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Abstract. Currently, numerous users who employ HMD devices such as the
Oculus Rift develop symptoms similar to motion sickness. Recent literature
defines this phenomenon as cybersickness, and one of its main causes as latency.
This contribution aims to analyze the accuracy of different extrapolation and
filtering techniques to accurately predict head movements, reducing the impact of
latency. For this purpose, 10 participants played aVRgame that required quick and
subsequent head rotations, during which a total of 150.000 head positions were
captured in the pitch and yaw rotation axes. These rotational movements were then
extrapolated and filtered. Linear extrapolation seems to provide best results, with a
prediction error of approximately 0.06 arc degrees. Filtering the extrapolated data
further reduces the error to 0.04 arc degrees on average. In conclusion, until future
VR systems can significantly reduce latency, extrapolating head movements
seems to provide a low-cost solution with an acceptable prediction error, although
extrapolating the roll axis movements remains to be challenging.
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1 Introduction

Cybersickness is a term used to refer to the cluster of symptoms that users experience
during, or after, Virtual Reality (VR) exposure [1]. It is also known as Virtual Simu-
lator Sickness [2], Visually Induced Motion Sickness [3] and Virtual Reality Induced
Symptoms and Effects [4]. Cybersickness is not a disease, but rather the physiological
response to an unusual stimulus, similar to motion sickness or seasickness [5]. The
reported incidence of cybersickness amongst users of VR is varied, but it is generally
accepted that, at least, 60% of participants in a first VR experience will suffer its
symptoms to some degree, and although most users adapt to the environment after few
immersions, approximately 5% will never do so. The degree of intensity depends on
the nature of the VR environment, and previous works have shown it ranges between
60% and 90%, with 5–30% of participants having to discontinue research evaluations
due to strong symptoms [6, 7].

The effects of cybersickness can be expected as soon as 5 min once the user starts
playing [8–11]. These symptoms disappear once the user stops employing the VR
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googles, but users seem to remain sensitized for hours [9]. Its aetiology is at this point
unclear, with three different theories coexisting: That cybersickness is caused by a sen-
sorial discrepancy between the vestibular, visual and proprioceptive systems, that it is the
physiological reaction to being incapable of maintaining postural stability, or that it
consists on a false interpretation of neurotoxin poisoning [12]. Cybersickness is caused
by the perception of self-motion, also known as vection. Head-mounted devices such as
the Oculus have already been proven to cause vection and sickness [13], but the way
through which vection acts is unknown, and symptoms vary greatly from user to user.

Currently, several factors that have an impact in cybersickness have been identified,
and works to analyze the possible causes, as well as to provide design guidelines to
minimize cybersickness are under way [14]. For example, personal factors such as
habituation [15] or age [16], and task-related factors such as movement speed or
controllability [17]. However, it is clear that the most relevant factors are the technical
ones, namely the size of the field of view [18] and latency [8]. Research shows that
latency values of over 40 ms rapidly cause cybersickness, and higher latencies cause it
to appear even faster. Currently, it is generally accepted that latency should be kept at
20 ms or lower, but the reality is that in order to completely cast cybersickness aside,
latency should be as close to zero as possible.

Therefore, latency reduction techniques are currently of great interest to reduce
cybersickness. Interstingly, in 2013, Prof. Steve LaValle published an article in the
Oculus Rift Developer Blog about the possibility of further reducing this latency by
extrapolating head position values [19]. However, to the best of our knowledge, such
an approach has not been evaluated so far.

The goal of this work is thus to evaluate how accurately is it possible to predict head
movements with currently available HMDs, and which is the best method to do so.

This study was performed in the framework of the LOEWE-VR Diagnostics
System research project of the TU Darmstadt, in collaboration with the Game Stu-
dio DECK 13 Interactive1 and Software Developer KTX2. The aim of this project is to
study the possible technical, personal and environmental causes of cybersickness,
detect it as it occurs in real time with biosignal analysis and game parameters such as
head speed and acceleration, and correlate both biosignals and game variables, with the
aim of providing developers with a tool that will help them reduce cybersickness in
their released product. Particularly, this study is a first implementation on an array of
solutions that may, in the future, reduce the incidence of cybersickness in VR by
reducing the disconnection between real and virtual movements.

2 Related Work

The impact of head movements and task-related factors in cybersickness has already
been subject of several studies, since it is currently fairly clear that mismatches between
real and virtual head movements are a strong cause for cybersickness [20]. For

1 Deck13.de.
2 Ktxsoftware.com.
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example, an evaluation with a HMD and two virtual rollercoasters showed that more
complex and realistic environments have a greater incidence of cybersickness [21].
Additionally, environments in which locomotion is performed with head movements
cause more cybersickness [22]. Research also shows that oscillatory movements cause
more cybersickness than linear movements [11], and abrupt turns are believed to
increase cybersickness [23], as well as increasing the number of degrees of freedom or
providing wider steering maneuverability [23]. Sudden vection also causes cyber-
sickness [24] as does an increase in navigational rotating speed [25]. On the other hand,
involuntary movements do not seem to be problematic [26]. Finally, replacing sudden
movements with smoother ones, such as stairs for ramps, seems to reduce cybersick-
ness [27], otherwise, compensating head movements is also a possible solution [20].
Head rotations have also been proven to increase nausea [28], and specifically
increasing head movements in the vertical direction [29] or looking at one’s feet [26].

Evaluations on how rotations in different axes (pitch, yaw and roll) differently affect
cybersickness were performed on [11, 28]. Although rotation in all axes increases
cybersickness, it seems that rotations in the roll axis are slightly more problematic.
Results also show that rotations on two simultaneous axes also increase the risk of
cybersickness [30].

By convention, the head rotation vectors are defined as pictured on Fig. 2.

3 Methods

In order to perform the evaluation, a VR game was developed using the Unreal Engine
tool3 recreating a first person shooter scenario. This scenario was chosen because this
genre requires continuous, subsequent rapid head movements in several directions. The

Fig. 1. Head rotation vectors in VR [31].

3 Unrealengine.com.
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game also makes use of the Victory plugin4 to save the head rotation data. In this game,
the player is static, and required to move his head on more than one axis simultane-
ously in rapid successions to destroy projectiles thrown at him (see Fig. 1). The pro-
jectiles are created randomly both in trajectory and number to obtain as varied head
movement data as possible. The game was developed for the Oculus Rift Developer Kit
25, which has a refresh rate of 75 HZ, that is, 13.33 ms. Therefore different scenarios
with increasing refreshing rates (13, 15 and 20 ms) were considered. Since prediction
error can be expected to be higher as latency increases, if any of these methods is
sufficiently accurate at 13 ms it can be expected to be even more reliable on future
devices with even lower latencies.

By using the mentioned Victory plugin, head tracking data measured by the inte-
grated Oculus Rift head tracking system was saved in a.txt file following a csv structure
(Time, Pitch, Yaw, Roll), where values are expressed in milliseconds and arc degrees
respectively. These files were then imported into Matlab6 to perform the extrapolation,
filtering and analysis of the results.

A total of n = 10 users participated in the evaluation. Each user played the
developed demo for 80 s and three times, pausing for a few minutes between each
attempt in order to minimize the effect of cybersickness on the results as much as

Fig. 2. Screen capture of the game employed in the evaluation.

4 Github.com/EverNewJoy/VictoryPlugin.
5 Oculus.com/dk2.
6 Mathworks.com.
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possible. This provided us with a total of approximately 150.000 head position vectors,
which we then proceeded to import into Matlab.

After importing the data, the pitch, yaw and roll head rotations were extrapolated with
three different refresh rates: 13, 15 and 20 ms, attempting to predict the next value, and
comparing the extrapolated result with the real valuemeasured by theHMDhead tracking
device. Additionally, different filters typically applied to smoothen signals (Savitzky-
Golay, Moving Average and Local Regression) were implemented and evaluated.

During this work, five different extrapolation methods were considered: Linear,
Polynomial (2nd and 3rd degree), Conical, and French curve. However, we quickly
noticed only the first two methods provided reasonably accurate extrapolations. We
assume the 3rd grade, Conical and French curve methods do not resemble the nature of
head movements, since the extrapolation error was of the order of 1000 times higher,
and therefore we decided to focus our evaluation to these two first, most accurate
methods. We also noticed that extrapolation does not seem to work in the roll axis, at
least in the scenario designed in this evaluation, typical of first person shooters, since
head movements in the roll axis were infrequent and irregular, and thus could not be
extrapolated. We decided to remove roll axis extrapolation from the evaluation as well.

The formulae used for the extrapolation are as follows, with y xkð Þ� being the
extrapolated value and y xkð Þ the measured value:

Two-point linear extrapolation:

y xkð Þ�¼ y xk�2ð Þþ xk � xk�1

xk�1 � xk�2
y xk�2ð Þ � y xk�1ð Þð Þ

2nd degree Lagrange polynomial extrapolation:

y xkð Þ�¼
X2

j¼ 0
yj � ljðxkÞ; lj xkð Þ ¼

Y2

0;m 6¼ j

xk � xm
xj � xm

Average absolute error:

e ¼
Pn

k¼ 2 y xkð Þ��y xkð Þj j
n

4 Results

Evaluation results are presented in three, subsequent parts. Firstly, we present the
accuracy results of linearly extrapolation unfiltered head position data on the pitch and
yaw axes with increasing latency values (Fig. 3). Secondly, we present the accuracy of
both linear and second degree Lagrange polynomial extrapolation with unfiltered head
tracking data with a latency of 13 ms (Fig. 4). Finally, the accuracy of linearly
extrapolated data with a latency of 13 ms when using different filtering techniques is
presented (Fig. 5). All values are presented in average absolute error in arc degrees, and
again summarized in Table 1.
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According to our results, the best accuracy is obtained when using linear extrap-
olation and a Savitzky-Golay filter (average absolute error, 0.04 arc degrees), although
using other filtering methods (Local regression or moving average) also provides
similar results.
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Fig. 3. Evaluation results for increasing timespans of 13, 15 and 20 ms in the pitch and yaw
axes. Average absolute error of all values.
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Fig. 4. Evaluation results linear and Lagrange polynomial extrapolation in the pitch and yaw
axes with a latency of 13 ms. Average absolute error of all values.
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5 Discussion

As it can be expected, prediction error increases with extrapolation time (Fig. 3). We
noticed that, in general, the absolute error values are surprisingly low with some
approaches, since the first result we obtained by simply using unfiltered linear
extrapolation with a 13 ms timeframe was slightly lower than 0.06 arc degrees. This
error value indeed increases with time and it does so linearly, although this increase is
not equal for the pitch and yaw axes. We noticed that, in our evaluation, the angular
acceleration in the pitch axis was normally higher than in the yaw axis, which might
explain this difference.

Regarding the extrapolation methods, it would seem that linear extrapolation is
more accurate than polynomial extrapolation for both axes, and in turn, both methods
are vastly superior to other extrapolation techniques (3rd degree polynomial, French
curve and conical). We hypothesize that these extrapolation methods do not resemble
the trajectory followed by head movements, explaining this drastic increase in pre-
diction error. Nevertheless, the difference of using either method is reduced compared
to the impact of decreasing prediction time.

Results also show that the best method is obtained by combining linear extrapo-
lation with a Savitzky-Golay filter. By using this method, the head position can be
extrapolated for 13 ms with an expected average absolute error of 0.04 arc degrees.
Again, it is clear that there is an improvement on prediction error by using a filter, but
the difference among filters is rather small.

Given the value of this error, and taking into consideration that current technology
still cannot provide the processing power required to permit reducing latency to a
sufficiently low value where no cybersickness is present, it would seem that
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Fig. 5. Evaluation results of filtered head tracking data in the pitch and yaw axes with linear
extrapolation and a latency of 13 ms. Average absolute error of all values.
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extrapolating head movements can provide a reasonably low-cost solution with an
acceptable prediction error.

Nevertheless, we are aware of several limitations in this study, which we will aim to
improve in our future work. Firstly, due to the nature of first person shooters, our
scenario did not require users to perform sufficiently numerous and continuous
movements in the roll axis in order to analyze extrapolation accuracy in this direction
as well. This could be improved by including a second scenario where roll head
rotations may be more frequent, for example a first person perspective flight simulator.
Secondly, the number of participants in future studies should be increased in order to
determine whether our accuracy results are consistent on a larger user base. Finally, the
use of different tracking approaches, for example the IR-based Lighthouse tracking
system used in the HTC Vive, should also be taken into consideration.

Therefore, in a future publication, we plan to increase the number users and sce-
narios and ensure results remain consistent with the ones in this publication, particu-
larly in HMD systems that include bodily movement, such as the HTC Vive, with head
movement patterns derived from different typical game environments.

Acknowledgements. This project employed funds from LOEWE Hessen Modellprojekte (State
Offensive for the Development of Scientific and Economic Excellence of Hessen), in the
framework of HA project 480/15-22.

All devices employed during this study were acquired with funds from the Hochschulpakt
2020 program of the German Federal Ministry of Education and Research (BMBF).

The authors report no conflict of interest for this publication.

References

1. McCauley, M.E., Sharkey, T.J.: Cybersickness: perception of self-motion in virtual
environments. Presence: Teleoperators Virtual Environ. 1(3), 311–318 (1992)

2. Howarth, P., Costello, P.: The occurrence of virtual simulation sickness symptoms when an
HMD was used as a personal viewing system. Displays 18(2), 107–116 (1997)

3. Kennedy, R.S., Drexler, J., Kennedy, R.C.: Research in visually induced motion sickness.
Appl. Ergon. 41(4), 494–503 (2010)

4. Cobb, S.V., et al.: Virtual reality-induced symptoms and effects (VRISE). Presence 8(2),
169–186 (1999)

5. Bouchard, S., Robillard, G., Renaud, P.: Revising the factor structure of the simulator
sickness questionnaire. Annu. Rev. CyberTherapy Telemed. 5, 128–137 (2007)

6. Johnson, D.M.: Introduction to and review of simulator sickness research. DTIC Document
(2005)

7. Regan, E.: Some evidence of adaptation to immersion in virtual reality. Displays 16(3), 135–
139 (1995)

8. DiZio, P., Lackner, J.R.: Circumventing side effects of immersive virtual environments. In:
HCI (2) (1997)

9. DiZio, P., Lackner, J.R.: Motion sickness side effects and aftereffects of immersive virtual
environments created with helmet-mounted visual displays. In: The Capability of Virtual
Reality to Meet Military Requirements, vol. 1 (2000)

10. Lampton, D.R., et al.: Side effects and aftereffects of immersion in virtual environments. In:
Proceedings of the Human Factors and Ergonomics Society Annual Meeting (1994)

210 A. Garcia-Agundez et al.



11. So, R.H., Lo, W.: Cybersickness: an experimental study to isolate the effects of rotational
scene oscillations. In: 1999 Proceedings Virtual Reality. IEEE (1999)

12. LaViola Jr., J.J.: A discussion of cybersickness in virtual environments. ACM SIGCHI
Bullet. 32(1), 47–56 (2000)

13. Kim, J., et al.: The Oculus Rift: a cost-effective tool for studying visual-vestibular
interactions in self-motion perception. Front. Psychol. 6, 248 (2015)

14. Porcino, T.M., et al.: Minimizing cyber sickness in head mounted display systems: design
guidelines and applications. In: 2017 IEEE 5th International Conference on Serious Games
and Applications for Health (SeGAH). IEEE (2017)

15. Moss, J.D., Muth, E.R.: Characteristics of head-mounted displays and their effects on
simulator sickness. Hum. Factors: J. Hum. Factors Ergon. Soc. 53(3), 308–319 (2011)

16. Park, G.D., et al.: Simulator sickness scores according to symptom susceptibility, age, and
gender for an older driver assessment study. In: Proceedings of the Human Factors and
Ergonomics Society Annual Meeting. Sage Publications, Los Angeles (2006)

17. Stanney, K.M., Hash, P.: Locus of user-initiated control in virtual environments: influences
on cybersickness. Presence: Teleoperators Virtual Environ. 7(5), 447–459 (1998)

18. Keshavarz, B., Hecht, H.: Stereoscopic viewing enhances visually induced motion sickness
but sound does not. Presence 21(2), 213–228 (2012)

19. LaValle, S.: The latent power of prediction. Oculus VR (2013)
20. Palmisano, S., Mursic, R., Kim, J.: Vection and cybersickness generated by

head-and-display motion in the Oculus Rift. Displays 46, 1–8 (2017)
21. Davis, S., Nesbitt, K., Nalivaiko, E.: Comparing the onset of cybersickness using the oculus

rift and two virtual roller coasters. In: Proceedings of the 11th Australasian Conference on
Interactive Entertainment (IE 2015) (2015)

22. Howarth, P., Finch, M.: The nauseogenicity of two methods of navigating within a virtual
environment. Appl. Ergon. 30(1), 39–45 (1999)

23. Rizzo, M., et al.: Demographic and driving performance factors in simulator adaptation
syndrome. In: Proceedings of 2nd International Driving Symposium on Human Factors in
Driver Assessment, Training, and Vehicle Design (2003)

24. Bonato, F., et al.: Vection change exacerbates simulator sickness in virtual environments.
Presence: Teleoperators Virtual Environ. 17(3), 283–292 (2008)

25. Liu, C.-L., Uang, S.-T.: Measurement and prediction of cybersickness on older users caused
by a virtual environment. In: Universal Access in Human-Computer Interaction. Ambient
Interaction, pp. 666–675 (2007)

26. Ruddle, R.A.: The effect of environment characteristics and user interaction on levels of
virtual environment sickness. In: 2004 Proceedings Virtual Reality. IEEE (2004)

27. Dorado, J.L., Figueroa, P.A.: Ramps are better than stairs to reduce cybersickness in
applications based on a HMD and a gamepad. In: 2014 IEEE Symposium on 3D User
Interfaces (3DUI) (2014)

28. Lo, W., So, R.H.: Cybersickness in the presence of scene rotational movements along
different axes. Appl. Ergon. 32(1), 1–14 (2001)

29. Merhi, O., et al.: Motion sickness, console video games, and head-mounted displays. Hum.
Factors 49(5), 920–934 (2007)

30. Bonato, F., Bubka, A., Palmisano, S.: Combined pitch and roll and cybersickness in a virtual
environment. Aviat. Space Environ. Med. 80(11), 941–945 (2009)

31. LaValle, S.: Sensor fusion: keeping it simple. Oculus VR Blog at http://www.oculusvr.com/
blog/sensor-fusion-keeping-it-simple/May, vol. 22, p. 3 (2013)

An Evaluation of Extrapolation and Filtering Techniques in Head Tracking 211

http://www.oculusvr.com/blog/sensor-fusion-keeping-it-simple/May
http://www.oculusvr.com/blog/sensor-fusion-keeping-it-simple/May

	An Evaluation of Extrapolation and Filtering Techniques in Head Tracking for Virtual Environments to Reduce Cybersickness
	Abstract
	1 Introduction
	2 Related Work
	3 Methods
	4 Results
	5 Discussion
	Acknowledgements
	References




