Musical Interactions with a Perceptual Robotic Percussionist
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Abstract - We present our approach for human-robot
musical interaction with a newly developed perceptual and social
robotic percussionist. Our robot, named Haile, listens to live
players, analyzes perceptual musical aspects in real-time, and
uses the product of this analysis to play back in an acoustically
rich manner, forming musical collaborations with human
players. We conclude by proposing guidelines for pedagogy and
an educational environment for learning music, math, acoustics,
and programming through interaction with Haile.

Index Terms — music, perception, education, collaboration,
machine listening, algorithmic improvisation

I. INTRODUCTION

Musical robots, unlike other devices that electronically
amplify and reproduce music through speakers, can convert
digital musical instructions directly into acoustic generation of
sound. Robots, therefore, can bring together the unique
advantages of digital music (such as in the ability to perform
stochastic compositional algorithms or to generate musical
outcome in virtuosity and ranges not possible by human
players) and the versatility and richness of acoustic generation
of sound that cannot be imitated by electronic means. Musical
robots also provide a visual and physical representation of the
sound generation process, which unlike speakers, can help
establish performance cues for players and audiences. Such a
visual and physical representation can be helpful as expressive
and educational tools. Current research directions in musical
robotics focus mostly on sound production and rarely address
perceptual aspects of musicianship such as listening, analysis,
improvisation, or group collaboration. Both “robotic
instruments” (mechanically automated instruments that can be
played by live musicians or triggered by pre recorded
sequences such as in [5] [9] [10] and [I11]) and
“anthropomorphic robots” (hominoid robots that attempt to
imitate the action of human musicians such as in [12] [13] and
[16]) function mostly as mechanical apparati that follow
deterministic rules. Only few attempts have been made to
develop “perceptual” robots that are controlled by neural
networks or other autonomous methods (for example [1]). Our
goal for this project is to develop such a robotic percussionist
that would demonstrate perceptual, physical, and social
aspects of musicianship. Unlike the robotic instrument
approach, Haile is designed to utilize autonomous behaviours
that support expressive collaboration with human musicians In
contrast to most commercial humanized robots, Haile is
designed to listen and improvise, not merely to translate a set
of instructions in a mechanical manner. As opposed to the
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autonomous generative approach, Haile’s improvisation
algorithms are based on transformation and modification of
human input. Our goal is for Haile to be able to analyze live
musical input in real-time and react in an expressive manner
by generating relevant, responsive, and surprising acoustic
responses that would inspire humans to interact with it in
novel manners. It should ultimately be able to generate a wide
range of acoustic sounds by hitting a drum with variety of hit
intensities, speeds, locations, different hand shapes, contact
areas, contact durations, drumhead pressure levels, etc. In the
current state of our research, we have achieved some of these
goals, both in perception and in sound production. Using a
microphone installed on a Pow Wow drum, our robot can
currently detect pitch, volume and rhythmic aspects of human
drumming and utilize this analysis to generate rhythmic
responses that are based on stochastic modification in
sequential and synchronous manners. We also developed a
software application that listens to note onsets of human
players and responds with improvisational algorithms that are
based on a perceptual model of rhythmic stability and
similarity (based on [4]). In order to create acoustically rich
responses, our robot can currently hit a hand drum at a variety
of locations on the drumhead using different hit strength and
speeds. In addition, we have started to develop constructionist
pedagogy and a learning environment for easy programming
of the robot, geared for learning mathematical, physical, and
technological aspects of music. Our goal is to allow novices
and students to easily program and interact with Haile so that
they can get hands-on experience with mathematical, musical,
and technical concepts in an intuitive and creative manner.

III. GOALS AND MOTIVATIONS

Our main goal for this project is to combine elements of
music perception, mechanics, social interaction, and education
to form a novel musical experience that is based on responsive
and surprising human-machine interactions. More specifically,
we define the following four goals in each one of the research
areas:

Mechanics — to develop dexterous robotic apparatuses that
will be able to translate perceptually based performance
algorithms into a virtuosic acoustic performance, extending
and enhancing what is possible by human players.

Perception — to detect fundamental musical aspects such as
note onsets, pitch, amplitude and timbre and to develop
analysis algorithms for high-level rhythmic aspects such as
stability and similarity.



in response to rhythmic patterns with different stability
coefficients had to be determined. The design had to address
questions such as the correlation between the analysed
rhythmic stability from live players and the stability levels the
will be embedded in Haile’s responses. We also had to
determine when to use simultaneous accompaniment playing
with a human participant and when sequential call-and-
response actions are appropriate. The challenge here was to
create an environment that leads to collaborative interaction
with an intuitive and effective musical structure. Our approach
for addressing these challenges is based on our model for
interdependent group collaboration in interconnected musical
networks [19]. At the core of this model is an attempt to define
a conceptual and practical framework for interdependent
musical interactions between humans and machines. The
theory addresses the goals and motivations for designing and
participating in such interactions, social organizations and
perspectives of interdependent musical networks, design
aspects of network architectures and topologies, and specific
suggestions for the development of effective interconnected
musical interaction. As part of this theory, we developed a set
of network topologies and architectures for computer
supported interdependent group interaction. For example, in
sequential decentralized interaction players create their
musical materials with no outside influence and only then
interact with the algorithmic response in a discursive manner
(see Fig. 6). An opposite example can be utilize synchronous
centralized network topology, where players modify and
manipulate their peers’ music in real-time, interacting through
a computerized hub that performs analysis and generative

functions (see Fig. 7).
( Action )
— [ L»
( Action )
( Lk

( Action )

Time >

Fig. 6. A model of sequential decentralized interaction. Musical
actions are taken in succession without synchronous input from other
participants, and with no central system to coordinate the interaction.

Fig. 7. A model of synchronous centralized interaction. Human and
machine players and are taking musical actions simultaneously, and
interact through a computerized hub that interpret and analyze the
input data.

More sophisticated schemes of interaction can be designed by
combining centralized, decentralized, synchronous, and
sequential interactions in different directions, and by
embedding weighted gates between participants, where input
from players (either human or machines) is filtered before it is
sent to generate the musical outcome (see Fig. 8).

Fig. 8. A combination of centralized, decentralized, synchronous and
sequential musical actions in an asymmetric topology that utilizes
weighted gates of influence. Based on [19].

IV. PROOF OF CONCEPT - POW

As a proof of concept for our robotic, perceptual, and
social approach, we wrote a musical piece for Haile titled
“Pow” (see video clip of the piece at [18]). The composition
incorporates our developments in robotics, low-level musical
analysis, and social collaboration. It does not yet incorporate
our high-level perceptual work on rhythmic stability and
similarity. The piece begins with a robotic imitation of human
drumming based on a sequential decentralized approach. It
develops into a centralized call-and-response improvisatory
section where Haile transforms the analysed rhythmic material
played by human players using stochastic algorithms. The
analysed pitch, amplitude and rhythmic data is used for the
generation of simple stochastic manipulations such as dividing
hits to doubles or triplets or inverting the pitch of the recorded
segments. The piece ends with a structured section where
Haile and the human players interact in a synchronous
manner, taking turns as soloists. We believe that the unique
human-machine collaboration established in the performance
of “Pow” (see Fig. 9) can lead to a novel and exciting musical
outcome that cannot be conceived by other means.

V. FUTURE WORK

A.  Mechanics

Our main challenge in mechanics is to capture as many human
strikes and touches as possible within a manageable, human-
like, and accurate robotic structure. The additional control
parameters that we plan to embed in Haile are skin dampening
and variable shapes for the hitting device. For our next design,
we plan to add another arm that would be able to dampen and
stretch the drumhead skin. We also plan to make the robot
more visually communicative with the addition of larger hit
motions and more hand-shaped strikers. One caveat is that
larger motions and bigger strikers will take more time and
control effort, which will have to be compensated for in the
control software.



B.  Perception and Social Interaction

Our short-term goal is to embed the perceptual algorithm
described above in Haile and to design a graphical user
interface that would allow users to determine the nature of
interaction based on the detected rhythmic stability and
similarity. In the long term we plan to model additional high-
level musical percepts and embed them in a real-time
collaborative context.

Fig. 9 The composition “Pow” for a robot and human players
as performed in concert at the Eyedrum, Atlanta

C. Education

From an educational point of view our goal is to create an
intuitive environment for learners to easily program and
interact with Haile. We plan to develop a constructionist
educational application based on [7] for hands-on
experimentation  with  mathematical, scientific, and
technological aspects of music. The proposed interdisciplinary
pedagogy will address aspects such as rhythm, beat, meter,
sound production, percussion mechanics, programming,
rhythmic variations, collaborative improvisation, probability,
polyrhythm among others. It will build on previous work that
we have done in the field [17]. For example, learners will be
able to adjust the hitting mechanism with a number of
programmable parameters in an effort to generate a specific
timbre they are interested in. With pedagogical guidance, this
could lead to a deep investigation of concepts such as timbre,
spectrum analysis, and even Fourier transform for advanced
learners. Students will be able to receive immediate acoustic
and visual responses, which would reinforce their
understanding of the mechanics and sound production,
allowing them to make informed decisions regarding the
particular sounds they are looking for in their compositions.
As part of this process students will be able to experience first
hand the force, torque, angle, and hitting materials that are
needed to produce a certain sound, how much power, voltage
and current it takes, and what are the programming commands
that are needed to use these sounds in rhythmic patterns. The
programming environment’s rhythmic module will allow
learners to generate beats, accents, and syncopation; to
experiment with higher-level concepts such as rhythmic
stability and similarity, and to create generative and
improvisational acoustic behaviours. This environment will

allow learners to develop their intuitions by emphasizing
shared structures in music and math such as hierarchies,
periodicity, units, ratio-proportion, symmetries, and patterns.
Students will also be able to experiment with creating
perceptual social behaviours by programming rule-based
responses in an effort to make Haile an expressive, responsive,
and intriguing playing companion. We hope that through these
interactions children and novices will be able to move across
modalities and media, and between action and symbolic
expression. The system will therefore be designed to allow
learners to translate abstract musical ideas to symbolic
representations that can control physical and visual actions in
the world. The mathematical and scientific aspects of the
project will be guided and motivated by a creative drive to use
these acoustic sounds to compose interactive musical pieces.
We hope that through the medium of music we can attract
students from diverse backgrounds, who are not regularly
drawn to fields such as mathematics, physics, computation,
and robotics.
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