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Abstract

The value of models is well recognised in product and systems engineering. Modelling languages
and diagrams are used to capture mental models and to handle model complexity. Literature
research indicates that there are only very few approaches to utilise the potential of virtual and
augmented reality for supporting tasks in model based (systems) engineering. The paper at hand
contributes a new morphology of intuitive interaction for Immersive Abstraction as a holistic
approach to extend that coverage. It presents a holistic framework to categorise solutions and
future research directions.
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1. Introduction

The value of models in product design applies for all domains like mechanics (VDI, 2018), software
(\Volter et al., 2013) and mechatronics (VDI, 2004) as well as for systemic approaches (INCOSE, 2014).
Model Based Engineering (MBE) and Model Based Systems Engineering (MBSE) have been introduced
as successors of document-centric design (Estefan, 2008). As a key advantage, relationships among
engineering artefacts shall be utilized along the entire product design process. Thus, modelling is focused
both on single artefacts and relationships. In mechanics and mechatronics, the interconnected
representation of requirements, functions, logical structure and physical structure (RFLP) is essential
(Kleiner and Kramer, 2013). Every partial model, but especially the interconnected models of systems
and sub-systems are extremely large and hard to handle.

Models can be visualised as diagrams using (standard) modelling languages. Figure 1 shows excerpts
from a) SysML requirements model, b) BPMN process diagram and ¢) VOWL ontology representation.
The first two examples present abstractions of product resp. system models, focusing on both structure
and behaviour of products and systems. SysML (Weilkiens, 2008) extends these two dimensions by the
perspective of requirements. The third example extends the scope to metamodels. When concepts of
Linked Data (Bizer et al., 2011) and semantic technologies are used, concepts in ontologies have to be
used, partially even modelled. VOWL (Visual Notation for OWL Ontologies) is an example for an
initiative to enhance visualisation of abstract models (Lohmann et al., 2016).

At the same time, the value of Virtual Prototyping was confirmed in various applications (Leino et al.,
2013). The fundaments are built by efficient creation of prototypes and intuitive interaction with them.
When envisaging intuitive interaction with data and models, the so called “I3” concept can be applied:
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For Virtual Reality (VR) and Augmented Reality (AR), Burdea and Coiffet (Burdea and Coiffet,
2003) suggest to focus on three dimensions entitled Immersion, Interaction and Imagination. The
better engineers immerse themselves into models, the better they can imagine interrelationships and
possible effects of changes in a model. For instance, when changing a requirement, they should
become aware of the affected system elements that need treatment afterwards (GraRler et al., 2018).

' \ .

Figure 1. Abstract models requiring immersion: system models, process models and ontologies

The paper at hand is based on the assumption that VR and AR can be used to support (systems) engineers
in utilizing the potential of abstract models and their representations in diagrams. Based on fundamentals
of both domains (section 2), the research question is elaborated in section 3: How can engineers immerse
themselves in system models for more intuitive interaction? A qualitative research approach is applied to
analyse related work (section 4) and derive the concept of “Immersive Abstraction” and its core
conceptualisation, a morphology of interaction paradigms (section 5). Conclusions are drawn with regard
to the morphology and consequent establishment of the concept by future implementations.

2. Fundamentals

The research at hand is based on two main considerations: There is a significant challenge in using and
especially in maintaining models in product and system design, and at the same time there are
technologies for immersive representations to enable intuitive interaction with virtual artefacts.

2.1. Modelling in product and system design

Physical structures include geometric characteristics by nature. Thus, they can be represented by
Computer Aided Design (CAD). Results of simulations of structural and behavioural characteristics
are typically visualised in 3D based on CAD data. The transfer of models into advanced visualisation
technologies like Virtual Reality (VR) is supported by CAD exporters resp. VR importers and
lightweight data formats. Other types of artefacts like system architectures, requirements catalogues or
function structures are mental models of individuals or within design teams (Badke-Schaub et al.,
2007). They are typically managed as graphs and formalized by using markup languages. Diagrams
are used to visualise views into models. Unified Modelling Language (UML, initially specified for
software systems) and Systems Modelling Language (SysML, driven by the Systems Engineering
community) are two major examples. In both languages, diagrams can be distinguished with regard to
structural and behavioural characteristics of a system; SysML includes requirements as a third type of
partial models (Weilkiens, 2008). When creating product-service systems, process models are used to
complement system specifications. Therefore, languages like Business Process Modelling Notation
(BPMN) are considered (Chinosi and Trombetta, 2012). Visualisation for all of these languages is
typically done on 2D planes in special modelling tools without simulation capabilities.

Linkages between partial models are implemented by direct references. Tools for Product Data and
Product Lifecycle Management (PDM/PLM) (Stark, 2015) or even Systems Lifecycle Collaboration
(see OSLC) (OASIS, 2019) are used to specify such kind of references. As an example, system
elements can be linked to requirements by a satisfy relationship. CAD models are specific models
detailing elements of a system. Thus, CAD models should be linked on a lower level of the
hierarchical system architecture. Practically speaking, this means to add a link from a 2D schematic
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diagram to a CAD model or even a part within a CAD model - and vice versa. Often, vendors of
commercially available tools like Dassault (Catia and project management in 3D Experience),
Siemens (Teamcenter and Polarion suite) or IBM (Doors) did not close this gap to simplify the
interconnection of different types of models. Therefore, finding the correct reference means significant
efforts and implies one of the barriers in holistic MB(S)E.

While markup languages include syntax for such links between models, semantic technologies can be used
to solve this semantic gap. The semantics of model types and their elements can be modelled in ontologies.
“An ontology is an explicit specification of a conceptualization.” (Gruber, 1993). Its purpose is to be
shared within a community. Ontologies include vocabulary, taxonomy and further relationships between
concepts. Generic ontologies can be extended by, for instance, domain ontologies (Buchmann and
Karagiannis, 2016). Ontologies are never assumed to be “complete”, but have to be maintained and
extended by corresponding communities. Like other types of meta-models, ontologies are abstract and
often large models which are hard to handle. Therefore, there are approaches to simplify visualisation and
interaction like the Visual Notation for Web Ontologies (Lohmann et al., 2016). While only few engineers
need to deal with extending ontologies or other types of meta-models, they have to be able to identify and
select most suitable concepts when annotating technical artefacts along systems engineering and RFLP
activities. Therefore, they need intuitive interaction with these kinds of models.

2.2. Technologies for immersive representations

Virtual and Augmented Reality applications consist of a VR scene including environment and objects,
interaction elements and animations (Burdea and Coiffet, 2003). Additionally, they provide
functionality to interact with this scene by various types of input devices.

Augmented Reality (AR) can be used in combination with real-world artefacts. AR can support both
representational and constructive use cases. Typical devices for AR are tablet PCs, but also Head
Mounted Displays. Three application scenarios are relevant in combination with the use of diagrams:

e Tangible Interaction: physical (standard) elements are created and used as tangible interface
dedicated to interaction with models (Billinghurst et al., 2008)

o Hybrid Prototyping (Stark et al., 2009): models are represented both by diagrams and physical
prototypes (prototypes are created for engineering purposes, i.e., experiments and reviews)

e Reverse Engineering: models correspond to a product which is already fully or partially
developed (Anwer and Mathieu, 2016)

Virtual Reality (VR) adds opportunities for Virtual Engineering (Ovtcharova, 2010) as fourth type of
application scenarios. VR does not necessarily mean significant hardware efforts. Even when Head
Mounted Displays or CAVEs are not available, displays can be used to visualise virtual environments.
Users are represented within the application. They are able to navigate within that scene, trigger events
or view animations. Scenes are created by standard 3D modelling tools or specialised VR development
kits. Applications are often intended to show close-to-reality environments. Additional objects can be
added as 3D objects; 2D graphics or media streams have to be mapped onto planes. Non-3D diagrams
have to be converted to an appropriate representation when used in VR. Adopting the concept of
model transformation (Czarnecki and Helsen, 2006), options are:

Texture mapping: diagrams are mapped onto planes or object surfaces

Element conversion: diagram elements are converted to 2.5D or real 3D objects

Shape type translation: element types are translated to corresponding 3D representations
Language extension: markup languages are extended for representational shapes in 3D

While individuals or small groups can implement the upper three options, the fourth option requires
community engagement or even standardisation activities.

3. Methodology

Research into these two perspectives led to the initial definition of the research question:
How can engineers immerse themselves in system models for more intuitive interaction?
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Related work is identified by literature research (Machi and McEvoy, 2016). It is conducted using
combinations of search terms representing the concepts of visualisation (Virtual Reality) and the
artefacts to be represented (model, modelling, diagram, SysML, UML, BPMN). The Design Society
library and google scholar are used as main sources. All articles are filtered for relevancy. Almost all
remaining articles represent reports from single case studies in specific industrial branches. They are
qualitatively analysed with regard to a) use cases, b) concepts and c) specificities of case studies.
According to the snow ball principle, referenced literature is analysed to expand the knowledge base
of related work.

The results are analysed from two different viewpoints: task-oriented and scene-oriented. On the one
hand, the goal is to understand how to support design tasks, namely the interaction with models in
product design. Tasks mainly subsume the creation, interpretation, manipulation and parameterisation
of models. Selected articles are analysed with regard to underlying requirements. On the other hand,
there are enablers to enhance imagination, to extend immersion and to facilitate interaction with
models. Enablers are mainly data format converters, visualisation concepts and interaction principles.
Fundamentals of model transformation (Czarnecki and Helsen, 2006) are used to frame the
morphology into an applicable resource for technical implementations (see Figure 2).

task-oriented scene-oriented

imply provide

use cases features
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Figure 2. Immersive Abstraction: Transforming system models into VR scenes
by applying a morphology of intuitive interaction for Immersive Abstraction

Based on these foundations, a new morphology for intuitive interaction with abstract system models is
presented. It is the evolution of cross-domain conceptualisation bridging product engineering tasks and
visualisation. The morphology provides a baseline of transformation definitions between system models
and VR scenes. It is driven by the concept of design support (Blessing and Chakrabarti, 2009), specifically
three complementary perspectives: tasks in product and systems engineering, artefacts of interest within
that domain and tools required to perform specific activities fulfilling tasks and interacting with artefacts.
These perspectives are correlated with the 13 dimensions of Virtual and Augmented Reality.

4, Related work

The Design Society library does not contain any directly related articles. Using combined search
terms, there are no indications of authors which are proposing virtual technologies as a tool for
creating or maintaining abstract product or system models. Instead, two different lines of applications
can be identified: Firstly, approaches that suggest usage of VR for modelling product characteristics
like surfaces (Arqueros et al., 2012) or lighting effects (Ekstromer et al., 2019). Secondly, there is a
series of three publications by Mahboob et al. They suggest to use SysML for the generation and
maintenance of use cases of VR (2017 to 2019, see Mahboob et al., 2019).

Google scholar refers to several papers, but only very few are relevant. There are two categories of
articles: some targeting UML modelling in VR, and some focusing on BPMN. SysML modelling is
not present so far. Due to the scope of the paper at hand in conceptual modelling, 3D visualisations of
software code and its automatic creation was not included in this section.

There are three main approaches with regard to UML modelling in VR. Zhang and Chen (Zhang and
Chen, 2005) assume that 13 capabilities of VR support core requirements of conceptual models:
understandability, expressiveness, processing independence, checkability and changability. Figure 3
(left screenshot) presents a mockup that they used to investigate the potential of VR with regard to
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sequence diagrams. Gregorovic¢ et al. (2015) suggest a layered representation of class diagrams to
reduce complexity in handling them. Their focus in on applying force directed algorithms to
optimise the arrangement of the diagram. Weights are applied for possible relationships between
classes. Rodrigues et al. (2016) present VisAr3D (Figure 3, in the middle) as a tool that supports
automatic creation of 3D UML model representations from UML diagrams. Later publications
mainly focus on usage of these models in educational contexts. McIntosh’s (2009) main focus was
twofold: Firstly, his solution supports conceptual design of embedded software systems. Secondly,
he transferred 3D models into an AR application which he entitled ‘3D UML Mechatronic Diagram’
(Figure 3, right). Mclntosh provides detailed insights into case studies, for instance, at IBM.

(left), automatised generation of 3D content from UML diagrams using VisAr3D (middle) and
state machine overlaid on an embedded processor (Mclntosh, 2009) (right)

A second field of applications was identified in (business) process modelling with BPMN. Two
teams of researchers published their approaches with complementary objectives. Oberhauser et al.
(2018) (see Figure 4) implemented the VR-BPMN tool for “for visualizing, navigating, annotating,
and interacting with BPMN models that supports teleportation, fly-through navigation, depicting
subprocesses via stacked hyperplanes, drawing annotative associations between BPMN elements,
coloring model elements, and tagging textual elements using mixed reality keyboard support”. In
their paper, they present study results from comparisons of VR-BPMN with paper-based modelling
and tool-based BPMN (Camunda process modeler). They extended its application to enterprise
architecture models, entitled VR-EA (Oberhauser and Pogolski, 2019). Key use cases are
visualisation, navigation and interaction. Brown (2010) builds upon a task analysis leading to nine
key requirements for VR-supported process modelling, where “modelling is restricted to high-level
conceptual visualisation and communication” . His tool is based on Open Simulator and Second Life
open source viewer. Key developments are representational shapes for BPMN elements, textures for
annotation types, a tool to draw flow connections (see Figure 5, left screenshot), avatar instance
animations (like in Figure 5, middle) and annotation functionalities. The modelling use cases are
extended by collaboration tools (mind mapper, web browser, slide show delivery and information
holodeck) (Brown et al., 2011) (Figure 5, right screenshot). It is then extended to collaborative AR
(Poppe et al., 2011).

uts

N _ve

-

. e
Figure 4. Modelling in VR by Oberhauser et al.: interacting with elements (Oberhauser et al.,
2018) (left) and functions for complementary models (Oberhauser and Pogolski, 2019) (right)
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Figure 5. Modelling in VR by Brown et al.: creating and m
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5. Morphology of intuitive interaction for Immersive Abstraction

The analysis is used to derive requirements of intuitive interaction with system models in virtual
environments. Requirements are categorized and complemented by further research influences. The
concept is called ‘Immersive Abstraction’: a new paradigm for designing intuitive modelling tools.
Figure 6 presents the three drivers of the morphology:

e Tasks requiring immersion: Tasks along RFLP approaches are correlated with activities to
identify categories of immersion requirements. Firstly, these activities are focused on
reviewing and verifying models. Secondly, these activities can be categorised to design and
analysis of the envisaged product or system. Collaboration is added as a separate category as it
a) complements the first four categories and b) requires further functionalities like
communication and visualisation of collaborators.

e Artefacts requiring imagination: The approach is focused on models, which are represented by
diagrams nowadays. Here, models restricted to single partial SysML models or components
models are entitled ‘simple models’. ‘Complex models’ cover cross-domain perspectives,
integration of partial models and system models as such. Both simple and complex models can
be represented through straightforward texture mapping and in-depth approaches of element
conversion (cf. section 2.2). As a second category, augmentation is targeted. Solutions might
a) utilise conventional diagrams (for instance, printed on paper) and augment them with
virtual content or b) augment real objects like prototypes or products. Hence, tangible
interaction, hybrid prototyping and reverse engineering can be implemented.

e Tools enabling interaction: ‘tools’ subsume elements and operations in virtual environments
that enable interaction. Beyond viewing, tools are required to create, to annotate, to
manipulate and to parameterise models. While annotation means operations like adding labels
or geometric markers, parametrisation means to set parameters or variables or to trigger
events, which are specified in static objects like original CAD data or in dynamic models like
state machines.

TASKS > Model Product:‘Systen:: s ARTEFACTS > Model Augmented
Immersion Review | Verify | Design | Analyse borate Imagination Simple Complex | Diagram |Real object
. Descriptions, attributes, priorities, . Cross-domain, Design
Requ”emems inter-relationships, ... View Partial model, integrated SYSEN::I,‘M:ML‘ concept,
Descriptions, decompositions, et e e EXPRESé G, I
Functions - s P b measure, . model, ... |system models,| "= | prototype,
integration/differentiation, ... analyse, Simulate OWIL, ... S
. Sub-systems, components, Improve,
Logical structure disciplines, ... control,
i G TOOLS = 3D 2D/2.5D . . .
. Geometries, materials, tolerances, . . Interaction | Animation
Physical structure | =i i boards, program code, ... Interaction geometries| planes
Validation g;_l:cl‘ure, DMAIC View CAD, Textures, | Menus, point, Events,
aviour primitives, ... | billboards, ... grab, ... triggers, ...
Vocabulary, ontology, Consistency,
Metamodels modelling language, ... coverage, ... e Create mir:::&
Annotate change

. eometries,
Manipulate g

’ Drivers of the Morphology for Inmersive Abstraction
Keyframes,

Parameterise physics, ...

Figure 6. Drivers for utilising I3 dimensions: immersion, imagination and interaction
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Based on these considerations, the holistic morphology is derived. The result is described as a three-
dimensional cube (Figure 7). The cube is formed by 4 x5x 6 building blocks, each of them
representing one option to advance I3 dimensions in model based engineering processes: The front
plane of the cube shows options for immersion and imagination when simply viewing content, i. e.,
without interaction. Viewing is extended by four levels of interaction: create models, annotate existing
models, manipulate existing models and parameterise behaviour models. Immersion should be targeted
through five levels regarding model as subject, product/system as subject and collaboration. Relevant
tasks span from reviewing and verifying models through designing and analysing modelled products
or systems to model-centred collaboration. While immersion of engineers into an abstract diagram
already adds value to their model based work, immersion into the envisaged resp. reversely engineered
product/system is the major challenge targeted by the concept of Immersive Abstraction. Therefore,
imagination is required. It is achieved by six levels regarding the representation of simple artefacts,
complex artefacts to augmentation of models and real world objects. As an example for the latter, a
prototype might get augmented by the corresponding system model.

Interaction

Parameterise

Manipulate

for
Annotate Mnr[il'f‘:':g‘s‘tractlon
Create ""mers
View Imagination
Review model Simple Complex = Augmented
¥
3
Verify model |o =
Design
product/system g
Analyse §,%
product/system 3@
B
a
Callaborate
@ X
R R
Immersion 6\6\ ’5-1\6\ (o q?\
Q_

Figure 7. Morphology of intuitive interaction for Imnmersive Abstraction
The morphology can be applied on three different levels of use cases:

1. single projects focused on a specific product/system to be developed (like shown in Figure 8),
2. team or enterprise wide harmonisation and uptake in engineering processes and
3. (global) standardisation for uptake in product and systems engineering methodologies.

Interaction
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g 2
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Figure 8. Element conversion applied to SysML diagram combined with augmentation of model
and physical prototype (example pre-published in GraBler et al., 2019)
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In section 2.2, shape type translation and language extension were mentioned as approaches to achieve
the third objective. They are related to model transformation levels presented in Figure 2:
transformation definition and transformation engine are implemented either within restricted
boundaries of an enterprise resp. within the value chain of a product involving OEMs and suppliers, or
they are implemented generically as extensions for modelling languages like SysML or BPMN. The
latter requires uptake of the morphology as baseline for consensus based processes in communities.
Applicability of the morphology is evaluated in case studies. Figure 8 shows one example: a
screenshot of a tablet based AR app supporting review and verification of a SysML requirements
model. The application is focused on the design of remote control cars as a mechatronic system;
prototyping with 3D printed parts is used in the design phase for customer reviews (for details
regarding the application see Gréliler et al., 2019). The requirements model is inter-linked with the
block definition diagram (bdd) to visualise logical relationships; abstract blocks are linked with
geometries of the augmented prototype of a remote control car. Thus, the application covers four
building blocks of the morphology.

6. Conclusions

Literature research indicates that there are only very few approaches to utilise the potential of virtual and
augmented reality for supporting tasks in model based (systems) engineering. The paper at hand
contributes the morphology of intuitive interaction for Immersive Abstraction as a holistic approach to
extend that coverage. Firstly, it is based on an analysis of tasks, artefacts and tools in MBE/MBSE.
Secondly, it considers immersion, imagination and interaction (I3) as enabling qualities of virtual
environments. Both focusing on applications and future research directions, the morphology indicates
4 x 5 x 6 directions to expand ambitions. For each of the building blocks of the morphology, there are
options how to implement intuitive interaction with abstract models like system models, process models
or meta-models like ontologies. At the same time, the presented results of literature research imply the
necessity to investigate applicability and impact for each of these building blocks. Thus, the morphology
is a baseline for a broader ‘design research roadmap of Immersive Abstraction’. According to basics of
model transformation, the transformation definitions have to be prepared and to be agreed upon. Stan-
dardisation as part of modelling languages would significantly add value for users, while at the same
time paving the ground for the implementation for unified transformation engines. The morphology was
created as a contribution to align efforts and to identify synergies of different communities in systems
modelling, process modelling, ontology modelling and corresponding visualisation. Future research will,
empirically, focus on the significance of options along I3 dimensions and, constructively, focus on
gathering and evaluating solutions for specific building blocks.
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