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Navigating a space populated by fenceless industrial robots while carrying out other tasks can be
stressful, as the worker is unsure about when she is invading the area of influence of a robot, which
is a hazard zone. Such areas are difficult to estimate and standing in one may have consequences
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A s, for worker safety and for the productivity of the robot. We investigate the use of multimodal
///////////// (auditory and/or visual) head-mounted AR displays to warn about entering hazard zones while
%////////////’ ! : L ) . . .
i / /,;/f/ performing an independent navigation task. As a first step in this research, we report a design-
/;/’ research study (including a user study), conducted to obtain a visual and an auditory AR display
; %%%%@%ﬁﬁ subjectively judged to approach equivalence. The goal is that these designs can serve as the basis
7 for a future modality comparison study.
e
: /gg%//?/ 1 INTRODUCTION
=, 8 Scenarios in which robots and humans share spaces and activities are becoming ever more
l\...?/////;//;/////iifjfj///?:) .frequen.t. In .p.a.rticular, the presence of collaborative robots (c.obots) is rapidly increasing. in
ﬁ%ﬁﬁgﬁﬁ? industrial facilities, where human workers and cobots work alongside each other. In such scenarios,
e fenceless cobots are deployed to behave in intrinsically safe ways.

Figure 1: A user wearing a HoloLens

device walks towards the source of a

hazard (seen by the user as a stationary Permission to make digital or hard copies of part or all of this work for personal or classroom use is granted without fee
provided that copies are not made or distributed for profit or commercial advantage and that copies bear this notice and the
full citation on the first page. Copyrights for third-party components of this work must be honored. For all other uses,
contact the Owner/Author.

hologram in the shape of a pole). When
entering the hazard zone around the

pole (the red dotted circle, invisible for CHI’19 Extended Abstracts, May 4-9, 2019, Glasgow, Scotland, UK.
the user) she is informed by the auditory © 2019 Copyright is held by the author/owner(s).
augmentation (a) or visual augmentation ACM ISBN 978-1-4503-5971-9/19/05.

(b) of the environment https://doi.org/10.1145/3290607.3312996

LBW2213, Page 1



CHI 2019 Late-Breaking Work

KEYWORDS

Collaborative robots; hazard warning; pedestrian
navigation; multimodal; auditory; visual; display;
audio-visual; augmented reality; HoloLens; head-
mounted device

Table 1: Requirements to design the information
displays, either auditory or visual

To be perceived as hazard warnings

To signal when a hazard zone was entered or exited

To inform about the relative location (orientation and
distance) of the origin of the hazard

To minimize AR clutter, and avoid interfering with the
perception of reality (e.g., objects, voice conversations)

To minimize introduction of additional cognitive
demands

To provide a good user experience

Table 2: Core design patterns to generate displays
in each modality

Boolean When inside the hazard zone, the user
perceives a constant stimulus,
independently of the distance to the
source of the hazard

Progressive| When inside the hazard zone, the user
perceives a stimulus that increases
gradually in salience with proximity to
the source of the hazard

Stepped Same as for Boolean but with an abrupt
Progressive|increment in salience when crossing
threshold distance inside the hazard
zone
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For instance, as part of their safe behavior, they react to the nearby presence of humans by
moving more slowly or even stopping altogether. Other aspects of robots’ safe behavior include
collision detection through the monitoring of the forces that they exert, which are rapidly reduced
to levels that cannot harm a person [3].

Such safe behavior, however, comes at the expense of reducing the robots' productivity, which is
undesirable for the human worker. In addition, despite safe-behavior measures, the perception of
residual potential danger may remain for workers (because of e.g., objects that robots manipulate
and move around, fears of malfunctions in the safety mechanisms), affecting their trust in robots
and leading to poor UX. As a result, such poor situation awareness and uncertainty lead to
heightened sustained levels of stress (chronic stress), which can over time be very damaging for the
health of workers [15].

To address this problem, the user has to know when he/she is entering the area of influence of a
robot (a potential hazard zone), so that the user can decide how to act accordingly. Robots
themselves can provide the additional information for situation awareness that the worker is
lacking: robots know where the worker is in relation to them and whether such presence of the
worker is triggering any safety mechanisms. We propose making such information available
through head-worn AR displays just for the worker entering a robot’s area of influence. Head-
mounted displays (HMDs) permit presenting such information to target individual in real time.

We want to investigate how to best design the AR information presented through HMDs, with
displays that address the user’s visual or auditory sensory channels, or the combination of both
(multimodal display). For this work, we have selected the Hololens (Microsoft) device, which
provides visual and auditory AR displays representative of the state of the art. Visual AR is already
being used to inform workers about relevant aspects of their collaborative work with robots (e.g.,
[9]). In a related application, it has also been proposed to help pedestrians with awareness
autonomous car traffic [12]. Examples of the use of auditory-only AR do not abound (e.g., [4, 5]).
As for audio-visual multimodal AR interfaces, relevant prior work includes [1, 14]. To investigate
the relative roles of audio and visual AR in providing hazard zone information, we first had to
design auditory and visual representations of that information that (i) were effective as warning
displays, (ii) could be rendered through the Hololens device, and (iii) were as closely equivalent to
each other as possible in terms of the information they provided. This third condition was essential
in order to design a future study in which both single-modality displays can be compared, together
with the combination of both. In this paper, we report the user-centered design process that we
followed to obtain each single-modality display (visual and auditory), fulfilling the conditions (i) to
(iii) just stated. The comparative study of both will inform our immediate future work.

2 DESIGNING COMPARABLE AUDIO AND VISUAL AR DISPLAYS

For either display modality (auditory or visual), we set a list of design requirements, shown in
Table 1 (left). These requirements were obtained from an analysis of the problem in the context
described in the introduction.
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Figure 2: Auditory and visual display designs.
Horizontal axes (leftwards) show distance to hazard.
Visual displays (left): color cast rendered inside
hazard zone; green cast (one second long) only on

exiting zone.

Auditory displays (right): sound

volume same in all cases; for Progressive and Stepped
Progressive, vertical axis indicates frequency of
pulsation of sound.
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Based on these requirements, we first designed three eligible display variants for each modality.
Then, we conducted a user study to support the final selection of the two best-matching display
designs (one auditory and one visual).

We began the design process by conducting an internal workshop with a small group of
interaction designers. The goal was to obtain designs of auditory and visual augmentations for a
user wearing a Hololens device when walking into a hazard zone. To structure the process, a
simplified description of a hazard zone was created. The robot supposedly generating the hazard in
its influence area was synthesized as a vertical blue pole (©0.1m), emerging from the ground (see
Figure 1). This was rendered as a holographic stationary object, always visible to the user in both
the audio-based and the vision-based hazard display designs. The hazard zone around the pole was
a concentric cylindrical volume (©2.6m), which was invisible for the user from a distance (only the
pole could be seen). The projection of the hazard zone on the ground is represented as a red dotted
circle in Figure 1. The challenge was to design the interactive representation of the danger zone
(visual or auditory) that the user would perceive when physically entering the hazard zone.

From the design generated at the workshop, we pre-selected six display designs (three auditory
and three visual) that instantiated three design patterns, as devised by the designers during their
discussions. Such patterns were called Boolean, Progressive, and Stepped Progressive (see Table 2).

Figure 2 shows graphically the instantiations of each design pattern, for an audio and a visual
display. In the visual displays (Figure 2, left), the stimulus perceived by the user was the color cast
of the whole scene rendered by the HMD device. In every case, color casts were created using
spheres of light (Figure 1), with their center at the approximate adjustable height of the user’s
eyes. In the Visual Boolean design, the scene turned see-through red for as long as the user
remained anywhere inside the hazard zone. With the Visual Progressive design, the intensity of the
red cast gained in saturation with proximity to the center of the hazard zone, with a maximum
level of intensity equal to that in the Boolean design. The Visual Stepped Progressive design utilized
two distinct ranges of color cast; yellow in the region further from the center, and red in the more
interior region. In all three visual displays, when leaving the hazard zone, the scene appeared cast
in see-through green for a duration of one second, after which any color cast disappeared.

In the case of the auditory displays (Figure 2, right), all stimuli perceived were based on a 440Hz
pure tone rendered at an amplitude that was common across auditory display designs, defined
arbitrarily as similar in salience to the most saturated red color cast used in the visual displays
(although no psychophysical study was conducted to confirm the accuracy of this equivalence).
The Auditory Boolean display produced a continuous audible tone for as long as the user was inside
the hazard zone. The Auditory Progressive display produced discrete grains consisting of one period
of a 440Hz tone, with spacing between grains shortening linearly as the user approached the center
of the hazard: tone grains produced at a frequency of 2Hz in the periphery of the hazard zone, and
at 10Hz in its center. Finally, the Auditory Stepped Progressive design was similar to Auditory
Progressive but with an abrupt step in the linear path of shortening of temporal space between
grains. Frequencies in the outer region: 2Hz to 3.3Hz; frequencies in the inner region: 6.6Hz to
10Hz.
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Figure 3: visual augmentation when a user is

inside a hazard zone, thus seeing a color cast (this
figure is an illustration, not a display capture).
(a)-The origin of the hazard (blue column can be
seen, and no other cue is shown. (b)-View from
inside the same hazard zone when the source of
the hazard in not visible in the FoV of the HMD
device. In that case, an arrow cue swivels an angle
a, meaning that the user should turn their head
that same angle in the direction of the arrow
(right in this case) to be able to see the source of
hazard within the FoV of the device. As soon as
the pole (origin of the hazard) appears on view,
the arrow disappears. The angle a@ maps the
rotation of the person’s head around her vertical
axis with respect to the column hologram causing
the hazard (e.g., in Figure 3-b, @=90 would mean
that the column hologram is located exactly 90
degrees to the right of the user; similarly, =90
would mean that the column is located directly
behind the user).
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Despite our efforts to create comparable auditory and visual display designs, the resulting
implementations on an off-the-shelf HoloLens device were subject to limitations of the hardware
itself. The main limiting factor was the narrow field-of-view (FoV) offered by the device.
Conversely, the spatial sound of Hololens is a strength, as it can assist with the localization of the
origin of the hazard [13, 16]. To partially compensate for the narrow FoV limitation, we designed a
visual cue that assisted with the localization of the off-screen pole. Literature describes several
visual cue designs to indicate the presence and location of multiple off-screen points of interest
simultaneously, such as halos [2], wedges [10] and arrows [6, 11], also tested on an HMD device
[7]. For single out-of-view objects on HoloLens, a moving arrow was proposed [8]. We developed a
new variant of a swiveling arrow cue optimized for searches anywhere on a 360-degree circle
around the user. Figure 3 shows and describes how this cue operated.

3 USER STUDY

In a user study (6 participants, 3 female), we wanted to investigate experimentally which pair of
displays (one visual and one auditory) was a best match from the perspective of our design
requirements. Although we had implemented pairs of displays based on three patterns,
participants were granted freedom to pair designs, based on five proposed criteria: pleasantness,
capacity to capture attention, capacity to provide sense of safety, capacity to convey sense of distance
to origin of hazard, and preference. The 5 criteria were assessed in a post-task questionnaire
consisting of 10 questions, arranged in alternate order of “which is highest” and “which is lowest”.
The last question in the list was selected to be “which is the one you like best?”, to benefit from the
insight gained while filling out the questionnaire and before making their choice.

For the study, six blue holographic poles were created that were visible through the HoloLens
device. Each pole was the center of a hazard zone, and each implemented one of the six displays
described above. They were arranged by modality in two rows of three columns each, in random
order within modality. In a session, the participant was told that each column was the source of
some hazard that should normally be avoided. She was then asked to walk closer to each column in
a row and experience the behavior of each display within that modality (the row that was first
inspected was counterbalanced across participants). The participant was encouraged to enter and
leave each hazard zone repeatedly and at any speed chosen, and to understand its behavior. The
participant could switch between columns from that row freely, and there was no time limit. Once
satisfied with the inspection, the participant filled out the post-condition questionnaire and
proceeded to inspect the three columns with displays from the other modality. Once both
conditions were completed, the participant was asked to match each display from a modality with
a display from the other modality, based on overall similarity with every aspect being considered,
and to rate how good each match was, in a scale from 0 (worst) to 10 (best). Finally, the facilitator
conducted a semi-structured interview with the participant, starting by requesting justification for
each match proposed and rating given. The facilitator then led the interview with references to
choices made by the participant in the post-task questionnaires, in order to gain maximum insight.
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4 ANALYSIS OF RESULTS

Two pairs of auditory and visual displays were proposed more frequently than others in the user
study as best matching. These pairs were: (i) Auditory Stepped Progressive with Visual Stepped
Progressive, and (ii) Auditory Progressive with Visual Stepped Progressive. Each match was proposed
by 4 out of the 6 participants, and both pairs received top score in the ranking of proposed matches
by 2 participants. In the post-task questionnaire (see Figure 4), Visual Stepped Progressive had been
clearly rated as the preferred visual display for the application proposed. It was also clearly better
rated than the other visual displays for providing a sense of distance to the source of the hazard.
The only possible contending visual display was Visual Boolean for being better at capturing
attention, and it was also perceived as more pleasant. However, since its preference rating was low,
we confirmed our selection of Visual Stepped Progressive as the visual display design to build upon
in our future work. Among other things, we learned from our interviews that this visual display
was preferred because the change in color was indicating progression toward the hazard more
clearly than the change in intensity, and some mentioned that additional intermediate colors
might be an improvement on the design.

As for the auditory display, two designs appeared in the most-frequently proposed pairs of
displays: Auditory Stepped Progressive and Auditory Progressive. From the post-task questionnaire
responses (see again Figure 4) we saw that Auditory Progressive was the most preferred design, and
it was the clear choice in terms of good indication of distance to the origin. It also performed better
in subjective scores for capturing attention. As a result, we selected Auditory Progressive as the
basis for an auditory display design.

5 CONCLUSIONS AND FUTURE WORK

In this paper we report the first stage in our research on the use of visual and/or auditory AR
information to improve awareness of potential hazards around robots and thus improve user safety
and experience when walking in a space shared with them. We are interested in investigating the
relative roles that auditory and visual information can play in this endeavor, and in learning how
to best design them for easy and non-intrusive applications in industrial contexts and beyond.

In the design-research exercise reported here, and through a small qualitative user study, we
have concluded that the Visual Stepped Progressive and the Auditory Progressive display design each
provide a good starting point for optimum designs of AR displays in each of these modalities and
with current AR HMD technology. What is more, we have also learned that users find an overall
degree of equivalence between these two display designs that is higher than what was found for
other pairs of designs. This means that a modality comparison study could be designed based on
these two displays.

Our immediate next steps in this research will be to develop the auditory and visual displays
selected in the first stage that we have reported here. Then, we will conduct a modality comparison
study between an auditory, a visual and a combined audio-visual display. We will assess the study
with both quantitative and qualitative metrics.
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