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In this position paper, we provide an overview of a generic high-level architecture for cross-virtuality. The architecture is structured
into six subcomponents in which we focus on the unique features and design considerations that are required for cross-virtuality. We
hope that the architecture provides a basic foundation for future work in this area and that potential pitfalls can be avoided in advance.
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INTRODUCTION

With advancements in head-mounted display (HMD) technology and the recent rise of augmented (AR) and virtual
reality (VR) hardware, transitioning between different areas of Milgrams Reality-Virtuality continuum (RVC) [16] has
become possible [22]. This new research field, as a sub-area of Transitional Interfaces (TIs), is known as cross-virtuality
(XV) [26]. Although each of the different stages on the RVC has already gained significant attention in the various
research communities, moving between different stages comes with additional requirements. In this publication we give
an overview of a high-level architecture of such XV systems considering the unique requirements and characteristics of
XV:
• Integration and support of a transition between different stages on the RVC.
• The use of multiple input and output devices simultaneously or in combination.
• Tracking of multiple users, devices and surrounding objects in a single environment.
• Network communication to interconnect different devices, provide a common data model and a shared virtual
environment.
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ARCHITECTURE

To sketch a generic architecture for XV, we extended the Sensory Feedback Loop [19] with XV specific characteristics.
The main features were classified into components and are outlined in Figure 1. Within the Sensory Feedback Loop the
user can utilise one or more devices simultaneously or switch between them. In the following section the components
are described in more detail.
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made or distributed for profit or commercial advantage and that copies bear this notice and the full citation on the first page. Copyrights for third-party
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Fig. 1. Generic Architecture for XV with Sensory Feedback Loop [19] highlighted in red.

2.1

Tracking and Environment

The tracking component is used to detect the position and orientation in six degrees of freedom (6-DoF) of various
entities in the physical environment. Tracking information is shared between those entities so that they can be spatially
registered within XV. This enhances safety for fully immersed experiences through collision reduction, adds spatially
aware interaction methods [24] and provides additional opportunities for visualisations (e.g. extending displays in
physical space [25]). Possible entities include various input or output devices, the user themselves, or objects in the
tracked environment.
To incorporate the physical environment into the XV application, the environment needs to be reconstructed or
statically modelled [30]. This can be achieved with mobile 6-DoF tracking modules which are attached to physical
objects such as tables and chairs to determine their spatial position. This allows for passive haptic feedback [23] and
enables object occlusion at runtime. A more detailed reconstruction of the surroundings could be achieved by depth
cameras to procedurally create a virtual replica of the physical environment [31] which is continuously updated.
2.2

Output Devices

In order to support XV on different stages on the RVC, we have identified a variety of possible visual output devices.
These device types as well as their position and range can be seen in Figure 2. They either support more than one stage
on the RVC or can be combined with each other to provide benefits of each technology.
• Laptop, Desktop System and Large-Scale Display: With this type of devices, the content is presented on monoscopic
2D displays in various sizes, functionalities and designs. Mobile devices such as laptops can be flexibly positioned
in the room, depending on the application. Desktop systems can be used for computationally intensive simulations
or visualisations. Large-scale displays support collaborative decision-making for multiple users [17]. If multitouch is also available, it can be classified as a combined input and output device that allows users to collaborate
simultaneously. In combination with AR, these devices can be used as augmented displays, allowing nonstereoscopic, interactive surfaces to be enhanced with computer generated content [1, 13, 25].
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Fig. 2. Devices and device types for XV, arranged according to their position and range on the RVC.

• Optical See-Through HMD: These devices use a semi-transparent surface to visually combine computer-generated
content with a view from the physical environment. They can only be used for AR as they are not able to isolate
the user compared to conventional VR HMDs. But due to the unrestricted view of real content, cross-device
interaction is possible. This enables the user to work with other displays or use other input devices at any time
without having to put down the HMD. However, optical see-through HMDs still have to address several issues,
such as, a restricted field of view, out-of-place augmentations, vergence-accommodation conflict and occlusion
problems [4, 5, 27].
• Video-Based See-Through HMD: Instead of external sensors, several manufacturers of VR HMDs have incorporated
wide-angle cameras into the headset to spatially track the headset and controllers. In recent years, the concept of
forward-facing cameras has been expanded to allow for a video-based see-through AR mode in addition to the
traditional VR mode. This allows the user to move along the RVC without changing the headset. Contrary to
optical see-through devices, the physical environment is captured by cameras which leads to several advantages
and disadvantages [27]. For example, video-based systems can block on a pixel-by-pixel basis and can therefore
deal with occlusions more easily. They are able to perform contrast matching and can provide a higher alignment
precision when augmenting the physical world in a video stream. However, the additional video processing can
result in increased display latency, which could lead to cybersickness. In addition, the perceived resolution of the
physical scene may be limited by the resolution of the video cameras or viewing optics. Furthermore, viewing
angles need to match the viewing angles of the user’s eyes in order to avoid a spatial shift. In contrast, optical
systems usually have an unobstructed vision of the physical world, which means that there is no perspective
conversion of the viewing angle.
• VR HMD: By combining VR HMDs with other devices, a remote or co-located collaboration across the RVC is
possible through a shared virtual environment [3, 12] and a synchronised data layer. Piumsomboon et al. [21]
combine a VR HMD with an optical see-through HMD and Grandi et al. [8] combine a VR HMD with a tablet
device for handheld AR.
2.3

Combined Devices

Handheld devices such as smartphones and tablets can be used as output and input devices in an XV environment.
Mobile devices can display content flexibly in space or directly within the user’s reach and the touch-sensitive surface
is commonly used as input, e.g. keyboard with passive haptic feedback in VR. Due to the availability of a front-facing
3
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camera on most devices, it is possible to perform handheld AR, enabling seamless switching between 2D display and
AR. Out of the box, these devices usually only support 3-DoF tracking. 6-DoF can be achieved with additional tracking
data from the XV tracking area. For example, with marker-based tracking or via mobile trackers which are attached to
the handheld device, enabling spatial tracking. This results in additional input possibilities, such as gesture control via
the position and orientation of the handheld device [11, 15].
2.4

Input Devices

Input devices are typically designed for a specific stage on the RVC, and it is therefore important to consider how input
modalities change as the user moves across the RVC. To avoid switching input devices at every transition, it is advisable
that devices can be used on more than one stage of the RVC. Traditional multi-touch input on handheld devices or
large-scaled displays can be used as planar input in 2D and AR [7, 28]. Since spatial position of input devices should be
available in XV, it is possible to use multi-touch input in VR via virtual replica [32]. Spatial input can be provided by
hand controllers, hand tracking or by detecting and interpreting spatial events to provide a set of supported mid-air
gestures [14, 33]. For special use cases, proprietary and tangible [9, 10] devices can be implemented in XV, e.g. the
Cubic Mouse [6].
2.5

User

The user accesses different input devices to interact with the application or environment. Depending on the output
device, the user can either move along the RVC or use several different devices to cover multiple locations on the RVC.
For collaboration and self-awareness in XR, a user representation is important. A corresponding model can be
reconstructed via inverse kinematics [2, 18] or depth sensors [29]. This is archived by accessing the tracking data of the
used devices. Depending on the use case and the available tracking data, the entire user, parts of the user or certain
awareness cues can be represented. Due to HMDs limited field of view, awareness cues can be especially useful in VR
and AR to indicate nearby users and their viewing frustum [20].
2.6

Compute Engine

The requirements for the compute engine are highly varying, as they mainly depend on the available devices and their
usage. With regard to XV, particular attention should be paid to the implementation and communication of the various
devices with each other. The following tasks should be considered, data sharing, user management, device management,
synchronising tracking data and rendering.
2.7

Networked Virtual Environments

To connect multiple users at different stages on the RVC, a networked virtual environment (NVE) is crucial and provides
the basic interface to exchange information. Traditional AR or VR installations use NVEs for collaboration, but in XV
it is additionally necessary for the communication between different output and input devices and the exchange of
shared data and interactions. Common goals in NVEs are, multi-modal communication, data sharing, responsiveness
and consistency.
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