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Abstract: In industrial vehicle design processes, most companies have implemented model-based
systems engineering (MBSE). As a consequence, design processes are nowadays not driven by
documents, but by digital models of the vehicle to be developed and its components. These models
exist on different levels of abstraction. The models on the requirements level are already well defined
as well as the models of the defined product behavior and product properties. In recent years,
the specification of models on the level of product functions was largely clarified, and elaborate
frameworks already exist. However, this is not yet true for the level between functions and definite
properties; this level can be referred to as "abstract physics". The enormous importance of this level,
which, amongst others, can represent the physical effect chains which allow a vehicle component to
function, is expressed by several researchers. Several research works aim at specifying models on this
level, but, until now, no general consensus can be identified, and the existing model specifications are
less appropriate for the early stages of vehicle design. This paper explains an Integrated Framework
for Abstract Physics Modeling (IF4APM), which incorporates different perspectives of abstract
physics and is suited for the early phases. The explanation is based on typical components of several
kinds of vehicles. The main advantages of the proposed approach are the consistent interconnection
of abstract product models, the clearness and understandability of the resulting matrices, and the
aptitude to be used in the early phases of a vehicle design process.
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1. Introduction

In today’s vehicle design processes, a gap can be observed between the rather clearly
and concisely described functionality of the vehicle and its modules and the defined behav-
ior and properties of them. This gap is caused by a lack of information that describes which
physical phenomena realize the functions by which as well as how and to what extend these
phenomena are acting. In recent years, the complexity of vehicle development is further
increasing because of a growing share of intelligent components, because of increasing
technical complexity of vehicles and their modules, and because of steadily increasing
model ranges and product families [1]. Current advancements in production technologies,
growing ecological constraints, and globally diversified customers require early design
methods which allow designers to explore the available design space systematically [2].
Systematic design methods need to be based on concise and reliable products, production
processes, and production system information on all levels of abstraction. Concerning
the virtual models of technical systems (such as vehicles and their components), a wide
consensus that four levels of abstraction can be distinguished can be observed (compare
e.g., [3–6]). It is the current consensus in design science that these levels are not appropriate
to be the basis for a general project planning of design, but that all levels may be used in
all phases of design processes with changing intensity. The project definition and concept
phases are usually characterized by a strong emphasis on requirements, functions, and
abstract physics, while the detail design and production preparation phases mainly employ
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detailed descriptions of geometry, material, and structure. Still, changing customer expec-
tations and unexpected testing outcomes can always lead to changed requirements and
can require a revisit to other more abstract levels. The four levels of abstraction of product
models are shown in Figure 1.

Figure 1. Vehicle product models on different levels of abstraction.

As visible in Figure 1, the most abstract level of systems models contains the require-
ments, i.e., the intended system properties and system behavior, in order to fulfill the
customer expectations. The integration of the entities on this level of abstraction—the
requirements—into engineering frameworks has been the focus of research projects for
several years [7–9]; detailed specifications of model structures and contents are established.
The so-called Requirements Interchange Format (ReqIF), for instance, defines a file format,
which may be used for the exchange of requirements with metadata [10]. A part of these re-
quirements will lead to functions that allow the realization of these functional requirements
(second level of abstraction). For this level, detailed frameworks have been developed in
the last decade [11–16]). The main focus of this paper is the third level—abstract physics.
As stated above, the main content of this level is information, where physical phenomena
realize the functions, as well as how and to what extend these phenomena are acting.
For an analysis and understanding on the micro-level, working surfaces can also be of great
interest on this level of abstraction. The least abstract level (in many publications, thhis is
also described as the most “concrete” level; however, in this paper, this adjective is avoided
in order to prevent confusion with a prominent building material) concerns the macro-
and micro-geometry, material, product structure, and product properties. This abundant
amount of information is stored in established data formats such as computer aided design
(CAD) files, and the model specifications are well documented.

One may ask, why the gap between the second and the fourth level presents a real
challenge for innovative vehicle design processes. Albers et al. [17] report a prominent
problem for engineers to embody functional ideas in sub-systems and to localize these
functions in mechanisms and their interfaces. Drave et al. [14] point out that technical
systems fulfill certain functions through physical effects acting between components and
emphasize a strong correlation between these physical effects and the architecture of the
system. In connected research, Hoepfner et al. [18] report a lack of emphasis on this abstrac-
tion level, and that current model-based systems engineering (MBSE) frameworks do not
integrate formal models for modeling the physical behavior in order to allow a seamless
link to digital system models. Additionally, Zerwas et al. [19] point out that principle
solutions are essential because they can efficiently describe possible solutions by specifying
effects as well as active surfaces and material(s) without losing a functional orientation.
The early phases are decisive because so-called breakthrough products (extremely success-
ful products which completely replace prior products, such as fuel injection systems instead
of carburetors) are usually characterized by a major change in the physical structure [20].
Especially in the early phases, it is important to note that not all aspects of a technical sys-
tem can be represented with concrete parameters. In industrial companies, often so-called
“engineering samples” are used to represent the intended realization of certain compo-
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nents, especially if their appearance is decisive for customer satisfaction [21]. In industrial
vehicle development processes, mature V-model-based development architectures can be
observed, especially in the field of software and control development [22]. However, in the
scope of mechanical and mechatronic engineering, certain levels of abstraction are not yet
covered [18]. Generally, models on all level of abstraction and during all phases of product
development are desirable because the employment of models as the primary artifacts can
lead to an improved semantic integration of digital assets and robust early analysis [23].
Consequently, the proposed approach aims to close the gap between the second and the
fourth level visible in Figure 1. On the given abstraction level of product models, detailed
information concerning material selection or manufacturing processes and necessities are
consciously omitted in order to reduce complexity and to enhance transparency. It can
be concluded that intensified and detailed scientific activity on this level of abstraction
may lead to more efficient design processes, better knowledge reuse, and seamless digital
processes in the early phases of design. This also leads to the formulation of the following
research question:

How can different perspectives of abstract physics be combined in a manner that allows
integration in engineering frameworks for the design of vehicles?

This research question is analyzed using several vehicle design processes focusing on
remote controlled vehicles and lifting devices for vehicles (Figure 2).

Figure 2. Vehicle and vehicle component development processes.

These vehicle design processes consider remote-controlled vehicles for purposes such
as snow plowing or lawn mowing [24] (Figure 2 left side) and lifting systems in the area
of agricultural technology—lifting masts for tractors [25] and power lifts for universal
agricultural vehicles [26] (Figure 2 right side). As stated above, the levels of abstraction of
product models are not appropriate to be the basis for a general project planning of design,
but explicit project schedules need to be developed. A simplified timeline of vehicle design
processes is visible in Figure 3.

In Figure 3, two main process flows are represented; the project-independent technol-
ogy development flow as well as the project-oriented flow, which may be sensibly divided
into the concept phase and vehicle development phase. For the project-oriented flow, typi-
cal mile-stones of a vehicle development process are given (compare [1,27] ). An early phase
concerns the concept development. In this phase, the important vehicle characteristics are
derived, employing methods such as market research and benchmarking. The important
product specifications are developed and important concept decisions are made. For a
given project, product models on all levels of product concretization are employed and a
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consideration of abstract physics is possible. However, the development of products compo-
nents, which employ novel physical effect chains, very often is carried out outside the scope
of a single vehicle development process, and can be understood as an independent ongoing
technology development process. After the concept definition, the vehicle development
process in the close sense takes place. On the basis of the product specification, a detailed
system description is elaborated together with the preparation of all manufacturing and
assembly processes. Still, changes of specifications are frequent, and, in some cases, the
physical effect chains also need to be altered in this phase. However, the main area of
interest concerning abstract physics are the technology development and the earlier phases
of project oriented design. It is important to point out that the process planning and control
in vehicle design processes is usually realized employing model-based system engineering
(MBSE) [28–30]. In MBSE, product models on the different levels of abstraction are the
primary process management objects and take over the role of other documents which are
not directly product-related. The fact that models, which are generally agreed upon, are
not yet available on the level of abstract physics can lead to mistakes, inefficient knowledge
management, double work, and misunderstandings. Several research groups worldwide
have started to address this issue; their main contributions will be described in Section 2
and form the state of the art. Based on this, the integrated framework is presented in
Section 3. The vehicle design processes, which are analyzed in the ongoing research and
serve for explaining the integrated frameworks, are characterized in Section 4, together
with elements of the integrated framework. A final section (Section 5) concludes the paper
and delivers an outlook on further research perspectives.

Figure 3. Timeline of vehicle design processes.

2. Perspectives of Abstract Physics

In earlier research [31], the different perspectives of abstract physics were analyzed
based on the design processes of wind turbines. An overview of those perspectives is given
in Figure 4.

In general, five perspectives can be distinguished as follows:

• a phenomenon-oriented perspective which consists of physical effects, effect chains,
and effect networks and supports the understanding of physics and innovative sys-
tem concepts;

• a control-oriented perspective which focuses on the elements of a control cycle (actor,
process, and senor) and supports the synthesis of intelligent controlled systems [5];

• a behavior-oriented perspective which employs mathematical models such as differ-
ential equations in order to allow simulation and optimization;
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• an interface-oriented perspective which focuses on interacting surfaces as part of a
physical effect chains and allows a detailed analysis of these surfaces and their role in
realizing the effect chain;

• a logic-oriented perspective which employs certain methods such as fault-tree analysis
in order to analyze reliability and safety. These analyses frequently cover detailed
phases of project-oriented design (compare Figure 3) and are therefore not included in
the current state of the IF4APM.

Figure 4. Perspectives of abstract physics.

2.1. Phenomenon-Oriented Perspective

The important entities of the phenomenon-oriented perspective are visible in Figure 5.

Figure 5. Entities of the phenomenon-oriented perspective.

The inputs of a physical effect (i.e., a distinct physical phenomenon which can realize
an operation within a technical system [3,32]) are the states of operands (operands are the
entities that are processed). The effect itself is often a transformation of energy, matter,
or signal, which is based on a physical phenomenon. Common examples for physical
phenomena range from statics and dynamics, over elasticity, vibration, molecular forces to
thermal effects, etc. [4,33]. Additionally, interaction processes are possible (e.g., processes
of actors which are within the system with actors which are outside of the system) [11].
The output(s) of the process are again states of operands. The subject—the actor—realizes
the process. In the early stages of design processes, the effect might already be clear and
decided, but the definite actor might still be an element of discussion.

2.2. Control-Oriented Perspective

A complementary perspective is control-oriented. In contrast to the phenomenon-
oriented perspective, which is mainly focused on the actors, important aspects of this
perspective are also the sensors and the application of their measurements for stabilizing
the behavior of the system. The main entities of this perspective are shown in Figure 6.
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Figure 6. Entities of the control-oriented perspective.

The main element of this perspective are the control loops, consisting of actor, process,
sensor, and controller. These control loops enable the use of feedback from sensor measure-
ments for the control of the system with the goal to stabilize the behavior of the system
or to follow a given trajectory [34]. Modern control systems also allow us to compensate
disturbances and to detect and accommodate faults of actors, processes, and sensors [35,36].
In vehicle applications, complex control systems are present. A promising approach to
tackle this enormous complexity are modularization and distribution approaches. Current
research work concerning advanced vehicular mechatronic systems has led to the pro-
posal of multi-agent systems in the control domain [37–39], including game-based control
frameworks [40].

2.3. Interface-Oriented Perspective

Both the phenomenon-oriented and the control-oriented perspectives concentrate
on the macro effects which realize the functionality and stability of a technical system.
In contrast, the interface-oriented perspective focuses on the micro effects; the main entities
are displayed and explained in Figure 7.

Figure 7. Entities of the interface-oriented perspective.

This perspective, which is referred to as the Contact and Channel Model (C&CM) and
was introduced by Albers and Matthiesen [41], describes Working Surface Pairs (WSPs)
that realize functions and Channel and Support Structures (CSSs) which connect the WSPs.
WSPs are interfaces between components, and interfaces can be between solid surfaces or
boundaries with the surfaces of liquids, gases, or fields, while CSSs are physical components
or volumes of liquids, gases, or spaces that connect two WSPs [17,42–45].
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2.4. Behavior-Oriented Perspective

Several researchers in engineering design science employ the function–behavior–structure
paradigm (compare, e.g., [46–49]) and point out that functions and the concrete structure
are connected by the behavior of the technical system. In some cases, this behavior can be
described by means of mathematical equations. In Figure 8, an example using an electrical
motor is given.

Figure 8. Entities of the behavior-oriented perspective.

Obviously, the simplified approximate calculation in Figure 8 does not represent the
behavior of the electrical motor in detail. Usually, rather complex differential equations
and simulations are necessary for a sensible representation and prognosis of the actual
technical system. For several years, a modularization of simulation frameworks has
been in development; for instance, in order to reduce complexity. A promising approach
employs so-called functional mock-up (FMU) simulation components which are based on
the functional mock-up interface (FMI) standard [50–53]. Today, some research groups have
started to address the obvious gap between function and structure, and are employing more
than one perspective of abstract physics in this endeavor. Detailed requirements concerning
engineering frameworks that include abstract physics perspectives were formulated [21].
Ongoing research concerns a SysML-based modeling method that allows the mechanical
domain to represent links between its requirements, functions, and principle solutions; the
intended models not only contain elementary effects, but entire principle solutions with
behavior models and appropriate test workflows [14,15,18,19]. Further relevant research is
focusing on multi-domain matrices [54]. The IF4APM is employing the modeling intentions
and solutions of earlier research and is focusing on early stages of vehicle design, where
information and product structure are still unclear. It is a central intention to support
design engineers with their accustomed procedure styles in vehicle development.

3. Description of the Framework

The IF4APM intends to integrate different perspectives of abstracts physics; its main
entities are listed in Table 1 together with an explanation.

Table 1. Entities of the IF4APM.

Element Explanation

Operand

The operand is the entity that is processed by the technical
system, e.g., mechanical energy. Operands in a technical system

appear in the general forms of matter, energy, and signal.
The operand can also be a consequence or a prerequisite of

energy, e.g., a force.

State The state describes the condition of the operand e.g., the force on
one side of a lever.

Process The process describes the transformation of the operand, e.g., an
enlargement of the force.
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Table 1. Cont.

Element Explanation

Actor
The actor is a component or sub-system of the technical system

which is responsible for the realization of a process, e.g., a lever is
responsible for the enlargement of the force.

Effect The effect represents a physical phenomenon that contributes to
the realization of the process, e.g., law of the lever.

Behavior
The behavior quantitatively represents the change in the elements

of the technical system to realize the process. Usually, the
alteration of certain parameters is the focus of the behavior.

Working Surface (WP) The working surface is a part of an object of a system that is
necessary for the realization of the process.

Working Surface Pair (WSP) The WSP is the interface between objects that take part in
the process.

Channel and Support
Structure (CSS)

The CSS describes components or volumes of liquids, gases, or
spaces that connect WSPs in order to realize the process.

The relations between the entities of the IF4APM and their contribution to the abstract
physical structure of a technical system can be illustrated in a unified modeling language
(UML)-based class diagram (Figure 9).

Figure 9. Relations between the entities of the IF4APM.

This class diagram was developed based on class diagrams of the framework for
integrated function modeling (IFM) [13,55] and earlier research [21]. The different levels of
abstraction of the respective product model are indicated with colors. The yellow entities
Requirement (specific objectives of a system) and Use Case (scenarios of applying the technical
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system for a specific purpose) concern the most abstract level. The blue entities State and
Process are located on the function level, but also play an important role on the level of
abstract physics. On this level, the red entities Effect, Operand, Working Surface, Working
Surface Pair, and Channel Support Structure are employed in the IF4APM for describing the
physical effect chain. The green entities System, Module, Object, Stakeholder, Environment,
and Technical System concern the level of detail geometry and material. Similar to the well-
known IFM, the main representation of the IF4APM is a combination of modular matrices
because they enable a concise, structured representation [11]. Matrices are excellent tools for
managing complex dependencies in technical systems [54]. Such matrices are a relatively
intuitive means for modeling information in a structured manner. An overview of the
structure of the IF4APM is given in Figure 10.

Figure 10. Overview of the structure of the IF4APM.

Three views can be distinguished as follows: the effect and control view, the behavior
view, and the working surface, channel, and supports structure view. These views are
explained in detail on the basis of a vehicle component example in the next section.

4. Application of the Framework

In this section, the different elements of the IF4APM are explained based on a sub-
system development for an agricultural vehicle. The sub-system concerns the actuation of
a lifting system (compare Figure 2), and a schematic diagram is given in Figure 11.

A hydraulic pump (which is driven by an electrical motor) is generating a certain
hydraulic pressure and, under certain conditions), a hydraulic flow. A so-called 4/3 way
(which is electrically actuated) valve is used for defining the motion direction of a double-
acting hydraulic cylinder with a piston (up/down/none). This hydraulic cylinder creates
motion which leads to the movement of devices on vehicles, e.g., lifting systems. The main
physical principles are represented in Figure 12.



Vehicles 2024, 6 1354

Figure 11. Sample vehicle component: lifting system.

Figure 12. Main physical principles of the lifting system for vehicles.

The blue entities in Figure represent the states of operands, e.g., the electrical energy
for an electrical motor. The yellow entities represent the processes and the distinct physical
effects which enable these processes. For these processes, the actors, which are the function
carriers and allow the physical effects to take place, are also provided in this representation.
It is important to point out that it is not sensible in the early phases of design to define
these actors; this should be completed during the concretization of the system design. The
central view of the IF4APM is the effect and control view; an example is given in Figure 13.
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Figure 13. Effect and control view.

The effect and control view alternates between states of operands and processes.
The initial state of the actor electrical motor is electrical energy; this motor transforms this
energy by applying the physical effects (distinct physical phenomena) biot-savart law
and electro-magnetism to mechanical energy, which is the final state of this first process.
The operand in this process is energy. Additional states are necessary if sub-processes
are necessary (this will be explained in detail at the end of this section). In the process
lines, the physical effects that enable the process are listed, thus allowing us to describe
the physical effect chain that realizes the respective functionality. The columns for actors
are intended to be filled in later stages; initially, a solution-independent description of the
main effects is possible in the columns for operands. The control column will be explained
in detail at the end of this section. It is important to note that the IF4APM does not intend
to model all states, properties, aspects, and processes of a vehicle or vehicle component,
but only those which are relevant to a certain high level use case (see Figure 13, top line).
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In general, a use case describes an application of a technical system for achieving a certain
goal and may include different types of users and their activity in and relationship with
the system [56]. Use cases can be decomposed into “sub use cases” [57] and summarized
into “super use cases”. For the IF4APM, a concentration on high level use cases (such as
“lift load”) (compare Figure 13) is sensible. Use cases allow the creation of IF4APM models
as aspect models with a limited size and complexity. It is also important to point out that
human beings can also act as actors in this system and can be represented in the IF4APM.
They can be part of the respective use case and they can perform certain processes.

The second view of the IF4APM captures the behavior-oriented perspective (Figure 14).

Figure 14. Behavior view.

Similar to the effect and control view, the behavior view alternates between states
of operands and processes. The state electrical energy is expressed e.g., by means of an
energy quantity parameter E_el. The simplified calculation also used in Figure 8 allows us
to calculate the output parameter E_mech based on the energy efficiency parameter eta of
the motor. In the process lines, the behavior is described either by means of equations or
by links to external simulations (e.g., in form of FMUs compare Section 2). It is important
to note that links to other software packages, simulation platforms, and co-simulation



Vehicles 2024, 6 1357

frameworks, such as Matlab/Simulink [58], Modelica [59], and INTO-CPS [60], is also
possible. The behavior entities intend to describe the abstract physical behavior that
realizes the respective functionality. Only columns for actors are included because this
view can usually only be sensibly filled when many properties of the product (such as the
choice of actors) are already decided.

The structure of the third view of the IF4APM—the working surface and the channel
and supports structure view—is different and is shown in Figure 15.

Figure 15. Working surface and channel and supports structure view.

The working surface and the channel and supports structure view starts with working
surface pairs (WSPs) and then continues to distinct working surfaces (WSs), then listing
channel and support structures (CSS) and continuing again with working surfaces (WSs)
and working surface pairs. A WSP with an external source electrical energy brings this
energy to the WS input connector. The CSS is the wire winding that represents the abstract
physics of the electrical motor. The next WS is the output shaft which is connected to the WS
input shaft of the hydraulic motor via the WSP mechanical energy. The working surface and
the channel and supports structure view allow a step-wise and connected discussion of the
acting physics on a detailed micro level.

As pointed out above, the control aspect of the effect and control view has not yet
been discussed in detail. In order to explain the role of control functionalities in detail,
an example of a controlled system will be employed. An effect chain enabling the generation
of a controlled hydraulic pressure is shown in Figure 16.
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Figure 16. Physical effect chain for the generation of a controlled hydraulic pressure.

In this effect chain, the first actor is the controller of the control loop that compares
the actual pressure reading with the set value and controls the flow of electric energy to
an electrical motor (second actor). This motor drives an hydraulic motor which delivers
the intended hydraulic pressure. For a clear and sensible representation of control func-
tionalities, process and condition states can be employed. The connection types “condition
state” (C) and “process state” (P) can be used to connect the auxiliary flows of operands
to the main flow of operands [33,61]. The condition state is a prerequisite for the process
to take place (e.g., the controller can only regulate the electrical flow if it has information
concerning the current, actual pressure, and intended set value). A process state indicates
that the state of one operand in the process is used for a second purpose; this link type
allows us to assign diagnostic functions to flows of operands undergoing some kind of
operation. The use of such link types allows us to clarify complex connections in functional
models [61], but also in physical effect chains. The measured pressure is a process state
of the main flow. This same state is used in a sub-process as a condition state in order to
obtain an electrical voltage correlating with the pressure. This condition state can be used
by the controller together with a condition state set value in order to realize the intended
control loop. In Figure 17, how this control effect chain can be represented in the effects
and control view is shown.

The set value and the measured value can be indicated in the given fields, thus
representing and connecting the control effect chain. The condition states control: measured
value and control: set value are a prerequisite for the controller to carry out its intended
task control output pressure. One of the states control: measured value is also visible in the
last line of the effect and control view; this clarifies the cyclic nature of control. The effect
and control view allows an interlinked discussion of the acting physical effects and their
contribution to the establishment of control loops that can guarantee a stable behavior.
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Figure 17. Representation of a control effect chain in the effect and control view.

5. Summary and Outlook

In the center of this publication is the presentation and explanation of the integrated
framework for abstract physics modeling (IF4APM) in the scope of vehicle design. Current
engineers working in vehicle design do not dispose of appropriate means to connect the
function models of their vehicle components with the detailed geometry, material, and struc-
ture models. The lack of such possibilities can lead to misunderstandings, less-than-optimal
knowledge management, inconsistencies, as well as isolated and incomplete simulations of
the behavior of the vehicle. The presented research aims to provide engineers in vehicle
design with a framework which allows the description and investigation of the physical
effect chains linking functionality with detailed geometry, material, and structure. This
framework intends to increase the transparency of the inner processes of a vehicle design
and of the design decisions. The distinctive quality of the proposed approach is to consis-
tently connect the product models on the levels function and detailed geometry/material
in the scope of mechanical and mechatronic engineering; the specific realization of the
framework leads to the aptitude being used in the early stages of the product development
process, as well as to enhanced transparency and easy understandability. The knowledge
that is usually captured in the minds of the engineers can be represented and stored; it can
be available for further analysis, e.g., by means of big data analyses of artificial intelligence
(AI). The ultimate vision concerning the application of AI for vehicle design could be
that all models are available in a semantically rich representation (e.g., with all important
attributes, annotations, and relationships, as well as all requirements and environmental
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conditions) for an AI system to learn how vehicles are developed. From this vision, the
main road blocks become apparent. Future research needs to develop even richer and more
interconnected models of the technical systems in a form that is completely accessible to AI.
The second road block is the development of AI approaches that are powerful enough to
deal with the resulting abundance of data. The third road block concerns the trustability
of the results; future AI approaches not only need to deliver the design, but also a concise
documentation how the design was derived and how high the levels of safety and reliability
are. The basis for the presented research are design processes of remote vehicles and vehicle
components; these processes also serve as a basis for the explanation of the framework.
Up to now, the framework was tested using several examples; the investigation of the
general applicability will be the focus of further research. One future research field is
the investigation of the possibility to include the logic perspective into this framework;
this could be fruitful for a better connection of reliability and safety analyses with the
physical effect chains present in the vehicle. A further promising research field is a sensible
integration into engineering frameworks for vehicle design, which can be based on the
unified modeling language (UML), the system modeling language (SysML), graph-based
design languages (GBDLs), and standards such as AutomationML.
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