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Multisensory Proximity and Transition Cues for Improving Target

Awareness in Narrow Field of View Augmented Reality Displays
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Kiyoshi Kiyokawa, Ernst Kruijff, Johannes Schöning, and Peter König

Fig. 1: Demonstration of proximity and transition cues in an augmented reality city information system scenario. Being aware of
newly emerging, yet potentially important information can become difficult in dynamic environments. Proximity cues (left side)
provide spatial information in either the visual or the auditory modality and help users to become aware of out-of-view objects
(“target”). When the target crosses the border of the field of view of the visual output device, the proximity cue is replaced by a
transition cue (right side). A short visual, auditory or tactile notification signals the user that the target entered the field of view and
is potentially visible.

Abstract—Augmented reality applications allow users to enrich their real surroundings with additional digital content. However, due to

the limited field of view of augmented reality devices, it can sometimes be difficult to become aware of newly emerging information inside

or outside the field of view. Typical visual conflicts like clutter and occlusion of augmentations occur and can be further aggravated

especially in the context of dense information spaces. In this paper, we evaluate how multisensory cue combinations can improve the

awareness for moving out-of-view objects in narrow field of view augmented reality displays. We distinguish between proximity and

transition cues in either visual, auditory or tactile manner. Proximity cues are intended to enhance spatial awareness of approaching

out-of-view objects while transition cues inform the user that the object just entered the field of view. In study 1, user preference was

determined for 6 different cue combinations via forced-choice decisions. In study 2, the 3 most preferred modes were then evaluated

with respect to performance and awareness measures in a divided attention reaction task. Both studies were conducted under varying

noise levels. We show that on average the Visual-Tactile combination leads to 63% and Audio-Tactile to 65% faster reactions to

incoming out-of-view augmentations than their Visual-Audio counterpart, indicating a high usefulness of tactile transition cues. We

further show a detrimental effect of visual and audio noise on performance when feedback included visual proximity cues. Based on

these results, we make recommendations to determine which cue combination is appropriate for which application.

Index Terms—Augmented Reality, view management, guidance, multisensory cues, performance, situation awareness

1 INTRODUCTION

A major problem of commonly used optical see-through (OST) Aug-
mented Reality (AR) displays is their relatively narrow field of view
(FOV). This means that only a small part of human vision can be aug-
mented. Humans have a binocular FOV exceeding 210� horizontally
and 150� vertically [47]. In contrast, the FOV covered by current OST
head-worn AR devices is much smaller, e.g. the 52� diagonal FOV of
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the Microsoft HoloLens (2. generation) which measures 43� horizon-
tally and 29� vertically [18]. Consequently, in large information spaces
a number of objects is always outside the user’s FOV and can only be
brought into view through head or object movement.

To draw attention to objects of interest and to improve the awareness
of out-of-view objects, researchers have developed a variety of visual,
but also non-visual guidance techniques. These techniques provide
cues on the spatial location of one or more targets to the users (see the
Related Work Section). However, in uncontrolled and dynamic real-
world environments the usage of guidance techniques can be impaired.
Here, the situation can occur that users perceive guidance cues and
ambient sensory input (”noise”) in close temporal and spatial proximity.
Within a single modality but also across sensory modalities the percep-
tion of cues can be suppressed by environmental noise due to close
interactions of neural responses [40]. In addition, during real-world
AR usage users often perform concurrent activities [52] that distract
from the cues. As human processing capacities are limited [26, 63],
there may no longer be sufficient resources available for the reliable
interpretation of guidance cues, especially under conditions of divided

attention. Mechanisms that impair the perception of guidance cues
can also cause the AR target object itself to go unnoticed when it enters
the FOV. Especially in dense AR environments newly entering targets
can easily be missed as augmentations potentially clutter and occlude
each other and/or other objects in the scene [27].
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In this work, we introduce a novel feedback technique for raising aware-
ness of an augmented target object that moves towards and enters the
FOV. Our method is tailored to work in situations where environmental
noise is present and when visual attention has to be divided. To achieve
these goals, our technique combines two different types of cues: The
first cue is referred to as proximity cue and provides spatial feedback
on moving out-of-view objects (see Fig. 1 left). It can be used to guide
the user to the out-of-view object or, alternatively, to improve awareness
of the overall situation without approaching the object. The second cue
is referred to by us as transition cue and makes the user particularly
aware of the entry and exit of AR target objects into and out of the FOV
(see Fig. 1 right). We created multiple variants of combined feedback
(sequential provision of proximity and transition cues) where different
unimodal and also multimodal combinations of visual, auditory, and
tactile cues were used: We assume that depending on the usage context
it can be beneficial to provide multisensory feedback. In this paper,
we will refer to the combination of proximity and transition cue as
”mode”. Throughout two user studies we compared preference and
performance measures between different modes. To mimic real world
conditions both studies were performed under two different visual and
auditory noise intensity levels. In study 1, via forced-choice decisions
a preference score was determined for each implemented mode: Audio-
Audio, Audio-Tactile, Audio-Visual, Visual-Audio, Visual-Tactile, and
Visual-Visual. Decision criterion was the usefulness to make aware
of an augmentation out-of-view and its transition inside the FOV. In
study 2, we then evaluated modes with the highest preference scores
Visual-Audio, Visual-Tactile and Audio-Tactile in a divided attention
task. Users had to react as fast as possible to out-of-view objects that
enter the FOV while performing a concurrent visual task in the center
visual field.

1.1 Contribution

We extend prior work by the development of a combined feedback
specifically targeting the spatial and temporal perception of moving
objects in dynamic and information-rich AR environments. In this
work, for the first time, subjective and objective performance measures
are compared between different modalities of proximity and transition
cues presented in seamless succession under real world conditions. In
doing so, we included different levels of visual and auditory noise
and a divided attention task in our studies. We progress beyond the
state of the art (see [91]) by tailoring the composition and presentation
of the feedback, the testing scenario and tasks to narrow FOV AR.
Throughout two user studies we address two research questions and
present associated contributions:

RQ1 (Study 1): Which combination of visual, audio and vibro-tactile
cues is most preferred by users to make them aware of an augmentation
out-of-view and its transition inside the field of view? Is there an effect
of different visual and auditory noise levels on preferences?

C1: We found that with reduced noise Audio-Tactile, Visual-Tactile,
and Visual-Audio and modes were significantly preferred over combi-
nations Audio-Visual and Visual-Visual, but not Audio-Audio. Under
increased noise the Audio-Tactile combination was preferred over all
other modes except for Visual-Tactile which was comparably popular.

RQ2 (Study 2): Which cue combination mode performs best regard-
ing target localization and reaction to targets that enter the field of
view when a concurrent visual task is performed? How does the level
of visual and auditory noise affect performance in both tasks?

C2: We showed a high usefulness of feedback combinations that
include tactile transition cues by yielding 46% faster responses to
incoming out-of-view targets with the Audio-Tactile and 42% with the
Visual-Tactile mode compared to their Visual-Audio variant. Adding
environmental noise increased the reaction time benefit of Audio-Tactile
to 54% and Visual-Tactile to 47% while the latter proved to be most
robust against noise.

2 RELATED WORK

In the following we will describe lower-level perceptual mechanisms
which are involved when users build up their awareness of surrounding
objects. We will illustrate which problems occur when the FOV is

restricted and how they can be counteracted, for example through
different existing guidance techniques.

2.1 Perceptual foundations

To build up or maintain awareness of (unknown) surroundings, humans
usually need to search for information in their environment. When
searching for information, basic object features (e.g., colors, size, cur-
vature) can be detected automatically and processed preattentively in
the entire visual field [105, 106] in contrast to other aspects (e.g. mean-
ing of words) which have to be focused on [14]. Guiding features in the
peripheral visual field can be beneficial [14] as they can significantly
reduce visual search times [15, 123]. However, when searching for
augmented objects in narrow-FOV AR displays guiding features in
parts of the near and, in particular, the far peripheral field of vision are
permanently absent. As a consequence, target search can be slowed
down considerably, especially when information density increases [14].
This issue is further exacerbated by the fact that also the form-factor
of an OST device can occupy a significant amount of the user’s visual
field, resulting in critical oversights of the surroundings [92]. Another
effect of restricted peripheral vision is that more head movement is
required to see out-of-view information that would normally be brought
into view by a short eye movement [19, 44]. Finally, a change of visual
scan patterns [14, 19], the degradation of navigation abilities and devel-
opment of spatial knowledge [2, 117] can be observed if a narrow FOV
is used.

To substitute missing guiding features in the periphery, cues can
be provided that trigger orienting attention to a particular location
in space. Responses to targets that appeared at a cued location can
potentially be facilitated [71]. Cross-modal studies on spatial cueing
of attention showed that voluntarily orienting attention to a location
facilitated the reaction to subsequent targets regardless of the cue and
target modalities (reviewed in e.g. [24]). Furthermore the provision
of redundant cues of different modalities can speed up responses [90].
In the following sections higher level visual and non-visual guidance
methods are introduced that make use of aforementioned attentional
mechanisms.

2.2 Visual Methods

Visual methods that enhance the awareness of out-of-view objects have
been studied in the context of display media other than AR displays,
yet basic mechanisms likely can also be applied to augmented reality
environments. We report found advantages and disadvantages though
note further studies may need to be performed to prove their transfer to
AR.

Overview + Detail methods provide one or multiple overviews of
contextual information (at a usually reduced scale) and a detailed view
simultaneously. An overview of these methods can be found in [12].

Contextual cue techniques use screen space more efficiently by
showing only the cues for pre-defined objects of interest instead of the
whole context. Techniques often locate these cues inside the borders
of the focus area, leaving the center vision free. For example, the City
Lights method [125] uses a line segment or a point to indicate the
direction of an object on the edge of the screen, while Halo and Wedge
techniques augment the detail view with partial visualizations [33]. The
latter two have the advantage that their exact position can be inferred by
mentally completing the visualization such as rings (Halo) or triangles
(Wedge). EdgeRadar [37] – an extension of City Lights – reserves a
border along the display edge for tracking off-screen moving targets and
serves also as inspiration for recent techniques like EyeSee360 [34]. As
only the peripheral area of the display is occupied the user is still able
to see and process potentially important real world environmental cues
through the central display area. Alternatively, the space is available
to display other augmented content. Methods like edge-highlighting
or the use of external LED indicators placed in the user’s peripheral
vision can be used to increase awareness that has been impaired due
to occlusion caused by OST HMDs [92]. Other techniques use one or
multiple virtual arrows to point in the direction of one or more targets
while scaled arrows can additionally encode distance [11,39]. Solutions
like 3D Arrows, AroundPlot, 3D Radar, sidebARs, and Mirror Ball

Authorized licensed use limited to: Hochschul- und Kreisbibliothek Bonn-Rhein-Sieg. Downloaded on October 20,2021 at 09:41:28 UTC from IEEE Xplore.  Restrictions apply. 



1077-2626 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVCG.2021.3116673, IEEE
Transactions on Visualization and Computer Graphics

have specifically been developed for visualizing out-of-view objects
in a 3D environment. An overview of these methods and how they
perform against each other in a visual search task can be found in [9].

Other methods trying to extend the limited FOV using a so-called
fisheye view. For example, Aroundplot [46] maps 3D spherical co-
ordinates to a 2D orthogonal fisheye, which addresses typical issues
of location cue displays such as occlusion of information. Radial dis-
tortion [98] and EXMAR [43] are other fisheye distortion techniques
that expand the AR field of view and differ from each other in the
requirements, including the fisheye style and FOV.

2.3 Non-Visual Methods

As an alternative to visual methods, a variety of non-visual techniques in
the form of auditory and tactile cues exist. These techniques can provide
spatial information such as direction and distance. In this section, we
address both, purely non-visual methods and multisensory techniques
that combine visual and non-visual cues. A meta analysis [91] showed,
that when added to a baseline task or presented simultaneously with
visual cues, vibro-tactile cues enhance task performance. While vibro-
tactile cues can be an effective replacement for visual alerts, they are
not necessarily effective in terms of replacing visual direction cues.
Tactile cues have been adopted quite frequently to direct navigation,
e.g. using vests [62], gloves [107] or a belt [55]. 3D selection methods
using tactile cues are studied for non-directional feedback [3] and
directional feedback [68]. Tactile cues also can be used to support visual
search tasks [60] and target finding by device-based target scanning
techniques [1] for mobile devices. Finally, researchers developed vibro-
tactile head-mounted displays to provide guidance cues, e.g. in form
of a ring-based tactile setup [21, 69] around the user’s head or even
higher resolution tactor grid resembling an EEG setup [50] to enhance
awareness and support guidance.

Auditory cues also have been used to support visual search [78] and
navigation [49]. Studies have looked at the effects of motion, loca-
tion and practice on visual search performance with 3D auditory cues,
showing an improvement of search performance by 22% and 25% in
static and dynamic environments respectively [73]. Another approach
of using auditory cues is called sonification in which sound properties
are used (predominantly pitch, but also loudness, duration/tempo, and
timbre) [25] with respect to the presence of the auditory reference. Soni-
fication metaphors are commonly used for speeding up visual search
tasks (e.g. [64]) but can be also found in other application scenarios like
car parking systems, which provide distance information through a de-
creasing time interval between impulse tones [87]. This metaphor can
also be applied for spatial data exploration and guidance for visually im-
paired people in AR [8,94] or for improving accuracy in high precision
tasks [95] without occluding the visual field. Furthermore cross-modal
effects have been studied, including audio-tactile effects [42, 82] and
conflicts between audio and visual cues [54]. In general, multisensory
stimulation has been shown to have benefits over unimodal feedback
with regard to improved task performance [13, 45, 91] and higher user
satisfaction [59]. Considering real world usage conditions, multisen-
sory feedback can also improve noticeability under noise [5] and reduce
cognitive load [86, 100], which can be useful in divided attention sit-
uations. Especially in narrow FOV AR displays the integration of
non-visual cues has some advantages. Given that the majority of tasks
in AR generally require primarily visual information processing, they
enable the user to use AR glasses without increasing the visual load.
Moreover, non-visual cues support a free field of vision, promoting a
faster and more reliable detection of background targets [70]. However,
in comparison visual feedback is generally highly trained, easy to learn
and can be interpreted fast [70]. Thus, choosing the appropriate method
can be challenging and depends on the context of application.

3 SYSTEM AND STUDY SETUP

In our studies we deployed the widely used Microsoft HoloLens (1st
gen). The built-in speakers provided a spatialized HRTF sound. With
its 35° (diagonal) field of view, the Microsoft HoloLens represents a
typical FOV for AR OST head worn devices and reflects the aforemen-
tioned problem of limited screen size for augmentations.

(a) User wearing the tactile interface. (b) Scheme of the tactile headband with the
according tactor locations.

Fig. 2: Custom-made tactile headband with 2 Vibration motors are
placed on �45� and 45� from the user’s point of view.

Although devices with a slightly wider FOV have become available
(e.g. HoloLens 2), we assume that problems will also occur in these
devices (see the Discussion section). The system was implemented
using Unity 2019.2. In the laboratory the study participants used a
Microsoft Xbox One wireless controller as input device while sitting.
To ensure the safety of the participants and preventing the transmission
of Covid-19 we followed a deep cleaning protocol. The equipment
and workspace was cleaned and disinfected thoroughly after each test
subject and adhered general safety guidelines [65].

A modified version of [70] with 2 vibration motors (Precision Mi-
crodrives 308-107) provided accurate tactile cues on the users forehead.
We assume that adding further motors was not necessary to improve the
feedback, since we focused on specific object movement trajectories
in our studies (see the User Studies Section). Motors are placed into
sewn pockets on the headband at �45� and 45� from the user’s point of
view (see Fig. 2a). This motor placement was based on the perceptual
acuity for vibration at the frontotemporal region (point on the forehead
at about 45�), which is higher compared to the hairy skin on the temple
regions [22]. The vibration motors were driven by a Raspberry Pi 3
Model B+ running a Python-based version of Open Sound Control. It
allows the microcontroller to communicate with the Unity App running
on the Microsoft HoloLens. In this specific setup, the network latency
between the individual system components as well as the typical start-
up times of the vibration motors used were initially measured and taken
into account for the purpose of generating the vibrotactile cues. The
network latency between the HoloLens and the Raspberry Pi was about
21 ms on average. The typical rise time of the used vibration motors
is 54 ms. The activation of the feedback is generally coupled to the
FOV of the used device. Accordingly, transition feedback should be
noticed right after the virtual object exceeds the boundaries of the AR
FOV. However, in order to take the previously mentioned delay times
into account correctly, the vibrotactile cues are triggered slightly before
the virtual object touches the FOV�s virtual boundaries, depending on
its current velocity.

4 FEEDBACK MODES

In the following subsections we provide the definition and the design
implementation of respectively proximity and transition cues in differ-
ent sensory modalities. In the design and creation of cues, we have
been inspired by existing and established visual and non-visual out-of-
view guidance methods. If necessary, we adapted and extended these
techniques to our needs. These cues were combined into a final mode,
starting with the proximity cue (see Fig. 3a) when an augmented infor-
mation approaches and triggering a short transition cue (see Fig. 3b) as
soon the augmentation passes the border of the FOV. Feedback modes
are designed to be a subsequent, non-overlapping combination of one
consistent proximity cue followed by a short transition cue. The change
from proximity to transition is triggered almost seamlessly (⇠ 90 ms
in between), resulting in a smooth, sequential combination of both
cues. Multiple variants of combinations of multisensory proximity and
transition feedback were tested to determine personal preferences and
effectiveness (see Study 1, Section 6.2). The provision of proximity
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(a) Proximity cues: For auditory proximity ∂, the virtual
object emits a continuous spatial sound. Visual proximity
∑ is represented by a proxy symbol, moving analogous to
the virtual object across the border.

(b) Transition cues: Auditory transition ∏ triggers a
short sound notification as soon as the virtual object
touches the border of the FOV. Visual transition π

highlights the proxy symbol in red color on the in-
side of the EdgeRadar border. Tactile transition ∫

provides a short vibration burst at the corresponding
side on the tactile headband.

(c) Example for the Audio-Tactile mode. The virtual object
is approaching from the right side, emitting the continuous
spatial sound for increasing awareness and localization. As
soon as the object touches the border of the FOV, the vibration
motor on the right side of the tactile headband triggers a short
but noticeable vibration burst.

Fig. 3: Description of how the different (a) proximity and (b) transition cues work. One mode consists of a combination of proximity and
transition cue in a subsequent order. (c) shows one possible example of the combination of an auditory proximity cue with the tactile transition
cue (Audio-Tactile mode). Note that the borders of EdgeRadar are not visible when no visual cues are involved. Best seen in color.

and transition cues depends on the location of a target object of interest
relative to the AR FOV. The target location can dynamically change
over time due to movements of the user or by the object moving itself
(compare to Fig. 1). As all modes are directly coupled to the FOV of
the used device, head rotations are generally possible and do not affect
the feedback behavior. However, head rotations were not part of the
conducted experiments. In the following, we will further describe our
design choices and justifications for each feedback modality.

4.1 Proximity cue

4.1.1 Definition

The proximity cue informs the user about the presence of the object by
providing spatiotemporal information like relative distance and speed
of the object. It is triggered and applied continuously when an object
of interest falls within a radius from the center of the visual field, but
has not yet entered the FOV. In a real-world application, this radius (in
our experiments on average 180�, see Fig. 5), should be adjustable by
the user depending on the application context and spatial distribution of
the objects of interest. The cue can be used as a navigation aid and can
help to approach the object (e.g., move the head) in a targeted manner.
Alternatively, the cue can be used passively to improve the awareness
of the overall situation without specifically putting visual attention at
the object, see Fig. 1.

4.1.2 Design

For the proximity cue, we used either visual or auditory feedback. The
duration of the proximity cue lasted from 1.5-2 seconds depending
on the starting position of the target object. In the case of visual
proximity feedback, we used EdgeRadar [37], a 2D visualization
technique that utilizes a border along the screen edges to visualize out-
of-view objects. Objects are represented as proxy dots along the screen
borders, conveying the relative distance and direction of their off-screen
counterparts by compressing them proportionally into the border (see
colored proxy dots in Fig. 1 or Figs. 3a and 3b). This method has the
advantage that it takes a relatively small portion of the screen space
at the borders while the center of the screen remains free for other
information (represented by visual stimuli in the concurrent visual
task in study 2). EdgeRadar has also shown to be particularly useful
for tracking moving out-of-view objects accurately [37]. Although
methods like 3D Radar have proven to be very useful in tracking
off-screen object trajectories as well [35], the visualization still suffers
from a certain overlapping and cluttering with on-screen augmentations,
see [37]. In addition, such overview approaches tend to increase the
cognitive load as it is required to mentally integrate all views, while
context information along the borders is more in line with the human
frame of reference [35]. Also, more recent and highly efficient out-
of-view guidance approaches such as EyeSee360 (which is based on
EdgeRadar) involve a high workload and occupy even more display

space, especially for devices with a restricted FOV [33]. Therefore,
we decided to choose EdgeRadar as visual reference method, as it
has been shown to provide good performance for the intended use as
proximity feedback while the FOV still remains clutter-free. In terms
of visual proximity, the out-of-view object is visualized as a blue proxy
symbol along the border approaching the users FOV (see Fig. 3a) until
it reaches the inner edge of the border.

Audio proximity uses a spatial sound at 250 Hz originating from the
center of the target sphere. This frequency has been chosen because
it was shown that localization accuracy is highest for low-frequency
stimuli centered at around 250 Hz [124] and frequency discrimination
works sufficiently well [16] in this range. As we used spatial audio,
users were able to determine the direction of arrival and distance of a
sound source. The audio proximity cue was then played continuously
while the target sphere approached the users FOV and stopped when it
was replaced by a transition cue.

In terms of the tactile modality, we wanted to ensure comparability
across modalities also in follow-up investigations, e.g. for targets
approaching from vertical and oblique angles. However, the provision
of proximity cues would not be easily possible with the current tactile
interface design as tactors are distributed around the head at a fixed
height (”headband”). We avoided the adoption of solutions that cover
the head with tactors (e.g., [50]), as this ultimately causes restrictions in
real-life usage. This is in contrast to audio and visual feedback, where
spatial cues can easily be provided. Furthermore, in the prospect of an
unimodal cue combination (Tactile-Tactile), it would become difficult
to make different vibration patterns effectively distinguishable for the
user [97]. As a consequence, we have decided to keep the respective
system as a basis with no tactile proximity cues for the time being,
focusing mainly on visual and audio proximity cues.

4.2 Transition cue

4.2.1 Definition

A transition cue is a short but clear signal triggered as soon as the AR
object of interest contacts the display border. It indicates that the object
is potentially visible now (available for interaction or as a source of
information) or - in the opposite case - just left the AR FOV and cannot
be visually detected at the moment. The transition cue also provides
directional information about where the AR object entered or left the
FOV. A transition cue can be especially useful in information-rich and
dynamic AR environments, where an object of interest can be easily
overlooked due to information overload, occlusion or distraction.

4.2.2 Design

The transition cue relied on either visual, auditory or tactile feedback.
Regarding the duration of transition cues, values were chosen that are
based on the design of warning signals, as their objective is to attract
attention. It is suggested that auditory alarm signals should be at least
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200 ms to allow the ear enough time to integrate the warning signal [88].
For tactile alerts values between 200 ms for short vibration respectively
600 ms for long vibration are recommended [97]. Based on these
values, we chose a fixed duration of 300 ms per transition cue (visual,
audio and tactile) to make it well perceptible, but not too intrusive
or annoying over time. Furthermore, all transition cues had the same
length for comparability.

In terms of visual transition, we extended the existing EdgeRadar
method by a transition cue as soon as the augmented information enters
the FOV. We introduced a short blinking color change from blue to
red as this visual change has been shown to work well in the periphery
and potentially being able to incite drawing attention in relation to
FOV [56]. Furthermore, the red color was chosen in particular because
it provides a good color contrast to the proximity cue and was shown to
have an impact on attention behaviour [58]. With regards to auditory
transition, we introduce a short advisory tone as auditory transition cue.
It is composed of a fast tonal change from about 390 Hz to 440 Hz
to attract the user’s attention [77] to an information entering the FOV.
Furthermore, the sound has a frequency spectrum that is acoustically
well perceptible for humans and also sufficiently different from the
auditory proximity cue. The tactile transition cue is inspired by the
tactile method of [69] that uses an intensity modulation between 50-200
Hz. We chose to use the maximum intensity of 200 Hz for the tactile
transition cue as this intensity has shown to provide noticeable but not
unpleasant vibration burst at 300 ms during the initial pilot study.

5 ENVIRONMENTAL NOISE

In real-world situations the user is frequently exposed to varying lev-
els of environmental noise. By the term noise we refer to perceptual
input which can interfere with the perception of other stimuli. With
regard to visual noise, variable light intensity, background colors, and
optical flow can typically affect general perception in AR [30, 57]. In
particular bright light intensity can limit projection in AR displays [57].
Light intensity changes depending on factors as location (e.g. indoors
versus outdoors), time of the day (day versus night) and weather (e.g.
sunny versus cloudy) [30, 57]. Background colors and textures of com-
mon objects in an urban setting can also vary and affect perception
in AR [30]. As for audio noise, it is emitted in many locations and
situations with different sources and sound pressure levels [17]. Only
few situations in which vibro-tactile noise occurs can affect perception,
e.g. low-frequency whole body vibration [5]. The presence of environ-
mental noise can suppress the perception of cues due to close and direct
neural interactions among sensory inputs [40]. Research addressed
perceptual suppression within the visual [10], auditory [116] and vibro-
tactile [111] modality but also cross-modal effects [40]. However, cues
provided in one modality can also amplify the perception of cues in
another modality through additive or facilitatory integration [40, 103].
So, multisensory stimulation can enhance noticeability [5] and improve
task performance [13,45,91]. A predictive cue can also improve aware-
ness and the perceptual sensitivity for a subsequent masked target [72].
Cues of different modalities may also supplement each other in an
environment in which variable levels of noise might mask a signal if
only one modality was used [38]. These advantages motivated the
integration of multisensory modes for comparison.

5.1 Noise conditions

To address environmental noise we included two different intensity
levels of combined visual and auditory noise in out studies. As we
expected that a certain amount of noise is present in most application
scenarios we did not include a condition without noise. We further as-
sumed that tactile noise occurs less frequently in general and often does
not affect perception, so we limited ourselves initially to visual and au-
dio noise. Therefore, we created conditions with reduced and increased
level environmental noise, resembling real outdoor conditions.

5.1.1 Reduced-noise condition

The reduced-noise condition contained a uniform visual background
that produces a minimum of distraction, dimmed indoor lightning
conditions and low levels of auditory ambient noise.

Users performed this part of the study in 1.5 meters distance of a uni-
formly gray background in form of a large gray pinboard (see Fig. 7a).
The background filled the entire FOV of the AR device during use.
Users were facing towards the inside of the lab room, which exposed
them to lower ambient light. Furthermore, in contrast to the increased-
noise condition the loudspeaker was turned off to ensure an acoustically
stable, calm environment. Note that in this condition, minor external
influences of indoor lighting and soft auditory background noises were
not completely eliminated. Although it was ensured that lighting con-
ditions were constant, indoor lighting can affect the representation of
augmentations of the used AR device [57]. Consequently, the user was
still exposed to a minimum amount of noise in this condition, while its
influence can likely be considered as negligible.

Regarding the lightning exposure in the reduced-noise condition,
we measured an average illuminance right in front of the user on eye
level of about 210 lux, which is in the range of an average office
illumination [84]. In terms of ambient auditory background noise,
an average loudness of the laboratory environment of about 34.5dB
was measured (that corresponds to the acoustics of a library) on the
basis of an audio recording made during this condition (see Fig. 4c).
Also, the contrast ratio for the visual proximity cue (proxy symbol) and
the background was calculated following WCAG 2.1 guidelines [112]
by using the formula (L1 + 0.05) / (L2 + 0.05). L1 is the relative
luminance of the lighter of the colors, and L2 of the darker of the colors.
The analysis revealed a contrast ratio of about 2.66:1, which can be
interpretable as perceivable for user interface components according to
WCAG 2.1 guidelines. In terms of auditory ambient noise, the audio
proximity cue was measured on average at about 50dB at ear level. This
roughly resembles the WCAG 2.1 audio guidelines, which recommends
a 20dB difference to background sounds to make audio content clearly
perceivable to the user.

5.1.2 Increased-noise condition

The increased-noise condition included a vivid outdoor background
(see Fig. 7b) with a heterogeneous color palette (see Fig. 4a). It con-
tained lighting, some optical flow and a higher level of ambient auditory
noise. Users were seated about 1.5 meters in front of a window. The
outdoor environment viewed from the window made up the entire back-
ground of the AR display as can be seen in Fig. 7b. We chose a mixed
urban/landscape as background with some natural movements of trees
and people. The experiment was carried out between 11 am and 3
pm to ensure that all participants experience similar light conditions
for both conditions. We also ensured that we performed the experi-
ment only in comparable weather conditions and that the user was only
exposed to indirect, reflected light. To generate a controlled level of
auditory noise a loudspeaker in 1 meter distance in front of the user
was placed to provide prerecorded background noises. We chose prere-
corded sounds which are characteristic for many everyday scenarios
(coffee shop ambient sounds including conversations of people and soft
traffic sounds).

An average illuminance of about 2000 lux was measured in front of
the user, which corresponds to typical lighting on a cloudy day [30].
Furthermore, we analysed the background scenery in the increased-
noise condition by using fuzzy c-means algorithms (as proposed in [61])
in order to perform a color segmentation to assess the most dominant
colors of scene. The resulting analysis showed that the view was domi-
nated by natural colors (green/brown/reddish) and urban tones (shades
of grey), see Fig. 4a. Also, in contrast to the reduced-noise condi-
tion, motions do exist in the background of the environment, which
potentially affects user performance [52]. On this basis, we performed
an optical flow analysis based on a ten-second video recording of the
outdoor environment. Dense optical flow analysis (Gunnar Farneback
method) shows generally minor motions around the left and the center
part of the background environment while the right side shows more
motion (see Fig. 4b). The user was exposed to an average auditory
noise of about 44.6dB (resembling a sound intensity similar to light
traffic noise), which are about 10dB more than the user experiences in
the reduced-noise condition – therefore roughly doubling the loudness
on a subjective level [17] (see Fig. 4c).
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(a) Color distribution in the increased-noise condition.
Dominant colors are isolated into groups using a fuzzy
c-means clustering algorithm.

(b) Optical flow estimation during the increased-noise condition.
Smaller motions (light optic flow) were detected in the background,
primarily on the right side.

(c) Audio noise comparison between both conditions. The
increased-noise condition shows an increase of about 10
dB compared to the reduced-noise condition.

Fig. 4: Noise analysis for the increased-noise condition, containing the examination of the color distribution (a) and the motion analysis (b) of the
environmental background, as well as the comparison of the loudness between both conditions (c). Further information can be found in Fig. 7.

Regarding the noise ratios for the increased-noise condition, the con-
trast analysis showed a decrease of contrast of about 25% of the proxy
symbol, which made the visual cue less visible than in the reduced-
noise condition. However, it needs to be mentioned that dynamic
conditions and illumination changes can abruptly affect contrast and
other properties on OST devices. Regarding auditory perception, the
proximity audio cue was measured about 5.4dB louder than the back-
ground ambient noise at ear level, which makes the cue generally more
difficult to perceive. However, since the frequency of the audio cue
was chosen to be highly discriminable (see Section 4.1.2), the stimulus
should still be reasonably well distinguishable despite the exposure of
auditory noise.

6 USER STUDIES

Following, we will use the following notation for the used cue combi-
nation/modes, consisting of the proximity cue at the first element and
the transition cue at the second element separated by a dash: Audio-
Audio (AA), Audio-Tactile (AT), Audio-Visual (AV), Visual-Audio
(VA), Visual-Tactile (VT), Visual-Visual (VV). We performed two user
studies to compare modes on each noise intensity level in narrow FOV
AR. Study 1 addressed RQ1 of which mode is most preferred by users
to make aware of an augmentation out-of-view and its transition inside
the field of view. Study 2 addressed RQ2 to identify the best mode
regarding target localization and reaction to targets which enter the
FOV under divided attention.

To examine the effect of the feedback mode and noise level, the
number of other influential factors had to be kept low to avoid too much
variability in data. For this reason, for the time being we did not in-
clude other AR objects as distractors in our studies. Furthermore, even
though finally all feedback modes are intended to be usable with all
possible object trajectories we initially restricted ourselves to horizon-

tal object movements. The user and many relevant dynamic objects
in the surroundings usually follow trajectories on the horizontal plane,
since their motion is ground-based due to gravitational forces. It has
further been shown that typical eye movements mostly feature a pre-
dominance of horizontal saccades (leftwards or rightwards) compared
to other directions (vertical or oblique angle saccades) when viewing
scenes [29]. Regarding search behaviour in AR, there also seems to be
a tendency for horizontal search patterns [14], which causes targets to
enter the FOV more often through horizontal head movements [56].

For data visualization in both studies, boxplots were used to mark
the largest and lowest observed data point that falls within 1.5 times
the interquartile range from the upper and lower quartile.

6.1 Pilot Studies

To prepare study 1 and fine-tune the designed cues, we did extensive
pilot testing. We presented the first design of combined feedback
modes (AA, AT, AV, VA, VT and VV) to 5 users under controlled
conditions in a simulated AR environment (performed in VR). Virtual
environments were used in this case to ensure the same preconditions
(e.g. lightning, visual and auditory noise) for all users [93], allowing

them to mainly focus on the perceived cues. Afterwards, users filled
in a questionnaire including items which addressed usability issues,
preferences and improvement suggestions for both, individual cues and
combined feedback. We checked items for values tending more to the
negative than to the positive end point. Overall, all cues were well
received.

In the next step, we performed a second pilot study – again in a
simulated AR environment – with 10 users (300 trials) where the new
sound was used as proximity cue. Users were presented all modes in
the course of the task procedure used in study 1. Subsequently, they
filled in a questionnaire that was similar to the pre-test but extended
by items on the task procedure. Data showed that users understood the
procedure and learned the feedback in a short time. They received it
positively and could apply it to enhance their awareness of moving AR
target objects in terms of proximity and transition events.

Prior to study 2 we performed pre-tests with 5 users to determine
the optimum time for target stimulus presentation for a reaction time
task (described in more detail in Section 6.3). The aim was to achieve
that users had to consistently keep their eyes in the central display area
to avoid missing the target and to ensure an appropriate amount of
cognitive load (medium difficulty level). We found that presenting the
target for 750ms met the requirements. We then continued pre-testing
by running the 5 participants through the entire procedure of study
2 before interviewing them on the usefulness of cues and usability.
Explorative data analysis showed tendencies as in study 2. Care was
taken to ensure that participants from the pilot testing for study 2
did not participate in the main study 2. However, participants could
participate in study 1 and study 2. We did not assume any influence on
the results because a significant period of time passed between study 1
and the later study 2 (⇠6 months). Also, tasks in study 1 and 2 were
of different nature: Study 1 assessed general preferences and study
2 divided attention reaction performance. Finally, sufficient training
procedures were ensured before each experimental run.

6.2 Study 1 - Mode Preference

Study 1 addressed the following research question. RQ1: Which com-
bination of visual, audio and vibro-tactile cues is most preferred by
users to make them aware of an augmentation out-of-view and its tran-
sition inside the field of view? Is there an effect of different visual and
auditory noise levels on preferences?

As in related work visual and auditory cues have been shown to work
well in spatial localization tasks (see the Related Work Section), we did
not make specific assumptions about which modality would work better
as proximity cue. Regarding RQ1 we hypothesized that modes that
combine different modalities are in general more often preferred than
unimodal combinations. This would be compliant with [59] where the
multimodal interface yielded higher user satisfaction than the unimodal
variant. We also also expected a higher preference of multimodal modes
due to spatial synergies in the attentional processing of information
across sensory modalities [24]. Among the multimodal modes we
further assumed that modes with tactile and audio transition cues would
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be preferred over modes with the visual variant as they have a higher
temporal sensitivity [109]. With regard to the effect of visual and
auditory noise we expected the perception of modes with visual or
auditory cues to be impaired while modes that include tactile cues
would still be well perceivable. Based on these considerations, the
following hypotheses emerge:

H1: We hypothesize that in the condition with reduced noise bi-
modal modes with an audio or tactile transition cue component, namely
Visual-Audio, Audio-Tactile and Visual-Tactile would be more often
preferred than the other modes (Audio-Audio, Audio-Visual and Visual-
Visual).

H2: We expect that under the influence of visual and auditory noise
bi-modal modes that include tactile cues, namely the Audio-Tactile and
Visual-Tactile mode, to be more often preferred than the other modes
which are composed of only visual and/ or audio cues.

Fig. 5: Top view: During the awareness task, the target sphere follows
a circle path around the user on the horizontal plane. The user receives
the proximity cue as long as the sphere follows the path outside the
FOV (blue line). As soon as the sphere touches the border of the FOV,
the transition cue is triggered (red line).

6.2.1 Method

Study 1 included 10 participants (1 female) aged between 22 and 34
(M = 25, SD = 3.4), more than half of them wears glasses (6/10). They
were recruited at the university (students and employees). The majority
of users (7/10) played video games at least weekly. Almost half of them
(4/10) was experienced with VR glasses as they use it at least weekly.

For the main part of the preference study, a 6 x 2 within-subjects de-

sign was employed to explore how the factor mode (cue combinations
AA, AT, AV, VA, VT and VV) and noise (reduced-noise, increased-
noise) affected the number of times the feedback mode was preferred
over other modes (preference score).

For subjective feedback evaluation, a questionnaire was used which
included different items on cue specific aspects of spatial and temporal
perception all of which were answered by each user. The questionnaire
analysis was oriented toward specific findings of the main part of the
study. As a result, proximity and transition cues were compared on
each noise factor level. For both audio and visual proximity cues
(independent variable), ratings were provided on 3 different items
(dependent variables), namely the usefulness for the perception of target
direction, the estimation of target speed and the interpretation effort.
For visual, audio and tactile transition cues (independent variable) users
rated 3 different items (dependent variables) on the usefulness for the
perception of transition time, the perception of transition direction and
interpretation effort. See 3.1 in the appendix for the exact wording of
respective items (1-6).

6.2.2 Procedure

Visual, audio and vibro-tactile cues were combined to inform the user
on an AR object which is 1) moving outside the AR FOV and 2) entering
or leaving the AR FOV. Users were instructed to determine which mode
(combination of two cues) is most appropriate to make them aware
of these two stages of the process. Users were informed in advance
about the intended functions of the proximity and transition cue. At this
point it must be noted that although we make specific demands on each
proximity and transition cue, we address their interplay in particular.

Users were not presented proximity and transition cues in isolation but
in combination (sequentially).

In the beginning of each trial the user was instructed to look straight.
After the trial started, the user was free to choose a focus point at
any time since study 1 did not involve a secondary task. We assume
that in visual conditions, the user focuses on the proxy symbols of
EdgeRadar during the proximity or transition phase as the feedback
can be interpreted with less effort and more accurately in the focal
area. An augmented sphere appeared outside the FOV where it was not
visible to the user. This starting position was fixed on +90� or �90� to
cover a maximum radius of 180� on the horizontal axis between trials
(see Fig. 5). Next, the sphere approached the AR FOV from either the
left or right side. Then it entered the FOV (and thus became visible),
passed through and left it on the opposite side. Accordingly, cues of
a mode were always presented to the user successively merging into
one another (cue sequence: proximity, transition, no cue, transition,
proximity). The sphere always entered and left the AR FOV in the
center of the left or right display border. Then the process was repeated,
starting from the opposite side. As soon as the sphere spawned at either
90� or �90�, the user was provided with proximity feedback indicating
the spatial location of the out-of-view object. The feedback continued
while the sphere moved along a circle path around the user on the
horizontal plane (see Fig. 5) to ensure a constant distance between the
user and the object. When the sphere crossed the border of the FOV –
thus entering or leaving it – the user was provided with a transition cue.
The six modes (AA, AT, AV, VA, VT and VV) competed against each
other in the course of pairwise comparisons. In each trial, the user was
presented two modes in subsequent order. Next, the user had to choose
which mode was more preferred with regard to raising awareness for a
moving out-of-view object and its transition into and out of the FOV
(forced-choice). Using direct comparisons allows to reduce problems
such as response distortions [119], reference group effects [20], and
non-linear distances between anchors [121]. The resulting dependent
measure was a preference score. To make the choice two buttons were
shown, each representing one of the presented feedback modes. Modes
could be pointed at and selected by using the Xbox controller.

After having made the choice, the next trial started with another
pairing. Each mode competed against the other modes two times,
resulting in 30 (15 pairings x 2) pairwise comparisons in randomized
order. We exposed the user to a particular pairing for two times to
change the order in which both modes were presented to avoid order
effects. Overall, each subject took about 45 min to complete study 1
(about 15 min for each noise condition including 2 min introduction, 3
min training and 10 min questionnaire). The order of noise conditions
was counterbalanced across participants.

A questionnaire composed of two parts was used to receive subjec-
tive user ratings. Part 1 was presented after each noise condition and
part 2 at the very end. Users could indicate their level of agreement on
7-point Likert items with annotated end points 1 = “strongly disagree”
and 7 = “strongly agree”. In the first part of the questionnaire items
addressed the usefulness of different proximity and transition cues
with regard to temporal and spatial perception (see section 6.2.1). The
second part of questionnaire comprised items on overall comfort and
usability (see 3.2 in the appendix).

6.2.3 Results

Mode preference analysis. A total of 300 trials was included in the
analysis (30 pairwise comparisons x 10 users). To compute the pref-
erence score, each time a mode was preferred over another mode in
direct comparison, it scored one point. As each mode competed against
5 other modes for two times, a mode could be preferred by one user
maximum 10 times. A repeated-measures ANOVA was used to exam-
ine the effect of feedback mode and the interaction of mode and noise
on the preference score. Pairwise comparisons with Sidak correction
were used for post-hoc testing.

A significant main effect of mode (F(5,45) = 29.48, p< .001, h2
p =

.77) and an interaction of mode and noise was found (F(5,45) = 2.47,
p = .03, h2

p = .23). Preference scores by mode and noise condition are
visualized in Fig. 6.
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Simple effects were examined by comparing different modes at each
noise factor level. In the reduced-noise condition as expected (H1), AT,
VT and VA were more often preferred than VV (each p < .001) and
AV (pAT = .003, pVA = .035, pV T = .013). There were no differences
between the modes AT, VT, VA. However, AA was also popular and did
not differ significantly from AT, VT, and VA either. In the increased-
noise condition we expected AT and VT to be more often preferred
than other modes (H2). Accordingly AT had a higher preference score
than AA (p = .001), AV (p = .001), VV (p < .001) and VA (p =
.045). VT on the other hand was not significantly superior to AA
(p = .09), AV (p = .064) and VA (p = .157) and showed a higher score
compared to only VV (p < .001). However, the AT and VT mode
did not differ significantly either. We also created final ranking lists
across all participants, in total and by noise condition, ordered by the
preference score (see Table 1). As 10 participants took part in the study
the maximum total score was 100 in each the noise with increased and
with reduced noise.

Mode Reduced- Noise Increased-Noise Total
AA 49 49 98
AT 72 88 160
AV 28 31 59
VA 61 49 110
VT 82 75 157
VV 8 8 16

Table 1: Number of times a feedback mode was preferred over another
mode in VR and in AR in each noise condition (maximum possible
score = 100) and in total. Pairings were presented to 10 users twice in
each condition.
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Fig. 6: Study 1, condition with reduced noise (top) with comparisons
of Preference scores of AT, VA and VT each versus AA, AV and
VV feedback (see H1) and Noise condition (bottom) with comparison
of Preference Scores of AT and VT each versus VA, AA, AV and
VV (see H2). Only significant differences are visualized.*p <.05,
**p<.01,***p <.001.

Questionnaire Analysis. In addition to the forced-choice decisions,
we analyzed questionnaire data related to individual cues.

Specifically, we compared ratings on Likert type items for the visual
and the audio proximity (Wilcoxon signed-rank test), ratings for visual,
audio and tactile cues (Friedman test), and pairwise post-hoc compar-
isons (Wilcoxon test). If necessary, Sidak correction was applied. Fig. 8
shows the distribution of answers for each item and noise condition.

For the condition with reduced noise the comparison of ratings on
Likert type items for proximity cues showed no significant differences
between visual and audio cues with regard to the item on helpfulness
of the cue for perceiving the direction of the sphere, helpfulness for
estimating the speed of the sphere and interpretation effort. As expected
audio and visual proximity cues performed comparably well here. The
comparison of transition cue ratings showed significant differences
between cue modalities regarding ratings of the item on helpfulness
of the cue for perceiving the exact moment when the sphere entered
the FOV (c2(2) = 6.64, p = .036, W = .684) and the interpretation
effort to interpret cues (c2(2) = 11.04, p = .004, W = .744). However,
post-hoc pairwise comparisons were only significant for interpretation
effort, indicating that users needed less concentration to interpret audio
than visual transition cues (Z = 2.46, p = .041, r = 0.778). Significant
Friedman test and visualized data indicate a tendency to our expectation
that visual transition cues receive lower ratings. However, post-hoc
test were not significant for most items. Thus, differences were not
strongly pronounced. Ratings on the item on helpfulness of the cue for
perceiving where the sphere entered the FOV did not differ between
the transition cue modalities.

For the condition with increased noise users indicated significantly
higher ratings for the audio than for the visual proximity cue with regard
to the helpfulness of the cue to perceive the direction from which the
sphere was approaching (Z = 2.67, p = .008, r = .844). The audio
proximity cue was also rated as more helpful to estimate the speed
of the sphere (Z = 2.11, p = .035, r = .667) and as interpretable with
less concentration compared to the visual variant (Z = 2.45, p = .014,
r = .775). While low ratings for visual proximity cues confirmed our
hypothesis, the audio variant was much less affected than expected.
Regarding ratings for transition cues a significant difference was found
between modalities for the item that addressed the helpfulness of the cue
to perceive the direction where the sphere entered the FOV (c2(2) =
11.67, p = .003, W = .05), helpfulness of the transition cue to perceive
the exact moment when the sphere entered the FOV (c2(2) = 13.69,
p= .001, W = .332) and interpretation effort (c2(2) = 14.89, p< .001,
W = .552). In each case ratings for the audio and tactile transition cues
did not differ from each other significantly but received higher ratings
than the visual cue. They were rated as more helpful to perceive
the sphere’s direction (A vs V: Z = 2.56, p = .030, r = .81; T vs V:
Z = 2.55, p = .033, r = .806) and more helpful to perceive the exact
moment when the sphere entered the FOV (A vs V: Z = 2.69, p = .021,
r = .851; T vs V: Z = 2.56, p = .033, r = .81). Users also indicated
a higher interpretation effort when interpreting visual transition cues
compared to audio (Z = 2.56, p = .033, r = .81) and tactile (Z = 2.57,
p = .03, r = .813).

(a) Condition with reduced noise. (b) Condition with noise.

Fig. 7: The experiment conditions from user perspective with (a) re-
duced noise and (b) increased noise. Both images illustrate the aware-
ness task (approaching sphere) and focal attention task (digit at the
center of FOV) in study 2. Note: The approaching spheres are illus-
trated for comprehension purposes for the awareness task and were
only visible in study 1, but not in study 2. Also, in the condition with
increased noise (b), ambient audio background noise was provided.
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Fig. 8: Study 1. Users indicated their level of agreement on 7-point Likert type items (ranging from 1= “strongly disagree” to 7= “strongly agree”)
on how the respective cue helped them to perceive temporal and spatial events of an AR object under conditions with reduced noise (left) and
with noise (right). Pc = Proximity cue, Tc = Transition cue.

To sum up questionnaire rating results, all variants of proximity and
transition cues received positive ratings in the reduced-noise condition.
As proximity cue visual and audio worked equally well. Regarding
the transition cue, the visual variant showed a slight tendency to be
less suited than audio and tactile. In the increased-noise condition,
the visual proximity feedback did no longer sufficiently support target
awareness and was strongly rejected while audio proved to be more ro-
bust here and could still be interpreted well. For the transition feedback
audio and tactile were clearly superior to the visual variant when envi-
ronmental noise was present. Mode preference choices are reflected in
questionnaire results. The VV mode was least preferred, followed by
AV which are both composed of the lower rated visual transition cue.
However, in the condition with increased noise the visual proximity cue
which received rather low ratings in the questionnaire was still quite
often preferred when being combined with the tactile transition cue to
the VT mode. VT was not less often preferred than modes with audio
proximity cues (AA, AT, AV).

6.2.4 Implications for study 2

For the performance study we needed to reduce the number of feed-
back modes to be able to perform a more extensive testing within a
reasonable period of time (maximum one hour) to avoid fatigue effects.
The decision was made based on the analysis of the preference score
(resulting from forced-choice decisions) and not questionnaire ratings
as they were expected to be less biased (see Procedure in Section 6.2.1).
In addition, users selected the preferred feedback immediately after its
presentation in the frame of the forced-choice procedure while the ques-
tionnaire was presented after each noise condition. However, people
are not good at reporting detailed information about past mental events,
even recent ones, as they are tending to overgeneralize and overrational-
ize [28]. Furthermore, questionnaire ratings addressed proximity and
transition cues separately while within the forced-choice procedure
combined feedback was provided. The decision which feedback to
prefer was therefore also dependent on the interplay of both proximity
and transition cue. Based on the preference score analysis we decided
to include AT and VT in study 2 as they had a high preference across
noise conditions. We also included VA in the second study as a baseline
against which we could test as in general, visual-audio techniques are
more widely used to provide spatial information than tactile techniques.
In addition, based on descriptive data, VA was the third most preferred
feedback mode (for a complete list of rankings, see Table 1). We also
chose VA as baseline for study 2 as it is more comparable to VT and
AT regarding its bi-modal structure (feedback in which cues from two
sensory modalities are combined) compared to e.g. AA.

6.3 Study 2 - Mode Performance

Study 2 addressed the following research question: RQ2: Which cue
combination mode performs best regarding target localization and
reaction to targets that enter the field of view when a concurrent visual
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Fig. 9: Average reaction time in the awareness task (top) and hit rate in
the focal attention task (bottom) for VA, VT and AT modes by noise
condition in study 2. ***p <.001.

task is performed? How does the level of visual and auditory noise
affect performance in both tasks?

Regarding RQ2 we expected that with reduced noise AT would yield
faster reactions than VA and VT as for the latter visual attention has to
be divided when interpreting visual cues and performing a concurrent
visual task. We further assumed that VT would perform better than
VA due to faster reactions to tactile cues [81]. Under increased noise,
we expected a weaker detrimental effect on the auditory than on the
visual proximity cue based on results in 6.2.3. Thus, we assumed AT
would perform best, followed by VT and finally VA in which both
sensory channels are expected to be affected by noise. Regarding the
concurrent visual task performance we assumed a lower hit rate for
VA and VT than for AT as visual attention has to be divided between
two tasks. We expected that, when noise is increased, the perception
of visual cues which support the reaction to AR targets would take up
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even more visual resources resulting in less free capacities to perform a
visual task simultaneously. Accordingly, we assumed that noise would
reduce hit rate in the concurrent visual task with VA and VT but not
with the non-visual mode AT. The associated hypothesis summarizes
expectations in the following:

H3: When localizing and reacting to AR targets (noise and condition
with reduced noise), we expected a main effect of mode, assuming that
reaction time to incoming out-of-view AR objects is fastest for AT
followed by VT and slowest for VA.

H4: In the concurrent visual task (noise and condition with reduced
noise) we expected a main effect of mode, assuming a lower hit rate for
VA and VT than for AT.

H5: In the concurrent visual task, we expected an interaction effect
of noise and feedback mode, assuming that under noise compared to
the condition with reduced noise hit rate decreases only for VA and VT
and not for AT.

6.3.1 Method

Study 2 included 14 participants (13 male and 1 female) aged between
22 and 33 (M = 24.3, SD = 2.9). The majority played games at least
weekly (64%) and half of the users also uses VR devices weekly or
more frequently. Furthermore most of the users (64%) had already tried
out AR devices at least a couple of times or more. Users performed
two tasks simultaneously: 1) the reaction to incoming AR targets with
the help of cues (awareness task) and 2) a concurrent visual reaction
respond task (focal attention task).

The main study employed a 3 x 2 within-subjects design to exam-
ine the effect of factors mode (VA, VT and AT) and noise condition
(reduced-noise, increased-noise) on the time to react to transitioning
out-of-view AR objects (awareness task) and the hit rate (visual focal
attention task). Users completed one block with reduced noise and
another block with increased noise. The order of blocks was counter-
balanced across participants. In each block modes were presented in
random order.

Furthermore, for subjective feedback evaluation, users answered
items on spatial and temporal perception related to the awareness task.
As in study 1, we examined whether specific results found in the main
study part were reflected in the subjective feedback. For this reason,
modes were compared on each level of the noise factor. For audio
and visual proximity cues (independent variable), users rated 2 items
(dependent variables), namely the usefulness for the perception of target
direction and the prediction of target transition time. For audio and
tactile transition cues (independent variable) users rated the usefulness
for reacting fast to the transition event (dependent variable). See 3.1 in
the appendix for the exact wording of respective items (1, 7, 8). Also,
within the frame of the questionnaire users assigned a rank (1,2 or 3)
to each mode in the condition with reduced and with increased noise.
In each noise condition the assigned rank (dependent variable) was
compared between modes VA, VT and AT). Finally, NASA-TLX ratings
(dependent variables) were collected after each noise condition and
compared between reduced and increased noise (independent variable).

6.3.2 Tasks and Procedure

Users were required to notice and react to an approaching AR target
by using VA, VT and AT (see previous Subsection 6.2.4). The AR
target object was again represented by a sphere. The starting position of
the approaching sphere varied between trials and took values of either
+80� or �80� on the horizontal axis, with a random offset between
±0� to 10� to cover a maximum range of 180� (see Fig. 5). Doing so,
it was not possible for the user to predict the time of entering by simply
counting seconds. The AR sphere could enter the AR FOV from the
left or right center display side and always moved at a constant speed
level.

For the awareness task, the user was told to press the left or right
shoulder button of the Xbox controller as soon as the sphere reached
the respective border of the AR FOV, which was signalized by the
transition cue. Before starting with the performance trials in which 50
trials of each mode were presented in random order, users completed
18 training trials for each mode. The first three training trials per mode,

which were also presented in random order, included a feedback in
which the scene was frozen and the user was displayed the AR target
with its moving path after having pressed a button. In this manner the
user got to know if the correct side was chosen and if the button was
pressed too early or too late. The subsequent 15 training trials per mode
were identical to the performance phase to get used to the procedure.
During performance trials the AR target was not shown (not even after
having entered the FOV) to (a) not provide the user with feedback on
his performance (a visualization inside the FOV would inform the user
that a target was present) and (b) to avoid occlusion regarding the focal
attention task and distraction. Although the latter ones are important
issues in this field of research, it falls outside the scope of this study.

Next to the awareness task, a second visual task has to be performed,
the focal attention task. The task followed a go/no-go procedure [23]
in which participants are generally required to respond to one stimulus
but must not react to an alternative. This particular task was chosen as
it required monitoring an area, mimicking a scenario in which the user
is consistently visually occupied. Furthermore stimuli were presented
in the central display as in a real-life AR scenario users would naturally
turn to the area of interest and move it to the foveal regions. Stimuli
were composed of random digits (1-9) presented in the center one after
another for 750ms. Each time a 7 was presented, users had to press
the button ”A” of the Xbox controller before the next digit appeared
to score a hit (see Fig. 7), otherwise a miss was registered. After each
noise condition the user filled in the first part of the questionnaire

on cue specific aspects and the second part on usability and comfort
after having completed both conditions. The basic structure of the
questionnaire and scaling of items in study 2 corresponds to the material
used in study 1. As in study 2 modes VA, VT, and AT were tested,
ratings were provided for visual and audio proximity cues and for audio
and tactile transition cues. Study 2 took overall about 1 hour (about
20 min for each noise condition in the main experiment, 2 min for the
introduction, 8 min training, 10 min for the questionnaire). The order
of noise conditions was counterbalanced across participants.

As in study 2 cues were supposed to assist the user in reacting fast to
incoming target objects, items also addressed helpfulness for predicting
the time of target transition and the support of fast reactions. Respective
items were presented for each of the tested modalities. In addition, we
included the NASA Task Load Index (NASA-TLX) in the first part of
the questionnaire to measure perceived task workload in each noise
condition.

6.3.3 Results

The Aligned Rank Transform procedure was used [122] to analyze
the effect of the feedback mode (VA, VT, AT) and noise level condi-
tion (reduced-noise, increased-noise) on performance measures in the
awareness task (reaction time) and the focal attention task (hit rate).
The analysis comprised 4200 trials (50 trials x 3 modes x 2 noise levels
x 14 participants). The t-Test for dependent variables and Wilcoxon
signed-rank test were used for post-hoc pairwise comparisons. The
family-wise error rate was controlled by the Holm method. We will
also report on workload measures which showed that the experiment
was relatively demanding over time.

We found significant main effects of noise (F(1,13) = 529.66, p <
.001, h2

p= .976), feedback mode (F(2,26) = 272.00, p < .001, h2
p=

.954) and an interaction effect of both (F(2,26) = 66.30, p < .001,
h2

p= .836) on reaction time in the awareness task.
The comparison of feedback modes showed a faster reaction with

modes VT and AT compared to VA in both noise conditions (each
p < .001, see Fig. 9). Furthermore, increasing the noise level led
to slower reaction times only for the modes which included visual
proximity feedback, namely VA (p < .001) and VT (p = .003) while
performance was not affected when the AT mode was used (p = .358).
Regarding the focal attention task neither an effect of noise nor feedback
mode on hit rate was found (see Fig. 9). We also descriptively compared
the ratio of missed targets between feedback modes for each noise
condition. With reduced noise, 3.4% of targets were missed with VA,
1.3% with VT and 1.9% with AT.
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In the condition with increased noise 21.5% were missed with VA
feedback, 9.6% with VT and 8.6% with AT. Due to differences in color
and optical flow between the left and right display area in the increased
noise condition (see Fig. 4b) and potential effect of handedness (faster
reaction with the dominant hand) we also compared reaction time
between trials when the sphere approached from the left compared to
trials where it approached from the ride side. We differentiated between
the condition with reduced and increased noise. There was neither
a significant difference between left and right for the reduced noise
condition where the background was uniformly gray with no optical
flow (p = 0.217) nor for the increased-noise condition (p = 0.153).

For the analysis of the questionnaire, we applied statistical tests
as appropriate. Specifically, we compared different ratings on Likert-
type items between proximity cues (visual versus audio) and transition
cues (audio versus tactile) in each noise condition (t-test for dependent
samples), the NASA TLX-ratings between the condition with reduced
and increased noise (the t-test for dependent samples), in cases that
violated the normality assumption (Wilcoxon signed-rank tests), and
the rank list of modes (Friedman test). For post hoc analysis Wilcoxon
signed-rank tests were used. If necessary, Bonferroni correction was
applied.

The comparison of different proximity cues in the condition with
reduced noise showed that other than expected, the visual proximity
cue was marginally more helpful to estimate direction than the audio
variant (t(13) = 2.03, p = .064, d = 0.54). On the other hand, in the
noise condition, as expected the audio proximity cue was rated higher
than the visual variant regarding the estimation of the target direction
(t(13) = 3.43, p = .005, d = 0.917) and prediction of the time of
transition (t(13) = 3.07, p = .009, d = 0.820). These ratings are not
in line with the actual performance as AT was not significantly better
than VT in the awareness task. However, the superior performance
of AT and VT compared to VA was reflected in questionnaire ratings
for transition cues. Users stated to have reacted faster to the tactile
variant in both conditions, with reduced noise (t(13) = 3.45, p = .004,
d = 0.922) and with noise (t(13) = 3.14, p = .008, d = 0.839).

Users further provided a rank list of the modes ordered by which
they liked most to perform well for the condition with reduced noise,
with noise and overall. Median ranks differed significantly between
modes in the condition with reduced noise (c2(2) = 7, p = 0.03,
W = 0.25), with noise (c2(2) = 19, p < 0.001, W = 0.679) and overall
(c2(2) = 16.71, p < 0.001, W = 0.606). Post-hoc pairwise compar-
isons showed that with reduced noise the first ranked mode VT differed
significantly from the last ranked VA mode (p = .006). In the noise
condition and overall, both the VT (each p < .001) and the AT mode
(each p = .001) were ranked significantly higher than VA. See Fig. 11
for the distribution of ranks by noise condition.

After each noise condition users provided NASA-TLX ratings on
each subscale. While the subscales temporal demand, effort and frustra-
tion were not affected by noise, mental demand was rated significantly
higher in the condition with increased noise (t(13) = 2.3, p = .039,
d = 0.614) and performance was rated lower (t(13) = 2.35, p = .035,
d = 0.628). The overall NASA-TLX score did not differ significantly
between noise conditions but reached a value of 58.6 with reduced and
60.83 with increased noise. Contrasting the score with the quartiles of
a global NASA-TLX analysis [31] showed that the mental workload
of the task in our study is rather high as the value is around the 75%
percentil (= NASA score of 60.00).

7 DISCUSSION

In this paper we evaluated the acceptance and effectiveness of novel
multisensory cue combinations for improving the awareness of moving
out-of-view objects for narrow FOV augmented reality displays. We ad-
dressed one research question for each user study, which are discussed
in detail below.

7.1 Mode Preference

RQ1: Which combination of visual, audio and vibro-tactile cues is
most preferred by users to make them aware of an augmentation? Is
there an effect of audio and visual noise on preferences?

We hypothesized that with reduced noise bi-modal modes with audio
and tactile transition cues (VA, VT, AT) are more preferred than other
modes. While respective modes were chosen more often than VV and
AV, somewhat unexpected, the AA mode was comparably popular. This
is different from findings that revealed a high usability for combined
AT cues compared to auditory cues alone [53]. To further enhance
the effectiveness of the AA mode, it might be helpful to choose more
distinguishable timbres for auditory proximity and transition cues [101].
Partly conform with H2, when visual and audio noise was present, the
AT but not VT mode was preferred over all the other modes. Findings
indicate that when choosing an appropriate sound as audio proximity
cue it can still be perceived sufficiently well while visual noise clearly
impairs the perception of visual cues. Since corresponding indications
also occur in study 2 in this context, we will discuss this in the respective
part in the discussion in more detail.

Surprisingly, although the perception of both cues is expected to
be impaired by visual and audio noise for the mode VA, there was
no significant difference in the preference score compared to VT. The
audio cue could probably be perceived sufficiently well. In general,
the combination of visual and audio cues has already been shown as
beneficial before (e.g. [48, 74]) and has been considered to distribute
content over visual and auditory modalities as vision can be highly
loaded during certain (visual-only) based applications [101].

Modes which included the visual transition cue, namely VV and
AV, were overall less preferred in the course of forced-choices than
modes with other transition cues. This indicates that the single blink of
the visual transition cue during its color change attracted less attention
in relation to the auditory and tactile variants. The expected alerting
effect of the color red [58] was also not that strong in comparison.
This could be reasoned by the small size of the transition cue and the
general poorer perception of colors in the periphery [41]. However,
adjusting the characteristics of the transition cue, e.g. increasing its
size, might increase the noticeability of peripheral augmentations [56].
Nevertheless, this would mean that also more display space would be
occupied, aggravating clutter and occlusion issues. However, positive
questionnaire ratings on visual transition cues under reduced noise
(see Fig. 8) show the cue also performs well in an absolute subjective
evaluation. Motion effects like blinking have been shown before as
useful to attract attention in the peripheral area [56].

In regard to different cue combinations we did not include a TT
mode (tactile proximity and transition cue) due to confusion issues
and other ambiguities [97]. However, we assume that modes which
involve tactile proximity would be received well for supporting spatial
and temporal perception if the single cues are sufficiently distinguish-
able designed. The potential of tactile proximity cues was already
demonstrated for single targets in AR in previous work, e.g. [50]. Such
sensory substitution devices are commonly used e.g. for people with
visual disabilities [66] and in terms of tactile cues considered to be
a fruitful approach to improve user performance [69]. However, it
remains difficult to render multiple targets at the same time with tactile
proximity cues. Finally, continuous vibration on the head for a longer
time is potentially uncomfortable for the user.

In contrast to existing techniques our feedback is composed of sub-
sequent cues which both encode different parameters. Questionnaire
results show that, proximity and transition cue variants support the

perception of target parameters important for spatial and tempo-

ral perception: Under reduced noise, taken proximity and transition
cues together, all variants facilitate the estimation of target direction
and speed, as well as the perception of the exact time and location of
the target transition. When the noise level increases, all but the visual
cues can be further used to support the perception of target parameters.

7.2 Mode Performance

RQ2: Which cue combination mode performs best regarding target
localization and the reaction to targets that enter the field of view when
a concurrent visual task is performed? How does the level of visual
and auditory noise affect performance in both tasks?

Partly conform to our expectations referred to in H3 we found that
noise and feedback mode affected the response time to the target enter-
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Fig. 10: Study2: Users indicated their level of agreement on 7-point Likert type items (ranging from 1= “strongly disagree” to 7= “strongly
agree”) on how the respective cue helped them to perceive temporal events and the spatial location (listed on the left) of an AR object under
conditions with reduced noise (upper part) and with noise (lower part). Pc = Proximity cue, Tc = Transition cue.

ing the AR field of view in the divided attention task. As expected,
the combined VA feedback yielded slower reaction times than the VT
and AT mode in the reduced- and increased-noise condition. We further
assumed that, when using VA and VT feedback modes, visual atten-
tion would be divided into the focal attention task and the awareness
task which would lead to performance decrements in both tasks. We
expected AT to be superior as limitations in visuospatial attention were
shown to be circumvented by distributing attentional processing across
sensory modalities in comparable dual task scenarios [114].

However, different from our expectations in H3, reaction time for VT
and AT did not differ significantly in the awareness task. H4 was also
not confirmed as in the focal attention task no differences between all
three modes were found. Findings differ from [70], which showed that
AT feedback facilitated a better visual concurrent task performance than
visual feedback. Our findings indicate that sufficient visual attention
capacities were available to perform both tasks well even when visual
proximity feedback was provided. Subjective ratings on the usefulness
of visual proximity cues further indicate that although users had to
monitor the central FOV, they still made use of the more peripherally
presented visual cues. This is possible as peripheral vision is still
relatively good for motion detection [75] although the vision of text,
shape and color degrade towards the periphery [41]. It should also
be noted that proximity cues have a supportive role in the awareness
task by spatially cueing attention [90] and preparing the user for the
upcoming transition. Thereby, attention can also be oriented covertly,
thus without eye or head movement (e.g., [6, 89]).

The superiority of VT and AT over VA can be attributed to the tac-
tile transition cue indicating that tactile feedback facilitates a faster

response than audio. Findings indicate that the seamless succession
of proximity and transition cues (as is the case with our combined
feedback) is likely to produce effects similar to prior investigations on
multisensory stimulation. The results are in line with multiple studies
that found an advantage of tactile over audio feedback in reaction time
performance e.g., when reacting to stimulation [81] and in divided
attention situations e.g., when indicating the direction to walk [96], or
warning users [76, 79]. This underlines the noticeable yet unintrusive
character of tactile feedback and the intuitive design of this particular
tactile cue (compare to [21, 50, 69]).

Similar to [4], including tactile cues resulted in an improved perfor-
mance compared to non-tactile cues with regards to reaction time. In
addition, it can be assumed that the majority of tasks requires more
visual and auditory than tactile processing capacities. Thus, in compar-
ison, there are usually free resources available in the tactile modality.
Tactile cues are also difficult to ignore and can be sensed regardless of
the orientation of attention [5]. As pointed out in [101], audio-visual
feedback is better suited for single tasks under normal workload con-
ditions. It remains open, however, if and how variations of the visual
focal attention task in terms of different perceptual and mental load
levels or modalities would affect performance of feedback modes.

We further found a significant slowdown in reaction to targets in
the awareness task as an effect of environmental noise (see Fig. 4) for
modes VT and in particular VA. This can be explained by an increased

amount of mental demand (reflected in NASA-TLX ratings) required
to perceive and interpret visual and audio cues in the noise condition.
Missing significant slowdowns for AT feedback indicate a stronger
detrimental effect of visual than audio noise in AR on the perception
of cues. As summarized in [57], lighting can lead to the incorrect
display of color, incorrect augmentation and lens flare while very bright
environments generally limit projection. The audio proximity cue can
probably still be interpreted sufficiently well under noise due to the
clearly perceivable sound signal [124]. Even though it requires more
training than for visual cues to interpret it correctly [69]. However, the
provision of audio cues can be inappropriate in situations where it is
important to perceive environmental auditory input to avoid dangerous
situations and degradation in performance [115]. Respective situations
could occur especially with mobile users, for example, if the perception
of other actors in road traffic or during various outdoor activities is
required.

The slow down in reaction time under increased noise for the VT
but not AT mode provides further evidence (in addition to subjective
measures) that users make use of proximity cues instead of performing
the awareness
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Fig. 11: Study 2, post-hoc questionnaire: Frequencies of the assignment
of ranks (3=third, 2=second, 1=best) to a mode in the condition with
reduced (upper part) and increased noise (lower part).

task by simply reacting to transition cues. Questionnaire ratings
confirm the usefulness of proximity cues to predict the time of the
later transition event. These findings underline that the combination
of subsequent cues seems to have an added value to enhance spatial
and temporal perception for fast responses under divided attention.
Furthermore it was found that with reduced noise, less than 2% of
targets were missed with VT and AT feedback and less than 10%
with increased noise. On the other hand while with reduced noise
also with VA few targets were missed (less than 4%), the share of
missed targets increased to around 22% when environmental noise was
present. Results provide further evidence that, in general, multisensory

signals can effectively capture spatial attention under conditions

of concurrent perceptual load [99, 102] while tactile cues can be

especially useful in noisy environments [76, 79].
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Finally we found that performance was not affected by the direction
from which the target approached in spite of differences in color and
optical flow between left and right display area (see Fig. 4a, 4b). It is
conceivable that top-down mechanisms of attention filtered information
processing by target facilitation and/or by distractor (background colors
and optical flow) inhibition [83].

Overall, study results demonstrate the positive reception and useful-
ness of particular combined feedback modes for spatial and temporal
perception and fast reactions to incoming targets. However, there are
some limitations which have to be considered. First, in this work we
initially focused on two possible target trajectories. So, it is still un-
clear how different modes would perform if targets could follow any
trajectory especially in terms of accuracy. Prior work provides evidence
for a higher localization accuracy for moving audio sources than for
visual spatial information that has to be mapped to the real world space
(compare [32] to [35]). This may lead to the assumption that the AT
mode might also be superior to VA and VT due to the superiority of
audio to visual proximity feedback. However, the comparability of
modalities is limited across these studies due to differences in measures
and procedures. Furthermore, other studies point out some potential
issues regarding HRTF audio localization. This includes the mislo-
calization to the incorrect front/back hemifield [120], an increasing
azimuth and elevation localization error behind the head [85] and a
high listener specificity [118]. In addition, for combined proximity and
transition feedback cross-modal effects could also affect localization
performance. In the context of localization, it is also important to note
that we only examined the reaction to one moving target at once. It
is questionable to what extent simultaneously presented audio or vi-
bration signals can be kept apart, so that a sequential presentation of
such proximity cues would be conceivable in multi-target scenarios.
However, visual multi-target feedback is likely not as intrusive as the
administration of multiple auditory or tactile cues and has already been
implemented for 3D spaces (see Table 1 in [35]). Nevertheless, results
from studies on multiple object tracking in the visual modality show
that if the number of moving targets increases, localization performance
systematically decreases and attentional load increases with each ad-
ditional target [113]. In addition, multisensory research indicates that
limitations can likely not be circumvented by distributing attentional
processing across sensory modalities for multiple object tracking as
only spatial (as opposed to spatial and object-based) attentional pro-
cessing is required [114]. In this context, the additional transition cue
could prove to be very useful as it would allow the user to prioritize
by signalizing that specific targets become highly relevant only at a
certain point of time. In some use cases, the need to permanently track
each target object could be eliminated in this manner. However, prox-
imity feedback on multiple objects could still give the user a general
understanding of the structure and dynamics of the environment.

Another aspect which has to be considered is that we always used
a constant speed level, so it is still unclear if results could be different
for other constant or dynamically changing speed levels. It is conceiv-
able that localization and also reaction to incoming targets would be
impaired due to the increasing unpredictability of prospective target
positions. A further issue is the abstraction of the target and tasks in
our studies for generalization purposes. In practical use, users would
typically look for a text label or icon tied to a point of interest. In such
a scenario there would likely be many other (non-target) text labels or
icons that could act as additional distractors and potentially influence
the cue interpretation. Also, in the dual-task scenario in this study,
due to the study design, we did not allow the target to become visible
when it entered the FOV. Thus, switching from visual in-view augmen-
tations to out-of-view encoded information was only represented in
the preference study. Potential confounding influences are still unclear
in this context in terms of reaction and localization performance. An-
other limitation is that we simulated an AR scenario OST HMDs in
VR. Although results can likely be applied to other display types (see
subsection 7.3.2), the findings of our studies currently refer only to
narrow FOV OST devices. Furthermore it also remains to be investi-
gated how the subsequent proximity and transition cue administration
compares to other techniques and under different contextual conditions.

For example, in several use cases speed might not be that relevant, e.g.
during the performance in high precision tasks. Which modes perform
best on other dependent measures under different task conditions is still
open. Finally, it must be noted that the majority of participants were
male and that results might be different with a higher ratio of female
users.

7.3 Reflection towards Field of View

7.3.1 Narrow Field of View

Throughout our studies we demonstrate that proximity and transition
cues enhance spatial awareness of moving out-of-view target objects.
The proximity cue can guide visual search for an out-of-view target
to counteract set size effects on search time which are amplified when
the FOV is narrowed [14]. Particularly large benefits are expected in
search processes where the rejection of distractors is generally time
consuming (resulting in strong set size effects), for example with textual
labels, as these have to be focused on individually in order to grasp the
meaning [14]. In addition, guided search can also counteract varying
and unstructured visual search patterns that occur when the field of
view narrows [14]. Visual and audio proximity feedback further enable
the maintenance of spatial awareness of a target out of view even if it
is not searched for actively. EdgeRadar has been proved effective for
tracking moving out-of-view objects [36] before, while 3D auditory
cues have been shown to be intuitive and easy to use [67].

Regarding transition cues, we showed that the audio and especially
the tactile variant can alert the user and yield miss rates below 2%. This
is particularly useful in narrow FOV AR where information overload
and occlusion are particularly prevalent due to limited space and favor
overlooking in-view targets. In this context the proximity cue takes a
supportive role by enabling the user to predict the time of transition
through information on target distance, direction and speed.

In addition, the interpretation of our combined multisensory feed-
back leaves sufficient resources free to engage in other activities. Since
our cue design keeps the central display free, the already limited space
in narrow FOV AR can be further utilized for other (interactive) con-
tent. Prior work confirms that multisensory stimulation can reduce
cognitive load [86, 100] and capture spatial attention under dual task
conditions [99, 102].

7.3.2 Wider Field of View

Although the FOV in AR devices will likely become wider in the
future, it remains a challenging goal building displays that are able to
fully cover the human visual field [51]. Therefore, typical problems of
narrow FOVs associated with visual methods (e.g. cluttering, occlusion,
potentially higher workload) are expected to remain for wider FOV
devices (e.g. HoloLens 2 or future ultra-wide FOV devices - see [52]).
In addition, with an extremely wide FOV in-view information becomes
much less noticeable towards the periphery [52]. As a consequence,
noticing an in-view target can still be difficult and its localization time-
consuming, especially in dense AR environments.

To address the problem, the combined feedback can be adjusted to
wide FOV displays to provide in-view guidance. For this, proximity
cues can continue to be administered when the target enters the FOV
until it falls into the focal field of vision. This design would open up
new opportunities to incorporate other successful non-visual guidance
methods, for example, combined audio-tactile guidance cues from [69].
However, the continuous administration of proximity feedback carries
the risk of overstimulation. In addition, when the FOV is enlarged the
length of its edges also increases which can have the consequence that
transition cues are also frequently activated. Especially when multiple
target objects are involved the user can rapidly be overstimulated (
[26, 63]). To limit cue activation, the amount of information can be
reduced by filtering and clustering techniques (e.g. by content, distance,
amount, etc.) [104]. Furthermore, the user should be given the option to
manually turn feedback on and off, as well as configure cue parameters
to suit individual needs.

When visual cues are provided at the display borders (as in EdgeR-
adar and other contextual cueing techniques), further adaptations will
likely be necessary for the application in wide FOV displays.

Authorized licensed use limited to: Hochschul- und Kreisbibliothek Bonn-Rhein-Sieg. Downloaded on October 20,2021 at 09:41:28 UTC from IEEE Xplore.  Restrictions apply. 



1077-2626 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TVCG.2021.3116673, IEEE
Transactions on Visualization and Computer Graphics

As the FOV is increased, the area in which visual cues are presented
moves further away from the center to far peripheral regions. In a
task scenario in which it is important to keep attention to the central
field of vision (compare to [52]) the user would be forced to frequently
switch spatial attention between the center and the far periphery. As
an alternative to a redefinition of the area where cues are presented
in EdgeRadar, it would also be possible to use a more appropriate
guidance technique, for example an adapted version of 3D Radar [9].
This method is useful for tracking moving out-of-view objects while
avoiding clutter in the foveated vision of the user [35].

8 CONCLUSION AND FUTURE WORK

Throughout two user studies we evaluated novel feedback techniques
combining Visual-Audio, Visual-Tactile and Audio-Tactile proximity-
transition feedback that were pre-selected based on user preferences.
We found that visual proximity cues were clearly more affected by noise
than the audio variant. Regarding transition cues, the tactile variant
facilitated the fastest reaction to incoming out-of-view AR objects
in the course of a divided attention task. The concurrent visual task
performance showed no clear advantage of a specific mode.

8.1 Future work

Based on the results and observations to date, the system is to be
expanded and further optimized by focusing on specific key issues in
the design and subsequent evaluation phase.

In the future development process, we target the encoding of all
possible moving trajectories and multiple target objects in the visual,
auditory and tactile modality. In this context, limitations in the percep-
tion of multiple visual [37] and auditory [126] targets will be considered.
To encode target location in the three dimensional space in the tactile
modality parameters vibration location, duration, frequency, amplitude
and several other (derived) can be used [110]. We aim for a solution
that occupies areas of high sensitivity and minimizes the amount of
vibration motors required, thus avoiding higher resolution grids (as
in [50]). In this manner, we will circumvent perceptual limitations at
less sensitive regions of the head [22] and areas with high hair den-
sity [80]. The targeted setup is also expected to be easier to maintain
and more suitable for everyday use in terms of long-time user comfort
and social acceptability compared to an EEG-like solution [21, 50].

In the subsequent evaluation of feedback combinations in the
renewed system we will include eye-tracking to enhance the effec-
tiveness of both visual and non-visual guidance metaphors [7], and
to use it as an additional indicator for situation awareness [108]. We
further intend to vary noise conditions by focusing on uncontrolled
outdoor usage of the system to address more dynamically changing
conditions. Doing so, we also will address effects of long term
usage of the system, to pinpoint when and perhaps when not to
provide proximity and transition cues, as we expect that continuous
feedback will be burdening over time. Within this context, real-world
search tasks instead of abstract attention tasks will be considered.
The comparison of individual cues to combined feedback under
conditions of varying densities of distractor AR objects represent
further interesting extensions to previous work. So, the added value of
combined feedback and usefulness in dense information spaces could
be objectively quantified.
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