrelation at any level of requirements or functional description is too manifold to allow the 
following step without verification of the previous step. The assessment of requirements is 
necessary to detect constraints and conflicts and to eliminate them. For requirements 
validation, the requirement tradeoffs and their impacts are shown to the client (here: the 
person who ordered the system) who approves the baseline. It is the basis to for the following 
steps in the SEP. This does not completely avoid iterations but gives the chance to reduce 
them due to the involvement of the client. Another challenging point is the involvement of 
humans as operators or users. This is not visible in the overview of the SEP in Figure 3 but 
the design and involved constraints of human/system interfaces is explicitly stated in 
[ISO/IEC26702 2007]. Therefore the SEP integrates steps of verification and validation that 
are not emphasized in the same way in product design. Nevertheless, common tasks exist with 
product design processes in terms of requirements analysis, functional analysis, functional 
verification and concept synthesis. The design process according to VDI 2221 deals with 
synthesis at a more detailed level which is necessary to provide the required subsystems for 
systems. 
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2.1.4 The Model Based Systems Engineering methodology 
Model Based Systems Engineering (MBSE) is a subset of systems engineering. A MBSE 
methodology can be characterized as the collection of related processes, methods and tools 
used to support the discipline of systems engineering in a “model-based” or “model-driven” 
context. Estefan [2008] compiled MBSE methodologies and related tools in a survey. 

The initial work on MBSE is found in Model Based Systems Engineering: An introduction to 
the Mathematical Theory of Discrete Systems and to the Tricotyledon Theory of System 
Design [WYMORE 1993]. It can be seen as the first mathematical system theory for modeling 
discrete systems. The main idea of MBSE is to model a system in a consistent way and query 
the model according to certain viewpoints instead of preparing and distributing huge numbers 
of documents. With that vision a lot of time that has been used for creating documentation can 
be saved since it will be created form models on a keystroke [JONES et al. 2010]. 

Some of the leading MBSE Methodologies according to Estefan [2008] are presented below. 
Common to all of them is the use of modeling languages that is shared with this thesis.  

IBM Telelogic Harmony-SE is a MBSE methodology for developing highly integrated 
systems and software systems. The Harmony Process applies the classical “V” lifecycle 
model, see Figure 4. It is different from the V-Model depicted in Figure 2 that is adapted to 
mechatronic design. The collaboration of the system architects is supported by a central 
repository for requirements and models. It uses a “service request-driven” modeling approach 
supported with Object Management Group Systems Modeling Language (OMG SysML). 
[HOFFMAN 2006] In there the system structure is described using block diagrams. 
Communications between blocks is realized with messages (service requests). The three main 
tasks and work products are “requirements analysis”, “systems functional analysis” and 
“architectural design”. Harmony-SE focuses on software engineering. Functional analysis 
needs a description of existing service requests which is not common for mechanical design. 



Literature and related work 13 

Figure 4: Classical V-Model extracted from [DOD 2001],  

The Object Oriented Systems Engineering Method (OOSEM) is an approach that initially 
was developed in a joint effort of Lockheed Martin and the Systems and Software Consortium 
and refined by the INCOSE OOSEM Working Group [FRIEDENTHAL et al. 2008]. It is a top 
down, scenario driven process that supports the specification, analysis, design and verification 
of the system. It makes use of object oriented concepts and uses SysML. It is a very elaborate 
and detailed process that is intended to integrate with software development, hardware 
development and test. The development activities of OOSEM are “stakeholder needs 
analysis”, “definition of system requirements”, “definition of logical architecture”, “synthesis 
of candidate allocated architectures”, “optimization and evaluation of alternatives” and 
“validation and verification of the system”. The full description of OOSEM process illustrated 
with an example can be found in “A Practical Guide to SysML” [FRIEDENTHAL et al. 2008]. 
Functional analysis is not part of OOSEM although shown in the same book. It can be 
integrated as a kind of stakeholder needs analysis that in turn influences the logical 
architecture. The logical architecture is a solution neutral structure that can be realized by a 
structure of solution elements. Nevertheless the methodology provides a clear set of detailed 
tasks that have to be done in the single activities. Common with the thesis is the analysis of 
system requirements, the use of a solution neutral structure called logical architecture and the 
search for realizing elements. 

The IBM Rational Unified Process for Systems Engineering (RUP SE) “is both a process 
framework and a process product from IBM Rational and has been used extensively in 
government and industry to manage software development projects” [ESTEFAN 2008]. The 



Literature and related work 14 

process is divided into the four phases of “Inception”, “Elaboration”, “Construction” and 
“Transition”. Involved engineering activities are business modeling, requirements modeling, 
analysis and design, implementation, test and deployment [BALMELLI et al. 2006, KRUCHTEN 
2003]. UML and SysML diagrams are used for modeling the system architecture. Concurrent 
engineering and iterative design and highly reconfigurable discipline workflow templates 
facilitate the collaboration in systems engineering projects. To manage the multitude views 
and concerns on a system that are addressed with RUP SE, an architecture framework 
organizes the models involved. Tool support is provided by the RUP SE modeling center, a 
plug-in for the eclipse tool suite. The common point with the thesis is the modeling language 
and the use for various engineering disciplines including mechanical design. 

The Vitech Model-Based Systems Engineering Methodology uses a System Definition 
Language (SDL) and a System Design Repository. There is a strong tie to the CORE product 
suite provided by Vitech Corporation. [CHILDERS & LONG 2004] The primary systems 
engineering activities are source and requirements analysis, function and behavior analysis, 
architecture synthesis and design validation and verification. The major difference to the other 
methodologies is the process to engineer a system horizontally in complete converging layers 
before vertically. It is called the “Onion Model”. A link to the thesis is given due to the use of 
requirements modeling, functional modeling and synthesis. The difference is given by the use 
of SDL, however still it is a language that is formally controlled. 

MBSE is linked to this work in two ways. All of the leading methodologies include 
engineering activities that (partially) cover the main modeling tasks of the thesis. All of them 
use a modeling language mostly OMG SysML/UML. For further discussion of MBSE 
methodologies the interested reader may read the survey of Estefan [2008]. 

Both systems engineering and product design use modeling to better understand the task, 
analyze the problem and synthesize the system or product. The MBSE approach seeks to 
apply models for any essential task of systems engineering. Tool support is provided for all 
MBSE activities. Consistent modeling requires the integration of different models. Since 
modeling is important to both product design and system engineering the following section 
present the research efforts in integrated product modeling. 

2.2 Product modeling 
“Product modeling is the heart of product development activities that determine the 
engineering productivity and industrial competitiveness.” [KRAUSE et al. 1993] 

A model is defined as a simplified image of an object in order to analyze a certain aspect of 
the original object. [STACHOWIAK 1973] Further, according to Strahinger [1998], a meta-
model is the model of a model where the super-ordinate model describes the modeling 
elements (i.e. modeling language) that are used for modeling the sub-ordinate model. In 
engineering different types of models are known. A differentiation for the formality of 
description methods is given in [VDI /VDE 3681 2005], where the three levels “formal”, 
“semiformal” and “informal description methods” are differentiated. Models can be built with 
description methods, thus the terms are used synonymously. Formal models have a 
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mathematical basis, a completely defined syntax and clear semantic interpretation. 
Semiformal ones miss a mathematical basis but have the other two attributes and informal 
models do not need to have a mathematical basis neither a clear semantic interpretation nor a 
complete syntax. Models can be virtual (mental models, software, algorithms) or material 
(scale models and mock ups). Common to all models is that they are created for a certain 
purpose (model pragmatism). In the case of functional modeling it is to analyze and 
understand what flows of material, energy or signal and different functions are needed to 
specify the product or system in a qualitative way. Since models are abstractions of reality, a 
model has to be validated against reality at some time. Validation of virtual models and 
simulation can be carried out by comparison of results with hardware tests. Throughout the 
design process, models become more and more detailed. At the transition to hardware 
prototypes and production, the semantic meaning of a model changes from abstraction to 
blueprint or stereotype. 

There are three views on product information, namely “product definition”, “product 
presentation” and “product representation” [ANDERL & TRIPPNER 2000]. Product information 
for product definition is administrative and organizational information for an unambiguous 
identification of a product, e.g. classification number, the identification of release states and 
versions and the product structure. Information for product representation is used for the 
computational modeling of product attributes e.g. the shape is modeled by geometric models 
like wireframe, surface, B-rep, solid or other models. The way product representation 
information is presented to the designer is called product presentation; e. g. a geometric 
representation is presented as a shaded image or a drawing. The term model representation is 
used to refer to computer internal information and model presentation when diagrams are 
shown. 

2.2.1 Product models and integrated product models 
The term product model is more specific. Krause et al. [1993] define: “Products are 
materialized, artificially generated objects or groups of objects forming a functional unit. The 
materialization may contain mechanical parts, electrical and electronic components, 
hydraulic or pneumatic components or other elements. If the product has a computer with a 
CPU and a memory, the computer hardware and software contributing to the purpose of the 
product are part of it. Products are made of different materials and manufactured by different 
processes in a great variety of sizes.” Using the above definitions of product and model, the 
term product model can be interpreted as the “logical accumulation of all relevant information 
concerning a given product during the product life cycle”. [KRAUSE et al. 1993] The phases of 
the product lifecycle are shown in Fig.1 on the left hand side. 

With this definition it is seen that, depending on the complexity of the product, a large 
number of different models have to be stored, related, and accessed during the whole lifecycle 
of the product. A clarification of the terms “components”, “parts” and “products” is 
necessary. These terms express the degree of complexity in a system context. Table 2-1 shows 
the hierarchy of the system elements adopted from Hubka and Eder [1988]. It is based on the 
inner complexity of the elements. Applying the definition of complexity as the amount and 
diversity of elements and their relations, a part, consisting of one piece, has zero complexity. 
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The complexity grows with components that are assembled from some parts. The original 
hierarchy had four levels since it was product centered. It has been extended by the fifth level, 
system of systems, which is the most complex level. Within this hierarchy, it is not possible to 
distinguish clearly between the levels [BUUR 1990], however it gives an orientation of the 
grade of complexity of modeling artifacts and their possible decompositions. The approach of 
this thesis mostly applies to the levels zero to three.  

Table 2-1: Levels of complexity adopted from [HUBKA & EDER 1988] 

Further Krause defines: “Product modeling, in its complete sense, […] consists of two 
interrelated aspects: product models and process chains.” [KRAUSE et al. 1993] The latter are 
commonly referred to as product development workflows or product modeling processes. 
Throughout the design process, the single tasks change and thus the product models also 
change. The modeling sequence in the focus of this thesis is the sequence of requirements 
modeling, functional modeling and developing the initial component structure. These partial 
models are at the beginning of the product development process. A term that expresses a 
similar fact is model evolvement [MAIER & RECHTIN 2009]. Model evolvement is the change 
of models throughout the development process. It is fueled by refinement, verification of the 
client’s needs or validation of the models.  

The first attempts to create a framework for an integrated product model date back to 1984 
when the development of the Standard for the Exchange of Product Model Data (STEP) as 
successor of previous attempts in product model standardization started. [ANDERL & 
TRIPPNER 2000, KEMMERER 1999] The initial release of the standard in 1994 was focused on 
the process chain of 3D geometric modeling, the simulation of physical properties and the 
transition to production. [ISO/10303 1994] Within the standard, product model data is given 
as a common abstract description of product attributes (geometry, material, ID, etc.) and their 
relations. Due to its importance for various applications and stages throughout the product 
lifecycle it is called an integrated product model [GRABOWSKI et al. 1993]. Still integrated 
product models in practice are limited to the design stages from embodiment design to 
production preparation. There is a strong bias towards geometric modeling (CAD), validation 
(CAE), and subsequent production (CAM) and inspection (CAT). However the initial idea of 
an integrated product model goes further. Conceptual design was considered with additional 

Level Name  Description Example
0 part single piece, made without assembly operations flange, shaft
1 component simple subsystem assembled from parts and other 

components 
electronic components, 
sensors, actuators, bearings 

2 module, sub‐
assembly

subsystem assembled from components and parts, 
embodies an independent function of a product

print head, linear modules, 
circuit board

3 product assemby of modules, components and parts that 
performs a closed function

printer, notebook PC

4 (product) 
system

interacting products that perform a number of 
functions 

office systems including PC, 
network and printers

5 system of 
systems

Interacting systems, products and organizations 
that provide a service or product

production systems, e.g. a 
car production plant



Literatu

models 
1991] F

Figure 5:

The ple
manage
is provi

Faced w
projects
based m
presents
and fea
function
demand
viewpoi
SysML 
represen
engine w
a frame

Togethe

ure and rela

as well as 
Figure 5 giv

: Integrated P

ethora of di
ement of ac
ded in Prod

with the ch
s, the Core 
meta-model
s a taxonom
ature) and c
n). Transfer
ds in differe
int on an ar
block is a 

nt a produc
with a certa
work for an

er with its

ated work 

requiremen
es an overv

Product Model

ifferent prod
cess rights,

duct Data M

allenge to i
Product M

l for produ
my of classe
core proper
r function r
ent product 
rtifact with F
modeling e

ct, be a par
ain code wit
n integrated 

s extension

nt modeling
view of the p

l adopted form

duct inform
 conversion

Management

integrate pr
Model (CPM
uct informa
es that allow
rties (functi
refers to a 
life cycle s

Friedenthal 
element to d
rt of a prod
thin a vehic
product mo

ns the CPM

g and functi
partial mode

m [GRABOWSKI

mation mode
n of data an
 (PDM) sys

roduct infor
M) is develo
ation throug
ws building p
ion, behavio

function a
stages are r
[2008] des

describe the
duct, or be 
cle with the 
odel.  

M serves a

ional mode
els that cov

KI & ANDERL 1

els has to b
nd presentat
stems. 

rmation of 
oped. [FENV
ghout the p
product mo
or, material
s an input 
respected. F
cribing the 

e structural 
a unique e
VIN 90898

as a frame

eling. [GRAB
er certain en

991] 

be managed
tion of data

different en
VES et al. 2
product life
odels with c
l, geometry
output rela

Fenves [200
meaning of
element of 
ntity in an 

875. The co

ework for 

BOWSKI & 
ngineering 

d. This inclu
a. This func

ngineering 
2004] It is 
e cycle. Th
ore entities 

y form and 
ation. The d
04] shares a
f a SysML b
a system. B
environme

ore product m

Product L

17 

ANDERL 
tasks.  

udes the 
ctionality 

research 
a UML 

he CPM 
(artifact 
transfer 

different 
a similar 
block. A 
Both can 
ent as an 
model is 

Lifecycle 



Literature and related work 18 

Management (PLM). It is generally defined as “a strategic business approach for the effective 
management and use of corporate intellectual capital” [SUDARSAN et al. 2005]. The PLM 
concept holds the promise of seamlessly integrating all the information produced throughout 
all the phases of a product’s lifecycle. In other words, PLM is the framework to organize an 
integrated product model. The extensions to the CPM are the Open Assembly Model (OAM), 
the Design Analysis Integration Model (DAIM) and the Product Family Evolution Model 
(PFEM). In some aspects there is a resemblance to the integrated product model of Grabowski 
(see Fig. 5). The framework is a concise proposal to guide the development of future PLM 
systems and is directed towards model driven approaches. 

In the last years, efforts have been made to integrate systems engineering models with the 
standard for the exchange of product model data (STEP). The Application Protocol 233 
“Systems Engineering” has been released as draft international standard since 2009 [ISO/DIS 
10303-233 2009]. Within this draft relevant models of systems engineering and their 
interrelation are described. Some of the model driven approaches are covered with this draft.  

In a paper about product information exchange, Fenves et al. [2005] give an overview of 
research in product modeling of the last quarter of a century. They identify three categories of 
information content for product information exchange named “geometry information”, 
“design information” and “lifecycle information” Geometry information and its handling 
with PDM systems has been standardized in 1993 with the standard for the exchange product 
information (STEP) [ISO/10303 1994] and is state of the art today. Design information 
includes all information necessary for design as requirements, constraints, design rationale 
and design rules etc. Lifecycle information includes all information that is created during the 
lifecycle from initial concepts to product disposal and its management. Most of current 
research is devoted to design information. The standards are still incomplete. To integrate the 
whole range of lifecycle information into a PLM framework is a future challenge.  

Next to the STEP related work on integrated product models there are two examples of 
integrated product models beyond geometry. The Methodology and tools Oriented to 
Knowledge based engineering Applications (MOKA) [SAINTER et al. 2000] exploits STEP, 
Knowledge Interchange Format (KIF) [GENESERETH & FIKES 1992] and other knowledge 
engineering efforts to create an integrated product model. MOKA holds the views of 
structure, function, behavior, technology and representation as related modeling domains. To 
support formal modeling, the MOKA Modeling Language (MML) an extension to the Unified 
Modeling Language (UML) is deployed [BRIMBLE & SELLINI 2000]. 

Another attempt to a feature based integrated product model is reported in [BRUNETTI & 
GOLOB 2000]. It is the attempt to cover all activities for conceptual design following the 
approach of Pahl & Beitz [2007] and integrating methodical support for all tasks of 
conceptual design as specified in guideline VDI 2221 [1993]. It is an example for a 
monolithic integrated product model that integrates all tasks of conceptual design via features. 
The introduction of such tools in industry is faced with existing legacy tools that can be 
incompatible. 
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2.2.2 Systems architecture descriptions 
Like an integrated product model attempts to integrate the product information throughout the 
product lifecycle, a system architecture model collects the outcomes of the systems 
engineering process. Since the focus of systems engineering is different, it is necessary to 
point out the relation between a product model and a systems architecture description. In this 
context, a system architecture is “the fundamental organization of a system embodied in its 
components, their relationships to each other and to the environment, and the principles 
guiding its design and evolution.” [IEEE1471 2000] Ann architectural description is defined 
as the collection of all products to document system architecture. In this case, products refer 
to documents, models (both virtual and hardware) and other recordings, e.g. photographs, 
audio tape, video etc. 

Figure 6: Meta-model of an architectural description [IEEE1471 2000] 

Figure 6 shows the meta-model of an architectural description. In this case, meta-model “is 
simply a defined set of concepts and terminology along with their relationships to one 
another." [HOLT & PERRY 2008] An integrated product model can be seen as an architectural 
description. Partial models of an integrated product model are integrated. Where the 
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integrated product model takes into account customer relation management as lifecycle 
information, the system architecture refers to stakeholders. Stakeholders can be any person or 
legal body that has interest in the system, e.g. client, costumer, operator, manufacturer, 
government, etc. The viewpoints are used to cover the concerns of the stakeholder. 
Conforming views are used to query the model. This requires a certain flexibility of how the 
model is composed. The models have to give answers to the questions formulated in the 
views. Maier and Rechtin [2009] identify “purpose/objective”, “data”, “behavior”, 
“managerial”, “form” and “performance” as common views on systems. One view can 
contain several models. The overall task is described in the mission that has to be fulfilled by 
the system. 

Architecture frameworks provide a collection of viewpoints and models. They follow a 
certain purpose. The Enterprise Framework also known as the Zachmann Framework is an 
architecture framework for businesses. [EACOE 2011] It includes the organizational structure 
to govern the enterprise as well as models for the business or product of the organization. The 
Framework provides meta-models, description of the modeling purpose (views) and integrates 
the single models into a concise system model 

The Department of Defense (US) and the Ministry of Defense (GB) both deployed 
frameworks for the assessment and procurement of Systems of Systems. [DOD/CIO 2012, 
MOD 2010] Since the focus of these frameworks is to gain an overview and standardize the 
views on the systems, details like functional modeling are not considered. The main purpose 
is to have comparable information for the systems to acquire from competing suppliers. 

2.2.3 Summary of product modeling and architectural descriptions 
Product modeling and architectural descriptions (AD) are not independent from one another. 
If a product is part of a system, the system AD can give input like requirements and functional 
description to the product model. The viewpoints of requirements and functional modeling 
can be found in both system models and product models. Especially the MBSE approaches 
show that functional modeling is a core activity of systems engineering as well as product 
design. Product models should assist communication especially among different domains, 
among systems engineers and the involved domains of product design. 

2.3 Functions in product design 
The term function exists in many fields of daily use and science. Here the focus is on the field 
of engineering. In this field, different semantic meanings of the term function exist. For 
instance, in software engineering, function refers to a subroutine and in control engineering to 
a mathematical function. Even in the domain of engineering design there are several 
approaches to function. Function Representation (FR) is a research branch related to 
artificial intelligence that provides the ontology of function related terms targeted at 
functional reasoning. [CHANDRASEKARAN 2005] Function(al) Modeling (FM) is a research 
stream that deals with the modeling of system functions using function primitives and 
applying modeling formalisms. Especially FR related research discovered the ambiguity of 
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the terms function and behavior [CHANDRASEKARAN 2005, CHANDRASEKARAN & JOSEPHSON 
2000]. Ullman [2002] presents an effective differentiation in: Function is the abstraction of 
the artifact under design to deliver an intended performance at a known input. Behavior is the 
description of the physical properties of an artifact that deliver the actual performance at a 
known input. Performance in this context is the output within a certain period of time. 
Function is often referred to as intended behavior. In functional modeling, function is used to 
capture intention or purpose of an artifact under design. [PAHL et al. 2007] In general 
functions can be formulated by any person e.g. the customer. The designer’s task is it to 
verify and translate that informally articulated functions into a transformation (or transfer) 
function and find embodying artifacts. An early distinction of function types is made between 
purpose function and transformation function. A purpose function is “the ability of a machine 
to create an expedient effect” [ANDREASEN 1991, BUUR 1990]. In contrast to that “the 
transformation function (or process) […] is the action which changes an object from an input 
to a desired output state.” [BUUR 1990] The distinction of different types of functions in FR 
goes beyond a simple yet ambiguous differentiation since for computational manipulation the 
terms have to be clear and distinct. The ontology for reasoning relates the terms of human 
need, environment, mode of deployment, function as effect device function, behavior, etc. 
[CHANDRASEKARAN & JOSEPHSON 2000] “In the device centric view the focus is (…) on its 
internal configuration namely on its structure.” [CHANDRASEKARAN & JOSEPHSON 2000] 
Transformation functions are used for building a structure thus they can be seen as functions 
from device centric view. From the view of FR, functional modeling provides to different sets 
of function primitives. [CHANDRASEKARAN 2005] 

A review of functional modeling is given in [ERDEN et al. 2008]. It gives a good overview of 
modeling but does not cover all function modeling efforts.  

2.3.1 Approaches to functional modeling 
There are several independent approaches to functional modeling. In German engineering 
design, functional modeling dates back to 1970 when Rodenacker made use of functional 
modeling. He introduced the generally applicable functions: “branch”, “join” and “guide” and 
the flows “material”, “energy” and “signal”. These function primitives are used for modeling 
sequences or networks of functions to decompose the overall function of a machine. In the 
following two decades, several independent functional modeling approaches were developed 
as a part of a design process. ROTH [2000]proposes a set of eight basic functions together with 
a graphical presentation. His work covers functions for transforming material, energy and 
signal as processed objects. The concept of function is an input-output relation. He argues that 
material and signal transformation always needs energy. Further he introduces rules for the 
creation and manipulation of function structures. The general idea is that the modeler first 
models the sequence of the main flow, then all other flows that are enablers for the main flow, 
e.g. the main function is “guide material”, then the main flow is material with an enabling 
“energy” flow. 

At the same time Koller [1975] proposes a set of 24 elementary functions grouped by the 
processed flows. He uses a different graphical presentation from ROTH. The main objective 
for their function structures is the selection of principle solutions out of their design catalogs. 
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They use the input output relations of functions to search for stored solutions. Koller 
explicitly makes use of auxiliary flows in his functions. This opens the way to more complex 
structures and allows the representation of control structures in functional modeling. Pahl uses 
a flow block presentation [PAHL et al. 2007] together with a set of five generally applicable 
functions. All three provide concise descriptions of functions and propose functional 
modeling as a paper-based method.  

Hundal [1990] implemented a software tool to support the tasks of conceptual design. His 
notion of function is based on the authors mentioned above. He groups 39 physical functions 
that mostly come with explicit input and output information into 6 basic functions. He uses 
channel, change magnitude, connect, branch, store/supply and convert as basic functions. 
They are identical to ROTH’s “Allgemeine Funktionen” [ROTH 2000]1. In a following process 
he uses the input output relation of physical functions to select physical effects from the 
database. The flows are detailed to specific forms of material, energy and signal and added by 
geometrical properties like displacement, velocity, acceleration, etc. Hundal’s work is close to 
the concept in this thesis. He uses databases for functions and solutions but does not use a 
formal modeling language. 

A different set of functional primitives is provided by Modarres and Cheon [1999]. In their 
view, important things of engineering are commodities where values can be assigned for e.g. 
energy, mass, momentum, etc. Physical systems process commodities from one form to 
another according to conservation principles. Functions describe the contribution of a part to 
the conversion of commodities in a system. The conservation laws are applied inside one 
control volume, e.g. conservation of mass. A storage device can act as a sink or source for 
mass. The function primitives are different from the flow centered view on function namely: 
“generate”, “destroy”, “maintain”, “control”, “transform” and “transport”.  

A different concept of functional modeling is used in the theory of inventive problem solving, 
also known as TRIZ. [ALTSHULLER 1994, TERNINKO et al. 1998] The main purpose of the 
artifact is expressed by at least one primary useful function (PUF) that is in relation with other 
useful functions that are needed to create the PUF. Through side effects, harmful functions 
(HF) can occur. A harmful function disturbs the system and in the worst case the system 
cannot fulfill its purpose. The search for functions of a system is stopped when at least one 
PUF and one primary harmful function (PHF) is identified. Both types of functions are related 
by three kinds of relations: function A causes, is used to eliminate or is required for function 
B. The function model is used to identify contradictions in a relational network. With the 
identification of contradictions, a matrix indicates possible solutions that solve the 
contradiction and lead to innovative solutions. TRIZ provides no function primitives but 
encourages formulating the problem in one’s own simple words. Further the definition of 
function as intended behavior is not valid for harmful functions, since no engineer would 
consciously intend to design a harmful (contradicting the system purpose) function. TRIZ has 
great strength with design analogies. In an excessive survey Altshuller [1994] examined more 
than 40,000 patents and extracted their principles of solution. This results in a domain 
spanning catalog of neutrally formulated principles and physical effects that can be generally 
applied.  

                                                 
1 Hundal partitioned the basic function slightly different from Roth, this leads to 6 basic functions instead of 8. 
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In function-behavior-state (FBS) modeling, Umeda and Tomiyama [1995] define function as 
a “description of behavior recognized by human through abstraction in order to utilize it”. The 
relation of function to behavior is many to many. Behavior in this context is defined by 
sequential one or more changes of state over time. A state is defined by a triplet of entities, 
attributes and relations among them. State changes in turn are invoked by physical 
phenomena. FBS modeling is also a guiding design process that relates three core modeling 
tasks of conceptual design. The Knowledge Intensive Engineering Framework (KIEF) is 
ongoing research since 1995 that provides formalized knowledge to the FBS design process 
[YOSHIOKA et al. 2004]. The starting point is a hierarchical functional decomposition. In a 
next step, the functions are mapped to physical features. KIEF enriches the information by 
causal dependency reasoning. It is based on a basic ontology and a meta-model.  

Recently Komoto and Tomiyama presented a paper on the extension of KIEF towards system 
architecting2 [KOMOTO & TOMIYAMA 2010]. They limit their system to complex mechatronic 
products and point out that system architecting tools have different views (functional, 
behavioral, structural). The new contribution compared to KIEF is the integration of interval 
based logic to introduce a qualitative functional ordering and a spatial modeler that 
automatically can create and position oblongs with faces normal to the main coordinates X, Y 
and Z. With that kind of spatial model, the product or system is packaged. For the evaluation 
of consistency of temporal and spatial intervals some rules are implemented. However, the 
requirements management and the link to an overall task are missing. The tool meets the 
requirements for conceptual design and presents an elaborated support for it. The differences 
of terms of the KIEF ontology to the systems engineering semantic dictionary according to 
ISO/DIS 10303-233 [2009] make a comparison with other model based approaches difficult. 

Gero [1990]describes a design process called Function-Behavior-Structure (FBStr). It is 
different from the FBS of Umeda and Tomiyama [1995]. He states that a direct 
transformation from “function” (F) to “design description” (D) is not possible. As a 
consequence he infers that the basis for D is “structure” (S) and “structure” can be analyzed 
for its “behavior” (BS). From function the “expected behavior” (BE) can be derived. By 
comparison of BS with BE, design synthesis can be done by the following sequence: 
F BE BS S D. This means that BE is derived from F and then can be compared to BS 
that is analyzed from S that can be transformed to D. The term function is not described into 
detail and is just related to requirements and set in relation to expected behavior. The schema 
is implemented as a software prototype. FBStr is related to this thesis due to the similarity of 
the design process that transforms a function to a design description. The difference is 
through the use of a formal modeling language and the use of model libraries to link structure 
directly to functions. 

The NIST functional Basis (NIST-FB) is a reconciliation of two independent research efforts 
[HIRTZ et al. 2002]: The NIST effort to develop generic taxonomies of engineering functions 
and flows [SZYKMAN et al. 1999] and the functional basis effort from Stone and Wood 
[STONE & WOOD 2000]. Szykman’s motivation is to improve the comparability of 
engineering functions in the larger context of artifact design. He proposes a schema for 

                                                 
2 It is called system architecting in contrast Maier & Rechtin’s “Systems Architecting”. They are different by 
definition. 
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computational representation and suggests implementing the schema with the extensible 
markup Language (XML) or another computational language. Further he compiles 
taxonomies of functions (130 items) and flows (100 items) from various previous research 
efforts in engineering functions from different authors. A taxonomy is a set of similar terms 
that form a hierarchical relation. This is in contrast to a lexicon that contains all words used in 
a certain context. The functional basis is a lexicon for functional modeling that contains two 
taxonomies. He admits that it is difficult to cover all concepts of functional modeling with a 
small taxonomy of functions. Stone and Wood [2000] underline the usefulness of a functional 
basis for product architecture design, semantic function structure generation, archival and 
communication of design information, comparison of product functionality and further tasks. 
They created the functional basis from the same set of sources as Szykman yet this resulted in 
different taxonomies. Additionally they provide an explanation of terms like product function 
(overall function), sub- function, functional basis etc. For function decomposition they 
propose black-box to white-box decomposition. In this kind of decomposition a node of a 
diagram is further detailed with the same kind of diagram that shows the inner elements 
(nodes and relations) of the parent node. The reconciliation led to a far smaller functional 
basis because redundant functions were eliminated and the terms were listed as synonyms. 
Both efforts show a three level hierarchy for their taxonomies of functions and flows, which 
was taken over to the NIST functional basis. The three-level hierarchy is denoted from top 
down as “class”, “secondary” and “tertiary”. Principally the two taxonomies are independent. 
This basically allows an unrestricted combination of functions and flows. With the NIST 
functional basis generality is claimed, thus it can be used for various concepts of functional 
modeling. For this reason the functional basis is used as the blueprint for the model library of 
functions and flows. 

Nagel et al. [2009] has presented a software prototype tool for functional modeling, called 
“functionCAD”. They use the taxonomies of the NIST-FB for the representation of flows and 
functions. The software supports modeling processes (function structures) inside a control 
volume and connecting different processes via flow connections. The black-box white-box 
decomposition principle can be applied. His work is related to modeling function structures 
with library support. The major difference is that Nagel allows unrestricted connection of 
single functions with respect to number and types of flows. Only the direction of the flow is 
specified. To control functional modeling he used the grammar rules defined with the function 
design framework (FDF) [NAGEL et al. 2008]. In the modeling examples, a formal modeling 
language and functional modeling as a design task are used among others. Thus function 
structures can refer to requirement or component models. Further the number of flows 
interacting with a function is restricted in number and type. 

The content of topological information in function models is investigated by SEN et al. [2009] 
He compares the unconditional probability of the connection of two functions with a flow 
with the informed connection of two flows. Informed connection refers to additional 
information that is needed to establish a valid connection, e.g. direction and type of the flow. 
The main result is that topological information makes functional modeling more expressive 
and the rules that contain that information help the designer to connect functions properly. It 
is related to this work since SysML syntax requires maintaining the flow and direction 
information that Sen et al. refer to as “informed connection”. 
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In a user study, Thomas et al. [2009] studied the impact of abstraction levels on the interpret-
ability of a function structure. He uses the functional basis to model different artifacts toget-
her with the design repository (http://designengineeringlab.org/delabsite/repository.html). In 
his study, student groups identify the product from function structures at three different levels 
of abstraction. There is a clear correlation between the use of context specific terms and the 
number of products that can be identified. For synthesis, more abstract terms are beneficial, 
since they allow exploring a wider solution space. The level of abstractness is linked to the 
number of functions as well as the terms used for functional modeling. Functional modeling 
at the secondary level of the NIST-FB, as chosen in this thesis, is a viable tradeoff between 
interpretability and solution neutrality. This information is relevant for the right selection of 
abstraction in the modeling example. 

2.3.2 Comparison of different function lexicons 
The contents of different function lexicons are compared to determine the best choice for the 
function library in this work. The term lexicon is chosen here to include all sets of functions, 
even those that come without a hierarchical relation and cannot be called taxonomy. In the 
previous section, several functional modeling efforts are presented. Some of the authors 
created dictionaries with concise descriptions and examples. In a first comparison, the number 
of theoretically available function primitives is considered. In Figure 7, a comparison by 
number is shown including the work by Rodenacker, ROTH, Koller and NIST-FB. The need 
for a common dictionary for functions is generally given for several reasons. A dictionary 
lists relevant terms in an ordered way and explains the terms. First is the subjective nature of 
functions. Dictionaries help to disambiguate and explain the functions with examples. 
Another reason is the coverage of different engineering disciplines working together. The 
conception of functions may be different for similar terms. Establishing a common basis helps 
to avoid conflicting terms and to discover gaps.  
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that can be created from the combination of the flow and function taxonomy of NIST-FB is 
more than 2000. The number of necessary elements in a model library is 45 flows and 52 
functions. The combination of flows and function does not work with the definition of 
functions by Koller, since the definition and examples are different with respect to the flows. 

The NIST-FB is a promising candidate for implementation as a model library. With a large 
body of functions, all terms regarding mechatronic design should be covered. In recent 
research, the most used function taxonomy that complies with the term function as used in 
this thesis is the NIST functional basis. However, this does not guarantee that this function 
lexicon is used in industry as well. In industry, the term is used specifically in different 
branches; even different companies may have different concepts and different glossaries of 
functions. 

In this thesis the focus is on model libraries to support functional modeling and component 
modeling. The three-level hierarchy of the NIST FB allows modeling on different levels of 
abstraction. The coverage of NIST-FB is empirically validated for mechatronic products. This 
is done using examples from the design repository at Oregon State University 
(http://designengineeringlab.org/). Therefore, the NIST-FB is selected to implement a model 
library for flows and functions. 

2.3.3 Functional modeling in Systems Engineering 
Engineering design as well as systems engineering employs functional modeling. However, 
there are fundamental differences in the use of terms. Application Protocol 233 “Systems 
Engineering” of the standard for exchange of product data [ISO 10303-233 2009] is the 
standard in draft describing the terms needed for product data representation. In informative 
annex H2: Technical Discussions-Concept Model for Systems Engineering function is 
described as: ”the entity in the context of modeling that transforms an input set of elements 
into a set of output elements that may be the same or measurably different from the input set”. 
[ISO/DIS 10303-233 2009] In the semantic dictionary, an element is described as “anything 
on which repeated measurements can be made for the engineering purposes of interest.” 
Behavior consists of function, input-output (I/O) and function ordering (see Fig. 8). It is 
defined as “what an element is to do or does in response to excitation it receives from external 
elements in its environment.” [ISO/DIS 10303-233 2009] Inputs and outputs are the elements 
that enter and leave a function. A function can be a member of the system or the environment. 
Function ordering is the description when a function is activated or terminated. Consequently, 
behavior is a sequence of functions with specific inputs and outputs. This is expressed in Fig. 
8 where function, I/O and function ordering have a composition relationship to behavior. 
Systems engineering thus favors a rigorous input-output relationship of function that meets 
the definition of a transfer function. 

Following the draft of AP233 [2009], behavior is different from Ullmann’s [2002] definition 
as the response of an artifact to an input created due to the physical properties of the artifact. 
It is also different to the meaning of the term behavior in engineering design. The meaning of 
behavior in engineering design is taken over by physical property for systems engineering. “A 
physical property is what an element exhibits […] in response to excitation and stimulation 
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from auxiliary measurement entities that are not part of its context.” [ISO/DIS 10303-233 
2009] It can be expressed with a differential equation. 

The reason for the distinct view on function and behavior lies in the requirement of systems 
engineering of “modeling … the response of the system to excitation. Function based 
behavior provides a model for response to excitation that is executable in tools. This provides 
a time line for that response and records logical errors in the model that prevent execution.” 
[ISO/TS10303-1453 2009] Function behavior modeling has a long tradition in systems 
engineering. Relevant diagram types are the Functional Flow Block Diagram (FFBD), 
enhanced FFBD (EFFBD), N2 (N squared), Integration Definition for functional Modeling 
(IDEF0) and Behavior Diagram (BD). Application Protocol 233 sets the requirements to in-
clude these types of diagrams. This results in the meta-model for behaviors presented in 
Figure 8. 

Figure 8: Behavior- function context according to ISO 10303 AP 233 

To cope with the different use of terms in engineering design and systems engineering, an 
overview of terms and meanings is provided in Table 2-2. Relevant terms for functional 
modeling and their meanings are sorted in a way to compare terms of the systems engineering 
concept model against terms in product design. 

In the following text, redundant terms are trailed with (SE) for systems engineering and (PD) 
for product design for disambiguation. Complete compliance exists in the terms “transfer 
function” to “function” (SE). “Function as desired effect” and “purpose function” should be 
related to requirements. A desired effect is what a client can specify and the demands of 
clients should not be ignored but treated as requirements. As engineers are professionals they 
should be able to sort out other meanings of functions and derive the functions (SE) from 
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requirements and overall task description. The meaning of function according to Umeda and 
Tomiyama [1995] expresses function (PD) as “abstracted behavior” (PD). This still is vague 
since the terms of behavior and abstraction have to be clarified. A direct matching to systems 
engineering terms is not possible here since this is a different viewpoint. 

More difficult to define is the term “behavior”, since it is used differently in both domains. In 
this thesis, working with the term “physical property” (SE) instead of “behavior” (PD) is 
more relevant. In product design there is no completely compliant term to behavior (SE), yet 
it is reasonable to have a term that describes the response of an element to things in its 
environment. The closest matching of “behavior” (SE) is to “overall function” or “product 
function”. However, behavior (SE) is more than just a simple overall function since the output 
can change in response to changed input, e.g. actuating the crank of a car jack clockwise lifts 
the car, not actuating keeps the car in position and actuating it counterclockwise lets the car 
down. In the viewpoint of product design, “behavior” (SE) and “physical property” (SE) are 
highly intertwined since a “behavior” (SE) only can be created by designing elements with the 
appropriate physical properties of the parts comprising the product or system, e.g. designing 
the lead screw and nut with appropriate physical properties (friction, pitch, Young’s modulus) 
for the use in a car jack. 

Table 2-2: Comparison of relevant terms 

The different definitions of terms in the domains of systems engineering and product design 
may lead to fundamental misunderstandings when engineers of different background 
collaborate in a project. The biggest discrepancies however are not stemming from text books 
but from journal papers documenting research. The systems engineering terms are explained 
in one single source that is a draft international standard. They are defined in a semantic 
dictionary and are free of contradictions. The context for the terms of the dictionary is the 
modeling of systems. 

To avoid misunderstandings, for the remainder of the thesis the terms “function”, “behavior” 

purpose function [Buur 1990] N/C
desired effect [CHANDRASEKARAN & JOSEPHSON 2000] N/C

transfer (transformation) function [BUUR 1990]
transformation of inputs into outputs [Roth 2002, Koller 
1975, Pahl et al. 2007]

function
the entity in the context of modeling that transforms an 
input set of elements into a set of output elements that may 
be the same or measurably different from the input set

description of behavior recognized by human through ab‐
straction in order to utilize it [Umeda & Tomiyama 1995] N/C

functional 
decomposition Overall function,  product function, process

behavior
what an element is to do or is not to do in response to 
excitations it receives from the external elements in its 
environment

description of the physical properties of an artifact that 
deliver the actual performance at a known input [Ullman 
2002]
Values of state variables at an instant or interval of time 
[CHANDRASEKARAN & JOSEPHSON 2000]
transitions of states due to physical phenomena [Umeda 
& Tomiyama 1995]

N/C = no compliance

physical 
property

behavior

Product design Systems engineering [ISO/DIS 10303‐233 2009]

what an element exhibits or does not exhibit in response to 
excitation and stimulation from auxiliary measurement 
entities that are not part of its context

function
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and “physical property” as defined for systems engineering in Table 2-2 will be used. 

2.3.4 Summary of functions in product design and systems 
engineering 

With this overview, a cross section of different functional modeling types and the relation to 
function representation is presented. The approaches of systematic product design apply the 
flow oriented concept of functional modeling. TRIZ functional modeling and functional 
modeling based on conservation principles are different approaches. This outlines the variety 
of concepts for functional modeling in engineering design. The function primitives for 
modeling that have been identified and used in the different concepts finally have been 
collected and reconciled to a dictionary consisting of two taxonomies called the NIST 
functional basis. 

Although identified as a common activity, systems engineering has a different viewpoint on 
function and behavior modeling. This difference together with different approaches in 
engineering design has led to different meanings of the terms function and behavior. The 
meanings of the terms have been resolved for this thesis. A basis for functional modeling 
accepted in both product design and systems engineering is created. Core requirements for 
functional modeling are the concepts of (transfer-) function, function ordering and input-
output relationships. 

2.4 Modeling Languages for Product and System Modeling 
Modeling languages are description methods. They are the next higher level to programming 
languages and have a tradition in the domains of software and electronic engineering. There 
are three levels of formality according to VDI/VDE guideline 3681:  

• “Formal description method; has a mathematical basis and a completely defined 
syntax as well as a clear semantic interpretation.” [VDI /VDE 3681 2005] An 
example is a mathematical formula or bond graph models. 

• “Semi-formal description method; has a completely defined syntax as well as a clear 
semantic interpretation but no mathematical basis.” [VDI /VDE 3681 2005] 
Modeling languages like UML, SysML or any other domain specific language (DSL) 
are examples for modeling languages. 

• “Informal description method; has a syntax which is not complete in principle as 
well as a semantic which does not need to be clear. Example: Natural language.” 
[VDI /VDE 3681 2005] 

Using this definition, modeling languages are semi-formal description methods. The added 
formality compared to informal description methods and the graphical presentations of the 
modeling languages are the main drivers for using modeling languages. Formal methods, e.g. 
predicate calculus or Boolean algebra, are not as easily understandable as graphs. Therefore 
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they are not appropriate for a domain spanning communication. Finally modeling languages 
have became common with the rise of object-oriented methods thus they expose the necessary 
maturity for engineering applications. In the following sections the modeling languages UML 
and SysML are presented.  

2.4.1 The Unified Modeling Language 
The origin of this description method stems from object-oriented software engineering, where 
the efforts of BOOCH, RAMBOUGH and JACOBSON [1998] led to the deployment of the Unified 
Modeling Language (UML) [OMG 2010c] in 1995. It is a “graphical language for 
visualizing, specifying, constructing, and documenting the artifacts of a software-intensive 
system. The UML provides a standard way to write a system's blueprints, covering conceptual 
things, such as business processes and system functions, as well as concrete things, such as 
classes written in a specific programming language, database schemas, and reusable 
software components.” [BOOCH et al. 1998] The elements of the language are based on the 
Meta Object Facility (MOF). Due to its origin in software engineering it is hardly used in 
mechanical design.  

The OMG group defined the four layer architecture of modeling, see Figure 9. It describes the 
relationships between instances, models and meta-models. In the context of modeling the role 
of a metamodel is “to define the semantics for how model elements in a model get 
instantiated.” [OMG 2011] The elements of the MOF in the topmost level are used to define 
the language specification of UML or SysML in M2 level. Domain specific adoptions, e.g. the 
definition of an additional stereotype, can be made at this modeling level. In level M1 the 
“user model” is situated. This is what is commonly referred to as “model” since it is the 
abstraction of an object of interest. The “run-time instances” at level M0 are the objects that 
are modeled with UML. They are outside the language specification. 
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Figure 9: The four layer architecture of modeling according to [OMG 2011] 

A model library is situated in the M1 level of the four layer architecture of UML 

Although some scientists see potential in using single diagrams to express a certain aspect of 
conceptual design in product design [FUCHS 2004], the potential of modeling in an integrated 
way using UML and Computer Aided Software Engineering (CASE) tools for product design 
is barely exploited. 

In a case study of modeling a hardware system, Bahill and Daniels [2003] point out that in 
large engineered system projects at first the use of UML tools and object-oriented methods is 
rejected by the customers but they finally recognized the great strength in using UML for 
domain spanning communication and documentation. In the study they present a home air 
conditioning and ventilation system that is modeled to a great extent with UML. Finally they 
conclude that UML and CASE tools can be used for hardware and algorithm design and are 
excellent communication tools. 
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2.4.2 Examples for the use of modeling languages in product design 
At least in two engineering domains, modeling languages are a common means for conceptual 
design. With the introduction of the object oriented paradigm, UML became common for the 
modeling of software systems. The other domain is integrated circuit design where the “Very 
High Speed Integrated Circuit Hardware Description Language” VHDL is used for the design 
of integrated circuits. A VHDL model describes the logical functions (basic: AND, OR, NOT 
composed: NAND, NOR, XOR, flip-flop etc.) of the circuit; the patterns for conductors, 
transistors and insulators on the chip can be taken from a pattern-library. In this thesis, the 
approach is similar namely the selection of library components according to modeled 
functions. 

In addition to UML there exists also some design specific languages (DSL) derived from 
UML. For Mechatronic design GAUSEMEIER [2009] deployed the “Specification Technique 
for the Description of Self-Optimizing Mechatronic Systems”. He uses the Mechatronic 
Modeling Language extended from UML. The modeling language allows integrating the 
majority of the partial models used in the specification technique. Up to now, Gausemeier 
presented a process for mechatronic design and the relevant partial models for supporting the 
tasks but no supporting libraries for function and components. 

During the MOKA Project, the MOKA Modeling Language (MML) was developed. 
[BRIMBLE & SELLINI 2000] The main purpose is to manage useful knowledge with a formal 
model. In this context, a formal model is graphical, object oriented and one abstraction level 
above application code. It was realized by adding predefined classes, views and attributes to 
UML. The classes used for MML mirror core terms of engineering like behavior, function, 
structure, principal solution and technical solution.  

2.4.3 The Systems Modeling Language (SysML) 
The Object Management Group describes SysML as “…a general-purpose graphical 
modeling language for specifying, analyzing, designing, and verifying complex systems that 
may include hardware, software, information, personnel, procedures, and facilities. In 
particular, the language provides graphical representations with a semantic foundation for 
modeling system requirements, behavior, structure, and parametric, which is used to integrate 
with other engineering analysis models. SysML leverages the OMG XML Metadata 
Interchange (XMI) to exchange modeling data between tools, and is also intended to be 
compatible with the evolving ISO 10303-233 systems engineering data interchange standard. 
[OMG 2012] The modeling elements are called concrete syntax; a description can be found in 
the SysML specification. [OMG 2010b] A big portion of the concrete syntax is from UML 2. 
A part of UML 2 is excluded from SysML, e.g. time diagrams. Another portion is added to 
SysML as new syntax e.g. requirement diagrams or as model libraries or profiles to set 
constraints on the language.  
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Figure 10: Language composition of SysML according to [OMG 2010b] 

The reuse of UML is shown in Figure 10. Basically SysML contains all the forms of diagrams 
that are necessary to follow systems engineering tasks. The interested reader may refer to the 
user guides for SysML [FRIEDENTHAL et al. 2008, WEILKIENS 2006] or consult the OMG 
webpage [OMG 2012] for tutorials and further information.  

Like UML, SysML is not a tool but needs a CASE tool. They are tools for modeling with 
modeling languages that are one level above programming languages and can be 
automatically parsed into certain object oriented programming languages like Java, C+ or C#. 
Of course that does not save one from programming but simplifies the work since, for 
instance, classes of a UML class diagram can be transformed into class definitions with all 
attributes and operation calls. There are open source tools like Eclipse (www.eclipse.org) that 
can be extended with the Papyrus plug-in for SysML. The plug-ins provides the definition of 
the syntax, properties of diagrams and methods that can be applied with the modeling 
language. A List of further SysML compatible tools can be found on the OMG-homepage 
[OMG 2012]. For modeling the examples of this work the CASE tool Magic Draw is used. 

To work with CASE tools is still not very common in mechanical engineering. However in 
mechatronic projects the use of UML/SysML-specific diagrams is growing. 

The grade of formality that is reached with a modeling language depends on the semantic 
basis that is used. In case of non-restricted use of natural language there is room for 
ambiguities. The use of semantic dictionaries and taxonomies provides additional formality 
for working with modeling languages. 

2.4.4 SysML related research 
With the development of SysML, a growing amount of research exsists. KERZHNER & 
PAREDIS [2009] describe the synthesis of hydraulic components to a working hydraulic 
circuit. For the realization of that approach, a library with predefined components and their 
interaction points, called ports, is created. A meta-model (at M2 modeling level) defines the 
structure for each component and the possible relation to other components. With a graph 

UML 2.0

UML not 
required by 
SysML

SysML

UML 
reusesd by 
SysML

SysML
specific
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transformation for each seed of a circuit, components will be added until no further addition 
of components is possible. What kind of component is added is determined by a probabilistic 
rule set. The benefit of this kind of synthesis is the fast generation of hydraulic circuit 
variants. On the cost side some effort has to be put in the set up of the meta-model and the 
sequence of adding components, since these two elements determine the output of the graph 
transformation process. The paper exploits port modeling and graph transformation for 
synthesis. In this thesis, synthesis is guided by function structures and uses flows between 
functions and ports for determining embodiments. 

Also related to modeling with SysML but more directed towards the evaluation of physical 
properties of a concept JOBE et al. [2008] describe the integration with simulation tools. They 
propose a framework for organizing different simulation models together with SysML. They 
show how to organize analysis models of different disciplines with a simple model of a log 
splitter. Various aspects of analysis mirror the formalism of simulation and analysis like 
algebraic or DAE simulation or domain specific interests like hydraulic, electric or 
mechanical. SysML provides the design model and organizes the relations into the single 
aspects of the analysis models. It is proposed to store the analysis models in a model library. 
The work is pointed towards reuse of models. This way, the physical properties of a system 
can be evaluated with appropriate analysis tools and simulation can be reused. The related 
point with this work is the use of model libraries that in this case are for synthesis at the 
function and component levels. 

Several efforts are taken to integrate the simulation language Modelica with SysML 
[JOHNSON et al. 2008]. The reason lies in the specialization of Modelica as a simulation tool 
for continuous dynamic systems and the ability of SysML to maintain high level relations 
such as requirements to functions and to super systems. SysML lacks the possibility to 
express fine grained behavior and geometry. An integration of SysML with Modelica and 
other simulation tools can facilitate the evaluation of the physical properties of systems. The 
paper shows that an automated link to a simulation tool is possible. This is relevant to 
evaluate the solution candidates, which is not covered in this thesis but important for the 
design process. 

In a recent paper ALVAREZ CABRERA et al. [2009] present a method to express the models 
needed for FBS with SysML. They also use the NIST-FB as a source for function primitives 
to reduce the combinatory explosion of the qualitative process reasoning. However FBS 
methodology present function structures as function hierarchies. In contrast, this work follows 
a flow representation. It is acknowledged that using a lexicon of function facilitates the 
mapping to behaviors. Initially FBS considered storing the function-behavior relation without 
a taxonomy of functions [UMEDA & TOMIYAMA 1995]. This shows that the NIST-FB is 
general purpose and can be also used for other approaches to functional modeling than the 
flow oriented approach. Further Alvarez Cabrera aims to represent FBS modeling with the 
KIEF ontology using SysML. They do not attempt to use the syntax of SysML to support 
modeling nor do they propose a way to deal with the conflicting terms for function and 
behavior of the KIEF ontology and SysML.  
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2.4.5 Summary: use of modeling languages 
Modeling languages are used in many engineering disciplines. The benefits of modeling 
languages are the clear semantic interpretation and the ability to express higher level relations 
(UML, SysML, etc.). In software engineering, it is common practice to derive a part of the 
programming code, e.g. classes in java, directly from a UML classes. At the research level 
there are several examples where modeling languages are successfully used in mechatronic 
and hardware design. Ongoing research is performed in the integration of SysML with 
simulation tools and automated synthesis. Only little research is done in the area of model 
libraries with SysML. This thesis contributes to this area in the fields of functional and 
component modeling. 

2.5 Knowledge bases for engineering tasks 
In the past sections design processes, product modeling and the specific terms of function are 
reviewed. Yet engineering is a knowledge intensive process [KLEIN 2000]. Therefore sources 
of information and knowledge are essential. In this section, different sources of information 
for conceptual design will be presented. 

2.5.1 Design catalogs 
Design catalogs can be divided into several categories: solution catalogs, process catalogs, 
object catalogs and relation catalogs. [ROTH 1994] Solution catalogs provide solutions to a 
certain problem. To access the solution, the problem has to be formulated in a certain way. A 
process catalog provides a series of actions, e.g. a sequence of manufacturing steps or steps 
for the variation of a shape and an object catalog provides collections of objects that contain 
relevant objects independent from a task, for instance machine elements and material 
properties. This work contributes to solution catalogs since they are accessed through the 
functional model that is created in conceptual design. A different presentation from design 
catalogs is used. Due to the use of a modeling language, look up tables are avoided. 

Solution catalogs: 

• KASTRUP & KOLLER [1998]: Working principles are provided for mechanical, 
electro-mechanical and fluid-mechanical physical effects. Working principles are 
principles that make use of a physical effect and described in a conceptual way. A 
distinction is made between energy transforming effects and material handling 
effects. The catalog is accessed through functional modeling with function primitives 
called basic functions. They represent the input output relation and a description of 
what the device should do (transformation function). With state variables of input 
and output e.g. force or velocity a working principle can be selected from a look-up 
table. The principle is presented in terms of a mathematical equation (as far as 
possible) and a sketch of the working principle. The working principles are presented 
in a condensed and commonly applicable form. It still requires the interpretation and 
creativity of the designer to make a sensible artifact out of it. A great deal of 
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knowledge is necessary to make multi-stroke devices out of the principles that are 
formulated as single-stroke principles. [KOLLER & KASTRUP 1998] The working 
principle also should spark the designers ideas not to rely only on own experience. 

• ROTH [2000] also provides a catalog of working principles but is mainly focused on 
energy handling effects. The working principles are described in a similar way and 
are identified by the same process as in Koller/Kastrup. However the lexicon of 
function primitives is different from Koller & Kastrup’s. Less working principles are 
provided. Another catalog deals with logical functions as they are needed for 
information processing. It is not integrated in the lexicon of transformation functions 
but forms a separate lexicon. A solution catalog is given for mechanical adders, flip 
flops, switches, etc. 

Both solution catalogs are design specific for mechanical engineering. They are provided as 
paper based catalogs. In the existing form they need human creativity to develop the working 
principles into components. They have some relevance in education but the relevance for 
industry use is not known. With a growing number of components off the shelf (COTS) that 
can be purchased economically, a bought solution is often preferred. This is especially true for 
machine elements and norm parts where the problem reduces to a selection or configuration 
problem. 

Component catalogs: 

Component catalogs are relevant for this research since the approach attempts to directly 
identify components out of a model library. As far as possible the component library should 
have an identical structure as preexisting catalogs that are in use. The social impact of 
introducing a new modeling tool or modeling paradigm to an organization is serious. 
Therefore, as much as possible should be re-used from known systems, in this case catalogs. 

Component catalogs contain information about standard parts like machine elements, locks, 
electric components, etc. For the modeling of parts, a source of information about component 
names and relevant attributes is needed. Component catalogs can be divided into supplier 
catalogs and overview catalogs. One of the most known overview catalogs is Roloff-Matek 
[GRÜNDER 2009]. It provides components with some specific attributes and its suppliers. The 
designers can select a supplier according to the range of values they need for the given 
attributes. The access to the catalog names is only via the component name. It gives a great 
overview over many components and suppliers but not a complete specification. The catalog 
itself is ordered like E-Cl@ss [KOZIEL et al. 2006], a product and service classification 
standard (PSCS). The objective of the catalog is to provide a fast overview about available 
components and its suppliers. 

Supplier catalogs are made by the suppliers of the components. Today, most of the suppliers 
offer online catalogs for their products e.g. machine elements from supplier INA Schaeffler 
[LINDNER 2012]. In supplier catalogs values for the specific attributes are given. Often 
suppliers even provide geometry CAD data and formulas to calculate wear behavior. In this 
case, the catalog can also be searched with the e-Cl@ss hierarchy number.  

Component catalogs exist for electronic components, hydraulic and pneumatic components 
and a huge number of mechanical components. Overview catalogs like Roloff-Matek provide 
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not only an overview but also an interval of values of the key attributes of the components. 
During design this interval will shrink until a component with a specific part number is 
selected. 

2.5.2 Product and service classification standards (PSCS) 
The best known product and service classification standards are the United Nations Standard 
Products and Service Code (UNSPSC) for almost all commercial goods and services, 
Proficlass for construction and facility services, ETIM for Electric devices and procurement, 
RosettaNet for service Processes and E-Cl@ss. The latter provides terms for products and 
services that are updated every few months. 

PSCS provide taxonomies of products and services and is fueled by electronic procurement 
rather than by design synthesis. This means that terms are not used exclusively; auxiliary 
agents like lubricants are included as well as complete production machinery. Many attributes 
are defined but only some are of interest for design synthesis. 

PSCS provide a basis for supplier catalogs by providing ordering frameworks for components 
and processes. They are mostly driven by a community of users that provide and propagate 
the classification standards. The E-Cl@ss community is an association of more than 120 
members of industry, industrial associations and public institutions. In case of E-Cl@ss, the 
classification is based on ISO 13584 [ISO13584 2010] and on DIN 4002. Although both 
standards stem from the attempt to define attributes for a parts library in context of an 
integrated product model, they were boosted by the need of classification for electronic 
procurement. E-Cl@ss provides a hierarchy of Classes, subclasses and commodity classes 
with lists of relevant attributes to compare the components of different suppliers. They do not 
provide specific values to the attributes.  

In a closer examination, PSCS face the problem that they are structured for e-commerce 
rather than for design. This leads to a mixture of services, auxiliary agents like lubricants, etc. 
and components within one hierarchy. HEPP and ABRAMOWICZ [2007] presented an otology to 
identify the component and divide it from services or others. With this ontology it is simple to 
divide artifacts from services, a division that is not provided by the hierarchical layers 
structuring the E-Cl@ss classification. 

2.5.3 Design repositories 
“Design repositories are the modern successor of file cabinets where information of past 
design is stored. They store descriptions of past designs together with their rationale in a form 
suitable for browsing, retrieval and direct use.” [SZYKMAN et al. 2000] Most of the PDM 
systems of today face the problem that they either do not store design rationale or have to 
retrieve information about design from many places. The most relevant work on design 
repositories is the NIST design repository that is transferred to the design repository of 
University of Rolla. [KURTOGLU et al. 2009] Today the design repository is hosted at the 
Oregon State University.  The data of the more than 100 products has been collected by 
students. They disassembled the products and measured the parts by hand to retrieve 
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information. In a reverse engineering manner they reasoned about product functions and 
function structures and modeled them. The design repository is used to empirically prove the 
usability of the NIST-FB and approaches of automated design. During a study for research in 
design automation, KURTOGLU et al. [2009] propose a way to automatically match 
embodiments for functions. In that work they ordered components in a taxonomy that 
parallels the hierarchy levels as in the NIST-FB. Primary level term “channelers” contains 
“importers/exporters”, “transferrers” and “guiders”. The components were placed in the 
taxonomy according to the most obvious function the component would realize. The parallel 
hierarchy is used to identify suitable embodiments for functions. The implementation of 
automated design was tested against a test group of students manually selecting components 
out of the design repository for the embodiment of a function structure. The automated 
synthesis implementation found more solutions than the students but all the solutions that 
were found by students have been included in the results of the automated search. 

The link of this work to the design repository is manifold. First, it is highly intertwined with 
the NIST-FB. Second, the approach to link functions to components was demonstrated with 
the design repository. Thus, it is a source of knowledge, although the contents have been 
pulled together in reverse engineering manner instead of documenting the design rationale 
during designing, which is the original idea of a design repository. On the other hand there are 
points that contrast this work. The design repository is made from scratch for research 
purposes; this work uses PSCS information that is available in industry. Consequently, the 
information about components is ordered for commercial purposes and cannot be accessed 
directly for conceptual design. The thesis also provides a new approach to identify 
embodiments for functions from the flows and corresponding ports of components. 

2.6 Summary of background section 
In Table 2-3 the most important sources of literature are compiled. To date, there are only few 
attempts to integrate modeling approaches of systems engineering with design tasks in 
product design. Due to that reason there is no implementation of a semantic dictionary for 
functions as a SysML model library. Design catalogs are first paper based methods linking 
functions to embodiments. FBS methodologies provide an integrated tool support but do not 
fit into the semantic world of other approaches. The functional basis efforts led to a function 
modeler as a standalone tool. On the other hand, functional modeling is an integral part of 
systems and product models. This is a gap; therefore the approach is the implementation of 
model libraries for functional and component modeling with SysML. 
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Table 2-3: Comparison of relevant literature 

Reference Approach/ Implementation Scope of application Example requirements function physical property components

Koller & Kastrup  Design catalogs / paper based
energy, material & signal handling 
mechanical engineering

formal set of primitives; 
explanations & examples

as working principles 
through I/O of primitives

morphologic matrix to 
combine partial solutions

Roth 2002 Design catalogs / paper based
energy, material & signal handling 
mechanical engineering car jack check lists

formal set of primitives; 
explanations & examples

as working principles 
through I/O of primitives

morphologic matrix to 
combine partial solutions

Hundal 1990 Design catalog / software prototype energy, material & signal handling
temperature 
sensor

6 categories of basic functions
mechanism to add functions

working principles taken 
from solution database

solution matrix with 
evaluation

Szykman et al. 1999
function representation and 
literature review

generality claimed for various 
concepts of functional modeling

100 functions; 130 flows; no 
explanation, 3 layer hierarchy

Stone & Wood 2000 Literature reviews and induction
generality claimed for various 
concepts of functional modeling

3 layer hierarchy, explanations 
and examples

Hirtz et al. 2002 reconciliation of previous efforts
generality claimed for various 
concepts of functional modeling

52 functions, 45 flows, synonyms, 
examples and descriptions

Nagel et al. 2009
Function Modeling / software 
prototype modeling function structures 52 functions, 45 flows, synonyms

Grabowski & Anderl 
1991 product modeling

theory of organization of product 
data information yes part of design model

Concept model, assembly 
model, part model

Fenves et al. 2004 Core Product Model / UML ER‐model
organization of product information 
for product life cycle yes function and transfer function attribute of artifact structure of artifacts

Yoshioka 2004

 Knowledge Intensive Engineering 
Framework (KIEF)/ software 
prototype visual works/ Smalltalk

 whole product life cycle; 
Integration of FBS modeler with 
other modelers Photocopier

as subjective conception of 
behavior

"behavior" as state 
change due to physical 
effect  Physical feature

Alvarez Cabrera et al. 20KIEF, presented with SysML
FBS Modeling with SysML, 
mechatronic design

electric DC 
motor

as subjective conception of 
behavior

presented as parametric 
diagram Physical feature

Komoto 2010 KIEF
System architecting for  
mechatronic products Photocopier

as subjective conception of 
behavior

"behavior" as state 
change due to physical 
effect 

physical feature and 
geometric primitives to 
allocate space for artifacts

Hoffmann 2006 IBM Telelogic Harmony SE
Large systems architectures 
claimed; software bias

Service request 
example

repository; 
meth. support sequence/ activity diagrams block diagram

Friedenthal et al. 2008
OOSEM /CASE tools supporting 
SysML Large systems balanced HW/SW

Home security 
system

requirement 
diagrams behavior diagrams physical properties structure diagrams

Balmelli et al. 2006
RUP SE /RUP modeling center based 
on eclipse

Large systems architecture 
framework repository  behavior diagrams  structure diagrams

Childers & Long 2004
Vitech MBSE/ CORE modeling 
environment Large systems

source & rqm 
analysis function and behavior analysis architecture synthesis

Conceptual design models
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end plate down along the guiding tracks and secure it to a hook-like part at the end of the 
track. When the back door is closed the end plate fills the gap between the back door and the 
retaining pins. The canvas stretches between the endplate and the cassette and covers the main 
area of the luggage compartment.  

3.2 Validation study: 3D-printer 
The validation study is more complex to show the generality of the model libraries developed 
and the scalability of the modeling approach. Scalability is the property of a model to hold 
when the modeled system or product is bigger or more complex than the initial system 
considered. 

3.2.1 The RepRap project 
The validation study is a three dimensional printer that applies the fused deposition modeling 
(FDM) method. The information about the 3D printer is taken from the RepRap project. The 
idea of the project is to evaluate the impact of a self replicating machine on society. All 
mechanical parts, except machine elements, can be made by the machine itself. Since almost 
every interested person should be able to participate in the project and make his/her own 
printer, all information is available under GNU Public License (GPL). Detailed information 
can be found on the web-page www.reprap.org or in the publication of the authors [JONES et 
al. 2011]. Figure 12 shows the image of the first model of the RepRap project 3D-printer 
called Darwin. 

Figure 12: Darwin, first 3D printer model of RepRap project [JONES et al. 2011]. 
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The example for modeling was selected for several reasons. First, the product is complex 
enough to show functional modeling and decomposition. Second, much information is 
available in the internet and finally the printer is further developed in an open community and 
improved several times. Although the project is finished, a community that makes adoptions 
and improvements still exists. 

Since SysML is a modeling language capable of business process modeling (BPM- the 
activity to present the processes of an enterprise in systems engineering) there are many 
possibilities of modeling in the RepRap project. For instance the process of information 
distribution and how to purchase the parts for a 3D-printer as well as how to contribute 
additional knowledge to the community could be modeled. For simplicity, only the conceptual 
design of the printer hardware is modeled. 

3.2.2 The RepRap3D-Printer 
Using FDM, a three dimensional object is created by a number of layers of fused plastic. 
Layers are created by the extrusion of strands that are placed to fill the cross section of that 
layer. The plastic is provided as a filament and extruded through a thin nozzle that is moved 
in two directions over a print bed, see Figure 13. The extrusion of plastic is actuated and 
stopped depending on whether solid material is needed at a certain place. Once the layer is 
finished, the nozzle is lifted by the dimension of the thickness of the layer and the next layer 
is created. In the print head, a mechanism feeds the filament into the heated nozzle. The 
feeding is proportional to the relative velocity of the print head against the object to print. A 
temperature sensor measures the temperature at the nozzle, i.e. the hot end. The heating of the 
nozzle is actuated according to the temperature measured relative to the target temperature. 
The target temperature depends on the melting temperature of the used plastic. 

The positioning unit is a machine that allows the movement of the print head relative to the 
print bed in a three dimensional Cartesian space, which is the printable volume. The print bed 
is the support where the first layer is created. The positioning unit therefore consists of a 
frame and linear drives. A linear drive consists of a set of linear supports (shafts, rails, etc.), a 
carriage allowing linear movement on the support and a driving device (belt-pulley, rack-
pinion, lead screw-nut, etc.) transforming rotation into translation. The linear drives are driven 
by standard type electric actuators and are arranged to form a kinematic chain between the 
print bed and the print head. The frame gives the required rigidity, contact to the ground (e.g. 
a table) and is the non-moving part of the printer. 

The kit to build up a printer includes a printed circuit board for the electronic components that 
control the actuators and process signals. Actuators are the stepper motors to move each axis 
and the feed mechanism and a resistor for heating the nozzle. Sensors are the switches that 
detect the end of an axis movement and the temperature sensor at the nozzle. The circuit 
board can be connected to a computer via a USB bus like an ordinary printer. The mechanical 
part of the printer consists of machine elements and special parts. The special parts have a 
shape that is difficult to manufacture with traditional milling but easy with rapid prototyping 
machines. The special parts can be produced by the printer itself. The other parts of the printer 
are machine elements like threaded rods, nuts, washers and shafts and a board.  
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4 Modeling approach for conceptual design using SysML 

Within this Chapter, first an approach to supporting conceptual design using SysML is shown. 
Next, the most relevant topics, modeling function structures and component topology are 
presented. The purpose of functional modeling and the principles of modeling are explained. 
Then the appropriate presentation form in SysML is derived from the SysML specification 
and requirements for conceptual design. Functional modeling, required principles for 
functional modeling and SysML syntax are compared. In a similar way, the model for 
components is presented. The creation of model libraries for the support of modeling function 
structures is defined.  

4.1 Conceptual design approach supported with SysML 
This section presents an overview of the modeling approach for conceptual design with 
SysML exemplified through the modeling example given in Section 3.1. In previous work, a 
similar study is presented [WÖLKL & SHEA 2009]. The basis of that study is the VDI 
guideline for conceptual design [VDI 2221 1993]. A description of the tasks is given in Table 
4-1. The computational aid consists of partial models (PM), editors (ED), operational methods 
(OM) and data and knowledge based (DKB). At least stages one and two can be covered 
completely with CASE tools and SysML. In sections 4.1.1 to 4.1.3 the stages will be shortly 
explained to give an overview of how SysML can be used in conceptual design. 

Table 4-1: Overview of tasks in conceptual design from VDI 2222, also shown in Figure 1 

Computational aid Tasks

PM Requirements list
ED Forms, Text, Symbols and Graphics
OM Analysis, Search and Planning methods
DKB Requirements lists, Design task plans, Standards and Normative

PM Functions, Function structure
ED Text and symbols for functions, flows and Structures
OM Analysis, Search, Combination and Selection methods

DKB
Functions and Function structures (Standards or previous 
Developments)

PM Working principle, Working structure
ED Sketches, Symbols, Graphs and Drawings

OM
Methods of analysis , search , variation, simulation, pre‐calculation, 
evaluation and selection;  Rulebased systems; Agents
Conceptual solutions (Phys. effects, Working principles, Working 

l d l ) l d

Stage 3: Search for working principles and their structures

‐ Search, allocate and select working prin
‐ Represent principle solutions
‐ Augment requirements torequirement
‐ Refine design plan

Stage 1: Define and clarify design task
‐ Formulate design task
‐ Classify task
‐ Search for similar requirements lists an
‐ Create new specification

Stage 2: Determine functions and their structures

‐ Recognize functions and describe them
‐ Describe and allocate flows
‐ Allocate requirements
‐ Structure and link functional blocks
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4.1.1 Define and clarify design task with SysML 
Clarify the design task requires the designer to obtain task and requirements from the client. 
SysML offers either the possibility to write some text into an overview diagram or create a 
block definition diagram that only shows the topmost block containing the name of the 
artifact to design and then add some description to it. The description of the task should be 
short and precise, further details can be shown as requirements. 

SysML provides the requirements diagram for requirements modeling. Modeling elements are 
requirements (derived from UML class) and relations. Each requirement contains a name, an 
id and the description text. Requirements can be organized in a tee like structure via 
containment relations. A containment relation is indicated by a crosshair symbol at the upper 
end of the relation. In Figure 14, depicting requirements for the luggage compartment cover 
example, the relation reads “R1” contains “R1_1”, “R1_2” and R1_3”. Refinement relations 
are used to express the requirement as a state diagram or activity diagram. In Figure 14, the 
activity “CloseLCC_TL” is an example for the use of a refinement relation. It describes the 
requirement to close the cover with an activity diagram i.e. a sequence of actions. Satisfy 
relations point from blocks to requirements that are satisfied by the block. The blocks 
“RetainingPins” and “Rest2Close” are needed to hold the cover in closed position. These 
blocks are not known when the requirements are collected the first time, but they are added 
during modeling the concept. Verify relationships relate test cases to the requirements that are 
verified by the test case. Test cases are behavior diagrams that describe the test procedure that 
is applicable to verify the requirements. The chief interest of engineering design is to 
document the requirements. The requirement to relate requirements to other model elements 
stems from systems engineering. CASE tools provide analysis tools that allow analyzing 
dependencies with matrix methods, e.g. a verification matrix for requirements and test cases. 
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Figure 14: Requirement diagram for the luggage compartment cover 

Another task of conceptual design is to scope the task. In SysML, the use case diagram is 
taken over from UML. It shows the (intended) behavior of a system from the perspective of a 
user, client, operator etc. The modeling elements are actors, use cases and relations. [BOOCH et 
al. 1998] A use case diagram shows what the systems does and what actors are involved in 
what tasks. Use case diagrams help identify all stakeholders and specific use cases that may 
require a specific consideration. In the study, use case diagrams will be used to focus 
functional modeling of the product function. Figure 15 shows a use case diagram for the 
luggage compartment cover. The use case “close cover” is detailed with an activity diagram 
in Figure 15. The stick man represents the actor and the ellipses the use cases. Included use 
cases can be invoked at any time. Extensions to use cases are activated on a certain condition, 
for instance when the vehicle occupant wants to load a bigger item that will inhibit the closing 
of the cover, he or she can disengage or take out the cover to use the space that is usually 
blocked by the cover. 
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Figure 15: Use case diagram for the luggage compartment cover 

Although some checklists can be found for requirements [ROTH 2000], no model library for 
requirements is proposed in this work. However, working in a special domain like passenger 
car design there is a set of requirements related to material that does not often change and is 
reused whenever needed. The integration of these requirements can be done in a modeling 
template and is worthwhile when a SysML model is used to create documents (e.g. supplier’s 
inquiry). 

4.1.2 Determine functions and their structure 
Determining functions and their structure is a core activity in modeling a conceptual design. 
In the previous studies [WÖLKL & SHEA 2009, WÖLKL & SHEA 2011] the activity diagrams 
are used for functional modeling. This was done following best practice of user guides, 
modeling examples and has been intensively discussed with modeling experts. The 
justification for using a SysML behavior diagram was given in 2.3; a detailed examination of 
the relevant specification and a comparison with modeling principles is provided in Section 
4.2. Activity diagrams are used for the presentation of function structures. Again CASE tools 
take the role of the editor.  

Activity diagrams provide object nodes, actions, fork nodes, join nodes and relations called 
control flow and object flow. The function library has the role of a data- and knowledgebase. 
Both set up of the library and modeling of function structures are core contributions of the 
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thesis and presented in detail in Section 4.2. Defining flows for connecting functions is also 
possible in activity diagrams. Flows are represented by object flow paths that connect the pins 
of actions. Object flows consist of material, energy and information flows in contrast to the 
control flow that describes the sequence of actions executed within an activity, which was the 
original use in UML. 

Figure 16: Activity diagram as functional model 

In Fig. 16, the use case “close cover” from Fig. 15 is broken down into basic functions. When 
the cover is pulled out of the cartridge, the rolled up stored material is transformed into a 
planar shape. At the same time energy is stored in the clockwork spring attached to the roll. It 
applies force to the cover in order to tension and roll it up into the cartridge. An object flow 
from outside the activity is introduced. It represents an energy flow from beyond the borders 
of the use case, in this case human energy that is needed to pull the cover to the closed 
position, to load the spring for opening and to tension the cover. The compartments with 
headlines are “so-called” swim lanes or allocation partition lanes. They are used to allocate 
functions to other model elements. In the case of Figure 16, the activities are allocated to 
blocks representing components. The allocation is done after the components are determined. 

4.1.3 Search for components and component structures 
Instead of searching for working principles, which are artifacts that deploy physical 
phenomena, the approach directly maps components to functions. For the presentation of 
components and the internal structure of the product, SysML block definition diagrams 
(BDD) and internal block diagrams (IBD) are used. Modeling elements are blocks and 
associations for BDDs, part properties, ports and links for the IBD. The required operational 
methods for that phase are the search for components, methods for their structural and 
parametric variation, analysis and simulation. The integration of SysML with analysis and 
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simulation is not within the scope of this thesis. 

The DKB used for component modeling is a model library that holds a large amount of 
preexisting components presented as blocks. The selection of components out of E-Cl@ss is 
presented in Section 4.3.  

Once the needed components have been identified, they have to be linked to one another in an 
IBD. The links embody the flows defined in the function structure e.g. electrical energy needs 
a cable for being transmitted. Properties are the primary structural elements for internal block 
diagrams. Part properties describe the elements needed or the decomposition of a BDD. The 
IBD shows how these part properties are related. It can only be derived from a block; 
therefore at least the parent block has to be defined upfront. 

Figure 17: Internal block diagram of cover cassette 

Figure 17 shows the internal block diagram of the cover cassette. The interfacing parts can be 
seen as referenced parts and presented as boxes with dashed lines. All part properties have 
either to be taken out of the model library or defined upfront. The dry friction bearing, the 
handle and the spring are the part properties taken from the model library. The other elements 
are depending on the specific shape of the vehicle and have to be defined from scratch. Only 
semi finished parts to make the new parts, e.g. plastic foils or alloy profile can be searched for 
in the model library. This, however, needed further decomposition for all existing parts and an 
extension on the existing model library. 

Another viewpoint on the composition of the cover is provided by the block definition 
diagram. In Figure 18 a BDD is shown. It is the basis for the IBD shown in Figure 17. 
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Figure 18: BDD of the cover cassette 

The BDD can show blocks to a greater detail than an IDB. A block can have several 
compartments like values, parts, references, operations, etc. On the other hand a BDD cannot 
show the structure of how the single blocks are interrelated. In Figure 18, the blocks taken out 
of the model library can easily be identified by the "HierarchyEClass" value. The relations 
between the blocks are either compositions (with black diamonds at the upper ends) or links 
(with arrows at the lower ends). A composition means that a block at the lower end is 
necessary for the block at the upper end. A link says that the blocks “Guidingtracks” and 
“CassetteInterface” are referenced from the cover cassette but not necessary for the existence 
of the parent block. 

4.1.4 Summary of modeling approach with SysML 
In the last three sections, the approach for conceptual design has been presented together with 
the SysML diagrams that can be used to support the approach. The model language is 
generally applicable. Yet, the data- and knowledge bases are not defined for modeling. Data 
and knowledge bases are necessary to support the designers to create comparable models. 
They will prevent that people can model any way they like and save time that without model 
libraries is needed for the definition of modeling elements. A core activity of conceptual 
modeling is functional modeling. It is a key activity to identify solution candidates for 
components and a means to convey design objectives. At any modeling level there are means 
to link to other modeling elements, satisfy and verify links in requirement diagrams and the 
allocation of activities to components. To make clear how a SysML model works, a metaphor 
can be used. A SysML model is like a building where the diagrams are the windows to look 
into the building and discover the interrelations that keep the building together [FRIEDENTHAL 
et al. 2008]. It is impossible to see all dependencies at once. With the given overview, the 
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are reversible. The meaning of the sequence in Figure 19c) is the same but instead of labels 
the flow information presented by the line types is used to connect the elementary functions. 
Additional information is given with the direction of the flow indicated by arrow heads. The 
box diagram of fig. 19 d) can use any term to describe the flow. In this case, terms used are 
from the NIST functional basis. Since there is no entry for charging matter with energy 
(kinetic, thermal or other) it is difficult to select an appropriate function primitive. Instead of 
transport, convert could have been used.  

The following principles can be applied to functional modeling to enhance it. 

The black box principle (Fig.19 a is a black box representation) is proposed by Rodenacker 
[RODENACKER 1970] in the context of functional modeling and internationally published by 
Pahl [PAHL et al. 2006]. With the black box principle, the designer focuses on the incoming 
and outgoing flows, without looking at what is happening inside. The designer questions the 
interaction with the environment or rest of the system. He or she has to reason about given or 
needed flows. The original presentation does not even have a name in the box. However, 
more recent publications place the name of the main top level function in the box [ROTH 
2000]. The opposite of the “black box” is the “white box”. It shows the internal structure of a 
black box. In Figure 19, graphs b, c and d are “white boxes” of the “black box” shown in Fig 
19 a. 

Functional decomposition is the principle to break down a top level function into lower level 
functions. The incoming and outgoing flows at the top level can be derived from input-output 
requirements. During decomposition a higher level function is broken down into a sequence 
of lower level functions. 

To help functional decomposition the following terms are used:  

• Super function (process, behavior) is used for a high level function, for instance as 
ordered by the customer. It cannot be realized by one system element or component 
and has to be decomposed to smaller portions. A super function can be designed 
deliberately to form a module of some highly connected underlying functions. Some 
authors [NAGEL et al. 2009] refer to super function as process. In systems 
engineering, it is referred to as behavior. 

• Sub function is one lower level function of many to decompose a super function. 
The terms super function and sub function are used to indicate the hierarchical 
relation of functions. 

• Elementary function is a function that cannot be decomposed any more. An 
elementary function is a candidate for a function primitive that is the smallest unit of 
function that can be used for building function structures. The term elementary 
function was coined by KOLLER [1975] as “complete, qualitative description of an 
elementary operation”. Where elementary refers to: “not decomposable into smaller 
entities”. 

There are two ways for presenting decompositions. First, the functions can be arranged in a 
hierarchical tree as a graph. The other way is to model the white box of a function (node, 
black-box) and present the internal structure of it. In this case the interacting flows of the 
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super function are the incoming and outgoing flows of the newly depicted white box. The 
SysML specification provides means for deriving a hierarchy from black-box to white-box 
decomposition. 

The principle of control volume is used in many symbolic modeling techniques, e.g. in 
thermodynamics. This is sometimes referred to as a system border to define the region of 
interest. When decomposing a top level function and keeping the outline of the box, the 
control volume is already drawn. In the area of functional modeling, the principle of control 
volume is hardly discussed in books and in recent publications. However, applying the control 
volume principle makes it easy to validate flows coming from outside and leaving the system 
of interest and to draw a balance of them. To denote incoming and outgoing flows of function 
structures, NIST functional basis [HIRTZ et al. 2002] uses the functions “export” and 
“import”. This is similar to ROTH [2000], who uses sources and sinks to start and end traces of 
flows. Although the control volume principle is not very common in functional modeling, it is 
a consequence of black-box white-box decomposition and inevitable when working with 
SysML. 

The principle of directed edges is indicating the direction of a flow and is common to the 
most functional modeling presentations. Still there are some left that do not use directed 
flows. ROTH [2000] for instance allows explicitly to inverse flows in his function 
representation. The main direction to read functions based on the schema of ROTH was from 
left to right. Only when a flow is needed in only one direction to fulfill the system purpose, he 
does label the flow to be irreversible. The main reason for the non-directedness of flows lays 
in the strong bias on energy converting functions of Roth. KOLLER [1975] and most of the 
authors of recent publications indicate the direction of a flow with an arrowhead and allow 
only connecting functions with conjugate directions, e.g. an energy output of one function 
with an energy input of another function. The principle of directed flows simplifies checking 
the consistency of function structures at the cost of more function primitives. Then every 
function that has been formulated as direction neutral has to be split in a two functions for one 
direction and the reverse direction. For instance the function “change magnitude” splits up 
into “increase” and “decrease” when working with directed flows.  

The use of semantic ordering schemas: Starting with Rodenacker, there were discussions in 
product design as to what terms should be used for functions and what is an elementary 
function. ROTH and Koller created different lexicons for functions and flows. They added 
concise descriptions and graphical representations for each function. Independently from each 
other they developed design catalogs. Common to both is creating a function structure with 
the entities described in the lexicons and then search a matrix for appropriate principle 
solutions. Recent international publications often use the NIST functional basis [HIRTZ et al. 
2002], a taxonomy reconciled of the NIST taxonomy [SZYKMAN et al. 1999] and the 
functional basis [STONE & WOOD 2000]. Compared to Roth and Koller, the terms of the NIST 
functional basis are defined less strictly, a result of the reconciliation of existing taxonomies. 

The advantage of semantic ordering schemas is that the meaning of the functions and their 
relations are clearer. They allow the processing of the results for the search in design catalogs 
or automated design methods. There are different kinds of ordering schemas like taxonomy 
and ontology. Taxonomies relate similar terms in a hierarchy e.g. the taxonomy of flows, 
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ontology in contrast relate terms in a semantic context e.g. a function transfers an incoming 
flow into an outgoing flow. The term dictionary is used in this thesis when the taxonomy is 
augmented by synonyms, descriptions and examples. A function is described by what the 
operation does and what flows it can accept. Examples and synonyms help to explain 
functions in a concise way. Some of the dictionaries constrain the flows processed by 
operations. This can be formulated as the interaction point principle. The use of a model 
library that mirrors this dictionary is a core contribution of this thesis 

The interaction point principle specifies the number, directions and types of qualitatively 
different flows that can interact with an operation. In a further specification, the flows can be 
divided into main and auxiliary flows. Main flows are mandatory for the operation where as 
auxiliary flows can be applied to the operation. As an example, consider the function change 
magnitude, which can be designed as fixed ratio as well as modulated. Having a control signal 
applied, this would imply that the function is modulated, otherwise fixed ratio. In this thesis, 
the interaction point principle is used to define the number of different flow types. In some 
functions the types are restricted to a primary level flow like the function transfer that is 
limited to energy only. 

Some principles can be validated by formal rules and presented by model elements. The 
graphs in Figure 19 use some of these principles described above. Basically the differences of 
the presentations lie in the amount and way of encoded information. For modeling elements 
the information either is encoded in a symbolic way or by text. Some presentations use a 
mixed form of symbols and written text as function terms or additional labels.  

Computer integrated representations are different from that. Functions can be presented in a 
symbolic way with symbols like in ROTH [2000] or KOLLER [1975]. Yet, the benefit is not in 
mimicking an existing symbolic presentation but in establishing and maintaining formality 
and processing the models for analysis or manipulation tasks. 

Model languages for systems engineering require formality. It is necessary to avoid 
inconsistencies while modeling big systems. General purpose modeling languages come with 
a concrete syntax that contains the rules of how to use the modeling elements. This complies 
with modeling Layer M2 in the four layer architecture [OMG 2011]. The concrete syntax can 
be adopted with the definition of additional stereotypes and constraints, i.e. rules for modeling 
elements. This provides the flexibility to adopt SysML to the tasks of conceptual design 
modeling when needed. The motivation to realize an integrated chain of modeling in 
conceptual design has lead to the selection of SysML. The following section explains the 
diagram types for functional modeling inside SysML. 

4.2.2 SysML syntax for function model representation 
In section 2.4.3 SysML is presented as a modeling language derived from UML. With the 
reconciliation of the terms of product design and systems engineering, a functional model is a 
kind of a behavior model. In this section the SysML specification is analyzed and compared 
with the modeling principles of the previous section. This results in a justification for using 
the appropriate diagram type for functional modeling and model library creation. 

SysML offers three branches of diagrams named structure diagram, behavior diagram and 
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requirement diagram (see Fig. 20). In the branch of behavior diagram, the sequence diagram 
depicts sequences of messages that are passed between blocks. State machine diagrams depict 
the states and state transitions of modeled entities. Use case diagrams describe the effect of a 
product for different users. Finally it is the activity diagram that can be used for functional 
modeling.  

Figure 20: SysML diagram type overview, redrawn from [OMG 2010b] 

Considering the SysML specification [OMG 2010b] the following is stated about activity 
diagrams: “The activity diagram is used to describe the flow of controls and the flow of inputs 
and outputs among actions”. It has been double checked if other diagram forms would be 
suitable as well. Behavior is often referred to as function structure, so structure diagrams 
might be a possible presentation for function structures. SysML blocks are described as 
“modular units of system description. Each block defines a collection of features to describe a 
system or other element of interest. The Internal Block Diagram (IBD) captures the internal 
structure of a block in terms of properties and connecters between properties.” Principally the 
concrete syntax of both activity diagram and IBD would hold for a suiting presentation of a 
function structure. The SysML specification, however, describes blocks and block diagram as 
part of the system. A function is the abstract qualitative description of what output flow a 
system or a part of it has to provide at a given input flow. This matches with activity 
diagrams. SysML is designed to meet the requirements of ISO 10303, Application Protocol 
233 Systems Engineering [ISO 10303-233 2009]. Thus, the definition of function and 
behavior from Section 2.3.3 holds. 

An example of an object flow orientated function structure is also demonstrated by 
FRIEDENTHAL et al. [2008] with the water distiller example in Chapter 15 of the cited 
textbook. They model functions in the style of enhanced functional flow block diagram 
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(EFFBD) and reach a result that is in its appearance similar to the example presented in 
Figure 16. 

4.2.3 SysML specification for functional modeling 
Now that the diagram type for functional modeling is identified, the relevant content of the 
specification for that diagram type is investigated. Since SysML activity diagrams are 
modified from UML activity diagrams, the UML superstructure [OMG 2010c] is the relevant 
specification for activity modeling. It specifies: “Activity modeling emphasizes the sequence 
and conditions for coordinating lower-level behaviors, rather than which classifiers own 
those behaviors. These are commonly called control flow and object flow models. The actions 
coordinated by activity models can be initiated because other actions finish executing, 
because objects and data become available, or because events occur external to the flow.“ 

The object flow oriented modeling paradigm is applied. This means that a flow that is passed 
over to the next function triggers the execution of that function. For functional modeling as 
presented in Figure 16, control flow is not relevant. Therefore, only the elements for object 
flow modeling of the concrete syntax of activity diagrams are needed. SysML offers different 
syntax level for activity modeling. The modeling of function structures corresponds to the 
level of complete structured activities of UML. The following statements in italics are cited 
form the UML superstructure since SysML partially reuses UML activities: 

“An activity represents a behavior that is composed of individual elements that are 
actions.”[OMG 2010c] For modeling of function structures, behavior corresponds to a super 
function. Consequently activity diagram is the appropriate means to depict a function 
structure. A function is represented by a SysML action. 

“An action represents a single step within an activity, that is, one that is not further 
decomposed within the activity. However, a call behavior action may reference an activity 
definition, in which case the execution of the call action involves the execution of the 
referenced activity”. [OMG 2010c] Since an action is not a packable element, it cannot be 
stored in a model library. The mechanism of the call behavior action allows actions referring 
to a predefined activity. It is the function description stored as an activity definition in a 
model library. Whenever that action is activated by an incoming flow it references the activity 
in the model library. 

“Activity parameter nodes are object nodes at the beginning and end of flows that provide a 
means to accept inputs to an activity and provide outputs from the activity, through the 
activity parameters.” [OMG 2010c] For the library element they correspond to the definition 
of flows either entering a function or leaving a function. For function structures they define 
flows crossing the control volume. Activity parameter nodes have a defined type and direction 
to represent input and output parameters. They are realizing the interaction point principle. 

“A pin is a typed element and multiplicity element that provides values to actions and accepts 
result values from them.” [OMG 2010c] Pins specify the flow that is interacting with the 
function in a function structure. Flow type and direction are specified with pins. What is 
presented as an input pin on a call behavior action corresponds to an input activity parameter 
node at the invoked action. This means that activity parameters for the activities in the model 
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library have to be defined to generate pins during the use of an action as function (call 
behavior action) in a function structure. 

“An object flow is an activity edge that can have objects or data passing along it.” [OMG 
2010c] The object flow is used to represent the flow in the sense of functional modeling.  

Some constraints originated from the UML superstructure or the SysML specifications should 
be mentioned here:  

• Object flows have to be the same type at upper and lower ends. [OMG 2010b]This 
complies with the fact that the flow cannot have different objects (flows in the sense 
of functional modeling) at its ends. An object (flow) only can be changed by a 
function 

• The direction of the flow has to be conjugate at the ends. [OMG 2010b] That allows 
only connecting an output pin of the upper end action with the input pin of a lower 
end activity. 

• “Object flows may not have actions at either end”. [OMG 2010b] This enforces the 
use of pins on actions or the use of Object nodes to describe the flow in the sense of 
functional modeling. 

In the description of the semantics of object flows there is a stated fact about multiple edges 
leaving from an object node or activity pin: “Two object flows may have the same object node 
as source. In this case the edges will compete for objects. Once an edge takes an object from 
an object node, the other edges do not have access to it”.[OMG 2010c] This is an important 
fact for functional modeling since it is not possible to duplicate a material or an energy flow. 
For a continuous flow, this means that, given a pin with two leaving object flows, a portion of 
the flow will go to one edge and the leftovers of it to the other edge. If flows consist of 
discrete pieces, the single piece can follow either one or the other edge. The use of decision 
nodes or fork nodes is possible within SysML but does not make sense to use with the 
proposed way of functional modeling. 

SysML nodes are identified by name. The name is unique within one namespace, meaning 
there can be only one modeling element with the same name within one package. One 
element can be used several times with different roles. As an example, a block can be defined 
for a wheel, which has the role of a front or rear wheel. To break down a system, the concept 
of packages is used to divide the model into different namespaces. This implies that there 
cannot be a function with the same name and different meanings but one function can be used 
in different contexts. If specific functions are necessary they have to be renamed. 

4.2.4 Presentation of a function structure in SysML 
The specification is implemented in the language description of a CASE tool. All points 
presented above can be found as concrete syntax (modeling elements) for depicting diagrams 
or evoke a certain behavior of the tool during modeling. The diagram in Figure 21 shows an 
example of a diagram created with the CASE tool Magic Draw. The same diagrams are used 
as for the modeling example to explain the modeling elements of SysML. 
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that SysML provides an appropriate concrete syntax to support functional modeling. Table 4-
2 summarizes and compares functional modeling, modeling principles and appropriate 
SysML presentation.  

Table 4-2: Comparison of needed principles and given SysML presentation 

functional modeling modeling principle SysML presentation 

function structure network type graph activity diagram 

function node action 

flow edge object flow 

Differentiated flows for 
material, energy and signal 

typed edge visually: (double, 
plain and dashed) 

flow type 

decomposition sub graph decomposition call behavior action / referenced activity 
diagram 

black box Black box principle single action with pins 

predefined flow interaction point parameter nodes or pins 

scope of function structure control volume diagram frame 

flow direction directed edge direction property of parameter and pin 

The SysML presentation covers all points that are identified as modeling principles. This 
justifies the use of activity diagrams for functional modeling. To optimally support functional 
modeling and produce comparable function structures, a modeling library is also needed to 
define a fixed taxonomy of functions and flows. 

4.3 Set up of a model library for functional modeling 
The way of modeling functions is now clarified. Next, the content of a model library is 
presented. Several sets of function primitives are presented in Chapter 2. The NIST-FB has 
been selected as a candidate for transformation into a SysML-based model library. The 
objective is to use function structures for the building of a domain independent component 
structure. Other function primitives provide limited coverage of one or two domains and are 
intended for the mapping with working principles, which is not considered here.  

The purpose of a model library is to organize and provide model elements for reuse. The 
modeler’s questions address two aspects: What is the information content for reuse? How can 
it be modeled in the library?  

The first question is targeted at identifying the static content of information that the modeler 
uses to dynamically create models. In terms of graphs, only different types of nodes or 
relations can be used to model the library contents. For functional modeling, this means that 
only elementary functions or function primitives and associated flows are candidates for a 
model library. The function structure is the dynamically created model supported by the 
library elements. If there is problem specific information that changes often it does not make 
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great sense to store it in a library. Then it becomes a challenge to find a balance between the 
effort to create the model library and the benefits of using a model library, i.e. its reuse. In 
addition to effort and modeling speed, or usability, there is a strong reason for a modeling 
library for functional modeling in the creation of comparable function structures. 

The scope of this work is a general purpose model library for function primitives in product 
design and systems engineering. It can serve as a basis for modeling general and specific 
functions using SysML  

4.3.1 Information content of NIST Functional Basis (NIST-FB) 
The NIST-FB is widely known in the research community and now is reviewed and cited in 
research papers. The methodical set up of the taxonomies assures that the terms for functions 
and flows are commonly accepted within a certain domain, organization or project. The aim is 
to determine how the pieces of information can be transformed from this NIST-FB to a 
SysML model library. At some points, the modeling language requires more formality than 
the paper-based NIST-FB. Therefore, it has to be verified how the NIST-FB can be tailored to 
fit with functional modeling with SysML. 

The following gives an overview of the information content of the NIST functional basis: 

• Function: three level hierarchy of terms 

• Function description: describes what the function does to an incoming or outgoing 
flow. At the class level there is an explicit listing of what types of flow the function 
processes. This listing is not consequently applied in the secondary and class level 
functions. Examples at the secondary and tertiary level show in what context the 
function is used. The number of necessary interaction points can be inferred from the 
description, but is not explicitly given. 

• Flows: three level hierarchy of terms 

• Flow description: describes the flow with a small example 

• Power conjugate complements (only with energy): describe the flow variable and 
effort variable of a technical flow 

There are at least two different possibilities to set up the library. The NIST-FB is a dictionary 
that comes with explanations and synonyms. Flows and functions are two different 
taxonomies. Thus, they can be modeled in two separate model libraries. NIST functional basis 
presents the taxonomies in the same way. Flows are arranged in a hierarchy (inheritance, is a) 
and they are needed to express the function together with the function itself.  

Functions have to be assembled with the appropriate flow type when modeling a function 
structure. The overall number of library elements is limited to 45 flow definitions and 52 
operation definitions at three hierarchy levels. This makes it straight forward to update the 
library, delete elements and maintain consistency. 

The other way is to multiply functions by flows. This makes sense when the meaning of a 
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<<BasicFlow>> is created in the SysML model library package. This stereotype is a 
specialization of a SysML block that carries an additional tagged value to indicate the 
hierarchy level of the flow in the NIST-FB. In the model library the elements are arranged as 
hierarchical tree whose levels mirror the hierarchy levels indicated in the source document. In 
the tree, the only kinds of relations are generalizations. It reads “Material” is the 
generalization of “Solid”. The arrow head points to the general classifier. 

In the model library, there is one additional element called “RootFlow”. The NIST FB only 
provides three hierarchy levels; however, an additional level is needed. The first reason is to 
keep together all flows. Without this mechanism, the model library of flows contained three 
hierarchical trees rooting in “Material”, “Energy” and “Signal”. The other reason comes from 
the definition of functions. A lot of functions work with any of the three flows. Therefore a 
place holder is needed for a subsequent specification of the flows of functions. 

4.3.3 Definition of functions for the model library 
The transformation of the functions to a model library is similar to the transformation of 
flows. However, there are some differences. The model element is not a block but a 
stereotype called <<ElementaryFunction>> extended from the UML metaclass "activity". The 
activities are arranged as a hierarchy structure with the same four levels starting from the 
single “RootOperation” node down to tertiary level. The specific part begins with the 
definition of activity parameter nodes for every activity. These are necessary to create 
corresponding pins when actions are created from the library elements.  

For the creation of activity parameter nodes, information is needed about number of flows, 
flow directions and flow types. The NIST-FB does not explicitly provide this information. 
Implicitly the information is given in the function description. In Figure 23, an example of 
how to set up the specifications for functions as SysML activities is presented. The table on 
the top of Fig. 23 is a cutout of the hierarchy table given in the NIST technical report [HIRTZ 
et al. 2002]. The text below is the description with examples taken from the same document. 
“Transfer” is a function where the flow is shifted from one place to another, thus the flow at 
input and output are of the same type. All three flows at class level can be applied. This 
results in setting the type <<RootFlow>> from the flow library. Additional to these two flows, 
an auxiliary flow is needed. The auxiliary flow is typed with “Energy” and is needed for the 
transfer of material due to Newton’s first and second law. The “Base Classifier”-value of 
“Transfer” indicates the function “Channel” as the generalization of “Transfer”. 

The flows for “Transmit” (energy) and “Transport” (material) are taken from the description 
in the same manner and transferred into the specifications of corresponding SysML activities. 
The example in Figure 23 shows how implicit information from the NIST-FB is converted 
into explicit information in the model library. 
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remind one of the humps of a camel. Writing in camel case is common in some programming 
languages and CASE tools. An overview of all the flows brought to SysML can be found in 
the Appendix, Table 9-1. The ambiguity inside the NIST-FB extends to the function 
taxonomy. “Signal” is a flow type and a function at class level. Besides, “Signal” is a SysML 
metaclass. To eliminate this ambiguity “SignalFlow” and “SignalOperation” are used instead 
as names of the model elements. 

The function library is a package with 52 activities, each of them having some activity 
parameters. The names of the activities are derived from the original NIST-FB. Information 
about what flows an operation can take is not explicitly given there. This information has 
been inferred from the description of the functions. Since the descriptions are only short and 
often do not disambiguate the three class level flows, it is difficult to figure out what flows are 
needed. Only some function descriptions come with a clear statement that a certain flow is 
needed. For instance, to “transmit” means to “transfer” energy from one place to another. 
Most functions are described as applicable to material, energy and signal. A special case is 
“Provision”, it is the base classifier for all functions that provide or store material and energy. 
To manage this, an additional block is introduced named “MaterialEnergy” that generalizes 
both energy and material flow. In total 115 object ports are added to all 52 function 
definitions. The complete information transferred from the NIST-FB to the function model 
library is presented in Appendix, Tables 9-2 and 9-3. 

During the creation of the library it has been discovered that the third hierarchy level seldom 
provides additional constraints or information. Having a hierarchy, it is expected that the 
elements of lower level inherit form the upper level elements. At the same time, lower level 
elements are more specific than upper level elements. In Figure 24 some deviations from a 
strict inheritance are visible. First, the number of outgoing flows of both “Separate” and 
“Distribute” is different. They inherit from “Branch”. Thus, it is expected that they have the 
same number of pins but more specific ones. But they have a different number of pins and are 
not more specific. That “Distribute” has one outgoing pin is justified by the description that 
the output flows are similar to each other. For modeling, this will be resolved by multiple 
object flows from one pin. In contrast, the flows of “Separate” and its’ children are different 
since the output flows are distinguishable. Therefore, more (at least two) pins are needed. 
Although distributed over three hierarchy levels, five functions shown in Figure 24 have the 
same incoming and outgoing pins. Further, the tertiary level does not bring any additional 
information or constraint on the flows, e.g. that “Remove” is only applicable with material 
flow as form the “correspondents” of the NIST-FB can be inferred. If the search for 
components is based on the information contained in the pins (type and direction) it is not 
possible to differentiate the five functions unless they are specified in context of a function 
structure. Consequently, the tertiary level is not necessary, since it does not add additional 
information in terms of differentiation of pins. 
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4.5.1 Definition of conceptual structure modeling 
In the concept stage, the objective is it to build up a first topology of the product or system. 
For this reason, component models need to be simple but provide enough information for the 
model evaluation and provide modeling concepts that allow model evolvement. In the first 
instance, a generic component serves this purpose. In the concept phase we search for a 
variety of solutions not only for one. Therefore, conceptual component models at this stage 
should have a high granularity and show only the information needed for conceptual design.  

The granularity of the structure can be defined using the system complexity level hierarchy. 
The relevant levels of complexity as defined in Table 2-1 are related in the concept meta-
model given in Figure 26 on the left hand side. It shows the composition of a product down to 
a part as a SysML BDD. 

Figure 26: The component metamodel for system element hierarchy, components library and connection concept 

The relations denote compositions, where the node at the upper end, marked with a black 
diamond, is composed or assembled from nodes of the lower end. The multiplicity of the 
relations is shown at the ends of the relations, e.g. “Component assembly” linking 
“Component” to “Part” with “1” at the upper end and “1..*” at the lower end. The meaning is 
that exactly one “Component” is composed of one or many “Parts”. The second composition 
with “Component” at the upper end is “CA 2”. It relates “Component” to itself. Consequently 
any “Component” can be composed of “Parts” or other “Components”. In this thesis, the 
embodiments for functions are modeled at component level. The part level is used for the 
definition of some connectors in IDBs. A component structure forms either a module or a 
product, depending on the size and structure of the product. Below “Part”-level there are only 
features like surfaces, holes or threaded holes, these are considered as too detailed and left out 
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for modeling. In this thesis, the hierarchy is used to define the level of detail of the modeled 
diagrams.  

4.5.1.1 Definition of the component model as library element 

On the lower right hand side of Figure 26 the contents of component library is shown. The 
“Component” has a generalization link to “Artifact”. The latter has the two kinds of ports, 
named “ObjectPort” and “PhysicalPort” the meaning is, that any Artifact has object ports and 
physical ports. “Component” inherits form “Artifact”; thus, components inherit the ports from 
“Artifact”. For the identification of components of the model library only the object port is 
relevant. The physical port is necessary for the assembly of elements. Therefore it is part of 
the concept for the reuse of connections. 

When searching for a device that decreases rotational speed, the interest is to indentify 
components off the shelf (COTS) that can do this with the desired ratio. From function the 
point of view, it is indifferent if a gear pair, a worm gear pair or a belt drive is used for it. In 
this context the load and ratio of the transmission device may lead to an exclusion of a certain 
component, e.g. the worm gear pair for its ratio is out of requirement’s range. Other 
requirements are the amount of energy that has to be transmitted and the final speed that has 
to be reached. Therefore, in the concept stage, modeling of requirements is essential to narrow 
down the selection of components from identified solution candidates. The focus is on the 
selection of abstract parts or solution candidates. Solution candidates are components that 
embody the function. The final selected component is called the solution element.  

Components have various properties. To name some they are weight, geometry, used 
material, physical properties, interfaces, supplier information, cost and performance. To 
identify a solution candidate out of the model library it is important to define the object ports 
for library elements. They often can be inferred from attributes specifying the component. For 
instance, a DC electrical motor has a rated voltage and current on the electrical side and rated 
torque and angular velocity on the mechanical terminal. From that the object ports for 
electrical energy and rotational mechanical energy can be derived. For energy, the power 
conjugate complements indicate the object flow of the component. Material flows can be 
identified by the kind of interface, e.g. fittings for liquids and gaseous materials, and signal 
output by its value specification, e.g. mV/ΔT for the temperature-voltage relation of a 
thermostat. 

For an abstract component model, the object ports are sufficient but reality is different. The 
object port of electrical energy is an abstraction of the cable connected to the electrical motor. 
The cable itself consists of two wires. Both have to be connected to bring electric current to 
the armature and make the DC electric motor turn. The object port can be mapped to physical 
ports (plus terminal, minus terminal) needed to make the component work. In the same way, 
the object port for rotational energy can be mapped to a physical interface. One physical port 
is the shaft or pinion. The other is the housing. The rotational movement of the shaft is 
relative to the housing. Without fixing the housing, it could move by reaction forces. In this 
example two object ports are mapped to four ports at part level. However this does not hold 
for every component. There are components with just two physical ports, e.g. Cardan shafts or 
piston rods, or three ports e.g. gear boxes having an input shaft, an output shaft and housing.  
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In Figure 27 left hand side upper, the association block named “ElectricalConnection” 
connects the blocks “SupplyTerminalBlock” and “ClientTerminalBlock”. Both blocks are 
compositions of a super ordinate block representing a proxy, i.e. “ElectricalEnergyClient” for 
a device that needs electrical energy. The associated block itself is at component level and is 
composed of its parts “ClientTerminal” that have the roles “Minus” and “Plus”. In the IDB 
(Fig. 27 left hand side lower) of the association block the associated blocks are shown with a 
dashed line, i.e. a participant property. The part level is shown as nested part properties inside 
the participant property. The connecters of the IDB are typed with the associations in the 
BBD. With the definition of the inner structure of the association block, a connection is 
defined. To use this predefined connection a component has to inherit from the proxy. In 
Figure 27 right hand side this is exemplified for a DC electric engine that specializes from 
both “ElectricalEnergyClient” and “RotMechEnSupplier”, shown with the generalization 
links (white arrowhead). Consequently all properties, i.e. inner structure and physical ports 
are available in the component model for “DCEngine”.  

For conceptual design it is sufficient to define the component level, e.g. a terminal block, a 
plug or a socket. If it is necessary to verify the connectivity of two elements it is also 
important to know the number and type of different terminals contained in the terminal block. 
Therefore, the part level is shown as nested part properties in the IBD in Fig. 27. More details, 
e.g. the shape of the single contacts of a socket, are too specific for conceptual design but 
belong to embodiment design, where geometric details are defined.  

Now that the model elements for the components are defined, the next section presents 
information sources for components. 

4.5.2 Identification and selection of component information sources 
Since more than a century, selecting components from catalogs is common in engineering. In 
engineering design there are catalogs for machine elements and other components. In 
mechanical engineering it is common to work with component catalogs like Roloff-Matek. 
Here components are presented in a structured way including suppliers and the interval of 
values to critical properties e.g. supplier GKN/Walterscheid can provide shafts with length 
compensation for a maximum of 1000rpm-2000rpm, sustaining torsion loads from 9Nm to 
10600Nm. This specification is incomplete, but the catalog indicates that there is a supplier 
for shafts to transmit rotational energy. The Roloff-Matek Catalog itself makes use of E-
Cl@ss, the world fastest growing consistent standard for classification and description of 
COTS [GRÜNDER 2009]. E-Cl@ss fits to communication and data exchange for E-commerce.  

For a model library, the objective is to obtain a wide overview about solution candidates. 
Therefore, it is decided to rely on product and service classification standards (PSCS). They 
provide a comprehensive overview about available solutions on the market. Once a solution 
candidate is identified, the component is one possible solution that has to be integrated in the 
component structure. Then, the next step is to find suppliers that can deliver suitable solution 
elements as well as additional information, e.g. simulation or CAD models. 

PSCS provide taxonomies of products and services and is fueled by electronic procurement 
rather than by design synthesis. This means that terms are not used exclusively; auxiliary 
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before use. In a global market place with a huge number of components, this is not viable. In 
a computer internal representation, it is not necessary to create a mapping model. Instead, the 
model library can be searched directly for input and output types. The challenge lies in the 
definition of appropriate inputs and outputs for the model library contents.  

The search for components is based on the flow information of the function to embody. In the 
function models, the flows are represented as typed pins. In the component library every 
component model has typed object ports. The types of ports are taken from the NIST-FB 
taxonomy of flows. Embodiments for functions are then identified by searching for 
components that have the same port properties, i.e. direction and type, as the pins of the nodes 
in the function structure. The object ports of the model library items have the purpose to 
identify the components. They can be derived either form attributes of the component or from 
the real interfaces of the component. The latter are modeled as physical ports on the 
component model. They are not modeled directly in the component library, but are part of the 
component connection models realized with association classes. 

The next section explains how the relevant components are identified form E-Class and 
transferred into a model library.  

4.6 Setting up the model library for components 
The transfer of component information from an e-Cl@ss XML file to a Magic Draw file is 
done in several process steps, Segment 23, machine elements, is processed manually without 
any specific parsing tool. First, the relevant segment is parsed to a spread sheet. At the main 
group level several entities were found without functional meaning. This happens when an 
entity cannot realize a function by itself or refers to service, e.g. e-Cl@ss entity 27029990: 
Electrical drive (repair, unclassified). All these items, e.g. process materials, lubricants and 
adhesives, all door and window fittings and all wood connections are sorted out at the main 
group level. At group level, all entities with the terms repair, maintenance and unclassified 
were taken out. If it were possible at group level, the object ports were assigned to the entities 
and the commodity classes were skipped. If not, the commodity classes are taken into 
account. These steps have been carried out to create an example model library for reusable 
components. Figure 30 gives an overview of the information extraction for the model library. 
Finally, the object ports according to the physical ports that the device contains are set. 

After pre-processing of the data in a spread sheet, it is mapped into a SysML model. In it, the 
information is structured into several packages to keep the structure of the classification 
standard. In this condition, the library contains more than 237 entities in several packages. 
During modeling, it will be tested how model elements can be found and identified out of the 
model library.  
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Cardan shafts. For every shaft, the object ports are shown. Blocks without ports, e.g. “Flange” 
and “Joint” indicate that these are parts of Cardan shafts. There are no relations between 
blocks, neither in the containment nor in the diagrams. Figure 31 shows an example of 
instances according to the metamodel for component library content as defined in Figure 26. 
Every “Artifact” having an “ObjectPort” is represented by a component with one or more 
ports e.g. “Propeller shaft with length compensation”. 

A portion of the component library has been presented. Presenting only a portion in a package 
is a possibility to show details like ports in a graphical way. However, it is difficult to present 
the whole library at once either on the screen or on a poster due to the number of entities in 
the model library structure. 
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5 Results 

In this Chapter, further details of modeling are explained with the modeling example. Then, 
the usability aspects of modeling with model libraries are presented. Finally, the validation 
study shows an additional step of decomposition for functional and component modeling. 

5.1 Use of libraries by modeling example 
While in section 4.1 it has been shown how SysML can be used generally for supporting the 
systematic design approach, in this section the focus is on modeling with library support. 

5.1.1 Modeling with library support – the luggage compartment cover 
The first diagrams of the study have been presented without describing how the support with 
model libraries could work. In this section, a short overview over the modeling steps and 
focus on presenting the best practice of library use is given. Figure 32 shows the sequence of 
model creation. Each step stands for an activity that can be decomposed into modeling several 
elements and depicting several diagrams. 

Figure 32: Sequence of modeling augmented with library support 

The first diagram is the requirement diagram “LCC_req”. Then a use case diagram scopes the 
product from the users view. In step two, the use case “close cover” is refined by a black box 
diagram that in turn is decomposed into a function structure. At this step, the flow library is 
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used for the first time, as the note in Figure 32 indicates. In step four, functions are found 
from the library and used to build a function structure. In the next step components are 
mapped to the functions and taken out of the components library. They are used either directly 
in the block definition diagram “CoverComposition” or for the determination of the inner 
structure in an internal block diagram. Finally the selected components are allocated to the 
previously created function structure.  

5.1.2 Library supported functional modeling 
The first step that is supported by a model library is the creation of black box behaviors or top 
level functions. When modeling the input and output parameters, the types are selected from 
the model library of flows. This is done in the specification dialog box of the action. 
Specification of elements is a standard task for model elements presented in CASE tools. The 
benefit for the modeler is that he or she does not need to specify a flow upfront. The top level 
function however is the basis for the decomposition into a function structure.  

Figure 33 shows the top level function for close cover. The comments are inserted to make 
clear from which element the abstract object flow is derived. No specific function term is used 
at this level. Input and output pins are typed with flow objects from the NIST-FB library. The 
use of flows makes sure that the black box action can be converted into a white box diagram 
without readjusting the flows. In the second level of decomposition these pins are the activity 
parameter nodes at the frame of the diagram. For the decomposition of the top level function 
into a function structure further steps have to be taken. 

Figure 33: Commented Top level function 

The first step is creating a diagram with the activity parameter nodes derived from the black 
box action. Then the first functions can be inserted using the model library. Figure 34 shows 
the steps of working with the library for functional modeling. It is a portion of the screenshot 
of the CASE tool during modeling. At this moment the diagram is not complete. On the side 
is the function library in the containment tree presentation; on the right side is the diagram 
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step. Figure 34 shows a partial diagram. The finished diagram is shown in Figure 35. 

Figure 35: Completed function structure "CloseCover" 

In the SysML specification, the representation of activities as an association hierarchy in a 
block definition diagram is stated in Section 11.3.1.1 of the SysML specification [OMG 
2010b]. This is implemented in the modeling tool as a wizard that rearranges the network type 
activity diagrams into a tree structure. Without respecting the parameters (flows), the resulting 
diagram ends up with the seven activities that are referenced due to call behavior actions. This 
feature presents a fast conversion of the network graph to a function tree structure. It helps to 
gain an overview of the functional decomposition. The result is shown in Figure 36. 

Figure 36: Hierarchical decomposition of functions realized with activity decomposition 
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Figure 38: IBD with specific connections 

Two bearings are fit in the end caps with the link called “CyltightFit” that represents a 
cylindrical tight fit of the dry friction bearing and the end cap. The connection in this case is 
defined in the model, not in the model library. An example of a physical port is given at the 
handle where the human hand can be placed.  

5.2 Validation Study 
In Section 5.1 a modeling study with a simple mechanical system is presented. For the 
validation of the approach the 3D printer is modeled. It is a more complex mechatronic 
product. The differences between the two products are shown in a comparison table (Table 5-
1). 
Table 5-1: Comparison of modeling example and validation study 

The difference between the modeling example and the validation study aims to show the 
general applicability of SysML modeling and library support in conceptual design. With more 
involved domains in the validation study, the challenge of concise functional modeling and 

Luggage compartment cover 3D‐Printer
Domain mechanical / automotive mechanical/ electrical / software
Components off the shelf few many
Information restricted access available (Apache Public License)
Functional decompostion two levels three levels
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partitioning of functions to select components increases. However, the selection of 
components should be easier, since more off the shelf components are used. Due to the 
increased complexity, it is necessary to break down functional modeling with an additional 
decomposition step. For functional modeling and component modeling the example is one 
linear motion unit. These units are used to move the print head relative to the print support. At 
the module level of the product structure, some results on structural configuration of the 3D 
printer are presented. 

5.2.1 Requirements modeling of the 3D-Printer 
The approach does not change with larger projects; however, the presentation of the whole 
model becomes more difficult. The requirements diagram needs a bigger format (e.g. 
DIN/A3) to be legibly shown (see also Fig. 39). However, there are reasons to model 
requirements in some diagrams. Several branches of requirements exist like general 
requirements that apply on the whole product or requirements that are related to a special 
domain such as software or electronics. It makes sense to keep these requirements together 
and to appreciate the possibility to add “satisfy” and “verify” links in the diagrams. To keep 
an overview over a big number of requirements, the SysML specification and the CASE tool 
offers the possibility to create a requirements table from all requirements, no matter if they are 
presented in a diagram or exist just in the containment tree. Table 5-2 shows the requirements 
for the 3D printer in the table presentation. This form of presentation can be expanded to a far 
larger number of requirements. The unique numbering of requirements is specified in the 
SysML specification. It makes sure that every requirement can be traced through the 
modeling process. 
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Figure 39: Cut out of requirements diagram (approx. one third of whole content) 
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The contents cut out of Figure 39 can be found in the table below in another form. 
Table 5-2: Requirements for the 3D-printer 

The next step in modeling is creating the use case diagram. Since the whole diagram is too big 
to legibly present, the relevant part for the subsequent modeling of functions is presented in 
Figure 40. Nevertheless, the use case diagram helps to scope the problem and take different 
viewpoints. For the printer validation study, the actors “Machine user”, “Machine builder” 
and “Printer control” are modeled. It is common practice in systems engineering that artifacts 
of the system can be defined as actors. The focus of the study lies in the use case “Printing”. 

ID Name Text
1 Self reproduction The 3D printer machine has the capability to produce the 

specific parts that are needed to build a child machine  
1-1 Standard parts Standard parts can be purchased at a highway store or 

electronic shop
1-2 Special parts Special parts are made by printing with a parent machine 
1-2-1 CAD data Solid Models are available open source for special parts  
1-3 Documentation Documentation is open source 
1-4 Software Software is open source  
1-4-1 CAD Software CAD software is used for creating solid models for printing
1-4-2 CAM Software CAM Software creates path and layer information from CAD 

models
1-4-3 Firmware Firmware for the control unit is necessary 
1-5 Printing Printing is done by applying material in layers 
1-5-1 Printing Process The material is applied by melting portions of solid material  
1-5-1-1 Moving and Printing Speed and Material feed are related to one another 
1-5-1-2 Moving only The printing process has to be stopped for moving only 
1-5-2 Layer Creation A layer is created by moving the print head in a certain path
1-5-2-1 Printing speed Nominal printing speed is 16-32 mm/s
1-5-2-1-1 torque of electrical drive The torque of the electrical drives has to be higher than 

0,14Nm 
1-5-2-2 First layer speed The first layer is generated at low speed 
1-5-2-3 First layer The first layer is applied directly on the print bed 
1-5-2-4 Position of print head The position of the print head has to be determined during 

printing 
1-5-2-4-1 Position accuracy  The reproducible position accuracy of the print head is about 

0,1 mm
1-5-3 Printing Material Printing Material is Acrylonitrile butadiene styrene (ABS) or 

polylactic acid (PLA)  
1-5-3-1 Print bed temp The print bed temperature has to be adjustable to the print 

material 
1-5-3-2 Material Form Material is available in f ilaments of 1, 75 mm or 3 mm 

diameter  
1-5-4 New layer a new layer is created by moving the print head vertically 

from the print bed 
1-5-5 Printing box The printable volume is limited by the axis movement 
1-5-6 Accuracy Printing accuracy is smaller than 0,3 mm 
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Figure 40: Cut out of 3D-printer’s use case diagram 

The 3D printer has to provide all means necessary for printing. In the following steps, the use 
case is refined with functional modeling.  

5.2.2 Validation of functional modeling 
The difference to the modeling study is an additional layer in the decomposition structure. For 
the validation study, six diagrams are modeled: one black box diagram at product level, one 
diagram to decompose the black box into function modules and four diagrams to decompose 
the function modules. A function module is a higher level behavior that still can be 
decomposed. Figure 41 presents an overview of the diagrams used for the decomposition of 
the main function. In contrast to that, the luggage compartment cover example only used one 
step of decomposition. 

 

 
Figure 41: Overview of the functional decomposition of the 3D-printer 
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In the following the black box “BB_Printing”, the module level function “Printing” and the 
component level “TranslateCarriage” are presented.  

The first step functional model is the black box diagram of the function at top level. It is 
shown in Figure 42.  

The black box depicts the inputs and outputs of the printing of the 3D-printer. The pins are 
commented with notes for a clearer understanding. It is decomposed with an activity diagram 
into module level that provides an overview of functions of the whole printer. Like in the 
black box model of the printer’s function, the terms are not taken from the function library. 
They are complete verb noun pairs, like “Fuse Material”, and still decomposable to library 
elements. Types for parameter nodes and pins are taken out of the flow library to maintain the 
consistency of the model. At this level an action node can be seen as a function module. The 
comments on the action nodes augment information as to what module of the printer 
embodies the function. The function structure created at the second level of functional 
modeling is not necessarily mirroring the partitioning of the product or system from the 
structural viewpoint. Figure 43 shows the function structure at the module level. Material 
flows are depicted as a bold line. Some flows have a name to clarify the meaning of the object 
flow. The “TranslateCarriage” function is modeled three times to represent the three Cartesian 
directions the print head has to move. It is the same for any of the three axes. But the three 
linear motion units that embody that function are carrying different loads. The Z-axis, 
attached to the frame, carries the linear module of the X-axis that in turn carries the print 
head. The print bed is assembled to the linear module of the Y-axis. This configuration 
mirrors the function structure of the printer model “Mendel” in the RepRap project. Each 
action in Figure 43 is a call behavior action that references an activity diagram.  

 
Figure 42: FDM-printer function as a black box diagram 
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With the third level or component level, the functions are fully decomposed. This means that 
in the third level the action nodes are taken from the function library. Figure 44 shows the 
decomposition of “TranslateCarriage”. The pin types are hidden from the diagram in order not 
to overload it. All actions are connected via object flows that only use the pins. Some pins 
have more than in or out one object flows. The function “LoadVsGravity: Support” has two 
object flows entering in one pin. This is allowed when the flow type is the same. In this case, 
one solid object, e.g. the print bed is supported with the linear unit by another solid object, 
e.g. the frame. The diagram in Figure 44 shows the function structure of one linear module. It 
is referenced three times, i.e. as X-, Y-, and Z-Axis from the diagram in Figure 43. The 
function “LoadVsGravity: Support” describes, that the linear module can carry a load. 
“Carriage:Translate” is the function that the Carriage can be moved in one direction. These 
two functions can be embodied by a linear bearing. “Carriage:Transport” describes that the 
carriage is driven.  

Figure 43: Functional decomposition at module level 
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These are the results for functional modeling. In the next step these functions are mapped to 
components by searching the component model library for solution candidates. 

5.2.3 Validation of component modeling 
In modeling the component structure, the difference to the modeling example is in the number 
of elements out of the model library that can be used for the embodiment of functions. The 
search for solution candidates and their grouping becomes more important. It is the same as in 
the results of the modeling example. Additionally the solution candidates are grouped into a 
generalization set with the generic component as the general member and each component as 
a specialized member. A generalization set is a group of inheritance relations where the child 
elements share the same parent element. 

Figure 44: Function structure at component layer 
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In Figure 45 the generalization set “SolutionCandidates4LimitSensor” is shown. The 
generalized member is the block “LimitSensor”, a generic component that is used as a 
substitute to embody functions. The specialized members are blocks taken out of the 
component model library. A generalization set has two properties that describe coverage and 
overlap between their members. The solution candidates have the coverage to “incomplete”. 
A complete coverage is given if all choices are known, e.g. am and pm for daytime. The 
overlap of the generalization set is disjoint. This means that only one of the specific solution 
candidates can be the solution for the limit sensor. The requirement “Position accuracy” is 
placed into the limit sensor candidate diagram. The limit sensors are used to initialize the 
linear drives. Therefore, they have to support the position accuracy.  

There are also components that embody more functions than just a single one. This means 
functions link to one component out of the library. SysML offers the technique of allocation 
that is applied on the function structure shown in Fig. 44. Allocation is a relation where a 
SysML block, representing the embodiment is related to an action representing a function. 
Figure 46 shows the allocation via swim lanes. Every lane is related to a block that represents 
a generic component as substitute for a number of solution candidates.  

In Figure 46 there is one swim lane that is partitioned into two sub lanes. The function process 
is allocated to the software that runs on the microcontroller of the circuit board. The function 
regulate is allocated to the hardware side of the circuit board. For regulating the energy of 
electric drives power semiconductors called h-bridges are used. Microcontrollers cannot 
provide enough power for electric drives. They are part of electronic and software design. 

The functions support, translate, transport and convert rotational to translational energy are 
allocated to a generic linear drive. A linear drive is defined as a device that can take a load 
and move it a certain translational distance. Therefore, these four functions are allocated to 
one generic component. Linear drive, electrical drive and limit sensor form a linear motion 
unit. It is used as an example for an internal block diagram. While allocating actions to 

Figure 45: Solution candidates for the limit sensor 
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blocks, the partitioning of the system is also carried out. Actions that are allocated to the 
circuit board are separated from the mechanical part although they are necessary in terms of 
function to make the linear motion unit work. 

The allocation results in a structure of generic components. It is beneficial to define the 
physical interfaces as ports on the generic components. The generalization sets that have been 
created for the solution candidates let the specific components inherit the port definitions 
from the generic component. After the definition of the physical ports, it is possible to draw 
internal block diagrams for the structure of the system. This is done for the horizontal linear 
motion unit in Fig. 47. It contains three specific solution elements. Since there are more than 
one solution candidate for each of the three solution elements, the number of solutions can be 
calculated from the combination of all solutions candidates.  

• Generic linear drive  seven solution candidates 

• Generic electrical drive  five solution candidates 

• Limits Sensor  four solution candidates (see Fig.45) 

Figure 46: Function structure allocated to blocks with swim lanes 
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These solution candidates represent groups of COTS, each of which can be offered from 
several suppliers. This results in 140 technically different solutions and a large number of 
different solutions when going into more detail. 

Figure 47 shows the internal block diagram with the embodiment of the linear drive of Figure 
46, except printed circuit board. The definition of modules, components and parts is according 
to Table 2-1. In this IBD, there are shown only physical ports. The toothed belt drive is shown 
with the rotational energy client feature (“RotEnClientFeature”), the housing (“LDHousing”) 
and linear drive carriage (“LDCar”). Each of these elements offers physical ports for 
connecting with other elements. All of them were defined for the generic linear drive and 
inherited to the toothed belt drive. Both the electrical and the mechanical connection of the 
stepper motor are defined with association blocks as presented in Chapter 4, Fig. 27. The 
mechanical connection is shown in part level detail and separates the connection of the shaft 
and the housing. The inner structure of the limit sensor is not shown. In the same way, all 
alternative solutions for linear motion units can be presented. The requirement for positional 
accuracy of 0.1mm of the print head to the print bed led to the combination of stepper motor 
and toothed belt drive. This combination is also cheap and realizable for people with limited 
knowledge in electronics. 

For creating a structure at a higher level modules like the horizontal linear unit are allocated 
to the module level function structure presented in Figure 43. Up to now only one linear drive 
for horizontal movement is presented. The requirements state that the movement of the z-axis 
has to carry more loads due to gravity and can be slower than the x- and y- axis. It is for the 
movement of one layer into the next layer. The requirement of being built at home and the 

Figure 47: Internal block diagram showing specific components of a horizontal linear motion unit 
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low loads rule out the roller and ball screw drives, which are for heavy loads. These two 
requirements allow selecting one linear drive for the z axis: an Acme screw drive. It replaces 
the toothed belt drive for the vertical linear unit. For the other modules the allocation of 
functions to components is done likewise. Then the modules are assembled to the complete 
product structure. Figure 48 presents the structure diagram of the whole 3D- printer. 

The IBD shows a high level structure with less detail than the IBD in the previous figure. 
Every linear unit in this figure shows the four ports that in the previous figure are on the 
diagram frame. But here no internal structure is shown. 

To optically separate electronic modules from mechanical modules, the circuit board has a 
different color. Mechanically, in this model, the modules are connected to a chain. This is the 
effect of the partitioning of the printer structure into modules. In Figure 48 two of the linear 
motion modules are connected to the frame. The bold connectors symbolize mechanical 
connections. The original RepRap-printers assemble parts of the linear motion units, namely 
the guiding shafts and the pulley supports directly to the frame. Housings for linear motion 
units do not exist. If this is modeled at the component level the structure results in a network 
structure with a different structural partitioning. The partitioning into modules has benefits in 
the reuse of modules and in the integration of artifacts that embody functions of high cohesion 
e.g. linear motion units or print heads. 

Figure 48: Product level structure of the whole printer 
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is less than in the Darwin model. The module level applied to the validation study allows 
varying the structure at high level. At component level this would be hardly visible. The 
modules can be decomposed to components and integrated into other modules, like the frame, 
if needed. However structural variation is a task that belongs to conceptual design and can 
bring benefits as this example showed. 

5.2.4 Summary of validation study results 
Generally, modeling with library support for conceptual and functional modeling is applicable 
for modeling products with a large number of functions as well as for a small number of 
functions. The main difference is the introduction of an intermediate level. It is necessary due 
to the legibility of diagrams. The large number of elements forces one to split up the model 
into different diagrams or to use alternative presentation forms, like the table for the 
requirements.  

Greater differences exist in component modeling. There the search of solution candidates 
becomes more important with a bigger number of components. Different components that are 
found for the embodiment of a function need to be structured. It gets insufficient just to place 
them into a package. The introduction of a generic component and specification of a 
generalization set are means to manage variants. Ports and parts that are defined at the generic 
component level are inherited by the specialized solution candidates.  
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6 Discussion 

Here the main points related to the contributions of this work are discussed. The first area is 
link between MBSE and engineering design. Then the function library and functional 
modeling are discussed. In Section 6.4, the PSCS and their transformation to a model library 
are discussed. Usability aspects discovered during the empirical study are then presented in 
the following section. The discussion of the validation study ends the Chapter. 

6.1 Application of MBSE methods for engineering design 
The similarities at a high level in the concept phase of the design processes and systems 
engineering processes are presented in Chapter 2. The task of requirement analysis and 
functional modeling are similar. Even parts of the system synthesis can be seen as common. 
For these tasks, methods of systems engineering often stem from software engineering. In 
many cases for the abovementioned tasks, these are also valid for engineering design. With 
modeling examples this has been shown for requirements, use cases, functions and structure. 
General methods like decomposition, object orientation and inheritance have been applied 
likewise. However, there are differences between the two domains that cannot be neglected. 
Systems engineering has a clear focus on the whole system and on the interplay between 
subsystems whereas engineering design often has a limited scope to only a product and how it 
is manufactured. Consequently the methods and models cannot be used without checking 
their validity and purpose. 

Difficulties arise in the different meaning of the terms function, behavior and physical 
property that have evolved from different schools of thought in product design and systems 
engineering. Differently coined terms lead to misunderstandings in daily communication. The 
standardization efforts of models for systems engineering [ISO/DIS 10303-233 2009] has led 
to the development of a consistent dictionary of terms for functional modeling. This is the 
basis for consistent modeling and the development of modeling languages and tools. In 
Chapter 2, it has been shown that the terms can be mapped to the commonly used terms of 
engineering design. Compliance to this mapping allows applying the modeling methods 
described for systems engineering. The modeling language SysML is compliant and provides 
a syntax supporting modeling according to the standard. This inhibits the integration of 
modeling methods that build their own ontology with a different meaning, like the KIEF 
ontology, using completely different meanings for function and behavior. 

6.2 Uncertainty of NIST functional basis 
The NIST technical report states that the NIST functional basis is reconciled from different 
sources. The authors of these sources had a different purpose for the use of their function 
taxonomies. The functional basis is verified in empirical studies where products have been 
disassembled and their parts assigned to functions. This does not guarantee that the functional 



Discussion 98 

basis can be used for synthesis or is transferred into a computational representation without 
drawbacks. The intention, though, has been to have a general purpose functional basis to 
make functional models comparable throughout different products and modelers. 

One of the critical points of the library set up is the introduction of explicit input and output 
flows. In the NIST technical report [HIRTZ et al. 2002], most of the functions are not limited 
in number and type of flow that they interact with. For the function library, it is necessary to 
describe the number and types of interacting flows. In the functional basis, there are functions 
with a different number of flows. Table 6-1 shows how many flows are needed to realize 
some of the functions of NIST-FB. 
Table 6-1: Number of flows for functions 

In the NIST functional basis information about the number of involved flows is only given 
indirectly in the description of each function. To have a better idea of how many interacting 
flows a function can have, they have been compared with the function definitions of Koller 
and Hundal. Where the terms coincided in the semantics with Koller’s definitions, these were 
used to define how many interaction points are necessary. Some functions are not clear 
whether auxiliary ports are necessary e.g. auxiliary energy for converting ice into water. For 
those cases the auxiliary pin or its respective parameter node has been modeled in the model 
library. 

Another finding connected to the NIST functional basis is that there are some functions that 
are not elementary. This means that there are more functions in the library than actually 
needed to represent all possible functions. This can lead to the selection of more specific 
components and limit the number of possible solutions. Further it increases the number of 
functions in the functional basis. On the other hand, the functional basis is ordered in a three 
level hierarchy. Modeling with secondary level elements reduces the number of modeling 
elements if there are too many. 

6.3 Transfer of the NIST functional basis into a model library 
While investigating an approach for functional libraries in SysML other possibilities were 
checked. Due to the structure of the original functional basis and the concrete syntax of 
SysML, two model libraries for functions and flows are implemented. Another possibility is 
to multiply every operation with every flow. Operation is a function where no flows are 
assigned. Consequently the number of library entries is the number of flows multiplied by the 
number of functions. For the NIST FB there are would be more than 2385 functions that 

No. of flows functions

one store, provide, import export, stop
two transmit, transfer, guide, change magnitude, distribute
three sense, regulate, join, actuate, separate, branch, convert
more join
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theoretically have to be defined for model library. The actual number would be even larger 
since functions with multiple inputs and outputs exist. 

Nflows x Moperations = N functions 

Even if the exceptions are respected where flows are not applicable to an operation, the 
number will not decrease drastically. The benefit of having only one library is contrasted by a 
huge number of entries. Consequently, the difficulty of updating the library and finding the 
right function while modeling rises. Remembering that in SysML the name of the model 
element is unique inside one package, different names have to be created like transmit 
mechanical energy, transmit electrical energy, etc. It is not possible to manage the large 
number of similar terms by using the name as an identifier. 

For realizing independent libraries of flows and functions, two additional flows are 
introduced. “RootFlow” represents all flows. “MaterialEnergy” supplements the flows 
material and energy and its children. These two flow types are only for the model library set 
up and should not be used in the function structures. They are a means to use the inheritance 
structure of the flow library. This mechanism allows exchanging the flows in the activity 
diagrams representing function structures with any flow that inherits from two supplement 
flows. When a new flow is defined, it simply has to be added to the existing inheritance tree 
of flows. Then it can be used for modeling. This solution can be abused in a way that the 
modeler does not specify the flow types and ignores the validation results of the function 
structure. 

Both methods of building model libraries support the objective of modeling flows in systems 
or products. The critical point is the model evolvement where one may add some specific 
flows. In case of a multiplied library, at least one additional operation has to be added, and the 
number of functions with the same operation in the library increases. The effects of changes 
of flows are different. While with one library the change of a flow implies exchanging all 
functions that use that flow from the library, with two independent libraries the modeler at 
any time can choose a more specific flow type. 

Like a lexicon, the libraries of flows and functions provide the vocabulary for building 
function structures in general. Specific problems can be treated by creating sub graphs. 
Modeling specific problems, it may occur that some of the elementary functions forming a 
sub graph for a special reoccurring problem  can also be reused. For instance, the transport 
problem, that always involves a transported load, energy to create displacement and a specific 
path that the load is transported. In this case, a specific transport function is implemented as 
an activity that uses several library elements. It then is referenced like the functions of the 
library. However, it is not considered to extend the library with sub-graphs. 

6.4 Discussion of component model library set up 
Although only a small portion of the whole PSCS is transferred to a SysML library, some 
issues can be identified: First, the large amount of data. Processing all of it is not the best 
choice since only meaningful function relevant items are needed. A selection of relevant 
segments or main groups may sort out potential solution candidates from other domains. This 
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easily can happen since individuals rely on their own experience first. Things from other 
domains are usually out of the horizon of experience of an individual working within a certain 
domain [TERNINKO et al. 1998].  

During the transfer of the information to the model library, elements connected with service, 
repair and maintenance filtered out. These elements are found in commodity class level next 
to relevant components. The fact that elements of different meaning are stored inside the 
PSCS was already discovered in an ontology project on E-Cl@ss [HEPP 2004, HEPP & 
ABRAMOWICZ 2007]. Applying the right filter for conceptual design is the challenge. 

After applying a filter on all commodity class levels of a segment there are still a large 
number of function relevant components left. For each, object ports and physical ports have to 
be added. This is possible in the same way that e-Cl@ss is built up- by a community and 
perpetual revisions of the terms. However for the test amount of about 260 items, this has 
been done manually. Blocks inside SysML are identified by name. As a consequence, the 
number of freely available names for modeling will decrease. The names of some commodity 
classes start with the same letters like “electrical…” and causes problems in search. The 
number of matches is too high for a fast identification of the desired item. One of the stated 
aims is to present the right modeling element at the right time. For a rich repository of 
components, other solutions have to be found. One idea is an independent database that 
produces SysML blocks on demand and imports them to the modeling tool. This can be 
considered as sufficient since only at discrete points of time during the design process is the 
search for solution candidates run. In the validation study, the component model library is 
deleted from the modeling project after the selection of the solution candidates. 

The direct search in the model library for components was worked around by filtering the 
source spread sheet for input and output ports. This worked out as a quick possibility to 
identify all solution candidates. One idea is to have a query that allows searching the model 
for blocks owning specific ports like with the structured query language (SQL). A query 
statement can be:  

SEARCH block FROM model library WHERE (port HAS direction = in AND type = 
electrical energy) AND (port has direction = out AND type = rotational energy)  

The output will be a list with all blocks that have one input port typed with electrical energy 
and one output port typed with rotational energy.  

For the modeling study, only one component library has been taken into account. The 
modeling of association blocks for defining component to component connections shows 
potential for another model library. The definitions can be reused several times. They provide 
a detailed definition of how components can be connected and they use parts from PSCS e.g. 
screws, plugs, sockets, flanges, fittings, etc. The effort to define one component to component 
connection is high compared to the component itself. For the example shown in Chapter 4, 
Fig. 27, seven blocks must be defined to define a component to component connection. A 
simpler definition at least needs five blocks for a definition. The component blocks then can 
inherit from the client and supplier definition at each end of an association block. 

The use of object ports for the identification of solution candidates is another point of 
discussion. The ports that are relevant for the connection of components are physical ports. 
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Are object ports the right means to identify solution candidates? Initially, matching input and 
output structure of functions and components is convincing but the search does not work as 
intended. From the SysML point of view, ports are treated as inner elements of blocks. Any 
other inner element can provide the same modeling function as ports. There could be an 
attribute that indicates the embodied input and output flows. Better however would be a 
possibility to recognize the embodiments for functions by attributes that are specific for the 
components, e.g. rated voltage and rated current of an electric drive is recognized as electrical 
energy input. This would save the definition of additional elements on component blocks. 

Despite the challenges due to the amount of items, catalogs and PSCS will always be a great 
source of information. In case of the modeling example it has proved that several solutions 
can be found inside the classification standard. This justifies a further investigation of the 
integration of that information into a model library. Structuring a model library from scratch 
or relying on domain specific databases does not make sense for domain spanning modeling. 
Finally, each specific component can be specialized from a block representing a commodity 
class item. 

6.5 Usability Aspects of modeling with library support 
While working with students, who had the task to model a system with SysML there was 
always the complaint that the CASE tool was not easy to use. A lot of complaints were 
connected to the fact that the modeler had to define every element before he or she can use it 
in diagrams. The students were used to simulation tools like Matlab or Modelica that come 
with model libraries. They expected the same convenience with a CASE tool. This is not the 
only aspect of usability. Table 6-2 summarizes relevant usability aspects that are explored in 
the following sub sections. 
Table 6-2: Overview of usability aspects 

6.5.1 Usability improvements for model libraries 
The first aspect is the use of a common basis that is provided by a model library. Every 
element defined in advance avoids an interpretation of how to use the element by the 
individual designer. The model library improves modeling in several areas compared to 
paper-based functional modeling and modeling without libraries. First, it replaces the text 
book or look up table for functions and flows. Descriptions explaining the library element can 

Aspect Refers to Comment Section
Model library Provides a standard convention for 

modeling functions
6.5.1

Drawing diagrams CASE tool Speed and convienice of modeling 6.5.2
Syntax rules SysML Guide formal modeling 6.5.3
Self defined rules Improves functional modleing 6.5.4
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be integrated in the model library. In Figure 34, this is demonstrated with the pop-up 
description that appears when the mouse arrow is placed over the element. Then, it is not 
needed to define every modeling element according to a template since the template itself is 
stored in the model library. Finally, additional elements in conjunction with the model 
element can be defined. In case of the function library, the additional elements are the activity 
parameter nodes with their types and directions. The rules for placing inputs and outputs are 
shifted from a description to the model library due to the definition of activity parameter 
nodes in the function library. When referencing the activities of the function library, pins are 
created according to the actions in the diagram. Thus, number, direction and general type of a 
pin is predefined  

Write protection of the model library is a means to prevent that the model library is modified. 
Consistent terms are necessary for a more compatible modeling. The library elements stay the 
same or only can be changed in a controlled way contrasted to a repeated redefinition of a 
function set for every new model. 

The component library is different, though. With a huge number of elements and a changing 
offer structure from the suppliers’ side, changes will be inevitable. The structure, following 
the structure of E-Cl@ss will not change that fast and guarantees that components can be 
identified by the unique ID provided from E-Cl@ass. 

Another area is the ease of modeling; the efforts are shifted towards the model library. 
Creating a function structure without library use, e.g. as in Fig. 16 involves the creation of one 
activity, one activity diagram, three parameter nodes, seven actions, 12 pins and 10 relations. 
The modeler working without a library and reaching the same formal model has to define all 
the blocks needed as pin types and parameter node types and has to define all seven actions 
according to the NIST-FB. After modeling, she or he cannot reuse the actions, because they 
can only be used once in the context of the activity. 

A library user models differently. Of course the diagram, the three parameter node and ten 
relations have to be created as well. But, for all actions, the modeler can just drag predefined 
activities out of the library and drop them on the diagram pane. They come with all pins 
predefined in the library. The pins are not specified yet. However, they easily can be specified 
from the context menu. All the necessary flows are specified in the flow library. This obvious 
improvement for the working process can be expressed in figures: The library user does not 
define a block, references seven activities instead of creating actions and does not need to 
create a single pin from scratch. The definition of a pin is a four step process, where the pin 
itself, its stereotype, direction and type has to be defined. In the case of using libraries, just 
the pin type has to be set.  

6.5.2 Usability aspects of drawing SysML diagrams 
This usability aspect is related to how CASE tools work. Normally, every element that is used 
in a diagram has to be defined upfront. There is a clear separation between definition and 
usage. When modeling an activity diagram to show a function structure, every action, every 
activity parameter, every pin and every flow has to be defined upfront. Without a model 
library this is tedious work. With a model library, the elements from the model library can be 
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used. The preferred way is to drag functions directly from the library to the diagram. This 
makes sure that the element is really from the library and not a similar spelled definition from 
another package. This saves modeling time. Still there are several steps, like to set the needed 
object flow and to give a name to the actions. But this needs only a third of the time than 
working without model libraries. 

In general, CASE tools support drawing diagrams and generate an internal representation at 
the same time. This is a difference to using a presentation tool like Microsoft PowerPoint or 
Visio that allows drawing diagrams but do not offer formal control to the diagrams. CASE 
tools in contrast, allow presenting or hiding inner elements of the nodes on demand, e.g. flow 
ports or values on block nodes.  

6.5.3 Usability aspects of SysML syntax 
The SysML syntax sets the formal rules that have to be obeyed while modeling. In Section 
4.2.4 the relevant syntax for functional modeling has been presented. Here it is shown how 
the syntax rules are implemented and affect the modeling. In the SysML specification [2010b] 
or in the UML Superstructure [OMG 2010c] constraints are described for every UML/SysML 
syntax element. They are described as java snippets or as clauses in the Object Constraint 
Language (OCL). CASE tools that comply with the specification implement a validation rule 
for maintaining constraints. Some of the constraints have concrete effects on functional 
modeling with library support 

The parameter synchronization rule is a SysML validation rule that checks if the call 
behavior action and the called behavior use the same types for corresponding pins and activity 
parameters. If the pin type of an action in the diagram is changed to a kind of flow not in the 
line of inheritance of the activity parameter in the model library, the SysML validation engine 
issues a warning message. For instance, when changing the pin type of the function “Store” in 
Figure 35 to “TasteSignal”, it is not inherited from “MaterialEngergy” any more. After the 
validation check, the call behavior action is highlighted in the diagram as well as in the 
containment tree and a warning message is displayed. The CASE tool offers some options to 
repair the broken parameter synchronization. 

Another SysML validation rule checks the types at the source and target end of an object flow 
relation. An object flow connects the pins of two actions. In case of different types at the 
lower and upper end, a validation engine displays an error message. A context menu allows 
selecting whether the source or target type should be changed to correct that error. 

With these two examples it is shown, that the SysML syntax provides for additional formality 
for functional modeling. Further the concept of the function library is supported in a way that 
the absence of a flow needed for the execution of a function forces the modeler to select 
another function out of the library. For instance, intending the function “Transport” for energy 
flows does not work due to the predefined flow type “Material”. The modeler has to change to 
another function e.g. “Transfer” that works with any flow. This can be formulated in reverse, 
so that the existence of a certain flow can force the modeler to use a certain function.  
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6.5.4 Self-defined rules for usability improvement 
The definition of the function library, however, has opened a gap that allows for inconsistent 
modeling. The definition of functional models allows connecting functions with the flows 
material, energy and signal. To provide a means for selecting any of the flows or only 
material or energy, the flows “RootFlow” and “MaterialEnergy” are introduced. The SysML 
syntax does not prohibit the use of these flows. This can be solved by a specific rule imposed 
on the pins of actions representing functions. It is implemented as a constraint using the OCL. 

The OCL specification [2010a] describes the Object Constraint Language as a language that 
allows writing unambiguous constraints. Some of the validation rules of Magic Draw’s 
SysML profile are written in OCL, while others are binary. Binary validation rules are of 
complied java code. The CASE tool Magic Draw offers two types of validation. Active 
validation is carried out during modeling; passive validation is carried out at a discrete point 
of time e.g. when the model is stored or a button is pressed. In general, constraints ensure the 
correct use of the modeling language and formality of the model. 

In the function model library the activity parameter nodes of functions are typed with 
“RootFlow”, ”MaterialEnergy” or one of the three primary level flows. After inserting an 
action representing a function the modeler has to set the type of flow to the actually desired 
flow. The use “RootFlow” and “MaterialEnergy” results in an undefined function structure 
due to a not specified flow. To avoid this case, the validation rule checks that there is no 
“RootFlow” or “MaterialEnergy” used for typing pins in function structures. Figure 50 shows 
the effect if the validation engine detects a rule that evaluates to false. The flow should be set 
when the library element is referenced. To remind the modeler immediately when the activity 
is applied, the validation type is set to active validation. 

Figure 50: Validation of pins in function structure 
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To avoid any changes in the model, the creator of a validation rule can rely on OCL. It can be 
used for querying the model but not to evoke changes in the model. The result of a validation 
can be true or false. In case of false, a message is issued. The validation engine only evaluates 
constraints of the stereotype <<validation rule>>. Therefore, a constraint with that stereotype 
has to be created. The OCL clause specifies the context the type of condition and the rule. For 
the simple rule that highlights all pins typed with “RootFlow” the OCL clause is: 

Context pin inv 
Self.type.name <> ‘RootFlow’ or ‘MaterialEnergy’ 

The word after “Context” specifies to which elements the constraint clause applies. The key 
word “inv” is the abbreviation for invariant, which means that the rule is valid at any time. 
Self refers to the context pin where the name attribute of pin type is queried. The clause 
evaluates to true if there is no pin with the type “RootFlow” or “MaterialEnergy”. In the 
diagram of Fig. 50, there are two pins typed “RootFlow”, highlighted by the validation 
mechanism of the CASE tool. 

6.6 Discussion of modeling study and validation study 
The modeling example and validation study showed that many modeling tasks can be 
performed in an integrated manner in a CASE tool working with the SysML language. With 
the validation study, the applicability to a more complex system is shown. This is termed the 
scalability of modeling since the modeling method can be applied to problems of any scale. 
The core however is the use of the flow and function model library. It proves that the SysML 
syntax supports using a library for functional modeling.  

In functional modeling, SysML provides support through the mechanism of call behavior 
actions. This allows specifying functions in a top down approach. The decomposition of 
functions turns the function into a behavior that is described by more detailed functions until 
the model library can be used. The model library supports functional modeling by providing 
functions and predefined flows in the library elements for functions. The SysML syntax of 
call behavior actions requires the synchronization of activity parameters and pins. Thus, the 
modification of flows is limited by the predefined type of the library element. This leads to 
more formality. Finally, faster modeling of function structures than without the library and a 
validation rule determining non-specified pins contribute to improved usability of the function 
libraries and lead to more consistent models. 

In the modeling example with the luggage cover it was possible to find only a few 
components out of the component library. This was due to the very specific domain of 
passenger car interiors. In contrast, for the validation study, many components have been 
taken out of the component library. The 3D printer example was designed for using many off 
the shelf components. This shows that it is possible to identify components with the matching 
of pins to object ports. Consequently, the high number of solution candidates influenced the 
modeling. It has been necessary to introduce generic components as supplements for all 
solution candidates. This increases the flexibility to create different solutions by exchanging 
the generic components with specific solutions candidates. The introduction of generalization 
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sets for the solution candidates comply with the rows of morphologic boxes that are used to 
order solution candidates in paper-based methods. The generalization sets are a possibility to 
present the variants of solution candidates. 

The added complexity of the validation study led to the introduction of an additional 
decomposition step. This can easily be managed with a CASE Tool and SysML. The module 
level first has been applied to functional modeling and then to the modeling of the component 
structure. The larger number of modeling elements is also a driver for further decomposition 
since the diagrams with a larger number of nodes and relations easily get cluttered and are not 
legible when printed out on a DIN/A4 sheet. 

For the definition of component to component connections there are two possibilities: 
definition of ports for every component or definition of reusable associations via association 
blocks. The definition of ports is simpler and faster. But association blocks allow a more 
detailed definition at several levels, e.g. a power supply cable (=component level) can be 
decomposed to the single wires (=part level). Association blocks show their strength with 
complex connections. Both definitions can be used for component modeling. 

An additional aspect is the modeling of variants. With the use of generic components as 
supplements, a general structure is created. By the replacement of generic components with 
specific ones, variants are created due to the combination of different solution candidates. 
Structural variation is different. A structural variant can be created by rearranging existing 
components. Due to component variants and structural variation, a large number of valid 
solutions can be created. At module level, it has been possible to show a structural variation, a 
method that should be applied in conceptual design. This variation is done without an 
influence on the functional model.  

The existence of many solutions quickly leads to the question which of the solutions should 
be selected. Here, evaluation and simulation tools come into play. The CASE tools only can 
support the simulation of activity diagrams to show if all actions can be executed or if there 
are some actions that are not executed at all. For the simulation of physical properties the 
model has to be linked or converted into a specific simulation model, e.g. a Modelica model. 
The coupling of SysML and Modelica is described by JOHNSON et al. [2008]. 
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7 Conclusions 

The similarity of product design and systems engineering has much potential for synergies. 
Especially in conceptual design and model based systems engineering the synergies can be 
related to single engineering tasks like requirement analysis, functional modeling and 
component modeling. VDI guideline 2221 already takes into account computational support 
but does not offer methods for model integration, like modeling languages. Requirements for 
modeling requirements, functions or component structures have been defined already for 
paper-based methods. These requirements can now be supported by a formal modeling 
language like SysML. Existing representations for functional modeling have been 
investigated, formulated as modeling principles and matched to the SysML syntax. Better 
communication, because of the use of diagrams, the reuse of models and an improved 
comparability are reached due to the support of model libraries. The key to realize this 
potential is the clear definition of terms in a meta-model as well as for modeling itself. Where 
it is possible to reach a common understanding due to the adoption of core terms from either 
side, the possibility for the use of common modeling methods for both product design and 
systems engineering is given here. For modeling conceptual design tasks with SysML, it is 
successfully presented in Chapters 4 and 5 after the terms have been clarified in Chapter 2. 
For other approaches, where the deviation of the meaning of core terms is too big, it does not 
make great sense to force modeling into an incompatible syntax of a modeling language. 

The aspects of improved modeling due to the use of SysML and model libraries are presented 
in a comparison shown in Table 7-1. The use of SysML allows creating an integrated model 
where various aspects can be linked to one another, e.g. a requirement can be liked to a test 
case or a block that satisfies that requirement. Working paper-based only, there is no explicit 
metamodel. The modeling language provides as a metamodel the modeling elements forming 
the concrete syntax, e.g. an action. Thus, the meaning of an action is defined. Model libraries, 

Table 7-1: Comparison of different levels of modeling 

Paper‐based With SysML With SysML and library 
single models for each aspect Integrated models integrated models 

no links to other models 
Links to models of other aspects, i.e. 
requriememts to behaviors

links to other model aspects, e.g. 
functions and flows

no meta model
modeling language metamodel, i.e. 
concrete syntax

domain specific meta model i.e. 
functional model

semantically not necessarily clear clear semantic of language clear semantic of modeling elements
manual comparison of models   tool supported comparison  tool supported comparision
drifting semantics (induvidual interpretation) individual definition of model elements prefined modeling elements

inconsistencies of partial models 
inconsistencies can be avoided (by linking 
to partial models) mapping of partial models is defined

difficult to reuse (copy & paste) reuseable models model libraries designed to reuse 

function decompostion by redrawing

decompostion due concrete syntax e.g. 
call behavior actions, parameter 
synchronization 

additional support by flow library, e.g. 
by using same flow types at different 
decomposition levels
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in contrast, contain modeling elements of the same semantic meaning for the modeling at the 
instance level (M1, see Fig. 9), e.g. functions as a transformations of inputs to outputs.  

Model libraries prevent the drifting of the semantic of library elements. This is a consequence 
of growing experience of the designers that cause a change in the interpretation of a term and 
affect the usage of it with paper-based models. The modeling element in the library, however, 
does not change. The other aspects relate to the reuse of elements. With paper-based 
modeling, this is only possible by re-drawing a diagram while with model libraries, modeling 
elements are designed for reuse. The matching between functions and components avoids 
inconsistencies in the inter-model connection of functions and components. And the 
decomposition of functions and component structures is supported by SysML modeling tools 
and model libraries. 

7.1 Feasible library support for functional modeling 
For the definition of a model library, the SysML specification has been investigated. For the 
flow library, inheritance and the generalized “RootFlow” as a root node are exploited. Flows 
are predefined as blocks. Functions are activities that use the flows as types for activity 
parameter nodes. The elements of the SysML model library are definitions ready for use. The 
effort of definition is saved whenever an element of the model library is referenced. The 
specific design of the function model library as a package of activities makes sure that in 
activity diagrams used for functional modeling only elements with predefined flows can be 
used. During modeling, the modeling example and the validation showed that the use of the 
model library improved modeling. Qualitatively, reduction of modeling time is noticed due to 
the modeling steps for definition of the modeling elements that are no longer needed. These 
are the steps that are needed for the definition of flows and for the creation of all pins needed 
for the representation of flows. All functions are well defined using the right flows. The single 
function structures are comparable with one another, since the function nodes have the same 
meaning. In case of doubts about the meaning of function, the model library contains all 
necessary documentation that explains a flow or a function. Summarizing all points, the 
implementation and use of the function library leads to a convenient, formally correct and fast 
way to model function structures. The use of model libraries for any abstract concept similar 
to functional modeling is recommended. It is the means to support the interpretability and the 
comparability of conceptual functional models. Kruse et al. [2012] presented another example 
for functional modeling, that shows the applicability of functional modeling with SysML.  

7.2 Library support for component modeling 
The purpose of the component library is to provide a large number of solution candidates for 
the embodiment of functions. The choice for the structure of a component model library is to 
take over the structure of E-Cl@ss, a four level hierarchy. This choice is justified since 
E-Cl@ss is a product and service classification standard that holds a great number of 
commercial products and is updated permanently by a community of component suppliers. In 
a pragmatic way all services and auxiliary agents are sorted out and object ports added to the 
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selected machine elements. The challenge still is to identify whether a component embodies 
one or more functions and is function relevant or an element is a part, like a washer or a 
screw. The selection of function relevant components and the assignment of object ports have 
been done by hand. Transferred to the CASE tool the great number of model library items 
disturbs modeling block definition diagrams or internal block diagrams. Whenever a block or 
a part property is drawn in SysML the case tool suggests a name from the existing blocks. The 
list of potentially suggested modeling elements grows with every library element. Splitting 
the model library into different domains excludes solution candidates and is not seen as a 
solution. Therefore, a large model library (more than 300 elements) should only temporarily 
be connected to the modeling project and disconnected after the relevant model elements are 
retrieved. 

In order to find all embodiments for a function, there has to be a search mechanism that 
searches for inputs and outputs of the components represented by input and output ports. The 
implementation of a search, as presented in the discussion, failed due to implementation 
issues of the CASE tool. The number of components is large compared to the number of 
functions. This prevents all components from being seen at once. Browsing the model library 
as with functions does not work. Another aspect is that components are not selected by name 
as with functions but by the specific properties of their object ports. This mechanism is used 
to avoid that the modeler gets trapped in a certain region of the component library while in 
another region a valid solution stays undiscovered. Further, designers do not know all the 
specific terms of the components, therefore the identification by object ports is helpful. 

It can be concluded that for an excessive library, a CASE tool needs a library management 
that offers different levels of model library access, implements sophisticated search and a 
possibility to compare the library with other kind of libraries, e.g. E-Cl@ss. 

7.3 Conclusions from modeling results 
Modeling with CASE tools and SysML is a convenient way to model. It allows definition of 
elements, without a graphical representation, where elements are just added to the 
containment tree and to work graphically by drawing diagrams. The graphical presentation is 
always linked to the computational representation, which is the great strength of CASE tools. 
Due to this, models can be formally validated and inter-element links analyzed. This cannot 
be done with separated spread sheets or sheets of paper. Task description, requirement 
formulation, functional modeling and the search for embodiments are possible in SysML. The 
simulation of physical properties is possible trough the integration of other tools. Indirectly 
the integration with a simulation tool can be supported by modeling libraries mirroring the 
model libraries of the tool to integrate. The component model library then has to be extended 
by a simulation model library that parallels the component structure. 

Modeling the example with the luggage compartment cover has already shown some potential 
for providing a structured process that involves drawing a number of diagrams. The validation 
study, however, shows that the leverage of library supported modeling grows with the number 
of involved elements. More elements are taken out of the function library and more variants 
are found in the component library. It is important that the SysML syntax supports the 
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decomposition of function structures as well as the decomposition of component structures. 
This makes SysML applicable for large systems and projects. The strength for decomposition 
is a disadvantage when models should not be decomposed. In this case, the diagrams rapidly 
grow large, confusing and illegible when plotted out in a two page format. The diagrams 
showing the structure of the functional modeling library and the hierarchical decomposition 
already reach a size that is not printable on the page of a book without being illegible. The 
management of variants and the variation of structures are two points that are worthwhile for 
further investigation. The validation example proved that structural variants matter since the 
Mendel printer is simpler to build and cheaper than the Darwin printer.  

7.4 Outlook 
Modeling with model libraries in SysML showed its potential. For functional modeling it 
shows maturity ready for industry where it needs some work on the component definition for 
the library. Further research in context of SysML is necessary to quantify the increase of 
modeling speed that can be reached with library support that is indicated qualitatively in this 
work. This can be done with a comparative study with different levels of tool support. 
Another field of research is how to present oversize diagrams and still convey relevant 
information although details cannot be shown any more. The management and search 
mechanism for large libraries needs to be investigated. Further there are open questions 
regarding the integration with simulation tools, methods for variation, validation and analysis.  

With the publication of the standard for product data exchange for systems engineering (ISO 
10303-AP233) it is a question of time until SysML will be used productively in industry 
projects. SysML and the community of users is evolving and growing. Until now CASE tools 
are driven from the requirements from software engineering, yet the requirements from 
product design are different, therefore issues for improvements of the tools have to be 
investigated and addressed by the tool vendors.  
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9 Appendix 

 

Terms printed in normal type are taken over from NIST functional basis. Terms with bold and 
normal type: the bold part is taken form NIST functional basis 

 

Table 9-1: Flow definitions for the model library 

Class Secondary Tertiary Class Secondary Tertiary

Material Human Energy
Gas HumanEnergy
Liquid AcousticEnergy
Solid BiologicalEnergy

SolidObject ChemicalEnergy
SolidParticulate ElectricalEnergy
SolidComposite ElectromagneticEnergy

Plasma OpticalEnergy
Mixture SolarEnergy

GasGasMix HydraulicEnergy
LiquidLiquid Mix MagneticEnergy
SolidSolidMix MechanicalEnergy
SolidLiquidMix Rotational MechEnergy
LiquidGasMix Translational MechEnergy
SolidGasMix PneumaticEnergy
SolidLiquidGasMix NuclearEnergy
Colloidal ThermalEnergy

SignalFlow StatusSignal
AuditorySignal
OlfactorySignal
TactileSignal
TasteSignal
VisualSignal

ControlSignal
AnalogCSignal
DiscreteCSignal  
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Table 9-2: Definition of functions according to [Hirtz et al. 2002] and definition of interacting flows (1/2) 

Primary Secondary Tertiary Description
Branch Branch. To cause a flow (material; energy; signal) to no longer be joined or mixed.

Separate Separate. To isolate a flow (material; energy; signal) into distinct components. The separated 
components are distinct from the flow before separation; as well as each other. Example: A 
glass prism separates light into different wavelength components to produce a rainbow.

Divide Divide. To separate a flow. Example: A vending machine divides the solid form of coins into 
appropriate denominations.

Extract Extract. To draw; or forcibly pull out; a flow. Example: A vacuum cleaner extracts debris from 
the imported mixture and exports clean air to the environment.

Remove Remove. To take away a part of a flow from its prefixed place. Example: A sander removes 
small pieces of the wood suRootFlowace to smooth the wood.

Distribute Distribute. To cause a flow (material; energy; signal) to break up. The individual bits are 
similar to each other and the undistributed flow. Example: An atomizer distributes (or sprays) 
hair‐styling liquids over the head to hold the hair in the desired style.

Channel
To cause a flow (material; energy; signal) to move from one location to another location.

Import Import. To bring in a flow (material; energy; signal) from outside the system boundary. 
Example: A physical opening at the top of a blender pitcher imports a solid (food) into the 
system. Also; a handle on the blender pitcher imports a human hand.

Export Export. To send a flow (material; energy; signal) outside the system boundary. Example: 
Pouring blended food out of a standard blender pitcher exports liquid from the system. The 
opening at the top of the blender is a solution to the export subfunction

Transfer

Transfer. To shift; or convey; a flow (material; energy; signal) from one place to another.
Transport

Transport. To move a material from one place to another. Example: A coffee maker transports 
liquid (water) from its reservoir through its heating chamber and then to the filter basket.

Transmit Transmit. To move an energy from one place to another. Example: In a hand held power 
sander; the housing of the sander transmits human force to the object being sanded.

Guide Guide. To direct the course of a flow (material; energy; signal) along a specific path. Example: 
A domestic HVAC system guides gas (air) around the house to the correct locations via a set of 
ducts.

Translate Translate. To fix the movement of a flow by a device into one linear direction. Example: In an 
assembly line; a conveyor belt translates partially completed
products from one assembly station to another.

Rotate Rotate. To fix the movement of a flow by a device around one axis. Example: A computer disk 
drive rotates the magnetic disks around an axis so that the head can read data.

Allow DOF Allow degree of freedom (DOF). To control the movement of a flow by a force external to the 
device into one or more directions. Example: To provide easy trunk access and close 
appropriately; trunk lids need to move along a specific degree of freedom. A four bar linkage 
allows a rotational DOF for the trunk lid.

Connect Connect. To bring two or more flows (material; energy; signal) together.
Couple Couple. To join or bring together flows (material; energy; signal) such that the members are 

still distinguishable from each other. Example: A standard pencil couples an eraser and a 
writing shaft. The coupling is peRootFlowormed using a metal sleeve that is crimped to the 
eraser and the shaft.

Join Join. To couple flows together in a predetermined manner. Example: A ratchet joins a socket 
on its square shaft inteRootFlowace.

Link Link. To couple flows together by means of an intermediary flow. Example: A turnbuckle links 
two ends of a steering cable together.

Mix Mix. To combine two flows (material; energy; signal) into a single; uniform homogeneous 
mass. Example: A shaker mixes a paint base and its dyes to form a homogeneous liquid.

Control 
Magnitude

Control Magnitude. To alter or govern the size or amplitude of a flow (material; energy; 
signal).

Actuate Actuate. To commence the flow of energy; signal; or material in response to an imported 
control signal. Example: A circuit switch actuates the flow of electrical energy and turns on a 
light bulb.

Regulate Regulate. To adjust the flow of energy; signal; or material in response to a control signal; such 
as a characteristic of a flow. Example: Turning the valves regulates the flow rate of the liquid 
flowing from a faucet.

Increase Increase. To enlarge a flow in response to a control signal. Example: Opening the valve of a 
faucet further increases the flow of water.

Decrease Decrease. To reduce a flow in response to a control signal. Example: Closing the value further 
decreases the flow of propane to the gas grill.
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Flow 1 Flow2 Flow N Flow  condition Remark
in / RootFlow out / RootFlow out / RootFlow

in / RootFlow out / RootFlow out / RootFlow
different flow 
types

in / RootFlow out / RootFlow out / RootFlow
different flow 
types

in / RootFlow out / RootFlow out / RootFlow
different flow 
types

in / RootFlow out / RootFlow out / RootFlow
different flow 
types

in / RootFlow out / RootFlow same flow types
more flows are 
leaving from pin

in / RootFlow out / RootFlow
change of 
location

out/ RootFlow
Not 
recommended

in / RootFlow
Not 
recommended

in / RootFlow out / RootFlow

in / material out / material inout /energy
energy needed 
or dissipated

in/energy our/energy

in / RootFlow out / RootFlow

in /RootFlow out / RootFlow

in / RootFlow out / RootFlow

in /RootFlow out / RootFlow
in /RootFlow in/RootFlow out / RootFlow

in /RootFlow in/RootFlow out / RootFlow

in /RootFlow in/RootFlow out / RootFlow

in /RootFlow in/RootFlow
in / RootFlow
out /RootFlow

four different 
flows!

in /RootFlow in/RootFlow out / RootFlow

in /RootFlow out/RootFlow
different property 
of flow

in /RootFlow out/RootFlow in / signal

in /RootFlow out/RootFlow in / signal

in /RootFlow out/RootFlow in / signal

in /RootFlow out/RootFlow in / signal
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Table 9-3: Definition of functions according to Hirtz et al. [2002] (2/2) 

 

Primary Secondary Tertiary Description
Change Change. To adjust the flow of energy; signal; or material in a predetermined and fixed 

manner. Example: In a hand held drill; a variable resistor changes the electrical energy flow to 
the motor thus changing the speed the drill turns.

Increment Increment. To enlarge a flow in a predetermined and fixed manner. Example: A magnifying 
glass increments he visual signal (i.e. the print) from a paper document.

Decrement Decrement. To reduce a flow in a predetermined and fixed manner. Example: The gear train of 
a power screwdriver decrements the flow of rotational energy.

Shape Shape. To mold or form a flow. Example: In the auto industry; large presses shape sheet metal 
into contoured suRootFlowaces that become fenders; hoods and trunks.

Condition Condition. To render a flow appropriate for the desired use. Example: To prevent damage to 
electrical equipment; a surge protector conditions electrical energy by excluding spikes and 
noise (usually through capacitors) from the energy path.

Stop
Stop. To cease; or prevent; the transfer of a flow (material; energy; signal). Example: A 
reflective coating on a window stops the transmission of UV radiation through a window.

Prevent Prevent. To keep a flow from happening. Example: A submerged gate on a dam wall prevents 
water from flowing to the other side.

Inhibit Inhibit. To significantly restrain a flow; though a portion of the flow continues to be 
transferred. Example: The structures of space vehicles inhibits the flow of radiation to protect 
crew and cargo.

Convert Convert. To change from one form of a flow (material, energy, signal) to another. For 
completeness; any type of flow conversion is valid. In practice; conversions such as convert 
electricity to torque will be more common than convert solid to optical energy. Example: An 
electrical motor converts electricity to rotational energy.

Provision
Provision. To accumulate or provide a material or energy flow.

Store
Store. To accumulate a flow. Example: A DC electrical battery stores the energy in a flashlight.

Contain Contain. To keep a flow within limits. Example: A vacuum bag contains debris vacuumed from 
a house

Collect Collect. To bring a flow together into one place. Example: Solar panels collect ultraviolet sun 
rays to power small mechanisms.

Supply Supply. To provide a flow from storage. Example: In a flashlight; the battery supplies energy to 
the bulb.

Signal Signal. To provide information on a material; energy or signal flow as an output signal flow. 
The information providing flow passes through the function unchanged.

Sense Sense. To perceive; or become aware; of a flow. Example: An audiocassette machine senses if 
the end of the tape has been reached.

Detect Detect. To discover information about a flow. Example: A gauge on the top of a gas cylinder 
detects proper pressure ranges.

Measure Measure. To determine the magnitude of a flow. Example: An analog thermostat measures 
temperature through a bimetallic strip.

Indicate
Indicate. To make something known to the user about a flow. Example: A small window in the 
water container of a coffee maker indicates the level of water in the machine.

Track Track. To observe and record data from a flow. Example: By tracking the performance of 
batteries; the low efficiency point can be determined.

Display Display. To reveal something about a flow to the mind or eye. Example: The xyz coordinate 
display on a vertical milling machine displays the precise location of the cutting tool.

Process Process. To submit information to a particular treatment or method having a set number of 
operations or steps. Example: A computer processes a login request signal before allowing a 
user access to its facilities.

Support Support. To firmly fix a material into a defined location; or secure an energy or signal into a 
specific course.

Stabilize Stabilize. To prevent a flow from changing course or location. Example: On a typical canister 
vacuum; the center of gravity is placed at a low elevation to stabilize the vacuum when it is 
pulled by the hose.

Secure Secure. To firmly fix a flow path. Example: On a bicycling glove; a Velcro strap secures the 
human hand in the correct place.

Position Position. To place a flow (material; energy; signal) into a specific location or orientation. 
Example: The coin slot on a soda machine positions the coin to begin the coin evaluation and 
transportation procedure.
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Flow 1 Flow2 Flow N Flow  condition Remark

in /RootFlow out/RootFlow

in /RootFlow out/RootFlow

in /RootFlow out/RootFlow

in /RootFlow out/RootFlow

in /RootFlow out/RootFlow

in /RootFlow

in /RootFlow

in/RootFlow out/RootFlow not very precise

in/RootFlow out/RootFlow in /energy

material 
conversion 
needs energy

in/Material 
Energy

out/Material 
Energy

in/Material 
Energy
in/Material 
Energy
in/Material 
Energy

out/Material 
Energy

in/ RootFlow out / RootFlow Out/ Signal
unchanged 
carrier flows

in/ RootFlow out / RootFlow Out/ Signal

in/ RootFlow out / RootFlow Out/ Signal

in/ RootFlow out / RootFlow Out/ Signal

in/ RootFlow Out/ Signal

in/ RootFlow out / RootFlow Out/ Signal

in/ signal out / RootFlow

in/ RootFlow out / RootFlow Out/ Signal

in/ RootFlow

in/ RootFlow

in/ RootFlow

in/ RootFlow


