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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 

Supported by rapid technological development, mixed reality (MR) applications are increasingly deployed in industrial practice. 
In manufacturing, MR can be utilized for information visualization, remote collaboration, human-machine-interfaces, design tools 
and education and training. This development makes new demands on learning factories in two major fields: One is the empower-
ment of users to work with MR in industrial applications. The second field is the utilization of the potential of MR for teaching and 
learning in learning factories. A great potential lies in the new possibilities of connecting digital content with the physical world. 
To analyze the potential applications of MR in learning factories in a structured way, an overview of potential MR applications 
based on the reality-virtuality continuum is presented with an analysis of case studies of applications in a learning factory including 
a mixed-reality-hackathon. 
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1. Introduction 

Mixed reality (MR) applications surround us in everyday life. This is most obvious in video games and entertain-
ment, but MR is also present at live events, in retail, education, healthcare and engineering to highlight just a small 
selection [1]. In industrial practice, MR is increasingly utilized for information visualization, remote collaboration, 
human-machine-interfaces, design tools as well as education and training [2]. With MR, digital content can be con-
nected with the physical world and both can be made available to the user at the same time. For example, in car 
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manufacturing interactive see-through MR head mounted devices (HMD) can be used enabling designers to change 
the outer appearance of a car by augmented drawings making the design process more collaborative and effective [3]. 
MR is also frequently implemented to increase customer engagement in retail and marketing [4]. At the same time, 
MR is recognized as a powerful tool for teaching and learning [5] and for its ability to improve the efficiency of tasks 
by adopting to the user’s experience level. An example concept for an augmented reality environment, which adapts 
to the data availability and the user’s skill level, can be found for instance in the context of maintenance [7]. Further-
more, MR can enable long-distance learning [6]. The goal of this paper is to analyze the potential areas of applications 
of MR in learning factories in a structured way by providing a general, not hardware specific overview of potentially 
beneficial fields of application and use cases in teaching and learning environments on production engineering. 

2. Mixed Reality in learning factories 

2.1. Mixed Reality and the reality-virtuality-continuum 

In a mixed reality environment or application, real and virtual objects are combined and “mixed” to create a user 
experience incorporating both the real and the virtual world. Real objects are characterized by having an actual objec-
tive existence. Contrary, virtual objects exist in essence or effect, but not formally or material [8]. With the continuous 
rise of MR application the terms “augmented reality” (AR) and “mixed reality” (MR) as well as “virtual reality” (VR) 
are sometimes used interchangeably today. As AR is a part of MR, it is important to define these terms. A compre-
hensive framework is given through the reality-virtuality-continuum shown in Fig. 1 based on Milgram and Kishino 
[8]. At both ends of the two dimensional continuum, fully real environments (reality) and fully virtual environments 
(virtuality) are located. In between, reality and virtuality are combined in MR environments with an increasing share 
of virtual elements from left to right. If an application within the reality-virtuality-continuum has a higher share of 
real elements, it can be classified as “augmented reality”. Contrary, it can be referred to as “augmented virtuality”. 
For an application to be classified as MR application, requirements originally designed for AR by Azuma in 1997 are 
adopted in this paper [9]. Although being more than 20 years old, the defined characteristics of AR are still valid and 
are also true for MR. Thus, three characteristics have to be fulfilled by an application to classify as an MR application. 
Firstly, real and virtual content has to be combined in an MR application or environment. Secondly, MR is required 
to be interactive in real time. Thirdly, MR needs to be registered in three dimensions. To make MR applications and 
environments visible and accessible for the user, hardware devices are required. In MR, these devices also enable the 
interaction of real and virtual objects. This is necessary for viewing virtual objects, as these cannot be viewed directly. 
Virtual objects have to be simulated to create a viewable representation utilizing a display device whereas real objects 
can be observed either directly or sampled and transferred into a digital model and resynthesized through a display 
device [10]. Different technological implementation concepts and actual hardware devices can be located on the real-
ity-virtuality-continuum [10]. Tangible interfaces use physical objects to create virtual models. In Spatial AR, virtual 
objects are projected into the user’s real environment. Holographic spatial AR allows a higher share of virtual objects 
and higher user immersion. Connected to the virtual environment, semi-immersive VR involves a significant emphasis 
of virtual objects over real objects and in immersive VR, the user is experiencing an almost total virtual environment. 
It is not within the scope of this paper to provide a survey of current MR hardware. Comprehensive surveys of MR 
technologies and applications can be found in different application contexts (e.g. [9]–[12]). 

The selection of suitable concepts as well as actual hardware and software environments is one of the main chal-
lenges for productive implementation of MR applications. There are several approaches for selecting MR technology 
that are usually focused on one area of application. Palmarini et al. for example developed a process to select aug-
mented reality technology for maintenance tasks [13]. A great potential of MR in the context of manufacturing lies in 

Fig. 1. Reality-virtuality-continuum based on [7] with allocation of implementation concepts. 
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assistive environments that includes not only on the job support but also for training and learning [14]. Today, MR 
technology is applied in learning factories to enhance teaching and learning success. Abele et al. recognize “blended 
learning” and “virtual learning factories” as innovative competency development approaches [15]. MR can enable 
learners to take control of their training and learning speed [16] and may be utilized to motivate learners for a specific 
topic [17]. By providing information in the right time and space it can improve the efficiency of education and training 
[18]. In the context of the digitalization of manufacturing and movements such as “Industrie 4.0”, MR becomes a vital 
part of learning environments [19]. 

2.2. The potential applications of MR in learning factories 

MR holds great potential for learning factories in two main application areas. On the one hand, learning factories 
are predestined for learning about MR potentials, applications and implementation in the industrial context. As learn-
ing and teaching environments combine didactics and technology, learning factories can be a promising place for 
learning MR competencies. On the other hand, MR can be utilized in learning factories to enhance the imparting of 
knowledge and skills. Mixing digital content with the real world can support the understanding of processes, data, 
methods and systems. Furthermore, learning scenarios can be experienced by the users that would otherwise be too 
costly, dangerous or complex to conduct solely within a real environment. MR can extend the spatial, temporal and 
functional scope of a physical learning factory. For both application areas the capabilities and elements of MR can be 
utilized in learning factories. These elements are shown in Fig. 2 and described in the following text.  

One capability of MR that enables implementation potential in learning factories is the possibility to visualize 
digital data and put it into spatial context with real machines, processes, production systems and products. It allows 
the digital augmentation and visualization of information, data, states and the indication of fields of action. MR enables 
new ways of providing instructions to learners and imparting knowledge and skills. The instructiveness of MR is 
enhanced by using not only visual elements but also sound or other means of natural user interfaces. Furthermore, 
new degrees of transparency can be achieved in a learning factory by augmenting digital process information into real 
machines or making information visible that are usually hidden to the human eye such as energy demand. MR opens 
new ways of interacting with technical systems. Interactive human-machine-interfaces can enhance the effects of 
education and training with technical systems. MR can be utilized to foster the immediate collaboration of learners by 
providing tools for interactive visualization. Extending the spatial perspective, MR can also break up the physical 
limitations of a learning factory. Global relationships, such as material flows or environmental impacts can be expe-
rienced immersive with MR. Applications can virtually extend the real infrastructure in a learning factory. Machines 
can be augmented with virtual parts demonstrating different configurations while saving the investment for the actual 
hardware and set-up times. In the same way, product variants can be simulated without the need for physicality. With 
MR, scenarios such as process breakdowns or emergencies can be experienced in a safe environment and appropriate 
actions trained. Finally, learning factories are a prime environment to learn about the capabilities of MR within an 
industrial context and to experience development methodologies and required tools as well as hardware devices.  

Fig. 2. The potential fields of applications of mixed reality in learning factories. 
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