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ABSTRACT

The visual sensory system is a well-researched system. While virtual reality (VR) is a predominantly
visual experience, there is still the auditory and tactile aspects that can be considered. This study
examines finding invisible static and dynamic targets in virtual reality with the help of vibrotactile
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and auditory cues. Using a ghost hunting setting, a game was developed to investigate the
different types of cues as search indicators. The game consisted of three levels, the first with a
static ghost, the second with one dynamic ghost and the third with two dynamic ghosts. Forty-
two participants received vibrotactile feedback cues, auditory feedback cues and the
combination of both. They played the game in three trials, one per each feedback condition, in
three different levels. Each participant played the game twice. The results suggest that the
combination of both types of cues might be the best to use in a simple non-visual search
setting, but the non-visual cues do not matter in a complex non-visual search. Further
implications on the real world are discussed, i.e. search of and navigation to temporarily out-of-
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view buildings in the real world.

1. Introduction

Virtual reality (VR) is predominantly a visual medium,
but the auditory and tactile sensory systems also play a
part in the experience. Vision is also the most
researched of the senses, the auditory sense being the
follow-up, while the rest of the senses are trailing
regarding number of research studies (Gallace and
Spence 2009; Hutmacher 2019). Hutmacher (2019)
argues that this is due to an inherent bias, such a notion
being first mentioned in a monograph by Katz (2013).
In that monograph, Katz discussed that the then-appar-
ent hierarchy - vision and auditory being on a higher
level than the other senses — does not exist. In Tabrik
et al. (2021) found that the tactile sensory system shares
features with the visual system during object recog-
nition, and both can substitute for each other if one
modality is absent. Similarly, auditory stimuli that do
not contain spatial information can still help in a spatial
visual search according to Van der Burg et al. (2008).
Regarding the visual sense and its perception, visual
search tasks are a well defined and examined paradigm

techniques

(Brungart et al. 2019; Chan and Hayward 2013; Eckstein
2011; Hopkins et al. 2016; Lehtinen et al. 2012; Van der
Burg et al. 2008; Wolfe 2018, 2021). Visual search tasks
are typically tasks that involve a target stimulus and a
response from a participant when the target is found
(Eckstein 2011; Wolfe 2018). In a classical setting, the
target stimulus is surrounded by other stimuli and the
participant must actively look for the target stimulus
in a scene with distracting stimuli surrounding it. As
soon as they find the target, they should press a button.
There have been quite a few studies on how different
sensory cues — visual, auditory, vibrotactile — can alter
performance in visual search tasks (Binetti et al. 2021;
Brungart et al. 2019; Lehtinen et al. 2012; Van der
Burg et al. 2008). Cues are defined as ‘a stimulus,
event, or object that serves to guide behavior, such as
a retrieval cue, or that signals the presentation of
another stimulus, event, or object, such as an uncondi-
tioned reinforcement’ in the APA
Dictionary of Psychology (2018). Both Van der Burg
et al. (2008) as well as Brungart et al. (2019) used audi-
tory cues to further help with the visual search. Lehtinen

stimulus or
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et al. (2012), on the other hand, used dynamic tactile
cues in visual search tasks. In a dual task scenario,
with one of the tasks being a visual search while the
other one was an auditory task, Hopkins et al. (2016)
examined how effective crossmodal auditory and tactile
stimuli can be in guiding and found that those did result
in faster responses. Binetti et al. (2021), while still also
using visual cues, used spatialised auditory stimuli as a
help to locate out-of-view objects in an augmented rea-
lity setting. But those studies still dealt with tasks
focused on the visual system. Lokki and Grohn (2005)
showed that auditory stimuli can be used for navigation
without visual feedback. Similarly, Nardi et al. (2019)
tested how blindfolded sighted participants performed
in spatial reorientation using auditory landmarks. In
their study, participants managed to reorient based on
auditory landmarks alone. Nonino et al. (2021) did
also show that vibrotactile cues can also reduce visual
complexity in a search task. The performance of audi-
tory and tactile stimuli when searching in a visually
impaired or non-visual task setting can be a good way
to determine how powerful both those sensory systems
can be when either the visual system is not working or
an object is not visible for different reasons.

The present study sets out to examine how vibrotac-
tile and auditory cues can help in a non-visual search
task with static as well as moving target objects using
a self-developed VR game. Furthermore, Grinyer and
Teather (2022) mentioned that the current state of
research on searching hidden and out-of-sight objects
in VR is relatively scarce. As stated by Hutmacher
(2019) before, there might be an inherent bias in
researching the visual system. Both the article by Hut-
macher (2019) and Grinyer and Teather (2022) as well
as the following related work led this study to focus
on non-visual cues and a non-visual search task.

2. Related work
2.1. Auditory feedback cues

Fialho et al. (2021) studied the spatial navigation of blind-
folded but sighted participants using audio sources in a
virtual environment (VE). Fialho et al. (2021) designed
three virtual scenes where the participants had to locate
a target position and then return on the same path.
The three VEs differed in their level of difficulty, ie. in
their number of obstacles and the arrangement of
obstacles. The environments were used for two different
trials, a learning and a retrieval trial. In the learning trial,
the participants had to move to the location of a sound
source and return to the starting point. In the retrieval
trial, this sound source was removed and participants
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had to rely on auditory cues of the obstacles instead.
Fialho et al. (2021) observed that participants navigated
better in the retrieval trial. Another area where auditory
feedback can be important are 360° videos which can
be used with a VR headset. In a study by Nila Megha-
nathan et al. (2021) participants had to locate targets in
a VE. The VE consisted of a 360° video which showed
a handball arena. To study the effect of auditory and
visual noise on search tasks, the videos were available
in two versions, one with an empty arena and one with
a match being played. The auditory feedback consisted
of either no sound, stereo sound or binaural sound.
Nila Meghanathan et al. (2021) discovered that partici-
pants performed best with binaural audio.

Other factors could also influence the localisation of
audio sources. A study by Brungart et al. (2019) showed
that walking could improve auditory localisation in
comparison to standing. Participants were asked to per-
form four tasks twice, once standing and once walking
on a treadmill. In front of them was a canvas on
which the VE was projected. Behind this canvas was
an array of 64 speakers. During the first task participants
had to locate the source of the auditory cue. The second
task was a visual discrimination task in which the partici-
pants had to answer whether one or three dots were dis-
played. The third task was a visual search task on the VE
canvas, supported by audio cues coming from the speak-
ers behind the canvas. The fourth task was like the third
task, but without audio cues. Participants were faster in
tasks 1 and 3 and fastest in those tasks when walking.
Brungart et al. (2019) suggested that this was partly due
to the increased activity during walking and partly due
to the slight head movements that resulted in auditory
cues being located more easily or at all.

Semionov and McGregor (2020) studied effects of
various spatial auditory cues on the perception of threat
in games, specifically in a first-person shooter game.
One of their findings is that a lack of audio source
could contribute towards inaccurate enemy localisation
in the game. Lokki and Grohn (2005) used a game-like
application in two experiments on navigation with audi-
tory cues. The results of their first experiment show the
possibility to use auditory cues in navigation when
visual cues are not available. The second experiment
suggested that auditory cues helps more in navigation
if they give additional information like elevation of the
sound source. They argued that auditory cues could
make navigation almost as easy as with visual cues
when those auditory cues were designed carefully. Mor-
elli et al. (2010) examined an exergame called VI-Tennis
that combined vibrotactile and auditory cues. In VI-
Tennis, they tested auditory cues against a combination
of auditory and vibrotactile cues in a study with blind
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children. The participants scored significantly better in
the version with both auditory and vibrotactile cues.

2.2. Vibrotactile feedback cues

Vibrotactile feedback, i.e. vibration passively felt on the
skin, is a subcategory of tactile feedback. One aspect of
vibrotactile cues are patterns (Kaul, Rohs, and Mogalle
2020; Kaul et al. 2021; Plouzeau et al. 2016; Wang et al.
2021). Vibrotactile patterns can either be comprised of
static or dynamic vibration. In dynamic patterns, actua-
tors are alternated, and different amplitudes and frequen-
cies are used to create dynamic vibration on the skin.
Kaul, Rohs, and Mogalle (2020) designed and evaluated
spatial tactile patterns on the head. They found that
their participants could more easily recognise static pat-
terns they constructed. The dynamic patterns, however,
were preferred by the participants. Plouzeau et al.
(2016) compared two different vibrotactile patterns in a
task. The patterns were delivered through vibrating
ankle bracelets. In the compass pattern, only the actuator
closest to the target vibrated. The push pattern, as the
name suggests, vibrated either on the front or back as
well as left or right to ‘push’ the participant in the right
direction. They observed that a compass pattern was
more efficient than a push pattern on the back of the
ankles. In another study, Kaul and Rohs (2016) found
that vibrotactile cues on the head led to faster perform-
ance than auditory cues in a VR search task.

The placement of the vibrotactile actuators on the
body is also an important aspect of vibrotactile feedback
cues. While Kaul and Rohs placed actuators on the head
(Kaul and Rohs 2016), Tsukada and Yasumura (2004)
integrated eight actuators into a wearable belt. Panéels
et al. (2013) placed the actuators on wrist worn bracelets.
Other studies also used vibrotactile bands that were
attached to the ankles (Plouzeau et al. 2016) or to the
upper arms of the participants (Stratmann et al. 2018).
de Jesus Oliveira et al. (2017a, 2017b) integrated seven
actuators directly into the head strap of a head-mounted
display (HMD). Their study consisted of search tasks in
which the participants have to select various objects
around them. The direction of the target was presented
by vibration of one of the actuators on the horizontal
plane. The height of an object, on the other hand, was
indicated by the vibration frequency. de Jesus Oliveira
et al. (2017a) results suggested a strong learning effect
when using a quadratic growth function as a frequency
modulation of the vibrotactile feedback cue.

Nonino et al. (2021) used the vibrotactile actuators of
the VR controllers to help participants locate targets. In
their study, they compared the vibrotactile feedback and
Temporal Luminance Modulation (TLM). TLM is

defined as flickering signals near the edge of the screen
that appear in the direction in which the user was sup-
posed to turn. Their participants could move freely in a
VE and had to find ten hidden objects in succession,
always starting from the same location. Nonino et al.
used the actuators of both controllers, and only the con-
troller closest to the target vibrated. Even when the con-
trollers pointed in the opposite direction of the target,
vibrotactile feedback was generated. The vibration
amplitude and frequency were determined by the dis-
tance between the controller and the target. One limit-
ation was that the vibrotactile feedback could not
provide information about the object’s elevation. Non-
ino et al. (2021) concluded that the two methods of
attention guidance improved the target search, in con-
trast to no feedback at all.

As mentioned before, Morelli et al. (2010) evaluated an
exergame that offered both vibrotactile and auditory cues
to better engage visually impaired indiviuals in exercising
and physical activities. Another study by Morelli and Fol-
mer (2011) presented a real-time video analysis solution to
substitute visual cues into tactile cues. In their experiment,
they found no difference in player performance between
visual and vibrotactile cues in a gesture-based game. Tes-
sendorf et al. (2012) used vibrotactile cues to help localis-
ing sound sources in a game. Their results showed that
hearing impaired users achieved similar performance to
users with normal hearing.

Search performance can improve with vibrotactile
cues. As shown by Nonino et al. (2021), vibrotactile
feedback cues could lead to better target search when
compared to no feedback at all. Lindeman and col-
leagues found that vibrotactile cues led to better search
performance in absence of visual cues (Lindeman et al.
2003). Lehtinen et al. demonstrated that dynamic spa-
tialised vibrotactile cues could alleviate the effect of
visual complexity in a visual search (Lehtinen et al.
2012). Similarly to Lehtinen et al., Louison and col-
leagues showed that spatialised vibrotactile cues can
improve goal-directed movements in a cluttered VR
environment (Louison, Ferlay, and Mestre 2017).

3. Research questions

The related work mostly used static targets in the tasks
of their studies and mostly focused on visual search
tasks. This study, however, consisted of search tasks
with both static and moving invisible objects, i.e.,
ghosts. To assist in finding the targets, auditory feed-
back cues, vibrotactile feedback cues and the combi-
nation of both types of feedback have been
implemented. The Valve Index VR controllers were
used to give the vibrotactile feedback in our VR game



to the player. The approach of Nonino et al. (2021)
served as inspiration and attempts were made to
improve it, e.g. by supporting the localisation of objects
in the vertical plane.

This study was designed to answer whether vibrotac-
tile cues, auditory cues or a combination of both are bet-
ter in the absence of visual cues in a search setting in a
VR game. Based on the literature by Semionov and
McGregor (2020) as well as Lokki and Grohn (2005),
auditory cues should be more helpful, while Kaul and
Rohs (2016) found that vibrotactile cues led to better
search performances than auditory cues. Furthermore,
multimodal cues, i.e. the combination of both, should
lead to better performance than unimodal cues, i.e.
only auditory or vibrotactile, even if the target is moving
(Morelli et al. 2010). This study should have similar
results regarding performance and feedback type in all
three levels. There should also be a learning or training
effect involved in the search task, as the literature
suggested a learning effect for feedback types in other
tasks (Islam and Lim 2022; Sigrist et al. 2012; Stepp,
An, and Matsuoka 2012) as well as a training effect in
search tasks (Ahissar and Hochstein 2000; de Jesus Oli-
veira et al. 2017a).

Thus, the research questions are as follows:

e How does different feedback affect the time to catch a
static object or a moving object in a nonvisual set-
ting? (RQ1)

e How does training affect the time to catch a static
object or a moving object in a nonvisual setting?
(RQ2)

e How does the task difficulty affect the time to catch
the object in a nonvisual setting? (RQ3)
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4. Materials and methods

4.1. Hardware, overall game design and data
collection implementation

The VR game was developed using the Unity Game
Engine and the SteamVR Unity Plugin. The HMD
used in this study was the HTC Vive Pro virtual reality
headset in combination with the Valve Index control-
lers. Any sound used in the game, including the auditory
cues, were played through the built-in headphones of
the HTC Vive Pro.

Three different levels were created. Furthermore, a
tutorial was created where players learned the controls
and the different types of feedback before they played
the actual game. Each level consisted of a 6 x 6 metre
room where participants could move freely. In addition,
a lobby (see Figure 1) was designed as a hub between
levels. To start a level, a participant had to go to the
specific door and touch it. The participant was then tran-
sitioned into that accompanying level. This was done so
that the participants started each level from the same pos-
ition. To complete the tutorial, each player had to catch a
visible ghost with each of the three kinds of feedback cue
conditions to ensure that the controls and feedback types
were understood by each participant.

Blocky cartoon style assets were used for the design
of the game (Meshtint Studio 2020; Synty Studios
2016). The design style was specifically chosen so that
it did not scare players. Each room had its own concept
and was decorated with appropriate objects. To prevent
the participants from walking through in-game objects,
the HMD’s display blanked out as soon as the player’s
head touched one of these objects and showed the
level again as soon as the player stepped back.

Figure 1. Lobby of the VR environment.
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Each of the three levels had a different degree of
difficulty. In the first level there was a single static
ghost to be found. Each time the participants played
the level, the static ghost would be in an different pos-
ition. These positions were randomised a priori and
were kept the same for all participants. In the second
level, there was a single dynamic ghost. This ghost was
constantly moving. To prevent participants from
finding the ghost by accident, the ghost continuously
flew away from the player. However, the ghost moved
slower than walking speed. The ghost could also move
up and down, as well as fly through objects. In the
third level participants had to find two dynamic ghosts
that moved and behaved identically to the ghost in the
second level. The starting position for a dynamic
ghost was the corner of the virtual room farthest from
the player’s current position.

The sequence of events in the three ghost levels was
the same. Shortly after entering a level, a grandfather
clock started striking midnight, signalling to the players
that the trial had begun. At the same time, the visible
ghost(s) came through the ceiling of the room, briefly
flew around and then became invisible. This served as
a way to show players how many ghosts they needed
to catch to complete the level. Once the ghosts were
invisible, players could start catching them. This starting
animation lasted 17s during which the participants
could not catch the ghost(s). A time limit of 5 min, i.e.
300, was set for each trial. This time limit started as
soon as the aforementioned starting animation was
done. The participants could check the grandfather
clock at any time to see how much time they had left.
Just before the deadline of 300 seconds, the clock started
ticking loudly to signal to the players that time was
about to run out. Once the time was up, the clock

rang one more time and the level ended automatically.
In contrast, when a level was completed by capturing
all ghosts, a short jingle was played signalling success.
All levels had objects that could be opened by the
players, such as chests or cabinets. The dynamic ghost(s)
could hide in these objects. When a ghost touched the
object, it teleported to its centre, lingered there for ten
seconds and then flew on. Only one ghost at a time
could hide in the same object. After a ghost left the
object, it could not use another hiding place for 15
seconds. To catch a hidden ghost, the player had to
open the chest or cabinet. If the participants wanted
to open either a chest or cabinet, they had to touch its
handle with their left hand. The game recorded the
time taken to find the ghost(s) in seconds and the dis-
tance travelled per level. Additionally, it stored which
feedback type was used and how the level was com-
pleted, i.e. whether the ghost was caught or whether
the timeout occurred.

4.2. Catch mechanics

In the game, the participants held a ghost vacuum
weapon in their right hand. When the player pressed
the trigger button on the right controller, the gun’s
suck-in function was activated. As soon as the trigger
button was released, the weapon was deactivated. To
suck in a ghost, a participant had to be near a ghost,
point the gun directly at it and activate the suck-in func-
tion. If this was the case, the ghost became visible (see
Figure 2) and a short sound was played signalling that
the ghost was being sucked-in. The sucking-in lasted a
few seconds, during which the ghost became continu-
ously more transparent until it was caught. If the partici-
pant stopped pointing at the ghost while sucking it in,

Figure 2. Ghost being caught by a participant using the pulverizer.



the capture process was aborted. The ghost became
invisible again. If this happened in one of the levels
with one or two moving ghosts, their movement was
resumed.

To prevent participants from catching ghosts by
simply waving the ghost weapon around the room, a
cool-down period was implemented. The weapon’s
suck-in function could only be used for five seconds at
a time. After this period, an error sound was played,
and then there was a five second cool-down. If the
player released the trigger after less than 5s, then the
cool-down was prolonged for the time the trigger was
pressed.

4.3. Implementation of feedback cues

The three different feedback conditions were auditory,
vibrotactile and a combination of both.

With auditory feedback, the ghost emitted a sound
every 3 s. Unity’s built-in sound engine was used to cre-
ate the 3D sounds. The closer the player was to the
ghost’s sound source, the louder the sounds became.
Players could hear from which direction and distance
the sounds were coming. If a ghost hid in an object,
like a crate or cupboard, its sound was muffled. If
there were two ghosts in a room, then they made differ-
ent sounds so that the player could distinguish between
them.

In a trial with vibrotactile feedback, participants had
to find the ghosts with the help of vibration of the right
controller. The controller was used since it is a readily
available and officially supported device, unlike protype
devices like the headstrap used by Kaul and Rohs (2016).
The vibrotactile feedback in this study was only gener-
ated when the user pointed in the approximate direction
of the target. The strength and repetition of vibration
was based on the distance to the target and direction
of the target. When the player pointed the weapon in
the approximate direction, the weapon began to vibrate
at an interval. The more accurately the player pointed in
the ghost’s direction, the shorter the vibration interval
was. If the player pointed directly at the ghost, the con-
troller vibrated continuously. The closer the player was
to the ghost, the stronger the vibration. Proximity to a
ghost was indicated by the vibration frequency increas-
ing between 10 and 200 Hz.

To implement this, the ghost was surrounded by six
invisible spheres of different sizes. The smallest inner
sphere was exactly as large as the ghost, while the outer-
most and largest sphere took up one fifth of the virtual
space. A raycast thrown into the scene from the right
controller determined the rate of vibration, based on
the smallest colliding sphere. If the raycast hit the largest
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sphere, then the actuator vibrated every 2s. For the
smallest sphere, vibration occurred every 0.05s. If the
participant did not point in the direction of the ghost,
then no vibrotactile feedback was generated, i.e., the
vibrotactile feedback was spatialised guidance towards
the target.

4.4. General procedure

A within-subject design was chosen for this study. The
procedure of the experiment was first explained to
each participant. Subsequently, participants signed a
consent form. At the beginning of the experiment, par-
ticipant completed the pre-test questionnaire. This
included a demographic questionnaire, the Karolinska
Sleepiness Scale (KSS; Shahid et al. 2012) and the Simu-
lator Sickness Questionnaire (SSQ; Kennedy et al. 1993).

After participants answered all pre-test questions, the
head-mounted display (HMD) was fitted to their head.
The participants played the tutorial to familiarise them-
selves with the hardware and controls. Afterwards, they
started the first level, in which they had to catch a static
ghost. The static ghost hid in a different location each
trial but stayed there during each trial. The second
level was catching a dynamic ghost, making it more
difficult compared to level 1. The third level was more
difficult compared to level two, as two dynamic ghosts
had to be caught. Only after having caught both ghosts,
level three was finished.

The participants played three trials per level, one per
each feedback cue condition (auditory, vibrotactile,
combination of both). Since each participant played
two playthroughs and each of those consists of three
levels with three feedback cue conditions, every partici-
pant played a total of 18 trials plus one tutorial level at
the beginning. Between the two playthroughs, partici-
pants were given a five-minute break to rest. The
order of feedback types used in the levels was evenly dis-
tributed and counterbalanced among all participants
and levels. In the first and second playthrough, each par-
ticipant had two different feedback type sequences, i.e.,
no level in the second playthrough had the same
sequence of feedback types as the first playthrough.

At the end of the experiment, participants completed
the posttest questionnaire. The post-test questionnaire
included the Igroup Presence Questionnaire (IPQ;
Schubert 2003) and the posttest version of the SSQ.

4.5. Questionnaires

The questionnaires were used to get information on
different aspects of the VR experience since aspects
like prior experience, fatigue, presence as well as
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cybersickness can influence task performance (Alhola
and Polo-Kantola 2007; Kourtesis, Papadopoulou, and
Roussos 2024; Kramer et al. 2022; Maneuvrier et al.
2020).

The pre-test questionnaire contained demographic
and health information on age, gender, level of edu-
cation and possible visual or hearing impairments.
The participants were also asked about their experience
with video games and VR. If they already had experi-
ence with VR, then they were asked to list the VR sys-
tems and technologies they were familiar with.

The next block of questions included questions on
self-reported level of fatigue and possible cybersickness.
The KSS (Shahid et al. 2012) and the SSQ pre-test ver-
sion (Kennedy et al. 1993) were used for these aspects.
The SSQ includes 16 questions about common cyber-
sickness symptoms. The participants have to indicate
on a 4-point scale (none to severe) how strongly each
symptom is currently experienced.

After the VR part, the participants answered a postt-
est questionnaire. The posttest questionnaire consisted
of a post-test version of the SSQ, and the IPQ (Schubert
2003). In the IPQ, participants rated on a 7-point scale
how much they agree with the 14 statements about
immersion in VR concerning the experience they have
just had.

4.6. Sample

Forty-two participants (26 male, 16 female, 0 non-
binary) took part in the study. All participants received
either money or study credits as a reward after complet-
ing the experiment. The participants’ age ranged from
19 to 32 years old (M =24.84, SD=5.15, Mdn=25).
Of the 42 participants, 29 have had prior experience
with VR. Of these 29, 26 reported that they play VR
games less than once a month, two play once a month
and one participant reported playing VR games several
times a week. All participants reported normal or cor-
rected-to-normal vision. None of the participants
reported auditory impairments. According to the KSS
(Shahid et al. 2012), participants were rather alert to
alert.

4.7. Analysis

The aforementioned expected effects of feedback con-
dition, level and playthrough are formulated as linear
mixed effects model. This is then analysed using R
43.1 (R Core Team 2023) with the Ime4 (Bates
et al. 2015) and afex (Singmann et al. 2023) packages
for the computation of the linear mixed effect models
and the emmeans (Lenth 2024) package for post-hoc

tests and effect sizes of the possibly underlying
effects.
The linear mixed effects model is defined as follows:

leveltime;; = by + uo; + bi( feedback),;;
+ bz(playthrough)z,j + b3(level)3,-j + ejj.

This linear mixed effects model should be able to
describe any fixed effect of feedback, playthrough and
level on the time to finish a level. It should also account
for random effects that might be present regarding var-
iance in performance between participants. The model
will be tested against a null model to test if the linear
mixed effects model is significant. If there are significant
effects, post hoc tests and effect size calculations will be
conducted.

5. Results

The descriptive statistics for the IPQ subscales can be
seen in Table 1. The posttest SSQ showed no noticeable
problems regarding simulator sickness. According to
Melo et al. (2023), the participants rated the General
Presence as being very good (grade B). To test whether
the participants’ previous VR experience influenced the
performance, a Wilcoxon test was calculated. There
were no significant effects of prior VR experience on
performance in any of the three levels, p>.05.

Table 2 shows the descriptive statistics per play-
through, feedback condition and level. Figure 3 shows
raincloud plots per feedback conditions. The assumption
of normality of the residuals was checked via QQ-Plots
and the Shapiro-Wilk Test. The residuals were normally
distributed, Shapiro-Wilk p=0.08. Testing the model
against the null model revealed that the model fit of the
linear mixed effects model is significant, Chi2 (5) =
120.8, p<0.001. The p-values computed by the afex pack-
age, using the Satterthwaite approximation, revealed
significant effects for feedback (F(2,709) =7.72,
p < 0.001), playthrough (F(1,709) = 6.88, p=0.009)
and level (F(1, 709) = 54.19, p < 0.001).

The post-hoc test for feedback conditions (RQI)
showed that the combination of both kinds of cues led
to significantly faster completion of the task (p<0.001)
in comparison to just using the auditory cue over all

Table 1. Descriptive statistics for the 7-point Likert scales
version of the IPQ.

IPQ Subscale N M SD Mdn Min. Max.
General presence 42 4.12 1.58 4.5 0 6
Spatial presence 42 3.93 0.83 4 1.8 58
Involvement 42 3.03 0.99 3 1 5.75
Experienced realism 42 2.55 0.75 25 0.75 4
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Table 2. Descriptive statistics for time to catch the ghost(s) per playthrough, level and feedback cue condition.

Level 1 Level 2 Level 3
N M sD SE M sD SE M sD SE

First playthrough

Auditory 42 180.110 110.520 17.054 207.769 108.185 16.693 195.885 102.718 16.693
Combination 42 109.995 103.436 15.961 155.861 107.796 16.633 209.825 102.494 15.815
Vibrotactile 42 121.302 93.856 14.482 186.775 111.750 17.243 199.491 108.686 16.771
Second playthrough

Auditory 42 137.551 118.216 18.241 167.118 113.774 17.556 189.663 107.297 16.556
Combination 42 85.014 81.639 12.597 149.649 108.549 16.749 195.444 103.207 15.925
Vibrotactile 42 110.873 98.615 15.217 186.674 118.331 18.259 203.326 96.619 14.909

levels, Cohen’s d =0.35, 95% CI [0.17, 0.53]. Further-
more, the combination cue condition also led to a
shorter time to catch the ghost compared to the vibro-
tactile cue. While this was not significant, there was a
trend (p=0.0528), Cohen’s d =0.21, 95% CI [0.03,
0.39]. The difference between auditory cues only and
vibrotactile cues only was not significant (p=0.25).
The post hoc test for the playthrough (RQ2) revealed
a significant effect of playthrough (p=0.009). The
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participants were faster in the second playthrough,
Cohen’s d=0.19, 95% CI [0.04 0.34]. The post hoc
test for the levels (RQ3) showed significant differences
between the different levels. Participants were signifi-
cantly faster in level 1 than level 2 (p<0.001), Cohen’s
d=0.62, 95% CI [0.44 0.81], significantly faster in
level 1 than level 3 (p<0.001), Cohen’s d=0.91, 95%
CI [0.72 1.09], as well as significantly faster in level 2
than level 3 (p=0.005), Cohen’s d =0.28, 95% CI
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Figure 3. Raincloud plots of time to catch the ghost(s) per feedback condition. (a) Over all three levels, (b) Level 1, (c) Level 2, and (d)

Level 3.
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Table 3. Model statistics for the linear mixed effects model.

Random effects o2 SD

Subject intercept 4486 66.98

Residuals 6812 82.54

Fixed effects b SE t-value  p-value
(Intercept) 145.456 12.684 11.468

Feedback combination —28.718 7.353 —-3.906 < 0.001
Feedback vibrotactile —11.609 7.353 -1.579 0.25

2nd playthrough —15.745 6.004 —2.622 0.009
Level 2 51.500 7.353 7.004 < 0.001
Level 3 74.798 7.353 10.172 < 0.001
Model fit Marginal Conditional

R? 0.09 0.454

Note: R syntax of the specified model:
Imer(leveltime feedback + playthrough + level + (1 — participant))

[0.10 0.46]. The model statistics of the linear mixed
effects model can be seen in Table 3.

6. Discussion and conclusion

This study examined how different kinds of feedback
can help the player in localising invisible objects, in
this case ghosts in a ghost hunting setting. This study
also took into account possible training and difficulty
effects. A linear mixed effects model showed that the
effects of feedback, playthrough and level on time to
catch the ghost(s) were significant.

For the first research question on the effect of different
kinds of feedback, RQ1, the post hoc tests revealed that
the combination of both auditory and vibrotactile cues
was significantly faster than the auditory cues and
trended towards being significantly faster than the vibro-
tactile cues. Regarding the second research question on
the effect of training, RQ2, training did make participants
significantly faster, but the effect would be considered
small (Cohen 2013). Last but not least, the third research
question on task difficulty, RQ3, showed a significant
difference between the levels, level 1 being by far the
easiest with a medium to large effect size when compared
to the other two more difficult levels (Cohen 2013).

Bringing these results into the bigger picture, task
difficulty played the biggest part in performance when
searching for invisible objects. This considerable differ-
ence in difficulty can also be seen in Figure 3. The dis-
tribution of the time needed to finish is skewed
towards the deadline of 300 seconds in level 2, even
more so in level 3. This seems to suggest ceiling
effects, especially in conjunction with the calculated
effect sizes. It is likely that finding dynamic invisible
objects was too hard as a task. This might also add to
the findings of Grinyer and Teather (2022). They
found that field of view (FOV) had a stronger influence
on performance than movement in an out-of-view, but

still visual search. When searching for an invisible object
like in this study, movement of the target does seem to
strongly influence performance. The results of this study
also do support other literature concerning multimodal
vs unimodal cues (Morelli et al. 2010), showing the
combination of cues to be better than both unimodal
variants on their own. While Nila Meghanathan et al.
(2021) found no difference between simple and complex
search settings in their visual search regarding binaural
cues and task performance, this study points towards
differences in a non-visual search. This might be due
to confusion caused by a combination of non-visual
cues and complex task setting. The feedback of the
different modalities might add to confusion in level 3
instead of alleviating confusion like in the simpler
level 1. Looking at Figure 3 and the descriptive statistics
in Table 2, the combination of cues led to worse per-
formance than the other two conditions, again pointing
towards even more added confusion when both non-
visual cues and two non-visual targets are present.
These points of discussion could be a reason for the
possible ceiling effects in level 2 and 3. Our data
would suggest that Lehtinen et al’s findings (Lehtinen
et al. 2012) of reducing complexity in a visual setting
through use of other cues would not seem to be appli-
cable to a non-visual search setting.

This study, however, did not explicitly look into the
different levels of the tasks on their own. While the over-
all data points toward combination of cues being the
most helpful setting, it also shows that difficulty of the
task, i.e. the different settings in level 2 and 3 in com-
parison to level 1, is still the major contribution for per-
formance difference. When analysing the collected data
in an exploratory manner on a level basis, the statistical
power was too small to meaningfully analyse on a per
level basis. The descriptive statistics and Figure 3 seem
to suggest that vibrotactile cues might be better than
auditory cues in a simple setting like level 1, but any
kind of non-visual feedback might be useless in more
complex and complicated settings like level 2 and level
3. Considering this, the significant effects of our overall
model and the aforementioned likely ceiling effects in
level 2 and level 3, future research should look closer
into the relationship between the different feedback
cues in a static invisible search task, i.e. a simple setting.
There is also an argument to be made to examine at
what point task complexity might be too high in a non-
visual search with cues and if practice can make the set-
ting less complex.

Another point of discussion is the implementation of
the cues. While both feedback cue implementations
offer directional information, the vibrotactile feedback
was only present in the right-hand controller.



This was done to divide input actions in the VR game
between the two hands in the given setting, i.e., one
hand interacting with the environment, the other
hand interacting with the ghost(s) via the ghost gun.
However, this also meant that the directional infor-
mation of the vibrotactile cue was bound to the right-
hand controller and its raycast, while the auditory cue
was spatialised stereo audio. This does hamper compari-
son between the two kinds of cues. Nonetheless, taking
this into account, it is interesting to note that the differ-
ence between the two unimodal conditions over all level
is not statistically significant. This indicates that there
might not be a need for them to be totally equal on
how they transport the directional spatial information.
However, this might be an artefact of the setting in
this study. Research focused on different forms of pre-
sentations of both the same cue and different cues is
needed to clarify whether this might just be noise in
the data of this study.

Considering the design of this study and its statisti-
cally significant results, applications, and implications
of these findings in real-world settings seem to be hard
to find. Since completely invisible objects are only
found in gaming settings, the findings suggest using mul-
timodal cues to enable the player to find these objects
without too much frustration. If we extend the findings
to temporarily invisible, then hidden or out-of-view
objects ; however, applications are more easily defined.
While navigating to an out-of-view building, the combi-
nation of a vibrotactile cue, e.g. a smartwatch that
vibrates based on the target position, and an auditory
cue, e.g. the voice of the navigation system, might make
finding the building easier. Another variation of vibrotac-
tile cues in this example would be directional vibrations
on a steering wheel or in the driver’s footwell to enhance
the spatial information of the auditory voice commands.
Another application, similar to navigation outside, might
be navigation in buildings, specifically searching for
objects in big warehouses where visual cues might not
help. Instead of having to look for a random package
among similar looking objects in a big space, the search
could be enhanced through the use of the combination
of directional cues like we did in this study. This could
be done via tags and sensors which interact with smart-
watches, armbands or similar AR wearables that would
be able to deliver such cues. The findings of this study
also show that situations that do not allow for visual
cues might benefit from vibrotactile and auditory cues.
This could be used for training of hazard situations for
firefighters, similar to what Feder et al. (2023) did.
Although their setting did use visual cues and visual
auxiliary equipment, this setting and the equipment
might be enhanced by also using vibrotactile and
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auditory cues to detect the source of a fire in a smoke-
filled room. There might also be a case for using the
findings to further research the impact of non-visual
feedback cues for visually handicapped people.
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