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ABSTRACT

This paper reports on the effect of visually-anchored prediction ac-
curacy of haptic information on the perceived presence of virtual
environments. We designed an experiment which explicitly pre-
vented confounding factors potentially introduced by virtual body
ownership and/or agency. The experimental design consisted of
two main conditions defining congruent vs incongruent visual and
haptic cues. Presence was measured during as well as after exposure.
A distance estimation task solely based on motor action and the
visually-anchored spatial model of the environment was executed to
control for perceptual binding. 56 healthy volunteers were randomly
assigned to one of two groups in a single-blind mixed-group design
study. The study revealed increased presence for high prediction
accuracy and decreased presence for low prediction accuracy, while
perceptual binding still occurred. The observed effect sizes were
in the medium range. The results indicate a significant correlation
between prediction accuracy of haptic information and the perceived
realness and presence of a virtual environment which gives rise to a
discussion about models for the dissociative symptom derealisation.

Index Terms: Human-centered computing—Human computer
interaction (HCI)—Empirical studies in HCI

1 INTRODUCTION

Virtual presence is one of the major qualities associated with many
Virtual Reality (VR) systems. Presence conceptualizes the subjective
sensation of being in a specific place or environment [48, 51]. The
initial construct was criticized for being ambiguous and to capture
different conceptualizations [48], which motivated a later differenti-
ation into (1) place illusion and (2) plausibility illusion [55]. In this
paper we refer to presence in the sense of place illusion, which is
defined as “the strong illusion of being in a place in spite of the sure
knowledge that you are not there” [55, p. 3551]. Breaks in presence
denote violations of a successful place and plausibility illusion. They
hinder a willing suspension of disbelief that users are located in a
world other than where their real bodies. Breaks in presence can be
caused by incoherent simulations and poor sensorimotor contingen-
cies, for example, due to technical deficiencies of the mediating VR
system. Sensorimotor contingencies, on the other hand, denote the
modality-specific matching of sensory information to the “structure
of the rules governing the sensory changes produced by various
motor actions” [41, p. 941].

Potential correlations between presence and sensorimotor con-
tingencies have been proposed. For instance, Seth [51] suggests a
Bayesian model that defines presence as a function of the success
of predicting sensory consequences of motor actions. In addition,
Seth [51] argues for the clinical relevance of presence to understand
dissociative disorders or prodromal schizophrenic symptoms. Hence,
these conceptualizations emphasize the importance of expectations
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or predictions for the emergence of presence: presence is understood
as a function of the match between visually induced expectations
and actual sensory sensations. However, there is a lack of empirical
research showing systematic influences of sensory prediction on
presence, which is investigated here. Hence, the following hypothe-
sis is guiding the main research goals of this work: Presence, i.e., the
place illusion, is correlated to and determined in part by the accuracy
of predicting sensory consequences of motor actions.

1.1 Contribution
We propose an immersive VR-based experimental design to investi-
gate correlations between presence and sensorimotor contingencies.
The design deliberately renounces inclusion of a virtual body. Our
results reveal that presence is significantly correlated to the accuracy
of predicting sensory consequences of motor actions while multi-
sensory stimuli are successfully merged into a coherent percept.
Hence, we could ensure the results to not be confounded neither (1)
by the cognitive representation of distinct spatial reference systems
nor (2) by virtual body ownership and agency.

2 RELATED WORK

2.1 Presence
Several definitions of presence have been proposed [31], many in
line with a general conceptualization as to be a “perceptual illusion
of non-mediation” [32]. VR users are embedded in a close human-
computer interaction loop where they receive a continuous stream
of computer-mediated sensory information. If the mediated stimuli
match stimuli as expected from the real physical world, the mediated
system is no longer perceived, suspension of disbelief occurs, and
the artificial stimuli are accepted as being real for these users.

The refining notions of spatial presence [66] or place illusion [55]
emphasize physical aspects of the perceptual illusion, operationaliz-
ing the sensation of one’s self being physically situated within an
environment. Different aspects of presence are discussed, for exam-
ple in Lombard and Jones [33] or Laarni et al. [28]. The presence
construct is not solely applicable to mediated experiences, links to
psychological conditions related to the perception of the real world
have been shown, supporting the validity of the construct [2, 38, 50].

The initial presence construct faced criticism due to a wide va-
riety of definitions and attempts of operationalization [48] which
motivated refinements: it was hypothesized that presence is pri-
marily a function of the coherence of perceived responses of the
mediated environment to the expectations induced by performed
actions [42, 50, 56]. In this respect, Slater [55] refers to the concept
of sensorimotor contingencies [40, 41], that describes the match-
ing between expectancies in sensory changes due to motor action
and reformulates theses aspects of presence as place illusion. This
approach follows Gibson’s affordance theory [16], in which a recip-
rocal relation between perception and action is assumed.

The perceived ability to executable actions in a virtual environ-
ment is suggested to be an additional moderator for presence [48].
This is supported by results showing activation of the primary and
secondary motor cortex in response to immersive stimuli without
resulting in overt actions [4, 37]. During temporally extended inter-
action with an environment, it can be assumed that the perceived
ability to act is informed by experienced action effects since action
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planning is guided by anticipated perceptual effects [24]. In turn,
visual perception has been shown to be malleable in relation to per-
ceived opportunities for action and the associated physical costs [43],
further supporting an association of anticipated action and presence.

Figure 1: General overview of the experimental design. Top: The
participant is seated in an office chair before a real physical table while
wearing a head-mounted display. Bottom: In the virtual environment
the physical table is substituted by a virtual replica of the real table.
During the study, the spatial alignment between the real and the virtual
table and hence the coherence between the real physical and the
virtual world are modified.

2.2 Visuotactile and Visuomotor Stimulation

If presence is understood in terms of sensorimotor contingencies
as a function of expectations and predictions about sensory infor-
mation, by definition, the interaction of haptic and visual feedback
is a significant determinant for the perception of presence. Hap-
tic cues, in turn, can be divided into two categories: those arising
from mechanoreceptors and thermoreceptors in the skin (cutaneous
signals), and those resulting from mechanoreceptors in muscles, ten-
dons, and joints (kinesthetic signals) [30]. This division emphasizes
the difference between touching and being touched [15]. The activa-
tion of cutaneous signals by passive touch tends to lead the attention
of the individual to its subjective bodily sensations, whereas the
additional activation of kinesthetic cues by active exploration of
with the limbs tends to direct the attention of the individual to the
external environment [14, 15, 29, 30].

We refer to tactile feedback as “perception mediated solely by
variations in cutaneous stimulation” [34, p. 31-2], and to haptic
feedback, as a perception in which ”both the cutaneous sense and
kinesthesis convey significant information about distal objects and
events” [34, p. 31-3]. The interaction of haptic feedback and percep-
tion of presence was subject to previous studies (discussed below),
which directly or indirectly induce synchronous visuotactile and

visuomotor stimulation of a real and virtual representation of the
hand. However, such stimulations induce the illusion of virtual body
ownership and agency [57, 69], which in turn was suggested to in-
fluence the sense of presence [58] and which, accordingly, have to
be considered as confounding factors for investigating the effect of
haptic prediction accuracy on presence.

2.3 Haptic Feedback and Presence
Dinh et al. [9] reported a significant increase of presence using
combined cutaneous skin sensations of heat and wind in a visual
environment. No active exploration occurred, so no kinesthetic
signals and no haptic feedback was provided. Participants showed
a significant increase in heart rate [35] in a virtual-height scenario,
where they stood on a ledge in haptic correspondence to a virtual
edge. In [19], participants picked up a virtual object that possessed
haptic solidity and weight with a virtual representation of their hand.
As a result, they predicted other objects in the virtual environment
as to be more solid, heavier and more likely to obey gravity.

Hoffman et al. [18] showed an increased effectiveness of virtual
reality exposure therapy (treatment of arachnophobia) and signifi-
cantly higher presence in the case where the patient could control
a virtual hand to explore the visual stimulus of a virtual spider ac-
companied by a physical toy spider. Kuschel et al. [27] observed a
decrease in presence for increased incoherence when studying the
effects of a dynamic visual and haptic deformation feedback task
for objects. Here, an abstract representation of fingers was visu-
ally presented at the point of interaction thus inducing virtual body
ownership and agency.

3 EXPERIMENTAL DESIGN

When visual and haptic sensory cues are available simultaneously,
information from the different sensory modalities are either disso-
ciated or integrated such that a coherent multi-sensory percept is
formed [11]. In case contradictory multi-sensory cues are percep-
tually bound to a single multi-sensory percept [45, 60], it has been
suggested that discrepancies are resolved in favor of the modality
that derives the more reliable or more appropriate estimate of for
the given contradictory parameter [46, 52, 64]. Ernst and Banks [10]
show that the integration of conflicting visual and haptic cues into
one estimate can be modeled as an optimal Bayesian integration
process. This model is supported by strong evidence, reviewed, for
example, by Körding and Wolpert [26] and Fetsch et al. [12]. A fail-
ure of perceptual binding would lead to the cognitive representation
of distinct objects challenging the sensation of a coherent virtual
environment, hence confounding the sensation of presence.

To validate the assumption that perceived presence is a function
of visually-anchored sensory expectations, and hence may vary
according to the accuracy of predicting sensory consequences of
motor actions, the degree of coherence between haptic feedback
and visually-anchored haptic expectations has to be varied. For this
task we designed a real/virtual environment with a modifiable visual-
haptic coherence condition as depicted in Figure 1. Participants were
placed in front of a real table while being immersed via an HMD
in a virtual environment consisting of a simulated replica of the
real office table. Participants were asked to haptically and visually
explore the real/virtual table, where the visual exploration establishes
the general spatial anchoring of sensory expectations. The spatial
alignment between the real and the virtual table was modified to
induce sensory mismatch as illustrated in Figure 3. In this design,
no representations of body parts were presented in order to eliminate
the potentially confounding effects of virtual body ownership and
agency.

Assuming that the perception of presence is a function of per-
ceived prediction accuracy, an increase of subjective presence ratings
was expected for the spatial coincidence condition, and a decrease
was expected for violated spatial coincidence, due to the reduction in



prediction accuracy. Furthermore, we controlled if the contradicting
bi-modal sensory information was integrated to a single coherent
cognitive representation of the percept, since the absence of sensory
integration (the cognitive representation of two distinct percepts),
was expected to confound the sensation of presence. To rule-out a
potential absence of sensory integration, we included an additional
distance estimation task where the participants had to locate and
press a virtual button appearing in the middle of the virtual table
(see Figure 2) solely on haptic and proprioceptive feedback. We
tested if deviations in this distance estimations were predictable by
the optimal Bayesian integration model.

Figure 2: Table with a virtual button appearing for distance estimation
by motor action.

4 METHODS

4.1 Participants

Undergraduate students (N = 56; 35 women) volunteered to partici-
pate in the experiment in exchange for credit toward their research
participation requirement. The age of the participants ranged from
18 to 27 years (M = 20.32, SD = 1.71). They were randomly as-
signed to one of the two experimental groups with 28 participants
each. Written informed consent was obtained from all participants
before participation in the study. This study received ethical approval
from the institutional ethics committee.

4.2 Apparatus

The experimental setup included an office chair placed in front of a
rectangular office table. The chair was placed at a marked distance
from the table center. During the experiment, the participant wore a
head-mounted display (HTC Vive). Stereoscopic images were ren-
dered at 90 Hz by an Intel Xeon E3 3.40 GHz, 16 GB RAM computer
with an NVIDIA GeForce GTX 980 Ti graphics card. A position
sensor (HTC Vive Controller) was placed in a defined position as
a reference for initially aligning the virtual and real table. During
the experiment, the position of the virtual and real table was locked.
The integration of sensor data and the visualization of the virtual
environment was realized with the Epic Games Unreal Engine 4.14.
The virtual stimuli were created with Autodesk Maya 2017.

4.3 Materials

During the experiment, a digital replication of a table standing on
a blank, infinite floor was presented in the head-mounted display
(see Figure 1). A virtual button was intermittently displayed in the
center of the virtual tabletop (see Figure 2). This virtual environ-
ment was presented in a stereoscopic head-mounted display where
the viewpoint adapted to the relative position of the head-mounted
display. This allowed the participants to look around in the virtual
environment by moving their head. The virtual table had the same
size as the real table and was placed on the virtual floor that was at
the same height as the real floor.

4.4 Measures
4.4.1 Midimmersion Presence
A brief one-item mid-immersion measure of presence, introduced by
Bouchard et al. [8], was recorded twice during the exposure to the
virtual environment. Participants answered the following question
out loud on a scale of 0 (not at all) to 10 (totally): “To what extent
do you feel present in the virtual environment right now?” All
participants were told that “Presence is defined as the subjective
impression of really being there in the virtual environment”. There
is evidence that brief one-item presence measures during immersion
are more sensitive to the subjective feeling of presence than post-
immersive questionnaires [8, 13, 54]. The reliability of a similar
presence rating was shown in Hendrix and Barfield [17] and the
ability of this and similar measures to detect treatment effects [8, 20,
25] gives preliminary evidence of its validity.

4.4.2 Postimmersion Presence Questionnaires
Immediately after the exposure to the virtual environment, two ques-
tionnaires were conducted to assess the construct spatial presence:
first, the MEC-Spatial Presence Questionnaire (MEC-SPQ) [63] and
second the Igroup Presence Questionnaire (IPQ) [49].

The MEC-SPQ is derived from a model of spatial presence that
distinguishes presence, involvement, and attention [5, 66]. Only
the group of process variables which model the direct formation of
spatial presence (attention allocation (AA), spatial situation model
(SSM), spatial presence: self-location (SPSL), spatial presence:
possible actions (SPPA)) were assessed. The group of variables
addressing enduring personality factors (domain specific interest,
visual-spatial imagery, absorption), and the thereof affected group
of variables referring to states and actions (higher cognitive involve-
ment, suspension of disbelief) were excluded to minimize the time-
offset from immersion to filling out the second questionnaire. Each
MEC-SPQ subscale consists of eight items with a five-point Lickert
scale. The reliability of each MEC-SPQ subscale was preliminary
assessed. The Conbrach’s alphas of the assessed subscales were
the following [5]: AA α = 0.93, SSM α = 0.90, SPSL α = 0.92,
SPPA α = 0.81. The validity of the measure was supported by the
correlation between subscales [5] and by notable correlations with
related measures of presence [3, 5, 39]. High sensitivity, capable of
distinguishing between multiple levels of presence across different
types of media has been shown [5, 39].

The IPQ was conducted after the MEC-SPQ. It aims to measure
presence in virtual environments. The IPQ was constructed using an
exploratory factor analysis on a combination of existing and newly
generated items from presence questionnaires [49]. The measure
consists of three subscales which were termed spatial presence,
involvement, and realness, each consisting of four items with a
seven-point Lickert scale. An initial confirmatory factor analysis
supported the measure’s reliability and validity [49]. The measures
sensitivity to distinguish between several levels of presence was
shown in multiple studies.

4.4.3 Distance Estimation by Motor Action
A visual stimulus displaying a button with 1 cm diameter and 1 cm
height was presented at the center of the visually displayed table
top. Within the procedure of the experiment, the participants were
instructed to put the finger in the position where they saw the but-
ton. The deviation in the posterior-anterior direction was measured
manually.

4.5 Experimental Manipulation
The experiment followed a single-blind mixed-group design with
one two-level repeated measures factor prior and post presentation of
haptic information one two-level between factor: in the experimental
condition, the virtual table was placed with a posterior-anterior offset
of 20 cm to the real table, where the virtual table was more distant to



Figure 3: The participant is exposed to a virtual replica of the table that is either in the same position (aligned condition, where the virtual location
B matches the reference location A) or translated by 20 cm (non-aligned condition, where the virtual location C matches A). The offset between
the virtual and the real table is controlled using a six degrees of freedom sensor (E). A button is displayed in the virtual environments (D) for the
distance estimation.

the chair than the real table. In the control condition, the virtual table
was placed in the same position as the real table. In both conditions,
the height and lateral position of the virtual table matched that of
the real table.

4.6 Procedure
For each of the two conditions the five dependent variables were
measured in the following chronological order: Participants were
seated in the office chair that was initially rotated 180◦ away from
the table and was instructed to put on the head-mounted display.
Then they were instructed to rotate the chair to the table behind
them and to explore the table visually for 30 s. The one-item mid-
immersion measure was then conducted for the first time to obtain
the baseline immersion. Following this, participants were instructed
to explore the front-side of the table visually and with both their
hands for 30 s, and to remove their hands afterward. The second
one-item mid-immersion presence measure was then conducted. The
virtual button was presented in the center of the virtual tabletop for
5 s. Afterwards, the participants were instructed to close their eyes,
and then to touch the table at the point where they saw the virtual
button with their preferred index finger with a continuous pointing
gesture while avoiding to touch the table in any other way. The
position where the finger touched the table was measured. After
the experiment, the participants were instructed to enter another
room and to fill out the two post-immersion presence questionnaires
IPQ and MEC-SPQ. The experimental procedure is illustrated in
Figure 4.

4.7 Statistical Analysis
Presence ratings are operationalized by composed Likert scale data,
that was analyzed at the interval measurement scale [6]. Before
analysis, all scales were tested for normality by applying Shapiro-
Wilk tests. In case the normality assumption held true, one-tailed
paired Student’s t-tests were calculated to compare within-group
differences, and unpaired Welch’s t-tests were calculated to com-
pare between-group differences, as proposed by [36]. Otherwise,
if the normality assumption did not hold valid one-tailed Wilcoxon
signed-rank tests were calculated to compare within-group differ-
ences and one-tailed Mann-Whitney U test were calculated to com-

pare between-group differences. Distance estimations were com-
pared against the two competing spatial reference systems. A priori
significance level was set at p < .05 for all statistical tests. As a
measure of effect size Cohen’s d is reported for parametric test and
Cohen’s r for nonparametric tests, as described by Rosenthal [47].

5 RESULTS

As no irregularities arose, all 56 participants were included in the
following analysis.

5.1 Midimmersion Presence Ratings
Results of the Shapiro-Wilk normality test suggest that normality
could not be assumed for mid-immersion presence ratings. There
were significant effects for the factor pre-post visual-haptic matching
in both the aligned z = 1.86, p = .03, and the non-aligned condition
z = 3.60, p < .001 (see Figure Fig. 5). In the aligned condition,
presence ratings were higher after coherent haptic cues had been
introduced (M = 7.32, SD = 1.49, Mdn = 8), compared to visual
exposure alone (M = 6.79, SD= 1.50, Mdn= 7), showing a medium
effect size (r = .25). Conversely, when non-aligned haptic cues had
been introduced, we observed decreased presence ratings (M = 5.0,
SD= 2.36, Mdn= 5), compared to visual exposure alone (M = 6.64,
SD = 1.93, Mdn = 7), showing a large effect size (r = .48). There
was a significant difference between groups in presence ratings after
visual-haptic matching (U = 383.00, z= 3.77, p< .001) with a large
effect size (r = .50), but no significant difference between groups
in presence ratings prior to visual-haptic matching (U = 164.00,
z = 0.15, p = 0.88).

5.2 Distance Estimation by Motor Action
Results of the Shapiro-Wilk normality test suggest that normality
of the distance estimations in the non-aligned condition could be
assumed (W = 0.98, p = .89). The deviation of distance estimations
in the posterior-anterior direction was compared to the uni-modal
visual and haptic spatial reference system. For the reference scale,
the position of the visual cue was defined as zero-point. In the
aligned condition the distance estimations (M = 0.48 cm, SD =
4.47 cm) did not significantly differ from the aligned visual and
haptic spatial reference system (0 cm); t(27) = 0.56, p = .57. In
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Figure 4: Illustration of the experimental procedure. In both conditions,
a subjective mid-immersion presence rating was assessed after visual
and after combined visual and haptic exposure to the stimulus. After-
wards, participant conducted a distance estimation task in the virtual
environment and completed post-immersion presence questionnaires.

the non-aligned condition, the distance estimations (M =−15.0 cm,
SD = 8.07 cm) showed significant drifts away from both, the uni-
modal visual (0 cm; t(27) =−9.66, p < .001) and haptic (-20 cm;
t(27) = 3.22, p = .003) spatial reference system, see Figure Fig. 6.

5.3 Post-Immersion Presence Ratings
In addition to presence questions asked during exposure, partici-
pants in both groups were required to answer presence-related ques-
tions after exposure. A comparison of responses of post-exposure
responses between the aligned and non-aligned condition groups
revealed the following results, also illustrated in Figures Fig. 7 and
Fig. 8: Results of the Shapiro-Wilk normality test suggest that nor-
mality could not be assumed for the IPQ scales “general presence”
and “spatial presence”. There was a significant difference in the
IPQ “general presence” scores for the aligned (M = 1.0, SD = 1.34,
Mdn = 1) and non-aligned (M = 0.32, SD = 1.36, Mdn = 1) con-
ditions, showing greater “general presence” for the aligned con-
dition with medium effect size (r = .23); U = 290.00, z = 1.73,
p = .04. Also the IPQ “realness” scores were significantly greater
in the aligned (M = 1.55, SD = 0.83) and non-aligned (M = 0.95,
SD = 1.08) conditions, showing a medium effect size (d = 0.62);
t(50.72) = 2.31, p = .01. The IPQ “spatial presence” scores showed
no significant difference between the aligned condition (M = 2.20,
SD = 1.18, Mdn = 2.40) compared to the non-aligned condition
(M = 1.79, SD= 1.26, Mdn= 1.60); U = 308.00, z= 1.38, p= .08.

Figure 5: Score [mean ± SEM (error bars)] on the midimmersion
presence item proposed by Bouchard et al. [8] before (light gray) and
after introduction of haptic stimuli (dark gray). Participants showed a
significant increase in the coherence condition (left) and a significant
decrease in the incoherence condition (right). *p < .05, **p < .01,
***p < .001.

The IPQ “involvement” scores showed no significant difference be-
tween the aligned condition (M = 1.36, SD = 1.03) and the non-
aligned condition (M = 1.41, SD = 1.21); t(52.66) =−.15, p = .88.
Results of the Shapiro-Wilk normality test suggest that normality
could not be assumed for the MEC-SPQ scale “attention alloca-
tion”. There was a significant difference in the MEC-SPQ “spatial
situation model” scores for the aligned (M = 3.92, SD = 0.51) and
non-aligned (M = 3.60, SD = 0.58) conditions, showing a medium
effect size (d = 0.56); t(53.20) = 2.11, p = .02. The MEC-SPQ
“spatial presence: self location” scores showed a significant dif-
ference for the aligned (M = 3.42, SD = 0.74) and non-aligned
(M = 3.05, SD = 0.65) conditions, showing a medium effect size
(d = 0.51); t(53.09) = 1.92, p= .03. The MEC-SPQ “attention allo-
cation” scores showed showed no significant difference between the
aligned condition (M = 3.65, SD = 0.40, Mdn = 3.69) and the non-
aligned condition (M = 3.52, SD = 0.53, Mdn = 3.63); U = 316.50,
z = 0.21, p = .10. The MEC-SPQ “spatial presence: possible ac-
tions” scores also showed a showed no significant difference between
the aligned condition (M = 3.32, SD = 0.50) and the non-aligned
condition (M = 3.12, SD = 0.51); t(53.98) = 1.46, p = .07.

6 DISCUSSION

Subjective presence ratings increased significantly with a medium
effect size when haptic and visual feedback matched in the aligned
condition. They decreased significantly with a marginally large ef-
fect size when haptic and visual feedback did not match. Overall
presence ratings were compared between the two groups. Post-
immersive presence reports for the IPQ scales “general presence”
and “realness” and for the MEC-SPQ scales “spatial situation model”
and “spatial presence: self-location” were significantly higher with
medium effect sizes for the aligned condition group. For the remain-
ing scales, a tendency in the predicted direction could be observed,
except for the IPQ scale “involvement”. This can be explained by the
exposed static environment which was not subject to event-related
modifications. After all, the “involvement” construct describes “fo-
cusing [of] one’s energy and attention on a coherent set of stimuli or
meaningfully related activities and events” [49].

There is evidence that continuous one-item mid-immersion pres-
ence measures are more sensitive to the subjective sensation of
presence compared to post-immersion questionnaire [8, 13, 54]. The



Figure 6: Distance estimation by motor action of the posterior-anterior
axis, measured in centimeters (mean ± SEM) in the aligned (light gray)
and non-aligned conditions (dark gray). In the non-aligned condition
participants showed significant drifts away from the uni-modal visual
and haptic spatial reference systems. **p < .01, ***p < .001.

Figure 7: Score on the IPQ subscales in the coherence (light gray) and
incoherence conditions (dark gray). Participants showed a significant
lower score for general presence and realness in the incoherence
condition. *p < .05.

reliability of post-immersion presence questionnaires is limited by
inaccurate recall and memory effects such as recency and can be
influenced by prior experiences [13,23,61]. These limitations of post-
immersion presence questionnaires might explain why the between-
group difference of the IPQ sub-scale “spatial presence” was not
significant.

Overall, our findings support the hypothesis that presence is a
function of sensory prediction accuracy [42, 50, 56]. In contrast to
Dinh et al. [9], who reported increased presence ratings for con-
ditions with passive tactile heat and wind sensations, the general
effect could be further identified to be caused by coherent active
haptic and visual feedback alone. Our findings are also in-line with
results from scenarios which included virtual body ownership and
agency [18, 19, 35, 57, 69], but we could rule-out the potential con-
founds induced by such approaches. The results provide empirical
support for the importance of prediction processes on the emergence
of presence in virtual environments independent of perceptions re-
lated to virtual body ownership and presence.

Significant drifts from the visual and the haptic spatial reference
system were observed, and normality of the distribution was tested.
These findings suggest that the conflicting visual and haptic informa-

Figure 8: Score on the MEC-SPQ subscales in the coherence (light
gray) and incoherence conditions (dark gray). Participants showed a
significant lower results for spatial situation model and spatial pres-
ence: self location in the incoherence condition. *p < .05.

tion was merged into a coherent percept regarding the sensory inte-
gration model by Ernst and Bülthoff [11]. This assumption supports
the hypothesis that the variation of presence ratings between the two
conditions was not confounded by the cognitive representation of
two distinct spatial reference systems in the non-aligned condition,
hence suggesting that perceptual binding of the disparate cues oc-
curred [45, 60]. Assuming the model of Ernst and Bülthoff [11], the
haptic modality was perceived as about three times as reliable as the
visual modality. It seems reasonable that the perceived reliability of
the sensory modalities is confounded by the knowledge of the virtual
quality of the visual information. Nevertheless, in line with previous
studies, this finding strongly underlines the relative importance of
haptic information for the design of virtual environments.

A modulated experience of presence in the real environment
might be associated with the psychological construct of dissocia-
tion, including derealisation [2, 38], which in the core is considered
as a coping strategy for extreme stress situations [62]. As such,
derealisation describes the experiences of unreality or detachment
with respect to surroundings [1]. The condition is a poorly under-
stood and under-researched dissociative syndrome, although high
prevalence rates are observed [22]. The etiology of derealisation
is unknown, but the neurological validity of the concept has been
suggested [53]. The observed decrease in the perceived presence that
was induced by incoherent visual and haptic sensory inputs in the
present study potentially informs hypothesis about the neurological
processes that result in pathological derealisation experiences. We
observed that perceptual visually-anchored prediction errors might
cause derealisation in a virtual environment. As such, in line with
Seth [50], it seems reasonable to ask whether a failure of sensory
prediction may too contribute to the emergence of derealisation in
the real world. Based on the findings of the presented study we may
hypothesize, that a cognitive model for derealisation is informed
by prediction errors in the integration processes of multisensory
information. Adverse psychological states like anxiety might trigger
a process that leads to some form of disintegration of sensory input
signals that moderates the dissociative sensation of derealisation.
The conceptualization of derealisation as a continuum [21] is in line
with the continuous model of multisensory integration regarding
spatial and temporal integration.



6.1 Limitations

The experimental design did not correct for motor artifacts that
might occur during the distance estimation task. Perceived distance
is effected by optical variables as well as by the anticipated physical
effort to perform an intended distance-relative action [44, 67]. Since
the physical effort in the two conditions is not controlled, the distance
might be overestimated in the incoherent condition. Notably, this
effect would be expected to counteract the observed effect of distance
underestimation.

We furthermore assume that in both conditions the target of the
touch movement was perceived as reachable since perceived un-
reachability would be expected to counteract the observed effect of
underestimation of the distance [68]. The tendency to underestimate
distances during the exposure to a head-mounted display [65], seems
to have no relevant impact at the scale of this experiment since
the distance estimations in the coherence conditions were accurate.
This study was limited by a modest sample size and reliance on
self-reported outcomes by validated measures.

Given our short exposure time to visual and haptic stimuli, we
do not know the long-term sustainability of the seen effects, nor
dependency on total exposure time or repeated exposure. Also,
the statistical significance achieved among many of the outcome
measures in this trial may not necessarily equate to large effects for
individuals. We did not employ a correction procedure for multiple
outcome measures. Results were predominately and significantly in
the direction of higher presence when visually-anchored prediction
accuracy was high and lower presence, when prediction accuracy
was low, which argues against isolated chance findings emerging
simply due to multiple comparisons.

7 SUMMARY

In conclusion, we developed an immersive VR-based experimental
design to investigate the effect of visually-anchored prediction accu-
racy of haptic information on the subjective perception of presence.
Our results significantly indicate that the prediction accuracy of
haptic information contributes to a general perception of presence
in a virtual environment. We found that high prediction accuracy
increased presence ratings, while low prediction accuracy decreases
presence ratings.

Our experimental design ensured the results to not be confounded
by virtual body ownership and agency, often implicitly included in
experimental designs based on visuotactile stimulation inspired by
the classical rubber hand experiment [7]. Additionally, the design
did include a distance estimation task to ensure the results to not
be confounded by the cognitive representation of distinct spatial
reference systems. The overall findings inform models for derealisa-
tion in the real world and underlines the importance of a coherent
integration of haptic information into virtual environments [59].

7.1 Future Work

The presented results for the prediction accuracy of haptic infor-
mation for the non-embodied condition provides a baseline to iso-
late potential impacts as caused by various degrees of embodiment,
which we will continue to explore in future work. Additionally,
the results motivate a closer look at the distinction of the presence
construct into the place and the plausibility illusion. In fact, the
chosen prediction accuracy is visually-anchored. This means it is
heavily dependent on the mental spatial model and representation of
the participants which one would certainly attribute to be affected
by the place illusion. On the other hand, the derived prediction task
could be attributed to be affected by the plausibility illusion, since it
reflects on the expectation participants have concerning their spatial
surrounding.
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