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Abstract

When interacting with virtual environments, feedback delays between making a movement
and seeing the visual consequences of that movement are detrimental for the subjective
quality of the VR experience. Here we used standard measures of subjective experiences
such as ownership, agency and presence to investigate whether prolonged exposure to the
delay, and thus the possibility to adapt to it, leads to the recovery of the qualitative experi-
ence of VR. Participants performed a target-tracking task in a Virtual Reality environment.
We measured the participants’ tracking performance in terms of spatial and temporal errors
with respect to the target in both No-Delay and Delay conditions. Additionally, participants
rated their sense of “ownership” of holding a virtual tool, agency and presence on each trial
using sliding scales. These single trial ratings were compared to the results of the more tra-
ditional questionnaires for ownership and agency and presence for both No-Delay and
Delay conditions. We found that the participants’ sliding scales ratings corresponded very
well to the scores obtained from the traditional questionnaires. Moreover, not only did partic-
ipants behaviourally adapt to the delay, their ratings of ownership and agency significantly
improved with prolonged exposure to the delay. Together the results suggest a tight link
between the ability to perform a behavioural task and the subjective ratings of ownership
and agency in virtual reality.

Introduction

Virtual Reality (VR) is an increasingly popular tool for a very wide range of applications.
Besides its entertainment value it is, for instance, being investigated as a tool for the treatment
of pain [1] and for rehabilitation purposes [2, 3]. It has also become a tool to study the percep-
tion of self and body ownership and how the perception of self and others can be modified by
placing a participant “inside” an avatar of another body in the virtual world [4-9]. To optimize
these procedures, previous research has focussed on how to optimize the overall subjective VR
experience in terms of presence (the sense of “being there” in the environment) and the possi-
ble “embodiment” of an avatar or tool in terms of a sense of “ownership” over the avatar/tool
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and a sense of agency of its movements. For instance, for the sense of presence effects of visual
refresh rate, visual feedback delay, stereoscopic viewing, visual pictorial realism, multisensory
cues and body representation have previously been investigated [10]. In these studies often rel-
atively short VR exposures were used in order to test the various display conditions. However,
most practical applications of VR will involve longer periods of being in a virtual world and
how the subjective experience as measured by standard ownership, agency and presence ques-
tionnaires may vary with exposure time has hitherto received relatively little attention. There-
fore, the present study focussed on how the subjective ratings for ownership, agency and
presence might change with prolonged exposure to the virtual world. More particularly, the
present study investigated how exposure can serve to overcome parameters such as feedback
delays between moving our own real limb and the corresponding visually observed movement
of the controlled object in VR that otherwise may have a detrimental effect on the VR
experience.

To measure the subjective experience of VR we used traditional measures for ownership,
agency and presence in the form of subjective ratings and questionnaires. The questionnaire
used to obtain subjective ratings for ownership and agency in the present study is an adapted
version of the ones traditionally used in the study of hand ownership and agency through, for
instance, the Rubber Hand Illusion [11, 12]. For this illusion a rubber hand is placed in front
of an observer while their corresponding real hand is hidden from view and held passive and
stationary. Next, both the rubber hand and the real hand are simultaneously stroked to give
the illusion that the visual touch on the rubber hand corresponds to the felt touch on the real
hand. Thus the illusion is created that the rubber hand is one’s own. Using such visuotactile
stimulations as in the Rubber Hand Illusion the ownership illusion has been shown to occur
for rubber hands, full body dolls and mannequins [13-15] and even empty space [16, 17]. A
similar approach has been used in VR and a strong sense of ownership, as measured using
questionnaires, is for instance reported when the movements of a virtual or robotic hand
match those of the real hand [18, 19]. Here we applied the same questionnaire methods to a
much simpler spherical shape rather than the image of a hand, but included 3-dimensional
hand movements in terms of position and orientation into the design rather than asking par-
ticipants to stay fully still. That is, in the virtual world the participants received continuous
online feedback about their hand position and hand orientation in the form of a red cursor
ball in the absence of direct vision of their own hand. To allow for the abstract shape of the cur-
sor ball in the present study some of the questions for ownership were altered to reflect the
idea of a hand-held object or tool rather than ownership of a body-part.

A key factor however for participants to report a subjective sense of ownership in para-
digms such as the rubber hand illusion is the synchrony between the visual and either passive
tactile stimulation or active movement signals. In the active case, when the feedback about the
movements of the hand is asynchronous with the actual movements, a reduction in the subjec-
tive reports of the sense of ownership as well as a detriment in the sense of agency of the seen
movements is observed [12, 20]. In other words the multisensory nature and the synchrony
between the visual and kinaesthetic senses are essential to create the illusion of subjective own-
ership of a fake/virtual limb, avatar or tool [13, 20-22]. Indeed perceived synchrony provides a
strong cue that the sensory signals are causally linked [23-25]. Therefore, great effort usually
goes into maintaining the multisensory correspondence in order to promote the subjective
senses of ownership and agency. However, even small feedback delays in the system (e.g. trans-
mission delays if used over a network) can lead participants to report a reduced sense of own-
ership and agency [20, 26, 27].

Similarly, feedback delays resulting in multisensory asynchronies affect subjective ratings of
presence in the virtual world [28]. Presence relates to our feeling of “being there” in the virtual
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world and is thought to include the feeling of spatial presence (the sense of physically being in
the virtual space), involvement (relating to the extent to which we pay attention to the virtual
world and for instance loose awareness of the real world) and realism (how real the virtual
world looks and behaves) [29]. Besides the felt ownership and agency of a virtual avatar or
tool, the sense of presence is another qualitative subjective measure for how immersed we are
in the virtual world. Like ownership and agency, this inherently subjective experience has
often been approached using questionnaires in which participants are asked to report their
experience, and we used the same approach with one of the standard questionnaires here [29]
to measure the immediate effect of feedback delay on the presence ratings.

Using such subjective measures previous research has focussed on the parameters that
either enhance or attenuate the subjective ratings in VR such as the visuomotor feedback
delays. However, most studies exclusively focussed on the immediate effects of these parame-
ters. For instance, the detrimental effect of feedback delay on ownership and agency was mea-
sured using relatively short exposures of only 2 minutes [20]. Prolonged exposure to the
feedback delay may however lead to delay adaptation, which causes a shift in the perception of
what appears simultaneous in terms of making a movement and observing the visual conse-
quences of that movement [30-33]. Even in the absence of genuine delay-adaptation, i.e. a
shift in perceived simultaneity, participants generally learn to cope with the delay to some
extent and their performance at behavioural tasks will improve over time [33, 34]. It is quite
possible that with delay adaptation and/or a behavioural improvement in task performance
the subjective ratings for the qualitative experience of VR improve as well.

Here we investigated the effects of prolonged exposure to a feedback delay applied to a vir-
tual cursor tool used in the virtual environment and assessed both the behavioural improve-
ment in a target-tracking task over time as well as the potential changes in the subjective
reports of tool-ownership, agency and presence. We expected that as time progressed partici-
pants would adapt to the delay and at the same time report a stronger sense of agency of the
controlled object in the virtual world and a better overall subjective experience. It is important
to note that the nature of this research does not allow the usage of the questionnaires that are
generally used to assess these subjective senses [12, 29] since that would imply removing the
participants from the virtual world during the exposure which would interfere with the delay-
adaptation process. Therefore we applied the method of sliding scales through which partici-
pants could indicate the level of ownership, agency and presence whilst remaining within the
virtual world. For subjective ratings of presence similar sliding scales have previously been
used in both VR and theatrical movie settings [35-37]. Also for the sense of ownership a sliding
scale (sometimes referred to as a Visual Analog Scale, VAS) has been used before [38]. How-
ever, to our knowledge these and other studies did not test the correspondence with the more
extensive and currently established questionnaires. Therefore, before measuring the effects of
prolonged exposure to the feedback delays, we established the correspondence between using
our simple sliding scales within the virtual world to the scores obtained from the existing ques-
tionnaires that participants filled in after being removed from the virtual world.

Methods

The study was approved by the Ethics Committee of the Department of Psychology at the Uni-
versity of Essex prior to data collection (ethics code: LVD1703).

Participants

Fifteen volunteers participated in the study (7 males, 6 females, 2 gender non-conforming; all
self-reported right-handed). The age range was 22 to 44 (M = 30.8, SD = 8.0). The participants
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were naive with respect to the purpose of the experiment and written informed consent was
obtained from each participant.

Apparatus

Participants were seated on an office chair with enough surrounding space to be able to move
their arms around without obstruction. An Oculus Rift head-mounted display was used in
conjunction with the Oculus Touch controllers in order for the participants to interact with
the virtual environment. The virtual environment was based on sample code that is included
with the Oculus SDK (“OculusRoomTiny_Advanced/ORT (Controllers)”) which was modi-
fied to suit the purposes of the current experiment. The dimensions of the virtual room were
20 by 4 by 40 units in the virtual space (where 1 unit roughly corresponds to 1 m in physical
space) and the room included 3 walls (at the left, right and back of the observer’s starting
point), ceiling and a floor. Moreover the room included a virtual screen (2 by 1 m at 4.5 m dis-
tance in front of the observer in VR space) on which instructions to the participant could be
displayed. Direct3D was used to render the 3D content of the virtual environment.

Stimuli

Participants performed a target-tracking task in the virtual environment. The target stimulus
was a green ball with a 5 cm radius floating roughly 1 m above the floor. The movement of the
target was created by summing 5 sinusoids for each of the x, y and z directions separately.
Each of the sinusoids had its own frequency and the amplitude for each was 5 cm (this means
the maximum deviation of the target in any direction was 25 cm in the rare instances that the
peaks in all sinusoids coincided). The frequencies for the sinusoids were 0.09, 0.165, 0.195,
0.375 and 0.495 Hz [33]. The starting phases for each of the sinusoids were drawn randomly
from a uniform distribution between 0 and 27 on each trial. The random starting phases were
drawn separately for the x, y and z directions.

Delay-adaptation works best for a predictable target [33], however, the target by itself was
relatively unpredictable in its movements. To make a predictable version of the target-tracking
task [33], grey balls with a 2.5 cm radius shadowing the target were added to the display (Fig 1,
right panel). There were 5 shadowing balls leading the target (to provide the predictable infor-
mation necessary for delay adaptation) and 5 shadowing balls tailing the target. The shadowing
balls moved such that they allowed a temporal movement path estimation window of 1 sec
ahead of the target to 1 sec trailing the target.

Participants tracked the target using a red textured cursor ball which was controlled by the
Oculus Touch controller for the right hand. In the virtual environment the red cursor ball was
continuously being displayed at the location that corresponded to the location of the real right
hand from the participants viewpoint. The cursor ball had a radius of 5 cm (the same as the tar-
get ball). This shape of the cursor was chosen to minimise the influence of roll, pitch and yaw
on the position and movement estimates of the hand, though these rotations were rendered if
these kind of movements were made and thus provided additional multisensory correspon-
dence cues. The spherical shape of the cursor was chosen to ease performance measurements
in terms of the centre to centre distance between the target and cursor balls. Note that using
the red cursor ball, we exploited previous findings that even for such abstract shapes/tools a
perhaps more fuzzy sense of ownership that includes tool-use can be reported, as long as par-
ticipants are provided with sufficient experience of the sensorimotor correspondence [39].

Each target tracking trial lasted 20 seconds. After the 20 seconds were complete participants
were presented with three questions using the screen within the virtual environment. The first
question “how much did you feel like the ‘avatar’ was part of your body?” was used to measure
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Fig 1. Schematic representation of stimulus and procedure of the experiment. The experiment consisted of two stages. In the first stage participants

Q Established questionnaires

performed three trials for each of the No-Delay and Delay conditions after which they filled in the established questionnaires (left panel). In the second stage
(right panel) participants first performed 6 pre-test trials without delay, then 21 adaptation trials with the added feedback delay of 200 ms and then 6 post-test

trials without the delay. During the second stage of the experiment the target movement was rendered predictable by adding the shadowing balls which

provided a 2 sec temporal window of the movement path of the target (up to both 1 sec ahead and 1 sec trailing the actual target position).

https://doi.org/10.1371/journal.pone.0205145.g001

the sense of ownership of the red cursor ball. The second question: “how much did it feel like
you were in control of the ‘avatar’?” was used to measure agency for the cursor ball. Partici-
pants were informed that ‘avatar’ in these questions related to the red cursor ball. Finally, a
third question “How present did you feel in the virtual environment?” was designed to mea-
sure presence within the virtual environment. The third question was explained to participants
as a sense of “being there” in the virtual environment. These questions were chosen to match

those commonly used on standard questionnaires for these subjective senses. For all three

questions participants performed a scaling task and adjusted a marker on a continuous scale
by using the thumbstick on the left Oculus Touch controller. The continuous scale ranged
from “not at all” on the left side (roughly 1 m to the left of centre on the virtual scale) to “very
much” on the right side (roughly 1m to the right of centre on the scale). A setting of “not at
all” on the one side related to a value of -1. A setting of “very much” related to a value of +1.
The virtual screen on which the questions were presented as well as the scale for the scaling
task were presented at 4.5 m distance from the location of the target tracking task within the

virtual space.

Established questionnaires

In order to compare the results of the scaling task after each trial to the more established mea-
sures for ownership, agency and presence in the literature, we additionally used standard pen
and paper questionnaires. As an established measure for presence we used the 14-item IPQ
questionnaire [29]. The IPQ contains the sub-scales Presence (6 items: we combined the SP and

PRES items in the IPQ to measure presence), Involvement (4 items) and Realism (4 items).
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To measure ownership and agency we used a 16-item questionnaire [12]. This original
questionnaire consists of 4 questions relating to ownership of the hand, 4 questions for agency
as well as 4 control questions each for ownership and agency. For the present study references
to the hand and hand movements in the original questionnaire were changed to the movement
of the red cursor ball, since that was the visual stimulus used in the present experiment (see S1
Table). Therefore, “ownership” in the modified questionnaire does not necessarily reflect own-
ership of the red cursor ball as part of the body, but rather as a handheld object/tool. The only
question amongst the 4 ownership questions that refers to body-ownership as such is the sec-
ond question in S1 Table, which we kept for consistency with previous studies as well as with
the scaling task performed within the virtual environment.

These questionnaires have become a standard for measuring such subjective feelings as
presence in VR and ownership and agency. We therefore here applied them to the present
case, despite the relatively abstract shape of the cursor ball. Both the IPQ and ownership and
agency questionnaires consisted of 7 point Likert scales ranging from -3 to 3. To ease the com-
parison with the scaling task used for each trial within the virtual environment, the average
scores obtained using the established questionnaires were divided by 3 to obtain a scale rang-
ing from -1 to 1 as in the scaling task.

Procedure

For each participant the experiment consisted of two stages (see Fig 1). The first part was a
Methods Test Experiment to compare the results from our ownership, agency and presence
scaling tasks on each trial with the corresponding more established questionnaires. Partici-
pants performed three trials without delay (No-Delay Condition) using an unpredictable target
(i.e. without the shadowing balls). Participants started a trial by pressing the ‘A’ button on the
right Oculus Touch controller after which they tracked the target ball for 20 sec using the right
touch controller to control the red cursor ball. After 20 sec both the target and cursor disap-
peared and participants were prompted to provide ratings for their feelings of ownership,
agency and presence, respectively, using the scaling task. The first question (ownership) along
with the scale for the responses appeared automatically in the virtual environment once the 20
sec of the tracking task was complete. Participants adjusted the marker on the scale, using the
thumbstick on the left Oculus Touch controller, until they were satisfied with their setting. To
enter their rating they pressed X’ on the left controller, at which point the next question was
presented. This continued until all three questions were answered for that trial. At the start of
each new rating the marker was positioned at the centre of the scale to prevent participants
from simply rating all three questions similarly without adjusting the marker. Note that the
thumbstick on the left Oculus Touch controller was used for the scaling task, which means
that participants made these settings using the non-adapted hand and visuomotor adaptation
usually does not to transfer between hands [40-42]. There was no added feedback delay whilst
making these ratings. After both the tracking and scaling task were completed for all three tri-
als, participants removed the oculus headset and filled in the established pen and paper ques-
tionnaires. They were instructed to relate their responses on these questionnaires to their
experience of the three trials they had just performed.

Next the same procedure was repeated but now participants performed three trials with the
added feedback delay of 200 ms (Delay Condition). While noticeable, this added delay of 200
ms has been shown to be small enough for delay adaptation [31, 33]. Again the tracking task
was performed using an unpredictable target without shadowing balls to avoid adaptation
[33]. Participants provided ownership, agency and presence ratings within the virtual environ-
ment at the end of each trial. Subsequently, after the three trials were completed, participants
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again removed the Oculus headset and filled in the established questionnaires, this time relat-
ing to the three 200 ms added feedback delay trials.

The second stage of the experimental session was the actual Delay Exposure Experiment in
which we tested the effects of prolonged exposure to an additional 200ms feedback delay, and
thus potentially delay adaptation, on the ratings for ownership, agency and presence in VR.
The procedure on each individual trial was the same as for the Methods Test stage, except that
now the predictable target including the shadowing balls was used in the target tracking task.
The experiment followed a pre-test, adaptation, post-test paradigm and the sequence of trials
was as follows (see also Fig 1, right panel). The experiment started with 6 no-delay trials (pre-
test), after which 21 delay-adaptation trials followed. Finally to measure the potential afteref-
fects of delay-adaptation the experiment ended with a further 6 no-delay post-test trials.

Analysis target-tracking task

On each trial the path of the target ball as well as the path of the cursor ball were recorded.
These recordings were used to obtain the behavioural measures of adjusting to the added feed-
back delay of 200 ms. Before analysing participants’ tracking behaviour, the first 2 seconds for
each trial were removed to avoid the period in which participants were still catching up to the
target after the trial started from influencing the results. Next, we calculated the average dis-
tance between the target ball and the visual cursor ball within the virtual environment across
the duration of each trial as our first behavioural measure. Additionally, we calculated the
time-lag between the target and cursor paths in the tracking task, since this is the best measure
for genuine delay compensation. The time-lag for each trial was obtained using a cross-corre-
lation procedure on the target and cursor paths. The cross-correlation computes the correla-
tion coefficients between the target and cursor paths whilst shifting one of them backwards
and forwards in time relative to the other. The shift at which the correlation is maximal repre-
sents the time-lag between the two signals. The cross-correlation procedure was carried out for
the x, y and z directions individually which means that for each dimension the correlation
coefficient as a function of the time-shift was obtained. Next the resulting correlation coeffi-
cients as a function of the time-shift were averaged across the three dimensions before deter-
mining the time-shift for which the correlation between target and cursor paths was maximal.
This shift represents the lag between the target and the cursor and thus will be referred to as
our lag measure in the tracking task.

Results
Results methods test

Participants first performed two short blocks of trials, one each for the No-Delay and Delay
conditions, and filled in the established ownership and agency questionnaire [12] (see S1
Table) and the IPQ [29] after completing the block of three trials for each condition. We calcu-
lated the scores for ownership, agency and presence by averaging the responses across the rele-
vant questionnaire items. Additionally for the IPQ we calculated an overall average score
across the Presence, Involvement and Realism dimensions. The results of the established ques-
tionnaires for the No-Delay and Delay conditions are presented in Fig 2A.

What can be seen is that for the subjective ratings of ownership and agency in particular the
feedback delay has a strong detrimental effect on the subjective experience. That is, using Wil-
coxon signed-rank exact tests significant differences were found between the No-Delay and
Delay conditions in the questionnaire scores for ownership (W = 120; p = 0.000061) and
agency (W = 120; p = 0.000061). The graph for the IPQ shows an apparent trend for a similar
difference between the No-Delay and Delay conditions for the overall IPQ score. However,
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along the sub-scales Presence, Involvement and Realism, only Presence was significant but not
at a level that would survive Bonferroni correction for multiple comparisons at o = 0.0125
(IPQ: W = 86; p = 0.147217; Presence: W = 95.5; p = 0.042; Involvement: W = 32; p = 0.36;
Realism: W = 89.5; p = 0.096).

Besides filling in the established questionnaires after each block was complete, participants
rated each individual trial whilst in the virtual environment in terms of ownership and agency
of the red cursor ball as well as their sense of presence in the virtual environment, using the
sliding scales. The sliding scales were a very quick method to obtain subjective ratings and we
investigated whether they led to similar scores as the established questionnaires. For the scaling
task within VR we averaged the ratings provided for each measure (ownership, agency and
presence) across the three trials for each of the No-Delay and Delay conditions. The scores
across participants for the scaling task are shown in Fig 2B. Using Wilcoxon signed-rank exact
tests we found significant differences between the No-Delay and Delay conditions for all three
subjective measures of ownership (W = 120; p = 0.000061), agency (W = 120; p = 0.000061)
and presence (W = 110; p = 0.0026).

Taken together the established questionnaires and the scaling task provide very similar
results, even though the scaling task seems to provide stronger evidence for an effect of the
delay on the subjective ratings of presenc