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ABSTRACT
Displaying robot actions and intentions through auditory cues may
facilitate human-robot unintentional encounters by complement-
ing visual and auditory stimuli. This work introduces a layer-based
approach for real-time generated audio feedback of robots’ internal
states. The addressed layers describe different encoded informa-
tion and their parameters are directly mapped to audio parameters
which determine the resulting audio cues.
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1 INTRODUCTION
The introduction of robots in human societies will change our daily
environments drastically, but we have the chance to shape how
they will look, sound and feel like. Human-Human Interaction is
heavily based on the perception of different modalities, which help
us generate a model of the present scene and support parallel pro-
cessing, instead of overloading our cognitive capacities [8]. The
modality effect describes the positive effect on cognitive load learn-
ing of this very combination of auditory and visual information,
compared to presenting information through only one mode [9].
The significance of meaningful audiovisual output modalities is
demonstrated in the observation from McGurk and MacDonald
[13], that incongruent visual and auditory cues interfere with per-
ception. It is also supported by the findings of Campanella and Belin
[1], suggesting that congruent visual and auditory cues facilitate
person perception. Therefore, if we are thinking for example of
unintentional human-robot interactions on the street, leveraging
auditory cues could be very important, since pedestrians tend to
have a narrow focus of attention. While there exists a substantial
body of work on designing robot visual [4, 6, 16] as well as vo-
cal appearance [10, 12, 19, 22, 23], the research on robot auditory
feedback has not come up with solid guidelines yet, that could be
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applied to most robots. We intend to fill this gap and explore the
auditory information encoding of robots’ internal states.

When cars appeared more and more often in cities, in the begin-
ning of the past century, there was no such thing as intentionally
designing their interior or exterior audio appearance; car functional
sounds, such as blinkers, owed their composition to technical condi-
tions. For example, the blinker sound derived from electronic relays,
and the honking sounds were strongly based on the components
that caused them. In time, people learned to associate a certain spe-
cific meaning with these sounds, and today our evolutionary sense
of alert has been expanded by these new learnt associations. There-
fore, for the integration of robots into society, we have to take the
opportunity and create an acoustic environment in day-to-day HRI
that encodes various information and helps people to intuitively
understand robots’ social signals and react to them. Going back to
the example of human and robot pedestrians having to navigate in
the same space, robot sounds could be used to intuitively transmit
information about the robot’s location, intended direction, speed,
urgency, availability for interaction, etc.

The concept outlined within the current work builds on previous
explorations on how to give robots a voice and how to non-verbally
communicate robot’s attitudes by the use of sound. These findings
will be combined with a holistic psychological-oriented investiga-
tion of human behaviour upon hearing robots’ functional sounds.

2 RELATEDWORK
Robot auditory displays can be divided into speech and nonverbal
auditory displays; the latter can further be divided into consequen-
tial sounds that a robot emits (e.g. motor sounds) and intentional
sounds that fulfil a certain function (e.g. beeps and alarms). Here
we briefly summarise past research pertaining to these three types
of sounds.

Voices transmit a wide array of information on the speaker, that
listeners use to form first impressions of the speaker, and to decide
what action to take next [11]. This information is also transmitted
and decoded when the speaker is a robot [7, 18, 21]. HRI researchers
can therefore use this information to design robot voices that elicit
the desired first impressions and actions. In fact, some research has
gone into the exploration of giving robots a suitable voice. It has
been suggested that mismatching voice and appearance, for exam-
ple in terms of anthropomorphism and attributed gender, could
eventually cause artefacts in robot perception, which could impair
user experience and its observation [12, 14]. Torre et al. [19] further
suggest that robotic voice design should take the context of an
interaction into account, as arguably a robot’s voice should also fit
the specific task that the robot needs to carry out. Targeting the
involvement of robot designers for finding which audio content gen-
eration method is best suitable is also a result of McGinn and Torre
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[12], who suggest that further tests should involve participants who
are familiar with the research field.

In terms of nonverbal sounds, Cha et al. [2] investigated how
robot sounds effect auditory localisation in a Human-Robot collab-
orative task and found that adding either a tonal or a broadband
sound signal to the robot increased localisation performance, com-
pared to having no added sound. Further, they found that the tonal
sound was the most noticeable, but also the most annoying, of
the three conditions. This was expected, as tonal sounds are often
used for alarms, which are not meant to be used as a continuous
information stream. Similarly, Trovato et al. [20] found that partic-
ipants walked closer by a robot whose consequential sound had
been turned off or masked, and rated the noisy robots more discom-
forting. Cha et al. [2] conclude with a call for “creating intelligent
auditory signaling policies that use iconic sounds to convey robot
state information in an intuitive manner”. The effectiveness of these
sounds can then be tested and validated in studies like Johannsen
[5], which explored the auditory displays of intended robot trajec-
tories and showed that positive training effects were achieved, at
least for musical people.

A concept for synthesising sound from different output param-
eters of a robot can be found in [17], which also compares the
generated audio output to a human voice. The necessary mappings
between physical dimensions and sound parameters that we intend
to investigate could also be partly based on findings fromDubus and
Bresin [3], who analysed existing publications on the sonification
of physical properties.

3 APPROACH
The mentioned works lay out a broad knowledge base for why au-
ditory displays are effective in HRI and provide orientation for the
selection of audio parameters for sonification, as well as method-
ological benchmarks. Building up on this, we introduce an approach
for robotic auditory displays, which works with a layer-based clas-
sification model of robot characteristics. Our approach focuses on
intentional robot sounds. For simplicity and to allow amore detailed
exploration of intentional sounds, we do not take consequential
sounds into account – i.e., sounds caused by the mechanics of a
robot. We argue that consequential sounds are likely to be disre-
garded when intentional sounds are added, similarly to how people
are able to block out roadworks sounds coming from the window,
but pay attention to alarms. However this assumption could be
investigated in future work [see e.g. 15].

The approach introduced in this work proposes to generate audio
signals in real time, mapped to a robot’s internal processes. The
intention is to create robotic auditory outputs that are decodable
by most people and can replace overtaxing visual stimuli without
losing resolution in information.

The different ongoing processes within a robotic system are
divided into various specific layers that describe the behaviour
of a robot in a certain situation. The content of these layers is
then fed into a synthesis-system accordingly, which generates the
audio output - based on the data of all layers. The current state
is how we envision the framework to be. The next step in this
project will be to verify and validate the content of each layer in
a participatory design workshop with experts from robotics, HRI,

and media technology. Therefore, the layers outlined below should
be considered as working drafts. For validating the effectiveness
of the chosen layers afterwards, we plan to conduct a user study,
either online or in person, where people will be asked to navigate
a space with a robot. We will assess whether the auditory displays
are effective using a combination of objective data (participants’
trajectories) and subjective data (questionnaires).

3.1 Layer 1 - Physical base
The first layer contains information about the robot that is fixed,
such as the model, size, degrees of freedom, maximum speed, etc.
These core rules give the robot an individual sound aesthetic, com-
parable to the tonal features of human voices, by driving sound
parameters like e.g. timbre, compression or reverberation. It can
be seen as the basic manifesto of each robotic entity, intending to
communicate the general concept of the robot.

3.2 Layer 2 - Main goal
This higher level information about the current task that the robot
is addressing. It is rather difficult to generate a caveat that contains
all possible main goals a robot could be designed for. Therefore, we
plan to determine abstractions that identify the goals, in the par-
ticipatory design sessions. Possibly, but not exclusively, this layer
could include categories such as commuting, conversing, delivering,
processing and waiting.

3.3 Layer 3 - Internal state
This level would contain information about how an action is being
performed by the robot and how demanding the task is. The robot’s
cognitive load could be parametrised to convey information on
how much a robot can deviate from its current action and interact
with humans nearby. Further keywords that describe the robot’s
performance could be the current velocity or its alertness towards
unpredicted events.

3.4 Layer 4 - Action
The top layer depicts the exact action that the robot is carrying
out in the current moment. As this information can be most likely
also obtained from visual stimuli, most of the encoded clues might
be redundant. Nevertheless, sonifying actions like walking, turn-
ing, waiting, grabbing or listening might contribute to preventing
collisions caused by misunderstandings or lack of robot visibility.

4 CONCLUSION
With this work we hope to set up a flexible and effective system to
sonify robot actions and intentions. We are not aware of any similar
solution that has been developed following this kind of layer-based
classification approach for audio generation. The layer definitions
are prone to adaptations, but serve as a convenient access point
for decoding a robot’s internal states. The results of this ongoing
work might turn out as a reliable base for future applications of
robot sonification, and could start an iterative process of achieving
understandable, intuitive, and effective Robot Auditory Displays.
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Figure 1: Proposed layer-based classification framework of robot characteristics to be sonified
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