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Abstract 

In this paper we demonstrate a novel method how to integrate stereo content of a live act into a virtual 
reality (VR) environment. This opens a new level of immersion, when watching the recording of a stage 
event using a head mounted display. In contrast to existing solutions, we offer proper depth perception, 
allow for a low complexity recording and distribution and still avoid any motion sickness caused by 
objects being close to the observer. To this end, we separate the digitization of the event location from the 
recording of the actor’s performance. As a main contribution of the paper, we show how to achieve high 
visual quality when compositing the stereo recording showing the actors with the reconstructed 3D-
model of the event location. To do so, we have created a tool that allows to simulate the 3D perception of 
the stereo video depending on the selected stereo parameters such as inter-camera distance and focal 
length. By these means, we can ensure a smooth transition between the stereo video and the 3D model 
of the event location, leading to superior visual quality. Numerous lessons learned conclude our paper 
showing how we overcame practical problems encountered when recording a real theater play. 
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1 INTRODUCTION 
Broadcasting stage events such as theater, music or circus performances enlarges the potential 
audience to those not being able to attend the live event. Moreover, it allows to reexperience the 
happening once being home again. Unfortunately, traditional media such as television or cinema do 
not provide the feeling of participation. Consequently, the broadcasted experience is less thrilling 
than the true event. 

Head mounted displays for virtual reality promise to significantly reduce this gap between the 
broadcasted and the live event. By surrounding the spectator with a complete and realistic 
environment, the feeling of presence is much more convincing than with a 2D screen. While 360° 
video is often used for such purposes, it lacks parallax. It is defined as the displacement or difference 
in the apparent position of an object viewed along two different lines of sight (1). In other words, when 
changing the observation point, the visualized objects shift relatively to each other or get even 
occluded (see Figure 1). When this is not properly considered, close objects like surrounding chairs 
in an event location quickly cause motion sickness. Alternatively, the event can be completely 
modelled in a game engine using 3D computer graphics. Then the parallax is perfectly reproduced, 
but it is hard to integrate live actors into the experience. Often, either green-screen or even 
volumetric capture is required, or the actors are completely replaced by avatars, reducing the 
naturalness. 

 

Figure 1: Impact of parallax. Objects seem to shift relatively to each other on the sensor image (green and blue 
circle) or even get occluded (red object), when the camera moves. 

To overcome these drawbacks, the paper presents a novel workflow to integrate live actors into a 3D 
environment for fully immersive experience of stage events. To capture the atmosphere of the live 
event, the recording takes place directly at the event location, even with audience present. At the 
same time, complexity for recording, distribution and rendering is made as low as possible to allow 
for an economic application. 
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2 STATE OF THE ART 

2.1 Cultural events in virtual reality 
Cultural events can be represented in virtual reality using computer generated content only (2,3). 
This allows to generate cultural events using computer graphics software without involvement of any 
human actors on stage. Alternatively, performance of human actors can be recorded by motion 
capture systems (4,5), which rely on markers or camera-based computer vision software. By these 
means, the movements of the actors can be transferred to virtual avatars. While such technology 
has been proven extremely powerful in the visual effects industry, it is very tedious to digitize a 
complete stage event like concerts or theater plays with such a technology. This is, because not only 
the actors, but also involved objects such as instruments need to be faithfully digitized. 

2.2 Photorealistic content capture for virtual reality 
360° video capture is well-known to record (6,7), transmit (8,9) and edit (10) photorealistic content 
for head mounted displays (HMDs) (11,12), available both on professional (6,13) and consumer grade 
(7,14). However, 360° videos lack stereoscopic depth cues and only provides a correct perspective 
for a single observer position with an arbitrary head rotation. This quickly leads to motion sickness 
in case of close objects such as neighboring chairs. Omnidirectional stereo (15–18) improves this 
situation by providing a limited parallax (3DoF+). However, necessary view rendering (19) introduces 
the risk of artefacts, and the capture equipment is very expensive. Traditional stereo recording is well 
known for movie production (20–26), but combination with VR content raises new challenges that 
are not explored so far. Volumetric video (5,27–35) can provide all six degrees of freedom for 
movement (6DoF). However, it requires complex studio installations making it inappropriate for 
recording in event locations such as theaters or concert halls. Portable multi-camera arrays (36–43), 
also called light-field arrays (44), are more appropriate given the limited spectator movement for 
many cultural events such as theaters. However, view rendering (45–48), (27,39,49–56), (57–59) is 
prone to artefacts and computationally expensive. 

3 SYSTEM OVERVIEW 

 

Figure 2: System diagram of the proposed solution. 

Figure 2 illustrates our overall system. It visualizes a stage play in a 3D environment using an 
application server and multiple Unity clients. Each Unity client is serving one remote spectator 
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wearing a VR headset. The actors on the stage are displayed in form of a stereo video for highest 
realism. Avatars represent the remote participants watching the live event. Additional computer-
controlled avatars can visualize the live audience. 

The following sections will detail the components related to the integration of the actors’ 
performance into the VR experience, including recording, data processing, alignment of the stereo 
video with the 3D-model of the event location and visualization in Unity. 

4 RECORDING OF STAGE EVENTS 

4.1 Low Complexity Recording Solution 
To reduce the complexity for recording, we decided to separate the recording of the actors’ live act 
from the reproduction of the event location. For the latter, we build a 3D-model using 
photogrammetry and/or LIDAR scans (60,61) (see Figure 3). By these means, parallax of close 
objects can be perfectly reproduced. Imperfections not being properly reconstructed are manually 
cleaned by a 3D-artist (see Figure 4). Finally, geometry and texture simplification ensure sufficient 
rendering performance of the final Unity application. 

 

Figure 3: 3D model of the event location reconstructed from photogrammetry. 
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Figure 4: Cleaned and simplified 3D model of the event location shown in Figure 3. 

For recording of the actors’ live act, we first experimented with a light-field video capture (41,62). In 
theory it should give the best user experience, as we can synthesize the image of the live act 
corresponding exactly to the head position of the spectator. In practice, we found however that 
rendering artefacts negatively impact the experience. Moreover, compute times and number of 
required cameras were still too huge for a low complexity solution. 

Consequently, we opted for a front-facing stereo camera to record the live-act. By these means, we 
can still visualize the actors’ performance with the correct depth impression. Please note that stereo 
cameras only record a single perspective of the actors’ performance. Consequently, there can be a 
mismatch between the perspective of the virtual observer and the one of the stereo cameras (see 
Figure 5). Fortunately, we found out that this effect is negligible when the distance between actors 
and spectators is sufficiently large, and when the stereo visualization is carefully designed in the VR 
application. More details will be described later. 
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Figure 5: Mismatch of the perspective. Only when the eyes of the virtual observer match the location of the stereo 
camera, the visual impression is fully correct. Otherwise, visualizing the stereo images causes a parallax error. 

4.2 Practical Problems and their Solutions 
As our goal is to record the actual live event with possible audience on premise, the illumination is 
typically set to serve the latter. This results in many high-dynamic range and low-light conditions that 
are quite difficult to handle in practice with existing cameras. We started our experiments using Sony 
RX0-MK2 cameras (63), as they are small in size and can be synchronized. However, requiring ISO 
values between 320 and 1000 led to heavy image noise, which deteriorated the image quality to an 
inacceptable level. Cameras such as Sony-FX9 can be synchronized as well and deliver better 
quality. But in our experiments, we found that their body is too huge for the required stereo baseline 
(inter-camera distance). Using mirror rigs was not an option neither due to reducing the light intensity 
per camera by a factor of two (64). In our latest experiments we used Sony-FX3 cameras, as they 
combine acceptable quality with reasonable body sizes. We recorded with 25 frames per second to 
reduce light-flickering and have better sensitivity than for 50fps. We could compensate the missing 
physical synchronization of the FX3 cameras by up-sampling the framerate using an AI tool (65), 
followed by temporally aligning the left and right video stream as well as possible. 

 

  
Figure 6: Stereo camera (left) placed in Theater of Chemnitz, Germany (right) for recording the actors. 
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While this worked remarkably well, it has to be noted that for future productions a solution with 
physical camera synchronization, small camera baseline and low image noise is highly desirable. A 
planed experiment with the Z-CAM E2 failed due to limited availability of a stereo pair. Luckily, with 
the advent of the Apple Vision Pro VR headset, more camera manufacturers have started to design 
corresponding setups (66). 

5 INTEGRATION OF STEREO CONTENT INTO VR APPLICATIONS 

5.1 Principle 
To integrate the stereo videos in the overall VR experience, we project them on two virtual projection 
screens (see Figure 7). The left projection screen is visible in the left eye only, the right projection 
screen in the right eye only. While this sounds simple, we found it very difficult to manually place the 
screens to reach a good viewing experience. This is because wrong screen placement may cause the 
perceived depth from the stereo video to conflict with the depth from the 3D model of the event 
location. Then it may for instance happen that the actor visible in front of a wall may appear to be 
behind the wall, because the perceived depth is too large. This easily leads to VR sickness or 
eyestrain. Please note that this is a new challenge compared to traditional stereo movie production. 
In the latter, the stereo playback must only look pleasant, but does not need to fit with any virtual 
environment. 

 

 

Figure 7: Integration of videos by projection on a virtual screen. 

In theory the described problem can be easily avoided. Suppose to have a perfect 3D model of the 
event location. Then we simply need to setup two projectors at the same location than the stereo 
cameras during capture. Each of the projectors projects the captured video onto the virtual 
projection screens (see Figure 7). The intrinsic and extrinsic parameters of the recording stereo 
cameras and the projectors need to match perfectly. Intrinsic camera parameters include for 
instance the focal length and the position of the sensor center relative to the optical axis of the 
camera. Extrinsic camera parameters encompass locations and rotations of both cameras. Finally, 
the eyes of the human should be close to the projector locations. 

In practice, none of these constraints can be easily met. First, we typically do not know intrinsic and 
extrinsic camera parameters with sufficient precision relative to the coordinate system of the 3D 
model of the event location. And while there exist algorithms to perform camera calibration (67), they 
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only calibrate towards a relative coordinate system, and not towards the absolute one of the event 
location. Even worse, some camera parameters such as the position of the sensor center relative to 
the optical axis are difficult to determine reliably, although being crucial for the perceived depth 
impression. Moreover, practical constraints like camera body sizes prevent the two stereo cameras 
from having exact inter-eye distance. In addition, the location of the stereo cameras may deviate 
from the eye position of the virtual observer. And finally, for artistic reasons it may be desired to 
increase the perceived depth impression compared to the perfectly realistic reproduction. 

All these reasons cause that a cleverer solution is needed to integrate the stereo videos into the VR 
environment. 

5.2 Solution 
To do so, we have created a rapid prototype solution using Matlab and Blender. We first rectify the 
input videos using image correspondences (54,68). By these means, we can correct the images such 
that they correspond to two stereo cameras with perfectly parallel optical axes. This is important, 
because even with careful mechanical design of the stereo rig, imprecisions during manufacturing 
and assembly cause that such an alignment is hard to achieve with a precision of a single pixel. 

While we tried to use checker boards to achieve a metric calibration, capturing them in practice 
showed to be difficult. First, most of them are too small to be useful when placed on the stage due 
to the large distance to the cameras. Second, they often interfere with the course of the events in the 
theater. Please note that despite the rectification, it stays important to align the stereo rig in such a 
way that the line interconnecting the nodal points of the lenses is approximately orthogonal to the 
direction of gravity (or more precisely, parallel to the line interconnecting the eyes of the observer). 
Otherwise, the resulting mismatch between the stereo video and the 3D model of the theater can 
only be corrected by rotating the theater model. This quickly looks odd. We used a spirit level to avoid 
this problem. 

Then, we import the stereo video into Blender. To do so, we instantiate two cameras representing 
the stereo rig. Next, we assign each video to the corresponding camera. With the help of a custom 
plugin, we can then mark reference points in both the left and right image (see Figure 8). Then, each 
reference point is projected into the 3D space. By these means, we simulate where an observer 
located at the position of the stereo camera would see the reference point in 3D space. Typically, we 
define multiple reference points on the floor and the walls. We also define some reference points for 
actors. By these means, we can later control, that their perceived height is close to reality. Please 
note that this process may be speed-up by automatic feature matching (68) or even stereo depth 
estimation (69–71). However, to have better control over the matching quality, we stayed with 
manual selection for our rapid prototype. 
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Figure 8: Definition of the reference points in Blender. On the right side, we look through one of the cameras. Red 
points identify reference points. On the left side we see the projected points in 3D space. 

In our scenes, we found the floor to be most relevant for matching the stereo video with the 3D model 
of the theater. We want the floor visible in the stereo video to transition smoothly into the floor of the 
3D theater model. Consequently, we fitted a corresponding plane to the floor of the stereo video 
using its 3D reference points. Other crucial scene elements such as pillars can be handled in a 
similar fashion. 
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Figure 9: Fitting a plane to the floor of the stereo video. 

Once we have covered the essential elements of the stage in the stereo video, a further custom 
Blender plugin allows us to simulate how changing the stereo parameters will impact the perceived 
impression by the virtual observers. In more detail, our Blender workflow allows to simulate the 
change of the stereo projector location and orientation, the stereo baseline, the focal length, the 
position of the sensor center relative to the optical axis, the sensor offset (difference of the sensor 
centers’ positions between the two cameras in the direction of the baseline), the impact of a 
mismatch between the observer’s eyes and the projectors, and the distance between the projection 
screen and the projectors (see Figure 10). 
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Figure 10: Illustration of the stereo parameters (italic) that can be defined in our rapid prototype type tool. 

Each of these parameters can be set in Blender, and our plugin transforms the original remodeled 
theater geometry into the new geometry which corresponds to the perception by the observer. Figure 
11 illustrates a synthetic example scene to visualize the principles. The original scene consists of a 
floor plane and a couple of cubes and cylinders (red) that are supposed to be recorded by a stereo 
camera. Then our Blender plugin computes a new 3D model (green objects) corresponding to what 
a user perceives when the stereo parameters are modified as desired. This approach also allows us 
to detect illegal stereo parameters causing negative disparity. Such a scenario requires an observer 
to squint outwards, which is very unnatural and results in eyestrain. The sensor offset and the 
mismatch between the position of the user’s eyes and the recording stereo cameras are critical 
parameters in this regard. 
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Figure 11: Original example scene (red cubes on a plane) recorded by a stereo camara, and how this scene is 
perceived when the focal length of the projection is changed (green cubes on a plane). 

By these means, we can adjust the parameters in such a way that the perceived stereo impression 
matches with the 3D-model of the theater. The left setup in Figure 12, for instance, causes a gap 
between the stereo and the CGI floor, leading to an odd user perception. This can be fixed by moving 
and rotating the stereo projectors. 

 

Figure 12: 3D-modell of a theater in combination with a 3D-modell of the floor reconstructed from the stereo video. 
Left: Wrong stereo parameters cause a mismatch between CGI floor (blue) and the floor recorded by the stereo 
cameras (gray plane). Right: Smooth transition of the stereo floor and the CGI floor. 

Lastly, we need to define the position of the projection planes by moving them in the camera frustum. 
To avoid inconsistencies when the observer moves his or her head, they should be as close as 
possible to the transition between the CGI and the stereo objects (see Figure 12 right). Moreover, 
relevant video content must not be occluded by the 3D-model of the floor or any other element of 
the event location. 

floor perceived by stereo video 
projection plane 
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5.3 Unity application 
Once the projection screens have been correctly placed relative to the 3D-model of the event 
location, they can be exported from Blender and imported into Unity, which we use for the overall VR 
application. The rectified stereo videos are encoded in a single movie file by vertically packing the 
left and the right image into one frame (see Figure 13). It is then assigned as texture to both projection 
planes. By adjusting the UV-map of each projection plane, we ensure that the left image is visualized 
on the left projection plane, and the right image is visualized on the right projection plane. For 
decoding the video itself, we use standard Unity tools. 

 

Figure 13: “Over/Under” packing of the left and right images into one stereo video frame. 

Due to separate capture of the event location and the live act, we face the challenge of inconsistent 
illumination. As remedy, we allow a smooth blending between the stereo video and the 3D 
environment by adding transparency to the bottom parts of the stereo video. We only need to ensure 
that those video parts do not show the actors themselves, otherwise we mix actor pixels with floor 
pixels. Moreover, we dynamically relight the theater model based on sample patches from the stereo 
video. 

Finally, we hide seams between the stereo content and the 3D-model of the event location that could 
not be eliminated by adjusting the stereo parameters. This can for instance happen, when the stereo 
baseline needs to be corrected too strongly because the camera bodies are too huge for correct 
inter-eye distance. This results in a scaling of the objects visualized by the stereo video, which is hard 
to compensate perfectly. To solve this problem, we ensured proper matching of the floor in the 3D-



 

14 

model and the stereo video, while seams at the walls were concealed by additional curtains (see 
Figure 14). 

 

Figure 14: Actors’ live act integrated into 3D model of event location populated by avatars. 

6 PROOF OF CONCEPT PRODUCTION AND LESSONS LEARNED 
For proof of concept, we have applied the workflow mentioned above in several shows of the Theater 
in Chemnitz, Germany. They covered pieces such as Swan Lake (72) and Cinderella (73). The 
recording happened during the dress rehearsals. 

From these practical experiences, we can summarize our lessons learned as follows: 

• Clarify beforehand which capture location does not interfere with the course of the event 
• Ensure that the camera view towards the stage is not blocked/occluded by persons or 

objects (i.e. conductor) 
• Avoid direct incidence of spotlights towards cameras 
• Have your stereo camera close to a real seating position and orientation 
• Try to have a frontal view on the live act 
• Check for flickering lights and adjust your framerates as well as possible 
• Use small, synchronized cameras with high sensitivity and high dynamic range 
• Synchronize settings between both cameras (focus, white balance, …) 
• Keep baseline as close as possible to the inter-eye distance 
• Ensure an all-in-focus capture 
• Try to have the optical axis of camera orthogonal to the direction of gravity 
• Ensure that all regions where actors could go to are covered by your field of view of both 

cameras 
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• Measure dimensions of the stage and camera setup for later reference 
• Make enough making-of photos to document the capture setting and the stage setup in good 

lighting conditions 
• Record with high video bitrate 

7 CONCLUSION AND OUTLOOK 
This paper has presented a novel workflow how to integrate stereo content of a live act into a VR 
experience. It avoids motion sickness by splitting the capture of the event location and of the actors’ 
performance, so that sufficient parallax is available for close objects. At the same time, it allows to 
reduce the capture costs by resorting to stereo cameras only for the live act. By these means, we 
provide a new tradeoff between viewing accuracy and production costs. 

We showed that such an approach is possible, when there is a sufficient distance between the 
actors and the audience. In such cases, the missing parallax of the stereo capture showed to be 
hardly recognizable, because the event location is reproduced with full parallax and leads to natural 
viewing experiences. In contrast to mono-video, stereo offers a better and more realistic depth 
representation. However, compared to traditional stereo movies for cinema or television, a more 
complex compositing approach is necessary to seamlessly integrate the stereo content into the VR 
environment. 

We have come up with a rigorous method how to achieve this integration with high quality. The 
necessary steps only depend on the scene geometry and the camera setup. Once those are fixed, 
we only need to stream a traditional stereo video signal to the viewing clients. We believe that this 
opens new applications to current broadcasting infrastructure. The capability to reduce latency as 
today already required for instance in sports transmissions becomes also crucial when there should 
be an interaction between the actors and the virtual audience. As today’s events live from the 
interaction between the actors and the physical audience, this would also bring virtual attendance 
to a new level. 
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