
  

  

Abstract—This paper presents our use of musical robotics as 
a platform for teaching interdisciplinary teamwork and 
creative problem solving to undergraduate students in 
Engineering, Arts, and the Sciences.  Teams are comprised of 
students from four different disciplines; students collaborate to 
build human-scale robots that conduct an orchestra at the end 
of each semester.  The students develop expertise in building 
real-time systems that perform functions in music listening, 
pitch and tempo estimation, beat tracking, emotion/gesture 
generation, and score following.  The student-designed and 
student-built robots interact directly with musicians and 
receive feedback that is then applied toward iterative design 
and revision. Initial results from our field trials are also 
presented. 

I. INTRODUCTION 
OTIVATED by common research interests and 
piecewise collaborations at their shared institution, the 

four co-authors of this paper held several meetings in 2008.  
The goal of their meetings was to brainstorm new project 
ideas by identifying core concepts that intersected all of their 
disciplines: Music Technology, Robotics, Computer 
Vision/Artificial Intelligence, and Interactive Multimedia. 
 The primary outcome of these meetings was the 
identification of a new, shared idea to build non-human 
orchestra conductors.  The co-authors concluded that this 
new topic could yield fruitful results in a carefully structured 
collaboration.  Given the differences between the ways that 
their different disciplines handled research/creative work, 
the four co-authors decided to pursue the topic in the context 
of an undergraduate course. 

The resulting seminar, entitled “Conducting Robots,” has 
been offered twice at our college in Fall 2009 and Spring 
2010, and will continue through Spring 2011.  It uses an 
open-ended project in non-human conducting systems to 
motivate students to collaborate and share their knowledge 
from Engineering, Interactive Multimedia, Computer 
Science, and Music.  “Conducting Robots” is a project-
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oriented course that fosters critical thinking, creative 
problem solving, and computational thinking skills through 
shared teamwork.  Students work together to design and 
develop innovative systems that are tested and evaluated by 
real musicians.  

This paper will present an overview of the course design, 
the tangible outcomes from the first two offerings of the 
course, skills developed by students, preliminary external 
assessments, and preliminary results on musician-robot 
interaction. 

II. PREVIOUS WORK 
 Research on human-robot interaction (HRI) has attained 
increasing prominence during the past decade [1].  One 
growing subfield has been the creation of robots that 
perform music interactively with humans. In this section, we 
discuss prior work in musical robotics that has inspired our 
project and motivated our students to be ambitious with their 
own projects. 

A. QRIO by Sony Entertainment 
 The first successful conducting robot was QRIO, which 
conducted the Tokyo Philharmonic Orchestra for 90 seconds 
in an impressive demonstration of Beethoven’s Fifth 
Symphony on March 15, 2004 [2]. While QRIO clearly 
attained some early design wins, there was some interesting 
commentary in the press from the orchestra musicians.  The 
first violinist in the Tokyo Philharmonic, Eiji Arai, said “We 
usually adjust our timing by paying attention to the 
conductor’s breathing, but QRIO doesn’t breathe, so it was a 
bit difficult to communicate with it.” [3].  Arai’s insight 
about how conductors use breathing as a signal is an 
interesting aspect to consider for researchers working on 
musical robotics. 

B. Honda Asimo 
In May 2008, Honda’s ASIMO robot walked onstage at 

the Max M. Fisher Music Centre, waved to the audience, and 
raised its hands to conduct the Detroit Symphony Orchestra. 
For the next three minutes, ASIMO gestured in an 
approximation of conducting technique, while the orchestra 
performed “The Impossible Dream.” [4] The event made 
national and international headlines in the following weeks, 
as word of the robotic conductor hit the arts world and 
blogosphere. 

While the event was clearly a success with the audience 
and press, some commentary afterwards focused on the fact 
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that the robot’s movements were pre-programmed and 
therefore strikingly un-musical.  ASIMO, it turns out, could 
play back a recorded version of a conductor’s movements, 
but lacked the ability to interact with the musicians because 
it could not perceive the music in real-time.   

This reveals a fundamental aspect of human music-
making: the subtle feedback loop that allows musicians to 
wordlessly communicate with each other and adjust to each 
other in real-time. According to Larry Hutchinson, a bass 
player with the orchestra, although Asimo’s movements 
were remarkably human, it was a bit like being conducted by 
a metronome.  “At one point there was a ritard — the music 
slowed down,” Hutchinson said. “Asimo’s gesture wasn’t 
very clear to the orchestra and they fell out of time with him. 
A human would have adapted to that and fixed it right 
away.” [5].  Nonetheless, ASIMO’s early achievements have 
inspired us to be ambitious with our own project. 

III. COURSE OVERVIEW 
“Conducting Robots” was first offered in Fall 2009; it is 

an elective course that has been cross-listed in the 
departments of Engineering, Computer Science, Interactive 
Multimedia, and Music. It has been taught collaboratively by 
the co-authors, who present the four core disciplines.  The 
enrollment is limited to 24 students from the four 
departments; with nearly equal representation from each 
area.  During the 2009-2010 academic year, numerous 
different non-human conductor prototypes were developed. 
These prototypes were tested with our college’s orchestra at 
the end of each semester, with satisfactory results.  More 
detailed information on the course structure and curriculum 
has been published in [6]. 

IV. TANGIBLE OUTCOMES 
The “Conducting Robots” class has completed two 

semesters to-date, with two more anticipated.  During 
Semester 1, five teams designed and implemented non-
human conducting systems; some used graphics, others used 
robotics, and some combined the two.   

 

 
 

Fig. 1: CAD model for C3, Semester 1 
 
All the robots used the Lego Mindstorm NXT platform, 

because it was affordable and convenient for rapid 
prototyping. The multithreaded NXT microprocessor was 
useful for controlling the simultaneous functions in musical 

conducting behavior. There were some drawbacks with this 
choice, however, including number of outputs, 
microprocessor memory size, synchronization, battery life, 
vibration analysis, and achievable motor speeds. 

Many of the Semester 1 student designs have been 
described in [6]; this paper will briefly present one: 
“Cybernetic Conducting Contraption” (“C3”) was a 
humanoid physical prototype with two arms.  The right arm 
conducted beat patterns and dynamics, while the left arm 
gave cue gestures.  Given the constraint of three motors with 
the NXT, the right arm was a 2R manipulator with two 
degrees of freedom and two motors. The left arm was a 1R 
manipulator with one degree of freedom and one motor. It 
featured a gear system that allowed one motor to 
simultaneously control two revolute joints in the right arm. 
This enabled a more flexible workspace; the baton arm could 
achieve more realistic motions and conducting styles.  The 
students’ preliminary design is shown in Figure 1; Figure 2 
presents the final constructed robot. 

 

 
Fig. 2: C3 NXT prototype, Semester 1 

 
 In addition to several robotic prototypes, two teams 
developed graphical prototypes; images from those systems 
are presented in Figure 3. Ahasimo (left) was a non-
humanoid graphic conductor implemented in Processing. It 
conveyed beats by means of two pulsing circles, while 
dynamics were controlled by the bar on the right. Its cueing 
functionality was modeled after the Guitar Hero graphical 
interface.  GUS (right) was a humanoid graphic conductor 
implemented in Maya. Just like the robotic conductor C3, 
GUS used its right arm to conduct beat and dynamics, while 
the left arm was used for cueing. Each arm had three degrees 
of freedom. 
 During Semester 2, three student teams designed and 
implemented non-human conducting systems.  Notable 
revisions in the second semester were the larger team sizes, 
larger robot sizes (half human-scale), more ambitious 
musical choices, and more complicated designs.   
 The students from team C3 in Semester 1 continued in 
team C4 in the spring and their new robot (Figure 4, top left) 
built upon the functions of the C3 prototype. The C4 robot 
was humanoid, built using the VEX robotic kit and the 
Arduino microcontroller. Each arm had three degrees of 



  

freedom, and they used a mirrored motion to indicate the 
beat pattern and tempo. Dynamics were indicated by 
increasing the size of the gesture of the right arm while 
raising and lowering the left arm. Cues were indicated with 
the left arm. Articulation was communicated in the 
smoothness of the gestures.  
 
 

  
Fig. 3:  Graphical Conductors from Semester 1 

 
 The robot also featured two real-time procedural 
animations implemented in Processing: an animated face for 
the orchestra, and an additional animation on its back to 
entertain the audience.  C4 was the only robot that could 
“hear” the orchestra, using the Chuck audio programming 
language for real time audio processing.  
 The motion of the robot and the facial gesture were 
adjusted to react to the orchestra’s performance. The C4 
group also designed a system in which a single driver 
program triggered coordinated actions and facilitated real-
time data exchange among a collection of specialized 
software programs and hardware.  Figure 4 demonstrates the 
prototypes built by the students and tested at a public session 
with our college orchestra. 
 

 

 
Fig. 4: Non-human Conductors from Semester 2 

 
 ACRE (Figure 4, top right) featured advanced mechanics; 
it was a human scale humanoid robot built from scratch 
without the use of any kits, and used the Arduino 
microcontroller. It used its right arm to indicate the beat 
pattern, and the left arm to indicate cueing and dynamics.  
Instead of using a MIDI framework to control its gestures, it 
derived its gestures directly from a video of a student 
conductor. The hands were tracked in the video using the 
system described in [7]. Inverse kinematics were used to 
define the motion trajectories derived from the video 
recording.  ACRE also simulated knee bending through the 

use of a linear actuator in the lower body, and could turn to 
face different orchestra sections. In addition, its head 
displayed a human face that expressed pre-programmed 
emotional changes during the performance.   
 The third robot, Superconductor (bottom) was not 
humanoid. It consisted of a “baton” that rotated on a square 
board with four LED lights. The speed of rotation defined 
the beat pattern. The lights could move closer together or 
further apart suggesting the dynamics. The team composed 
its own original music to highlight the features of the robot. 

V. SKILLS DEVELOPED  
 In addition to basic Robotics system design and 
construction skills, our students learned how to function 
within large interdisciplinary teams, obtain information and 
resources quickly, and solve problems creatively.  They also 
developed advanced skills in topics relevant to Music 
Information Retrieval, including: music listening, pitch 
estimation, tempo estimation, beat tracking, emotion/gesture 
generation, and score following. 
 Music students exercised basic skills in musical 
interpretation (the art of nuance in performance), by making 
decisions about time-varying aspects in the score.  These 
decisions about elements such as dynamics and tempo are 
part of the added value that conductors bring to an orchestral 
performance; the music students were assigned this role.  
They then documented their decisions and converted them to 
a quantitative representation that would be machine readable 
and usable for machine control.  For the most part, they 
relied on the MIDI format for this function; most of the 
music students used music notation or MIDI sequencing 
packages such as Finale or Logic.  Some created a meta-
expression format, redefining MIDI messages for their own 
purposes.   
 One team devised its own method for task coordination 
and control: they wrote a command binary file, which 
consisted of a series of steps for the motor controller to 
interpret. Each step included beat pattern, beat time (in 
milliseconds), volume (relative gesture size), and cue 
position.  Student teams also had to work out practical 
considerations with regard to gesture actuation, minimizing 
and optimizing code to run on limited processors, and 
finding creative ways to generalize functions. 

One interesting example of student problem-solving 
occurred in Semester 2, when one of our teams made use of 
an earlier algorithm published by our faculty team.[7]  In 
order to make their robot’s gestures more human-looking 
and believable, students used this computer vision algorithm 
to record the time-varying positions of a human conductor 
from a video sequence and re-synthesize those gestures 
using inverse kinematics. 
 The four instructors observed a change in the students’ 
approach from Fall to Spring: during Semester 1, the 
students generally thought about their non-human 
conductors as signal generators, whereas during Semester 2, 
they started to define the conducting function as interacting 
with the musicians in a mutual feedback loop.  The 
instructors then identified that in order for the students to 



  

progress toward an outcome of a listening and reactive 
conductor, they needed to develop more advanced skills in 
MIR.   
 To inspire increased progress in this area, we invited 
Princeton Assistant Professor Rebecca Fiebrink to talk to our 
students about MIR topics.  She introduced our students to 
advanced audio processing concepts, using programming 
languages such as Chuck, Audacity, OSC, and Processing.  
In particular, one of our Semester 2 teams worked very 
diligently to write algorithms for real-time pitch estimation 
(from a pickup mic on a cello), tempo estimation (from 
pitch), beat tracking (from overall volume), and score 
following.  While they made tremendous progress in each 
one of these areas, they ultimately were not able to 
successfully combine all these functions in to the final 
prototype.  It seems that the simultaneous coordination of all 
these functions required additional time and effort. 

VI. EVALUATION OF ROBOTS  
At the end of each semester, all the robots were evaluated in 
a public demonstration with the TCNJ orchestra; the 
Semester 1 session is pictured in Figure 5. 
 

 

 
Fig. 5: Semester 1 Orchestra Feedback session 

 
 The robots’ effectiveness was determined using a 
questionnaire completed by members of the ensemble. The 
questionnaire was developed jointly by the student teams 
with input from the four faculty and course evaluator.  The 
questions were written and selected collaboratively during 
the two weeks prior to the testing session.  The questionnaire 
scored five different components of the performance: tempo, 
dynamics, section cuing, conducting style/beat pattern, and 
level of interaction:  
 

1. How effective was the system’s portrayal of the 
piece’s tempo? 

2. How effective was the system’s portrayal of the 
piece’s dynamics? 

3. How effective was the system’s portrayal of the 
piece’s section cueing? 

4. How effective was the system’s conducting style 
and beat pattern? 

5. What was the level of interaction between the 
conducting system and you, the orchestra? 

6. Comment upon the appearance of the robot 
7. Any other comments. 

 
 For the questions 1 to 6, the systems were rated on a scale 
from 1 to 10 with 1 meaning “not at all” and 10 “very”.  
Table 1 demonstrate the average, maximum, and minimum 
ratings for each comment received by C3 during Semester 1: 

 

Trial 1  
 Average Minimum Maximum 

Tempo 7.64 5 10 
Dynamics 4 1 8 

Cueing 4.6 1 9 
Beat Pattern 6.92 4 10 
Interaction 4.6 1 10 

Table 1: Scores for C3 from Trial 1 
 
 In the comments section, several musicians expressed 
disagreements with the chosen tempo. Many musicians felt 
that they could see C3’s dynamic indications, but that they 
needed to be exaggerated and clearer. Others felt they 
simply could not see the difference in the size of the 
conducting pattern.  Most musicians felt that cueing was too 
abrupt.  Several musicians focused on the fact that the 
second cue was pointing at the second violins instead of the 
violas. Musicians generally indicated that they thought the 
beat pattern was clear but too systematic or metronomic.  
One commented on how the upbeats were much larger and 
clearer than the downbeats. 
 Based on the musicians’ responses from the first field test, 
several improvements were made. One week later, the 
second trial was performed for the improved robot. An 
identical questionnaire was distributed after the second field 
trial. Table 2 depicts a summary of these results. 

 

Trial 2  
 Average Minimum Maximum 

Tempo 8.2 5 10 
Dynamics 7.34 3 10 

Cueing 8.39 2 10 
Beat Pattern 7.04 3 10 
Interaction 5.7 1 10 

Table 2: Scores for C3 from Trial 2 
 

 All of the ratings from Trial 2 were higher than the 
previous week.  Meaningful feedback was received from the 
ensemble that facilitated improvements for subsequent tests, 
and the robot was able to successfully conduct 101 measures 
of Beethoven’s VII Symphony movement 2.  



  

 After each field trial, a feedback form on the acceptance 
and interesting level of non-human conductors were given to 
members of ensemble. They were rated on a scale from 1 to 
10 with 1 meaning “not at all” and 10 “very”.  Orchestra 
members found being conducted by non-human conductors 
only moderately acceptable overall with responses ranging 
from Unacceptable to Completely Acceptable with 
Average=5.45, Mode=6, Range =1-10, and Standard 
Deviation =2.37.  In spite of that, they found the experience 
fairly interesting overall with responses ranging from Boring 
to Exciting with Average=7.31, Mode=10, Range=1-10 and 
Standard Deviation=2.75. 

VII. CONCLUSIONS 
In sum, we believe that our use of musical robotics as a 

platform for teaching undergraduate students has been a 
success.  The project has provided significant experience in 
interdisciplinary teamwork and creative problem solving for 
our students.  In addition, some of the students have 
developed expertise in advanced topics such as real-time 
music listening, pitch and tempo estimation, beat tracking, 
emotion/gesture generation, and score following.  The 
student-designed and student-built robots interact directly 
with musicians and receive feedback that is then applied 
toward iterative design and revision. 
 Many undergraduate institutions are actively striving to 
find ways to prepare students for the future by teaching them 
to reach across disciplinary boundaries to find solutions to 
difficult problems.  Robotic musical systems are often 
created by teams of computer scientists, engineers and 
artists, where creativity, collaboration and communication 
are essential. Their creators are highly educated, multi-
dimensional individuals who can reach across disciplines to 
innovate in both the arts and sciences.  An introduction to 
this kind of working environment is a critical skill needed 
for 21st century college graduates. 

The course is under continuous evaluation through 
external assessment and feedback from our orchestral 
collaborators.  We anticipate another two semesters to refine 
our methods and revise the experience that we provide to our 
students.  Future work will include more emphasis on the 
MIR topics that will enable our robots to be more reactive 
and responsive to the human musicians. 
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