VRPursuits: Interaction in Virtual Reality using Smooth Pursuit
Eye Movements

Mohamed Khamis Carl Oechsner
LMU Munich LMU Munich
Munich, Germany Munich, Germany
mohamed khamis@ifi.lmu.de oechsner.carl@gmail.com
Florian Alt Andreas Bulling
LMU Munich Max Planck Institute for Informatics
Munich, Germany Saarland Informatics Campus, Germany
florian.alt@ifi.lmu.de bulling@mpi-inf. mpg.de

Figure 1: We investigate the selection of moving 3D targets in virtual environments (A) using smooth pursuit eye movements
(arrows are for illustration only and were not shown to users). We study how parameters specific to VR settings influence the
performance. We then develop and evaluate two sample applications: (B) a virtual ATM where users authenticate by following

the digits with their eyes, and (C) a space shooting game where users blast asteroids by following them.

ABSTRACT

Gaze-based interaction using smooth pursuit eye movements (Pur-
suits) is attractive given that it is intuitive and overcomes the Midas
touch problem. At the same time, eye tracking is becoming increas-
ingly popular for VR applications. While Pursuits was shown to
be effective in several interaction contexts, it was never explored
in-depth for VR before. In a user study (N=26), we investigated how
parameters that are specific to VR settings influence the perfor-
mance of Pursuits. For example, we found that Pursuits is robust
against different sizes of virtual 3D targets. However performance
improves when the trajectory size (e.g., radius) is larger, particularly
if the user is walking while interacting. While walking, selecting
moving targets via Pursuits is generally feasible albeit less accu-
rate than when stationary. Finally, we discuss the implications of

Permission to make digital or hard copies of all or part of this work for personal or
classroom use is granted without fee provided that copies are not made or distributed
for profit or commercial advantage and that copies bear this notice and the full citation
on the first page. Copyrights for components of this work owned by others than the
author(s) must be honored. Abstracting with credit is permitted. To copy otherwise, or
republish, to post on servers or to redistribute to lists, requires prior specific permission
and/or a fee. Request permissions from permissions@acm.org.

AVI ’18, May 29-June 1, 2018, Castiglione della Pescaia, Italy

© 2018 Copyright held by the owner/author(s). Publication rights licensed to Associa-
tion for Computing Machinery.

ACM ISBN 978-1-4503-5616-9/18/05...$15.00
https://doi.org/10.1145/3206505.3206522

these findings and the potential of smooth pursuits for interac-
tion in VR by demonstrating two sample use cases: 1) gaze-based
authentication in VR, and 2) a space meteors shooting game.
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1 INTRODUCTION

Human gaze has significant potential for virtual reality (VR) appli-
cations. Not only can gaze be leveraged to learn about the user’s
visual attention, it also offers a natural and intuitive means for
interaction. In the recent years, gaze interaction using smooth pur-
suit eye movements (Pursuits) has been continuously becoming
popular due to its intuitiveness, and robustness against the Midas
touch problem [37], i.e., the problem of distinguishing deliberate
gaze input from the basic function of eye, namely to look around
and perceive visual information. Pursuits is particularly relevant to
VR; the dynamic nature of VR applications often requires selecting
moving targets. For example, when communicating with avatars of
virtual human agents in VR, a common approach is to point at them
while they move [19, 22, 36]. Selection of moving targets is common
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in VR games, and scienti ¢ simulations where users can, for exam-
ple, select an object to track its developmed] 11, 34. Although
selection of moving targets in VR is important, it is challenging to
point, touch or tap a target while it movesl 13 21, 23. On the
other hand, Pursuits is intended for selecting moving targets.

Pursuits was extensively studied in di erent interaction settings,
including on public displays 17, wearables ], and smart envi-
ronments BY. Virtual reality di ers from these in a number of
ways. For one, unlike in desktop settings, VR users can move while
interacting using Pursuits. While Khamis et al. employed Pursuits
for interaction with large displays while walking1§, they studied
walking parallel to the display while in VR users can move freely
in di erent directions. Second, in contrast to 2D targets on normal
displays, virtual 3D targets can be much closer and larger, span
across a large movement trajectory, and move at di erent distances
from the user's perspective. Third, previous work showed that gaze
behavior when xating on a 3D stimulus can di er from xating on
a 2D one, 26. Despite these di erences and its potential, Pursuits
was never explored in-depth for virtual reality applications.

In this paper we |l this gap and explore pursuit interaction in
VR. We study the performance of the technique for characteris-
tic properties of virtual environments that were not explored in
previous literature. This includes studying how well it performs
when selecting targets of di erent sizes, di erent trajectory sizes
(e.g., di erent radii of objects moving in circular motion), di erent
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presence 39 in virtual environments. Eye gaze was also used for
active interaction in VR, such as for steering8]]. Other headsets,
such as the Microsoft Hololefls support head-pose tracking as
an alternative to eye tracking, and was recently used to detect
Pursuits-like movements using the head for AR applications [6].

In contrast to these previous works, we focus on gaze-based in-
teraction with moving targets using smooth pursuit eye movements.
Tripathi and Guenter used smooth pursuit for calibration in VR, but
not for interaction [33. Piumsomboon et al. used smooth pursuit
to allow occluded objects to be selected, and hence objects to be
moved on demand when xated a?[7]. While these works applied
Pursuits, we contribute a deeper exploration of Pursuits in light of
the unique properties of VR settings. We compared performance
across di erent sizes of 3D virtual targets that are continuously
moving, di erent sizes of movement trajectories, and distances
between the user and the target.

2.2 Pursuits for Interaction

Until recently, the majority of work on gaze-based interaction uti-
lized dwell time [LZ or gaze gestures4]. Smooth pursuit eye move-
ments are increasingly becoming popular for gaze-based interaction.
Initially introduced by Vidal et al. for interaction with public dis-
plays [37], the technique was subsequently studied in di erent
contexts, including public displaysl[], smartwatches$], smart
homes BY, and smart glasses3]. It has been used for gaming

distances from the user, and in cases where the user is stationary [13 37, authentication P, voting [1§ and text entry [20. It was

or walking in VR. We found that Pursuits is robust against di erent

target sizes but that performance drops slightly when targets are
too big because users do not xate at a particular set of pixels on a
3D target's surface. We also found that larger trajectories improve

also successfully integrated into active eye tracking, where eye
trackers follow users as they move along large interactive surfaces
[1§. Using Pursuits overcomes the Midas touch problem, because
it is unlikely a user would imitate a movement with their eyes

performance, and that users can indeed make selections via Pur-Without a stimulus to follow.

suits while on the move but performance is better when users are
stationary. Finally, we implemented two use cases for Pursuits in
VR (see Figures 1B and 1C) that are well perceived by users.
The contribution of this work is two-fold: (1) we report on the
results of a user study (N=26) through which we investigate the

Piumsomboon et al. recently introduced RadialPursuit, a tech-
nique that employed smooth pursuit eye movements for interaction
in VR [27. RadialPursuit expands cluttered objects away from
each other, and allows the user to select the object of interest as
it moves away from the rest. In contrast to RadialPursuit, we use

performance of Pursuits in VR, and (2) we showcase and evaluate the Pearson’s correlation coe cient rather than Euclidean distance

two VR applications that employ Pursuits.

2 RELATED WORK

Our work builds on two strands of prior work: (1) Eye tracking in
VR and (2) interaction using smooth pursuits.

2.1 Eye Tracking in VR

The advent of a ordable and high-quality VR headsets has incited
the development of various VR applications. Eye tracking is a key

di erence to match eye movements with target positions. Pear-
son correlation is not in uenced by poor eye tracker calibration
[16 17, 37, which makes it more robust since calibration often de-
teriorates when users take o VR headsets and put them on again.
Furthermore, the Pearson correlation is robust against cases where
the user's head bobs up and down due to movemetd [This is
particularly relevant to VR since moving in VR is an important
topic that is increasingly becoming populaBg. Finally, a core

di erence between our work and that of Piumsomboon et al. is
that while they investigated a particular use case, we explore the

technology for VR headsets and has therefore been integrated, for pasic properties of Pursuits with the aim of creating guidelines for

example, in the FOVE trackkand the HTC Vivé 3. Knowledge
about the current gaze point can bring a lot of bene ts to the

researchers and practitioners who want to employ Pursuits in VR.

user experience in VR. It can be used to speed up rendering ofthe 3 DESIGN SPACE OF PURSUITS IN VR

virtual scene by limiting rendering to the user's high acuity area, so-
called foveated renderingg[ 25 2§. Eye tracking can also be used
to navigate R4, enhance collaborationl], or predict subjective

https:/iwww.getfove.com/
2https://www.tobii.com/tech/products/vr/
Shttps://pupil-labs.com/blog/2016-08/htc-vive-eye-tracking-add-on/

While the idea of using Pursuits for selecting moving targets was
explored before, selecting 3D targets in virtual environments comes
with unique properties. We identi ed di erent characteristics of
Pursuits that may in uence selection performance in VR:

“https://www.microsoft.com/en-us/hololens
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1. Size of the trajectory: Previous work in smooth pursuit se-
lection reported that performance is expected to be better when the
trajectory size is bigger (e.g., bigger radius for circular trajectories)
[34. However the e ect of trajectory size on Pursuits performance
was never formally investigated before. In immersive VR headsets
and in contrast to previously investigated interfaces, such as public
displays [L7, 37 and smartwatchesY], the trajectory size could
vary widely; the user sees a large visual eld in which targets could
move, e.g., HTC Vive o ers 11M®f visual eld.

2. Size of the target: Previous work discussed how Pursuits is
expected to be independent of target si&¥][ Accurate selection
of very small 2D targets using Pursuits is indeed feasible as long as
the target moves. However, it was also shown that gaze behavior
when xating at a 3D stimulus can be di erent from xating at a
2D one [7,2§. In VR, 3D targets are accompanied with many depth
cues resulting from lighting, shadows, rotations, etc. These cues
distract the user from xating at a particular set of pixels on the
target's surface when gazed at. Instead, users can freely gaze at any
point on the target's surface as they follow. Selectable targets in
VR can be too large than anything studied for Pursuits before.

3. Distance to target: One parameter that was never investi-
gated for Pursuits before is the distance to the target. Distance to
the target is particularly important for VR. While the distance is
often constant in desktop and public display settings, where users
position themselves 60 90 cm away from the displa@ 17, the
distance between the user and a virtual 3D target can vary greatly.

4. Trajectory shape: Previous work investigated multiple tra-
jectory shapes. Most existing work established that circular trajec-
tories perform better b, 15 17], and our pilot tests did not show
any tendencies for di erent results in VR. Due to this reason, we
decided to not investigate this parameter in more detail.

5. Moving user: Another unique property of selecting moving
targets in VR is that users themselves can be moving. There is
a growing trend towards enabling users to walk in VR environ-
ments. For example, companies are o ering wireless adaptors for
VR headsets to allow users to walk freely without tetherfhdvulti-
ple companies introduced VR Walkers to allow users to walk in VR
despite space limitatiorfs There is also a large body of previous
research about enabling users to move in VR by walking in place
[32] or by the so-called redirected walking [29].

While tracking the eyes of moving users for diagnostic and
monitoring purposes is widely adopted, gaze-based interaction
while the user is moving is relatively under-investigated. To our
knowledge, the only exception is EyeScout where users interacted
with a large display via smooth pursuit while walking parallel to
the display [Lg. However, in VR users could be moving towards
or away from the targets while selecting them. This motivated us
to explore how the movement of the user in uences selection of
moving targets in VR using smooth pursuit eye movements.

4 CONCEPT AND IMPLEMENTATION

Our implementation builds on previous work on Pursuit37]. The
key idea is to show the user a set of moving targets, and to compare
eye movements to movements of the targets. The target whose

Shttps://www.tpcastvr.com/product
Shttp://www.virtuix.com/

Movemewgl '18, May 29-June 1, 2018, Castiglione della Pescaia, Italy

Figure 2: We experimented with 3 trajectory sizes (i.e., 3 radii
lengths), 3 target sizes, and 3 distances to the target.

movement correlates most with that of the eye is deemed to be the
one the user is looking at. As done ir37] and pilot tests, we opted

for using the Pearson's product moment correlation for comparing
the trajectory of the target with that of the gaze. We used a window
size of 300ms, and a threshold of 0.4. That is, every 300 ms the
coordinates of each target in the last 300 ms are compared to the
gaze coordinates in the same time window, and the correlation
coe cients are stored for further analysis. Every 900 ms, we calcu-
late the mean of the last three correlation coe cientGnean for
each target. The target with the highe€ean is deemed to be the
one the user is looking at as long as it is above the threshold (0.4).
We used a sliding window, which means that instead of discarding
all previous gaze points after each correlation check, we enqueue
every new gaze point and dequeue the oldest one.

5 EVALUATION

We conducted a user study to derive guidelines that help design-
ing performant and reliable Pursuits selection of moving target
in virtual reality. In a rst study, we narrowed down the possible
properties of moving targets (e.g., target size, and trajectory size),
in order to understand which of those have an impact on smooth
pursuit selection in VR. Based on the results, we conducted an in-
depth analysis to understand the impact of di erent parameters of
some properties in a followup study. Afterwards, we conducted a
nal study to showcase two possible applications for moving target
selection in VR and to collect qualitative insights from participants.

5.1 Apparatus

Participants were asked to wear an HTC Vive with a bionocular
PUPIL eye tracker add-orlLf] connected to a PC with an Intel
Core i7 6500k processor, an NVidia GTX 1080 graphics adapter, and
16GB RAM running Windows 10. To make sure participants are
not distracted by other objects in the scene, and to ensure that the
recorded eye behavior is solely in uenced by the manipulations
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