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ABSTRACT
We introduce Camera Time Warp (CamWarp), a novel reprojection
technique for video-see-through augmented reality, which reduces
the registration error between captured real-world videos and rendered virtual images. Instead of rendering the image plane locked
to the virtual camera, CamWarp renders the image plane at the
real-world position it was captured at, and compensates for potential artifacts. We conducted two experiments to evaluate the
effectiveness of CamWarp. In the first experiment participants were
asked to report subjective discomfort while moving their head in
a pattern inspired by the ISO 9241-9 Fitts’ Law task at different
speeds while the video feed was rendered at varying frame rates.
The results show that the technique can significantly reduce subjective levels of discomfort and cybersickness symptoms for all
tested configurations. In the second experiment participants were
asked to move physical objects on a projected path as quickly and
precisely as possible. Results show a positive effect of CamWarp
on speed and accuracy.
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INTRODUCTION

Video see-through (VST) head-mounted displays (HMDs) have benefits over optical see-through HMDs such as a wider field of view
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and the ability to render fully opaque virtual objects to cover the
whole reality-virtuality continuum [12–14, 17, 20]. As augmented
reality (AR) technology further matures, users will increasingly
spend more time in AR environments. However, when users undergo longer sessions in VST-AR, there is an increased risk for
cybersickness related symptoms [14] and discomfort because of the
inherent latency of the video feed. Depending on the camera, real
world images arrive with a delay of around 30 - 50 ms in the 3D
engine. Then, the frame needs to be rendered (e. g. 11 ms at 90 Hz)
and transferred to the HMD’s screen (10 - 20 ms) [3]. Therefore, the
video feed has an end-to-end latency between 50 and 80 ms in total.
This delay and the resulting registration error has a considerable
risk to cause cybersickness related symptoms including eye strain,
headaches and nausea as well as degraded visuo-motor interaction
performance [1, 8, 11, 22]. In contrast, virtual objects only require
rendering and transfer to the screen. This discrepancy becomes critical during head movements, since the delay of the camera images
will not match the delay of the virtual objects. The virtual objects, in
essence, become reference points, thus emphasizing the latency of
the video feed in the background. Although this problem has been
previously identified by Nelson et al. [14] and Yokokohji et. al. [22],
to our knowledge, no solution has sufficiently addressed the three
main issues: compensating the end-to-end latency, stabilizing the
images during mismatches of camera frame rate and HMD refresh
rate, and masking artifacts during fast head movements [3, 16].
To address these challenges, we propose Camera Time Warp
(CamWarp), a technique to mitigate the effects of latency on cybersickness. CamWarp’s core idea is to induce compensatory latency
to the HMD’s tracking system to match the latency of the video
stream.
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RELATED WORK

There are three main theories as to the cause of cybersickness:
(i) The postural instability theory, (ii) the poison theory, and (iii)
the sensory conflict theory [8]. The last one is the most widely
accepted [9]. It is based on the premise that discrepancies between
senses which provide motion and orientation cause a perceptual
conflict within the body, for example when the latency of the video
feed causes mismatches between the user’s head proprioception
and the view [8].
Several approaches tried to decrease cybersickness effects by
targeting different causes. Fernandes and Feiner presented an approach to combat cybersickness symptoms by reducing the field of
view (FOV) during head movements in VR [4]. The FOV was decreased by blackening the peripheral vision. The authors concluded

