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Abstract
The integration of modelling and simulation with Virtual Reality (VR) contributes to the
development of Virtual Geographic Environments. In this paper we present a free and open
source prototype software that enables the streaming of environmental modelling results
into a web-based VR application. It could potentially be used by GIScience professionals
and VR developers for building web-based VR applications intended to help scientists,
professionals, and members of the public better understand spatial phenomena and
processes relevant for spatial planning processes. The server component of our software is
implemented in the Land Use Management Support System (LUMASS). It uses
WebSockets to send binary data over a TCP connection to a client application. The
prototype client application component is based on A-Frame and the JavaScript
WebSockets application programming interface. It visualises the received model results as
raster data in a web-based VR application. We successfully tested our application using a
Google Daydream headset for mobile phones. Future research needs to investigate the
scalability of the presented approach and the adoption of standards for streaming geospatial
data.
Keywords: Virtual Reality, LUMASS, A-Frame, Virtual Geographic Environment,
Environmental Modelling, Streaming, Geospatial Data

1. Introduction
The visualisation of geospatial modelling results with graphs and maps and more recently with
interactive mobile applications is an important element in communicating science to professionals in
policy development and spatial planning, but also to members of the public participating in these
processes. Virtual Reality (VR) has become an increasingly popular tool in the visualisation toolbox and
promises a much more immersive user experience with the hope to facilitate the understanding of
spatial phenomena and processes. The integration of VR with spatial analysis and simulation
capabilities contributes to the development of Virtual Geographic Environments (VGE) (Voinov et al.,
2017; Chen and Lin, 2018). They are used, for example, to conduct experiments on user perceptions
on a changing environment (Voinov et al., 2017) or to support city planning (Wang et al., 2018).
However, despite the impressive achievements in the development of VGEs, these systems are not
easily accessible and the software powering these systems is not always freely and readily available.
In this paper, we introduce free and open source prototype software components targeted at
GIScience professionals and VR developers for streaming environmental modelling results into webbased VR (WebVR) applications. Since the client application component is browser-based, it can be
used with a range of VR hardware, including relatively cheap mobile VR headsets as well as more
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sophisticated and expensive PC-based devices. The basic software platform of our system, providing
environmental modelling and streaming capabilities, is the free and open source Land Use
Management Support System (LUMASS) modelling and optimisation framework (Herzig and Rutledge,
2013; Herzig et al., 2013, Spiekermann et al., 2019). In the remainder of the article we provide a short
overview of LUMASS (Section 2), the architecture of the LUMASS/VR integration (Section 3),
preliminary results, and (future) challenges (Section 4). We conclude the paper with Section 5.

2. The Land Use Management Support System (LUMASS)
LUMASS (Herzig, 2018) is free and open source software designed for geospatial system dynamics
modelling (Herzig and Rutledge, 2013), geospatial processing workflows, and spatial optimisation
(Herzig et al., 2013, 2016, 2018). It is designed for GIS professionals and scientific modellers and
provides an icon-based visual modelling environment to facilitate model development (Fig. 1).

Figure 1: The LUMASS visual modelling environment.
Recognising the importance of remotely sensed imagery (e.g. satellite or drone imagery) for
environmental modelling, LUMASS focuses explicitly on raster-based modelling. To be able to process
large and multi-dimensional raster data sets sequentially and in parallel, the LUMASS modelling
framework utilises a range of open source software libraries, e.g. Insight Toolkit (ITK, Johnson et al.,
2018), Orfeo Toolbox (OTB, 2018), the Visualisation Toolkit (VTK, Schroeder et al., 2006), rasdaman
(Baumann et al., 2018), and the Qt C++ programming framework (Qt, 2019). LUMASS models are
based on processing pipelines that can be grouped and nested into hierarchical processing workflows
operating on multiple temporal scales (Fig. 1). Each pipeline is comprised of individual model
components providing atomic processing capabilities, such as map algebra, cellular automata, unique
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combinations, cost-distance analysis, zonal statistics, SQL processing, etc. Additionally, LUMASS
enables the integration of any other third-party command line-based processing component (e.g.
python, R). Models can be exported into XML-based files and run with the lumassengine application
independently of the graphical user interface in server and cluster environments. Fine-grained model
provenance information is automatically tracked and stored in the working directory as PROV-N (W3C,
2013) file (Spiekermann et al., 2019). Model results can be visualised as graphs, tables, and maps in
the desktop application.

3. Live-Streaming Modelling Results to VR
To stream modelling results from LUMASS into a client (WebVR) application, we developed a specific
model component that plugs into a processing pipeline (Fig. 1) and sends any incoming data over the
network to a connected client. The communication is based on the Qt WebSockets application
programming interface (API) and sends raster data as binary stream of pixel values over a direct TCP
connection to the client. To enable interpretation of the streamed data at the client side, we add a
small header to the stream carrying information on the image dimensions in x, y, and z direction. In
comparison with HTTP requests, WebSockets avoid message overheads and provide a smaller
payload, which overall allows for a faster communication between client and server. Our prototype
client application component is implemented using A-Frame (Marcos et al., 2019) and the JavaScript
WebSockets API (WHATWG, 2019). A-Frame is a JavaScript-based framework to facilitate the
development of 3D and WebVR applications in HTML, without requiring any knowledge of WebGL
(Khronos, 2019). Figure 2 illustrates the workflow and components of a LUMASS-based client server
application potentially involving streaming of model results to the client. Environmental models are
implemented in LUMASS’ visual modelling environment and tested on local data. The models can then
be exported to XML-based files and sent to a server or cluster environment that provides the required
data for the execution of the model. These data may be provided by the user or sourced from external
providers. The lumassengine executes the model and stores the data on the server. If the model
incorporates the dedicated streaming component and runs in an appropriate server environment,
selected modelling results can also be streamed via the WebSocket-based TCP connection to remote
client components built into a WebVR application.
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Figure 2: Components and data flow for a LUMASS-based client-server application.

4. Results and Discussion
We have successfully implemented and tested a prototype of a LUMASS model component for
streaming modelling data to a client using a WebSocket-based TCP connection. Furthermore, we have
implemented a prototype A-Frame-based client application component that renders the received
geospatial raster data in a virtual environment. Figure 3 shows a test configuration where the cellular
automata model Conway’s Life (Gardner, 1970) is run over a small test area (512 x 512 pixel) and
visualised in the LUMASS desktop application (Fig. 3, left). The results (Fig. 3, bottom) are streamed at
runtime from the modelling component (Fig. 3, bottom left) to the WebVR component (Fig. 3, bottom
right) and rendered as texture over a digital elevation model visualised in Figure 3 (top). We have also
tested the application on a mobile phone using a Google Daydream VR headset. The implementation
is currently limited to an A-Frame component rendering the received modelling data as texture of a
3D model but can be combined with other A-Frame components, e.g. interactive controls and other
3D models, to build a more sophisticated VR application. Conceptually, the presented approach can
also be used to stream modelling results to any web-based client that knows how to interpret the
received data stream. The implementation of data streaming as a model component enables its
integration at different locations in the processing pipeline. This allows users to monitor or visualise
specific outputs or intermediary data at different points in the processing workflow. However, at this
stage our application only allows for one streaming component in a model and the support of multiple
streams at different points in the workflow is subject to future development. More generally, future
research needs to investigate the performance of the presented approach in terms of its scalability
regarding the number of clients that the server component can support and regarding the incoming
data volume the client component can process. Additionally, it needs to investigate the adoption of
streaming standards, e.g. the 3D tile specification
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Figure 3. Streaming (left) and client (right) component showing a digital elevation model (top) of the
test area and a frame, i.e. time step, of Conway’s Game of Life model (Gardner, 1970) (top left,
bottom half) run over the test area (bottom).
(OGC, 2019) for streaming massive geospatial content, in order to facilitate the development of clients
that are independent of server implementations.
Besides the technical aspects of streaming raster data to VR, future research needs to clarify the role
it could play in these environments. Traditionally, it is used as texture to provide objects and surfaces
with a photo-realistic look. Unfortunately, abstract surfaces generated by environmental models do
not necessarily contribute to the photo-realistic look in a VGE (cf. Fig. 3). However, since raster-based
model data are very abstract und difficult to understand for laypersons, visualising them in their
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‘natural’ geospatial context may help with interpretation of such data. In the case of spatiotemporal
data cubes, VR or 3D environments that are equipped with appropriate controls or widgets are
certainly helpful in exploring these data much better than it would be in 2D. In addition to visualise
raster in VR, modelled raster surfaces, for example provided by a forest-growth model, could be used
to mark locations for more realistic 3D content that is rendered according to the modelled height and
diameter by the model. This way, specialised software for modelling and rendering could interoperate
well while each would still benefit from its highly specialised and efficient software environment.

5. Conclusions
We have successfully implemented a prototype client-server application for the integration of
modelling and simulation with VR using geospatial data streaming. Our preliminary results are
encouraging and may prove useful to facilitate the development of Virtual Geographic Environments.
More research is required to investigate the scalability of the concept as well as the adoption of
streaming standards to enable the implementation of streaming clients that are independent of server
implementations.
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