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There has been little research on how interactions with tabletop and tangible user interfaces (TUIs) by
groups of users change over time. In this article we investigate the challenges and opportunities of a
tabletop tangible interface based on constructive building blocks. We describe a long-term lab study of
groups of expert musicians improvising with the Reactable, a commercial tabletop TUI for music
performance. We examine interaction, focusing on interface, tangible, musical, and social phenomena. Our
findings reveal a practice-based learning between peers in situated contexts, and new forms of
participation, all of which is facilitated by the Reactable’s tangible interface, if compared to traditional
musical ensembles. We summarise our findings as a set of design considerations and conclude that
construction processes on interactive tabletops support learning by doing and peer learning, which can
inform constructivist approaches to learning with technology.
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1. INTRODUCTION

An increasing number of interactive multi-touch and tangible interfaces are being
developed to support tabletop group activity and collaboration in diverse contexts
such as schools [Cao et al. 2011], museums [Horn et al. 2008; Hornecker 2008],
meeting rooms or research labs [Shaer et al. 2010]. A wave of new HCI research has
yielded insights into the mechanisms and protocols that people employ in both
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traditional and interactive tabletop collaboration, which has been used to inform the
design of interactive tabletops [Hornecker et al. 2008; Marshall et al. 2009; Olson et
al. 2011; Scott et al. 2004]. In particular, it has been proposed that interactive
tabletops are a useful tool for supporting collaboration and learning in areas such as
design planning, humanities, math or science [Dillenbourg and Evans 2011; Harris et
al. 2009; Higgins et al. 2011; Horn et al. 2012; Piper and Hollan 2009; Pontual Falcéo
and Price 2011; Rick et al. 2011; Shaer et al. 2010; Schneider et al. 2012]. However,
most studies of tabletop interaction have been one-offs (although see Piper and
Hollan [2009] and Wigdor et al. [2007]): either as lab-based evaluations (e.g.,
Hornecker et al. [2008], Speeelpenning et al. [2011]), including relatively structured
studies carried out in places such as schools (e.g., Harris et al. [2009]), or
observational studies of walk-up-and-use devices in public spaces [Hinrichs and
Carpendale 2011; Hornecker 2008; Marshall et al. 2011]. Little work has focused on
how groups of users work with specific tabletop interfaces over longer periods of time
(cf. Shaer and Hornecker [2010]). We thus know little about how to support the
development of group coordination and work practices. One reason for that may be
that few interactive tabletops described in the literature have sufficient depth or
complexity to enable the study of developing expertise in use. In general, most
applications are quite simple, and thus research has arguably focused on the ‘low
floor'—the ease of immediate use of generic tabletop interactions—instead of the
‘high ceiling’ of expert performance with a dedicated tool. While simple is appropriate
for tabletop systems for public spaces (e.g., Hornecker, [2008]; Marshall et al. [2011])
in order to make progress in tabletop research, we argue that it is necessary to move
beyond studies of simple demonstrator applications. Instead, as with previous
generations of interactive/systems, we need to detaillhow'people use tabletops for a
variéty of real purposes in order to better understand thesstrengths and limitations of
this.novel platform. Back.in.the 1990s, for example, Grudin/[1994).suggested that.for
designing technologies for office group work, research should be done in the
workplace in order to understand real problems.

In this article we describe findings from video analysis of four groups improvising
using the Reactable [Jorda 2008], a commercial tabletop and tangible user interface
(TUI) for electronic music performance. The Reactable interface is based on tangible
building blocks that can be connected together. The analysis focused on overarching
research questions on the challenges and opportunities for groups in using a tabletop
TUI over time. The focus was an interaction analysis of how expertise developed in
specific episodes over multiple sessions with the Reactable, rather than summaries of
the immediate understanding (or lack of it) of novice users with a simple or generic
system. In particular, we investigated:

— Interface characteristics: how the Reactable’s interface characteristics influenced
group behaviour over time, in particular its lack of territorial constraints

— Tangible interaction: how the properties of the tangible interface facilitated group
progress and the development of expertise; the nature of gestures in group
tabletop interaction and learning; and the usage of tangible objects

— Musical improvisation: how tabletop musical improvisation brought new
challenges compared to traditional ensembles; and how the organisation of
improvisation developed over time

— Social factors in the development of expertise: the nature of collaborative learning
through constructive processes on the tabletop TUI; and how this supported
different group learning styles
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Studying long-term, unstructured musical improvisation with groups of expert
musicians on the Reactable offers an excellent opportunity to investigate group
development over time with a novel interface in an unconstrained environment.
Previous longitudinal studies of the role of practice in the development of musical
skills, such as Sloboda et al. [1996], have tended to focus on traditional musical
instruments and individual, classical training. To our knowledge, no multi-session
study has been conducted on tabletop interfaces and collaboration for an open task
such as musical improvisation, although there have been studies of other novel
music-related interfaces (e.g., Swift [2012]).

We detail how the Reactable’s interface promotes group coordination and learning
through instrumental interaction in a situated context, supported via the system
offering a shared space and real-time feedback. It also creates challenges for group
collaboration such as maintaining awareness or understanding participation roles.
We found that the Reactable’s lack of territorial constraints and its automated
connection mechanism (dynamic patching) were suitable mechanisms for creative
group activities because they promoted exploration and serendipitous creative
discovery, which could motivate collaborative learning. We furthermore found some
differences in musical coordination patterns compared to traditional improvisation
practices (e.g. in jazz), such as dynamic and fast-paced role switches and equal
participation of members in endings. Our findings are discussed in terms of design
considerations for designers, developers, manufacturers, educators, researchers and
practitioners. We conclude that the Reactable’s interface of interactive tabletop
coupled with constructive building blocks promotes learning by doing as well as peer
learning. | These findings, inform constructivist 'approaches, to |learming on
conmiputationally emhanced tabletops.

This study.constitutes.the first'detailed examination.of e6llaborative learninglover
multiple sessions with a tabletop system. We anticipate that it will inform future
design and analysis of interactive tabletops. In the next section we summarise
previous work on collaboration with interactive tabletops and on musical
improvisation that provides the background to this study.

2. BACKGROUND
2.1 Collaboration with Interactive Tabletops

In this section we consider interactive tabletops, including both touch and tangible
interfaces. All of these types of systems (i.e., interaction only via touch, only through
object manipulation or both) enable users to work over a shared tabletop surface face-
to-face. There are numerous studies of the mechanisms and protocols people employ
to coordinate their activities around traditional or interactive tabletops (e.g.,
Marshall et al. [2009]). These are generally influenced by the task structure (cf. Scott
and Carpendale [2010]), and sensitive to the levels of awareness within the group,
which are, in turn, affected by the interaction mechanisms used and the interface
design [Hornecker et al. 2008].

In traditional tabletop workspaces, Scott and Carpendale [2010] observed that
groups in some shared tabletop interaction tasks partitioned space into personal,
group and storage territories for, respectively, individual work, shared work or both.
Such territories were flexibly adjusted to the task, and opportunistically exploited
the available space. Territoriality is often connected with notions of ownership and
enforced access rights: Morris et al. [2004] suggest the use of automated coordination
policies in interactive tabletops to avoid overlaps and interferences. They observe
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that these policies provide explicit coordination mechanisms: for example, preventing
access to someone else’s objects (or territory) unless explicitly granted. However,
some researchers question whether such mechanisms might be detrimental to group
work. Wang et al. [2006] found that ownership markers increased task completion
time and made people feel less part of a group, more uncomfortable and more
competitive. Pontual Falcdo and Price [2011] noticed that interferences between
users during a scientific task can sometimes promote group discussion towards a
joint solution and inquiry learning. Hornecker et al. [2008] discovered that during a
planning task on a multi-touch table, groups quickly resolved occasions where one
user interfered with the activity of another, and tended to develop collaborative
practices that minimised conflict. They argue that ownership markers and
automated territories might interfere with the fluidity of this social negotiation, and
might even result in diminished group awareness, as the need for it may be perceived
to be less. As the Reactable has no visible partitions or support for personal
ownership, since the entire tabletop surface is shared, we here investigate the role of
territoriality and ownership.

Several studies investigate how interactive tabletops may support collaboration
and learning (e.g., Do-Lenh et al. [2009]; Harris et al. [2009]; Olson et al. [2011];
Pontual Falcdo and Price 2011; Rick et al. [2011]), although the potential benefits of
tabletop interfaces are still unclear [Dillenbourg and Evans 2011; Do-Lenh et al.
2009]. Rick et al. [2011] describe how group dynamics determined different styles of
collaboration and learning on interactive tabletops, emphasizing the importance of
promoting these variations with appropriate tabletop interface design. Harris et al.
[2009] found that multi-touch interaction resulted in more task-related talk between
748 year old children than'a single-touch condition when they carried out a planning
task’ Olson et aly [2011] found that, the use of tangible objects on the tabletop
interface (representing.a.toolbar) reduced confliet and 'supported coordination. These
studies tended to employ interactive tabletops as a medium for learning another
conceptual domain (e.g., math or biology).

In contrast, in this paper we investigate collaboration and learning in musical
improvisation, where the medium for learning is the musical instrument itself, which
involves both skill and conceptual learning. Furthermore, the role of verbal
communication changes: with music in general, and with musical tabletop interfaces
in particular, nonverbal communication is potentially far more prevalent than verbal
communication (an exception is Laney et al. [2010]). Thus, analysing the mechanisms
by which ideas and approaches are shared can become more difficult. Methods using
video help to reveal nonverbal communication: in particular, interaction analysis
[Jordan and Henderson 1995] was used in our study to help understand the role that
nonverbal communication played in the development and sharing of ideas between
the musicians.

Finally, there are still few studies of long-term use of interactive tabletops (see
Piper and Hollan [2009] or Wigdor et al. [2007] for notable exceptions). A study of
long-term use of tabletop interfaces may throw light on key aspects of how shared use
develops over time.

2.2 Musical Improvisation

The spontaneous activity of musical improvisation can be found in most cultures
[Bailey 1993; Nettl and Russell 1998], and in different musical styles, genres or
traditions from jazz [Monson 1996; Sawyer 2003]; to Indian raga [Viswanathan and
Cormack 1998]; Latin dance music [Manuel 1998]; or live coding with laptops [Brown
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2006]. The New Harvard Dictionary of Music defines improvisation as “the creation
of music in the course of performance” [Nettl 1986, p. 392]. In the history of
musicology, improvisation has played a minor role, perhaps because musicologists,
influenced by the research traditions of visual art and literature, have tended to
concentrate more on the finished works than on the processes that may have led to
them [Nettl and Russell 1998]. However, progress has been made in the last decades,
with the expansion of ethnomusicological studies and the growth of improvisatory
techniques in music education [Bailey 1993; Nettl and Russell 1998].

Musical improvisation can also be seen as a social process, where listening and
responding to others are fundamental. This musical practice allows musicians to take
decisions freely and spontaneously, and the musical outcome can be rich, varied, and
reflect the evolution of the group as a collaborative unit. Pressing [1984, 1988]
discusses concepts derived from psychology and neuropsychology: motor control,
intuition, creativity and even artificial intelligence. He proposes models to
understand the processes of learning and performing that generalise across different
cultures.

Even though some studies have focused on communication processes in music
performance [Kawase 2009; Keller 2008; McCaleb 2011], on the collaborative
experience in music [Blaine and Fels 2003], or on shareable and multi-user musical
interfaces [Jorda 2005], little research has investigated the communication processes
and the transmission mechanisms between participants in the field of musical
improvisation using tabletop technology. This is an aspect of essential interest for our
study. An exception are long-term studies of musical improvisation and
communication in traditional contexts, such as Seddon [2005] who observes the
modes ‘of communication 0f a traditional jazz ensemble over time, or Healey et al.
[2005] who describe the sise of space as a key element in, the joint performance| of a
traditional .ensemble. However, nonefrelate to-communication processes developed
over time in novel, shareable interfaces such as musical tabletop TUIs.

Influenced by usability evaluation and CSCW studies, most studies of musical
improvisation with novel interfaces tend to be one-offs in labs. Fencott and Bryan-
Kinns [2010] focused on public and personal spaces for users of individual computers
who accessed a shared virtual representation while co-located in the same room
during one session; Bryan-Kinns [2013] studied the distributed use of visual shared
representations; and Pugliese et al. [2012] investigated situated interaction and
collaboration during mobile group improvisation. Swift [2012] carried out instead a
longer-term lab study that addressed musicians’ insights into the experience of co-
located improvisation on mobile devices. This study used an ethnographic approach
based on field notes, video recordings and post group interviews.

Ethnographic approaches have been used to understand situated interaction and
collaboration in musical contexts: Booth and Gurevich [2012] studied collaboration
and composition work practices in a laptop ensemble over the course of three months
providing thick descriptions from field notes and video recordings. Although a one-off
lab study, Pugliese et al. [2012] also adopted a qualitative approach to understanding
collaborative musical improvisation but focused on video analysis of participants’
comments when viewing their own videoed session.

In contrast, our approach is based on video analysis of participants’ interactions
using interaction analysis [Jordan and Henderson 1995]. The study of participants’
interactions during unstructured musical improvisation over repeated sessions is a
new direction in tabletop studies.
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Fig. 1. A Reactable’s thread.

3. STUDY
In this section we present a detailed account of and motivation for the study design.

FENALLLRARL

used in professional music contexts, as well as in public spaces such as museums,
science centres and exhibitions. It has a circular tabletop surface (for the experiment
we used a Reactable Experience model' with a 100cm diameter including a rim area
of 10cm), and it combines multi-touch with tangible object manipulation as input.
The Reactable’s TUI enables the construction of a variety of configurations of
building blocks to produce sound. A set of physical objects allows users to create
music by building audio threads (see Figure 1), each thread representing an audio
channel (i.e., a sound source that can be operated individually). Here, we use the
term thread to refer to the physical connection between objects whilst voice refers to
the character of the musical sound resulting from this connection (e.g. melodic voice).
These objects have different functions, each represented by different shapes: sound
generators (squares and cubes) to create sounds, sound effects (rounded squares) to
transform sounds, control generators (circles) to control other objects and global
controls (polygons) to control global parameters. A player’s own sound files or
samples can also be loaded and associated with the different sides of a cube, which
will be played in a loop.

A white pulsing point in the middle of the surface table area represents the sound
output, as well as the tempo of the table. Every audio thread connected to this point
is audible and synchronised by sharing the same global tempo. Each thread is shown
in a different colour from a defined palette, and is built from interconnected objects.
The sum of the audio threads constitutes a paich. A thread needs at minimum a

! See: http://reactable.com/products/experience.
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sound generator in order to generate sound”’. There is immediate real-time feedback
on object recognition on the table, and any change is represented both aurally and
visually. While most interaction with the Reactable is carried out via the tangible
objects, users can use touch input to, for example, mute or unmute the audio
connection within a thread. Usually it is possible to change from one to three sound
parameters for each object, which are controlled via the rotation angle, the finger on
the projected slider on the right side of the object (see Figure 1), or the distance to the
next object in the thread (alternatively the distance to the centre in case of the last
object in the thread).

In addition to the influence from analogue and digital modular synthesizers such
as Robert Moog’s or Donald Buchla’s Voltage-controlled synthesizers [Moog 1965],
the sound synthesis and control method implemented in the Reactable interface can
be seen as a physical representation of the unit generator paradigm invented by Max
Mathews [Roads 1996, p. 89-90], and found in MUSIC-N computer music software
(e.g., SuperCollider cf. McCartney [2002], PD or Max/MSP cf. Puckette [2002]). The
unit generator paradigm consists of unit generators that work as building blocks:
they can be interconnected, from basic to complex structures, and produce sound
[Roads 1996, p. 787-788]. In the Reactable, each object has a number of inputs (from
none to multiple) and outputs (one or none) depending on its category, which make
the connections between objects possible; connections can be either control signals (i.e.
when the destination is a parameter of a unit generator) or audio signals (i.e. when
the destination is either an audio input of a unit generator or the global audio
output).

Unlike visual programming musical languages (e.g., PD or Max/MSP cf. Puckette
[2002]), the Reactable supports [real time dynamic patching [Kaltenbrunner et al.
2004], permitting users to_edit and play at the same timme (build while you play, and
play. while_you.. build).4nstead.of having .two._separate ‘mlodes. .Dynamic patching
connects the inputs and outputs of sound objects that are close to each other
automatically, as if by magnetic attraction (instead of requiring the user to connect
objects manually). The Reactable’s control complexity combined with a reasonable
degree of variability and unpredictability, mean that complex non-linear behaviours
can emerge [Jorda 2004], bringing some serendipity that can benefit musical
improvisation.

The Reactable’s interface approach can also be seen as an interface that supports
social, hands-on learning using constructive building blocks, an approach influenced
by the ideas of Seymourt Papert [1980] in the digital domain, and introduced by
Montessori [1912] and Frobel [1887]. A modular building-block structure
characterises these educational approaches, which allows creating diverse structures
from tangible building blocks. Research on TUIs and education has investigated
computationally enhanced tangible building blocks (e.g., Zuckerman et al. [2005])
and suggested their suitability for hands-on learning by doing, and for promoting
group work.

Some projects such as Sony’s Block Jam [Newton-Dunn et al. 2003], or a musical
application of Siftables [Merrill et al. 2007], investigate the building of musical
structures or musical sequences. Block Jam works as a controller where the input is

> Video of basic demo showing a sound generator and a sound effect with dynamic patching:
http://www.youtube.com/watch?v=0h-RhyopUmec.

3 Video of professional performing the Reactable after several years of training:
http://www.youtube.com/watch?v=kYyg-wVYvbo.
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operated by the tangibles but the output is displayed on a separate screen. Siftables
are a multi-purpose platform, which includes a music sequencer *, where
computationally embedded objects contain input and output that occur in the same
place. In contrast, the Reactable incorporates a tabletop surface merging both: the
input is operated by the tangibles while the output is projected on them.

3.2 Study Design

Our study investigates collaborative learning and improvisation on a tabletop
interface based on constructive building blocks for music performance. While the
Reactable is on display in various museums around the world, its primary purpose is
to provide expert musicians with an expressive instrument for digital musicianship.
In museum settings, users tend to be complete novices with the interface and usually
also in terms of musicianship, and they rarely gain extended experience with the
system. Understanding longer-term use on an expert level necessitated creating a
study setting that resembles improvisational sessions by musician groups, while
allowing us to capture data. Since our interest is on group progress of both interface
understanding and group coordination in musical improvisation, we chose to study
participants who are not already accomplished Reactable performers.

Our study investigated four groups of co-located musicians collaborating around
the Reactable: each of these played with the Reactable over a series of four sessions,
which were scheduled in close succession over the course of one week. Given that our
participants were already expert musicians with theoretical knowledge of sound
generation, this enabled us to observe the initial phase of getting accustomed to the
Reactable interface and its rapid appropriation into musical improvisation. All
sessions took place in a lab setting, allowing forjcontrol of the eollected video data
used for further analysis/

Our approach follows-other -studies (cf.-Hormecker et ‘al.-{2008]); beginning-with
Suchman’s study of photocopier use [Suchman 1987; cf. Rooksby 2013], in conducting
a naturalistic observation of activity within a lab setting. We attempted to create a
casual setup, resembling the settings of rehearsal rooms, where musicians gather
together and play (see Figure 2). The lab is located in the music studio area of the
Universitat Pompeu Fabra in Barcelona. The room is isolated from the busy
classroom areas and has a permanent Reactable in the centre of the room for
rehearsals and user studies. The lab has a sound proof door, which is common in
recording studios. The room also has two empty desks for occasional soldering of DIY
projects (one of the desks has an abandoned PC in the corner), and a cupboard for
audiovisual storage. We opted for a dimmed light environment, which is common in
rehearsal and performance settings. Thus, setting and activity type were designed to
be familiar for our participants.

* See: http://www.ted.com/talks/david_merrill_demos_siftables_the_smart_blocks.html.
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I ‘ I N Fj 2. E’.allcipantsja

3.3 Participants

Twelve males aged 22-54 (M=32.7, SD=7.4) participated in the study, forming four
groups: one of two people, two of three people, and one of three to four people
(initially three, with a fourth joining for the last two sessions). Even though the
group members for each group knew each other, they had never played together
before. All participants had a medium to substantial degree of musical training,
being either music technology students, music practitioners or professional musicians.
Of these, 5 were active practitioners of electronic music with synthesizers, electronic
devices or computers. Participants were already familiar with the Reactable: 5
participants reported they had “some” familiarity with the technology and how it
works, 7 reported themselves as having “a lot” of familiarity. This meant some had
played the Reactable before, some were introduced through a course, some had the
mobile version for smartphones and tablets, and some had watched online tutorials
and videos. Only one of the four groups had no experience of using the Reactable: we
named this the beginner group, although its members were still expert musicians.
Participants were international (nine from Europe, one from North America and two
from South America). In the following, Gi, G2 and Gs are used to refer to the three
Reactable expert groups and Gi» to refer to the Reactable beginner group;
MimusicianGitgroup to refer to each of the 12 musicians and Si to Sa to refer to the four
successive sessions of each group (e.g., “M1G1 in Sz initiates a new thread” or “shared
thread in GpS4”).
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3.4 Procedure

Sessions were said to last for 15—45 minutes. Participants could check a printed copy
of the Reactable user manual if needed, could stop at any time during the session and
were notified one minute before the session end. The set of Reactable objects for this
experiment comprised 39 objects which were initially distributed around the rim of
the table: 12 sound generators (SG), 10 sound effects (FX), 10 control generators (CT)
and 7 global controls (GL). Of this collection, almost every object was different within
the four categories of SGs, FXs, CTs and GLs; although a few were repeated (FXs,
CTs). All sessions were video recorded with two cameras positioned non-intrusively:
one with an overview of the participants around the table and a second giving a more
close-up view of interactions occurring on the tabletop surface. An electronic version
of the Reactable user manual was sent to the participants the day before their first
session. Before each session, participants had the option to load their own samples to
be used by sending them to the facilitator.

The facilitator intervened at the beginning and end of each session to set up or
shut down the system, trying to be as unobtrusive as possible and encouraging
participants to act as they would in a real context. The aim was to mitigate the
Hawthorne effect (cf. Forsyth [2006]). The facilitator moved to a room next to the
music lab during the sessions, and only checked on the activity from time to time.
Otherwise, participants had complete control of the session: for example, they were
told they could stop the cameras if they preferred a shorter session, they could
control the audio mixer or turn the output of the speakers up or down at any point
(these were to one side of the Reactable).

3.5 Method

We used a qualitative approach to analyse video in detail andAadentify themes using
interaction-analysis [Jordan”and “Henderson-1995] -based~on~the“two" synchronised
camera 1images. Interaction analysis provides an appropriate approach for
understanding what people do during practical activities, particularly where object-
manipulation is a central part of the activity. We identified a number of themes:
some emerged from iterative analysis of the data, such as interface explorations or
peer learning. Other themes partially developed from overarching theoretical
questions motivating the research, such as the musical techniques employed. Other
themes were inspired by Jordan and Henderson [1995], such as our analysis of
beginnings and endings of sessions or of error/repair situations. We used Elan’ to
analyse the videos.

Representative video extracts were repeatedly viewed and discussed by three of
the authors. We focused on verbal communication and nonverbal communication
themes, of which those related to nonverbal communication were divided into
musical, physical and interface-related (see Appendix A). We also focused on lower
level categories specific to the Reactable interface such as territories and thread
ownership (see Appendix B). Links to the video extracts analysed in this paper are
listed in Appendix C.

4. GENERAL SESSIONS OVERVIEW

We first give an overview of the sessions and the general group and musicians’
behaviours. The sessions tended to last from 35 to 45 minutes (but sometimes longer):

> See: http://www.lat-mpi.eu/tools/elan, developed by the Max Planck Institute for Psycholinguistics,
Nijmegen, The Netherlands [Sloetjes and Wittenburg 2008].
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All groups used the full time available for their sessions until the room had to be
freed. Groups used cubes differently: G: and Gy only worked with preloaded samples,
whereas Gz (M1 in Ss) and Gs M1 and Mzin S2—S4, M3in Ss) also loaded their own
sounds.

An environment resembling a rehearsal music room setting was successfully
created. Participants demonstrated enthusiasm to start the session, arriving
generally on time (sometimes even earlier) for their allocated sessions. There were no
comments about whether they studied the manual in-between sessions, but those
who loaded their own sounds took extra time to prepare and send them to the
facilitator. Groups concentrated on the task despite the extra furniture of the room,
which seemed to go unnoticed.

Group dynamics tended to be as diverse as in a real rehearsal: in the beginner
group Gn, one participant arrived five minutes after the scheduled time twice, and
thus the other group member of the duo group started without him. In Gs (initially a
group of three), a further member joined the group for the last two sessions.
Furthermore, there was generally a relaxed and informal atmosphere: In Gy one
musician left the room during a session to attend an urgent phone call whilst the
other musician kept playing (see Figure 5, which is detailed in Section 5.1.1); and in
all groups musicians approached either the audio mixer or the speakers to turn the
speakers’ volume level up or down when needed. All groups asked for a copy of the
videos of the sessions and Gz reported that the group would follow-up by meeting and
rehearsing together after having played together here.

5. FINDINGS: INTERFACE INTERACTION

In this section we) focus-on\the most, prominent of [thepReactable’s system design
characteristics.~The shared-table-space dees-no6t autematically -provide individual
territories for each player. It can be viewed as providing shared control of a single
musical instrument as well as requiring open self-regulation of individual voices.
Another feature characteristic of the Reactable is dynamic patching, the automatic
creation of connections between elements based on proximity. Our findings indicate
that these two interface characteristics promoted exploration and serendipitous
discovery in a collaborative learning situation, where participants acquired
mechanisms to self-regulate the shared use of space, and developed new ways of
sharing threads in the pursuit of musical effects.

5.1 Territoriality

Given 1t 1s unusual to be able to share an instrument [Jorda 2005], our interest was
to find out how participants dealt with this and what kind of territorial behaviors
might emerge. Scott and Carpendale [2010] and Scott et al. [2004] distinguish
between personal territory as a workspace close to the person including storage space,
and group territory, such as the centre of the surface table area or the spaces
between collaborators (on the Reactable the global tempo pulsing point and sound
output constitute the centre). We assume that the distribution of personal and shared
areas depends on the number of users and the shape of the tabletop surface (see
Figure 3). While territories assume a spatial distribution of ownership, we had to
consider in addition that thread ownership is object-based and may change
dynamically as threads change, regardless of the position of the individuals.
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Fig. 3. Imaginary divisions of personal and shared areas.

We observed and analysed a number of territory-related behaviours:
— Invasions: ‘Interfering’ in somebody else’s thread via an action.
— Takes: Taking an object that ‘belongs’ to somebody else for individual use, which

can be active takes (taken from the surface table area) or passive takes (taken from
the rim area close to another person, who is not currently using it).

— Gives: Handing an object to somebody else for individual use, which can be active
gives (given on the surface table area) or passive gives (given onto the rim area).

— Individual/shared threads: A thread can belong to an individual (thread built by a
single person), or be shared (thread built in collaboration) as shown in Figure 4.

Flg 4. A shared thread. ‘

5.1.1. Individual territories, takes and gives. Musicians tended to play within the area
nearest to them, confirming a tendency for the establishment of personal areas. The
larger the group, the smaller the individual area per person, as shown in Figure 3.
These individual areas were reconfigured depending on the number of musicians, as
happened with group Gs, which grew from three musicians (S1—S2) to four (Ss—Ss). In
general, musicians finished the session at the same location where they started
without switching positions. An exception is the ending of session S1 by G», where M1
invaded a number of M2’s threads, sharing them or taking them over completely (i.e.;
they became his individual threads), even moving next to M2 to fade the volume out
of some objects and then remove them. This can be explained as part of the initial
exploration of the interface (see next subsection) and the available space when
playing in duo. In the situations where someone was missing, because he arrived
later M1Gyp in Sz and S3) or left for a short period of time (M2Gy in S3), the individual
area was dynamically reconfigured. Yet, if someone momentarily left his position, but
remained in the room (e.g., for manual checking or for changing the speakers’ volume
level), territories did not change.

An example of reconfiguration of individual territory is shown in the vignette in
Figure 5 (see video 1A). This occurred near the middle of S3by Go; the surface table
area was divided into Mi and Mg2’s individual spaces. Suddenly, with no verbal
exchange, M2 (musician on the left in frame 1) left the room to attend to an urgent
phone call, leaving his threads playing. Then, M: (musician on the right in frame 1)
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interacted with all the threads on the table, fading the volume out of all of Mz2’s
threads (frame 2), even moving to where Mz was standing (frames 3—4). Then M:
moved back to his original position, and started two new threads with two cube
objects, one of which incorporated an FX from a M2’s thread by dynamic patching,
and thus his thread occupied part of M2’s space. After approximately two minutes, Mz
came back to the room, went to his initial tabletop position and asked “How is mine
going?”’; M1 replied: “I've faded it out”; and M2 agreed, saying “Okay”. Then M1 moved
the cube towards himself making the connection with Ms:'s FX disappear. This
example shows how individual spaces and threads are dynamically reconfigured
depending on the number of musicians in the room.

00:22:21:22 00:24:19:23

Fig. 5. Dynamic reconfiguration of individual territory.

Before each session, the facilitator organised the objects in the rim area without
any specific order, sometimes stacked in pairs because of lack of space. Only Gy
explicitly organised the objects by function and distributed them in the rim area
during S: with the aim of becoming familiar with the objects, after an initial period of
15-20_minutes of improvisation.. Those musicians who loaded a cube object.with their
own samples tended to have this object close at hand and use it frequently.

Throughout all'sessions;musicians tended to play with those-objects stored in|the
rim-areaneareést to thenr; although-when specific objects wereneeded;they also took
objects from the rim area of others’ nearest areas or areas in-between musicians:
generally these interactions in others’ rim area consisted in choosing an object and
using it immediately (passive takes), without asking for permission. Three musicians
of different groups (MiGz2, M2Gs and MiGy) extensively performed passive takes,
sometimes leaving the objects again without using them (eventual passive gives).
This indicates that the rim area is used as a shared storage area, where the nearest
area to oneself is preferred.

How passive takes evolved indicates that the objects and their categories became
better known over time. In early sessions, objects taken generally belonged only to
one or two categories: sound generators (Gs), sound effects (G1), sound generators and
sound effects (G2) or sound generators and global controls (Gb). During the last
sessions, objects from all categories were chosen, except for Gi who did not take
global controls. This indicates improved control over the collection of objects.

Passive gives were rare: objects were usually stored, after using them, in the
nearest rim area to the person, and only sometimes in a fellow musician’s rim area
when there was lack of space. We rarely observed active takes, with some intentional
and others unintentional: territorial social protocols of personal spaces and objects
ownership seem to regulate the use of the surface table area. There were occasional
active gives: some of them were handovers, which are fully explained in Section 6.2
(see Figure 8), others happened when moving threads towards others’ areas to create
free space within one’s personal area. The small number of gives indicates that
musicians focused on individual threads.
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This data reveals that individual spaces are negotiated flexibly with no need for
system level constraints, and that control of the objects collection improves over time.

5.1.2. Thread ownership and shared threads. Threads tended to be shared by the entire
group when they occurred in the spaces in-between musicians or in the middle of the
table (for example, see Figure 11, bottom, which is fully discussed in Section 7.2).
This indicates the association of the centre and in-between spaces as shared areas.
Shared threads were created either intentionally or unintentionally: during early
sessions, unintentionally shared threads that were triggered by dynamic patching
were rather common (see Section 5.2), whereas in the later sessions participants had
learned to control the system, and shared threads were the result of deliberate
actions. For example, shared threads were often used as a resource for beginnings or
endings, and their complexity increased in the last sessions, as further explained in
Section 7.2.

The nature of invasions and of changes in thread ownership modified in character
over time towards using them for a musical intention: whilst in early sessions
invasions were more often a direct intervention into somebody else’s thread or a trial-
and-error exploration of effects, during the later sessions the interventions were more
sophisticated, using objects such as the radar trigger. The radar trigger is a special
object that works as a local tempo controller with local up to global effects on all
objects in its range. It can influence others’ threads with no need for physical
proximity: the range of the radar can be changed dynamically by moving its slider or
moving the object. A representative example of using the radar trigger is shown in
Figure 6 (see video 2A), which illustrates a sophisticated invasion of others’ threads
that was ot just rélated/to physical proximitysy it depénds on\the position”ofthe
object, but|also onythe range of the radar. The smooth-and swift change-of the range
of influence in thisiexample indicates the fuzzinessl of thread ownership when an
effect is not related to physical proximity, raising the question of when an invasion
creates a shared thread because the interferences are continuous instead of discrete.
Another example is shown in Figure 14, which is fully discussed in Section 8.2, where
the radar trigger is positioned in the centre of the table, affecting individual threads
within its range. In both examples, it can simultaneously affect several threads,
creating larger shared threads when compared with earlier shared threads.
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In S,, MG, puts the radar trigger object next to M,G; rotates the object and thus changes the
his personal space. The range of the tempo set speed of the radar. He also moves the slider and
with the object covers the whole tabletop limits the range to the area next to himself.
surface affecting all the threads.

M,G; drags the object to the opposite side of the M;G; takes now control over the radar trigger,
table. The range of the radar trigger is now and expands the range to include M»G;.

affecting the personal spaces of M1G; & M;G;.

Fig. 6. Sophisticated invasion with the radar trigger object. The radar trigger’s area of influence appears
shaded, and the circle indicates who is operating the object.

This data shows that apaxt from individual spaces, thére ar¢e shared|spaces, which
seem to .be negotiated dlexibly with.mo need for system'leveél constraints. In_early
sessions, shared threads are a result of exploring the Reactable interface, whilst in
later sessions there is a clearer musical purpose. It is notable that we only found very
few instances where invasions or sharing of threads was objected to — they tended to
be integrated ad-hoc into the musical development and thus became part of an
accepted repertoire of musical actions.

5.2 Dynamic Patching

We found several examples of participants triggering unintentional effects due to the
Reactable’s dynamic patching mechanism. Unintentional interference with other
people’s threads, or even the entire patch, was not uncommon, especially during early
sessions. Sometimes it was difficult to discern the functionality of an object (see
Section 7.1 and Section 8.2). If any of these events occurred, the musicians either
treated it as a serendipitous event, integrating it into their ongoing improvisation
and building on it, or attempted to repair and revoke it. An example of an
unintentional effect of dragging an object in an early session (G1S1) is shown in
Figure 7 (see video 3A) where Ms (musician on the right) has an individual thread of
two objects: a slicer effect (FX) and an SG (frame 1). He drags the FX towards Mz
(musician on the top); this action disconnects the FX from his thread, but no
connection is established with Mz’s threads (frame 2). Then he twice moves the FX
towards M1’s threads (musician on the left) establishing intermittent connections to
two different threads belonging to M: (frame 3 and 4). Finally, M3 leaves the object in
an individual thread of three objects (frame 5). This vignette lasts 15-16 seconds
(00:13:37:17-00:13:53:06). By contrast, Figure 11 (bottom), which is discussed in
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Section 7.2, provides an example of the intentional use of dynamic patching and
serendipity actions at the ending of a session.

Fig. 7. Triggering unintentional effects with dynamic patching.

These examples reveal that dynamic patching of automatic connections is a
useful mechanism for promoting hands-on exploration and discovery of the interface
in early sessions.

6. FINDINGS: TANGIBLE INTERACTION

In this section we present findings that focus on more generic aspects of physical and
tangible interaction, whereas the previous section focused on features that were more
specific to the Reactable interface. In particular, we describe how aspects of the
control of tangibles developed over time; on gestural aspects of the interaction, such
as their performative and communicative value; and of physical explorations; and
relate them to properties of the tabletop tangible interface. It is notable the lack of
overt_eye contact and explicit communication despite of high levels of awareness
evidenced/in theicollaborative actavity.

6.1 Development.of Control

All groups evolved towards utilising more sophisticated structures and techniques
over the four sessions. Groups developed structures from initially not replicating
objects with similar functions in the same thread to replicating them in later sessions
with the effect of yielding more complex sounds (e.g., from using single sound effects
to using a number of sound effects at the end of the thread); and from basic
sequential threads of objects connected one after the other to more complex
structures. Also, groups progressed from using individual techniques, such as
dragging, swapping or twisting objects, to combining two of these techniques
simultaneously.

Usually threads started with a sound generator (SG) followed by or
simultaneously used with other objects. Yet groups G: (M1in S: and Sz, M2 in S3 and
Ss, M3 in S1 and S3) and G, M1 in S3, M2 in S1) developed preview techniques:
musicians first built silent thread structures, and then activated them by adding a
SG, which activates the thread. Figure 10 (bottom), which also is discussed in Section
7.2, 1llustrates a preview technique used by Mi11in Sz using two filters, after using this
technique with one filter in Si (see video 7B):

In Sz, M: starts building a thread with a resonant filter (FX) in the
middle of his individual area, which produces no sound (frame 2).
Then he adds a second resonant filter in the space between the first
FX and the pulsing dot in the middle of the table, and both objects are
repositioned closer to the middle with his left hand, while he adds
with his right hand a random control between the first FX and
himself. The thread remains with no sound effect. He slightly
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repositions the first FX and the CT to his left (frame 3). Then he
removes the CT (frame 4). After searching among objects nearest to
him in the rim area for over 10 seconds, M: adds the square wave
oscillator (SG), which triggers a filtered sound (thread of three
objects).
The modular approach of the Reactable’s tangible interface allows musicians to build
a variety of compositions over the four sessions, from basic to very complex.
Furthermore, some musicians develop techniques over time that show how potential
awareness issues of individual actions can be controlled over time.

6.2 Gestures

In a study of clarinettists’ movements, Wanderley and Vines [2006] used the term
ancillary gestures for those gestures that without being strictly necessary support the
sound-producing gestures. Jensenius et al. [2010] developed this typology of gestures
including 1) sound producing gestures; 1i) ancillary gestures, which support sound-
producing gestures; 1iil) communicative gestures for communication between
performers and the audience, including eye contact; and iv) sound accompanying
gestures, which are engaged body gestures not directly related to sound production.
We here focus on movements made by group members that are relevant to tangible
and social interaction. We base the following analysis on Jensenius et al.’s typology (a
detailed investigation of musicians’ gestures is beyond the scope of this article).

— Sound producing gestures: In our study, sound producing gestures are connected to
instrumental interaction, constituting “activities that crucially involve the
manipulation of<yphysical objects” [Jordam~andyHendersom 19955 p=w65]-wWe
identified insteumental interactions for [sound produetion, including/both mon-
exaggerated andjexaggerated i/moveéments, arising from ,the manipulation of the
tabletop TUI. Sound-producing gestures were generally performed using hand
gestures, one or two-handed, with non-exaggerated movements, i.e. movements
beyond that necessary to interact with the instrument. Yet, there were also
occasions of exaggerated movements, for instance when performing certain
techniques such as strobing, involving placing an object on and off the surface
table area in a rhythmical or non-rhythmical pattern for a musical effect (e.g.,
M:2Ge in Ss and Ss4 or M4Gs in S3). Musicians tended to utilize their whole upper
body in this movement, lifting the tangible object high above the surface while
moving their upper body in synchrony, emphasising the rhythm. These movements
seemed to add bodily emphasis on specific actions, which could also be noticed
more easily by the other individuals.

— Ancillary and communicative gestures: We found that musicians played and
coordinated, while focusing their attention on the table surface, with little
accompanying verbal communication or direct eye contact. Heads and upper bodies
tended to be bent forward, over the table surface. When searching for objects,
musicians tended to focus on their nearest rim area, and, if an object was not
found, then they would start to look at other parts of the rim area, with slight
turns of the head. In all groups throughout all sessions, there were no collisions of
arms or hands when musicians took objects from the areas of the rim nearest other
participants, despite a general lack of verbal communication. An example is a
handover shown in Figure 8 (see video 4A): In G1S2, M3, playfully exploring effects,
moves an object around the table towards M2, then he keeps his finger in a
pointing gesture on the object, and Mz takes the object and continues the
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exploration. Both are looking down at the table surface without any verbal or overt
gestural interaction, or establishment of direct eye contact. This demonstrates
group awareness in instrumental interaction (cf. Hornecker et al. [2008]). This
seemed to be facilitated by the shared visibility of the workspace, which in turn
was supported by real-time audiovisual feedback on instrumental actions on the
table. Explicit eye contact during verbal exchanges was mostly observed during
beginnings or endings and occasionally in-between sessions (see Section 8).
Occasional establishment of eye contact can be determined in the video overview
from participants lifting their heads. This is consistent with observations from our
prior studies of tabletop interaction. Sometimes it was combined with actions that
indicated engagement at the end of a session such as laughter in all groups,
including shaking hands in G1S: or clapping hands in GaS:.

— Sound accompanying gestures: Some groups utilized more sound accompanying
gestures than others. Although the extent of this varied between groups, the
occurrences indicate a connection between gestural interaction and group
dynamics. These gestures were generally full-body movements. In G1, participants
remained motionless with only occasional shifts of the upper body towards the
table surface when manipulating objects. In Gz, all participants appeared to be
highly engaged, often bobbing their heads and occasionally dancing in synch with
the music with the whole upper body. Figure 9 shows an example of bobbing (see
video 5A), where Ms (left) is bobbing his head rhythmically up and down in S:
(frames 1-3), and so does M1 (right), also bobbing his head (frames 3-4). Bobbing
may support the individual musician’s sense of rhythm, and also may serve to
synchronise the group in this_rthythm. In_Gs, participants occasionally shifted their
upper bodies towards the table surface to manipulate objects, and often modded
their heads in time with-the music,,In Gn, participants remained motionless with
occasional “shifts” of ~the" upper<body ~towdrds—the “table surface- for -object
manipulation and also some swaying from side to side. In contrast with traditional
ensembles, there were few overt gestures to help synchronise the group: a synched,
shared interface that everyone can easily view seems to support this.

In Sy, M3G; drags a resonant filter towards MyG’s area while playing with the serendipity of
dynamic patching (frame 1). M3G; stops with one finger on top of the object. MsG; approaches his
hand and takes the object: Handover (frame 2). MyG; keeps dragging the resonant filter on the
other side of the table (frame 3).

Fig. 8. Handover.
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Fig. 9. Bobbing heads.
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Overall, a range of bodily actions and hand gestures are performed with the
Reactable with little direct eye contact and while focusing attention on the tabletop
surface: exaggerated and non-exaggerated sound producing gestures (e.g.,
manipulations including gestures such as strobing), ancillary and communicative
gestures (e.g., bodily coordinated actions such as handovers), and sound
accompanying gestures (e.g., bobbing and nodding heads). The use of tangible objects
on a shared interface with synchronicity of actions and real-time feedback seems to
promote all these types of bodily interaction that lack eye contact but are coordinated
with the sound produced.

6.3 Explorations

We further noticed several situations where groups explored the limits of the
tangible tabletop interface, such as adding all the available objects to the surface (Gs
in S2—S4), stacking objects (M1 and Ms in G3Sz), rolling or tossing objects (M1 in G1S4),
or adding a mobile phone on the surface as an alternative object with obviously no
sound effect (M3 in G3Ss). An example of these explorations happens in G1S4 when M1
is making a circular object roll towards the middle of the table, eventually letting it
fall down on one side. This exemplifies an explorative dialogue between the physical
affordances of an object (e.g., rolling a circular object) and the digital interface. See
Figure 11 (bottom, frame 2), which is also explained in Section 7.2.

An approach of trial and error exploration with the physical tangibles seems to help
discovering the digital domain in TUIs, which can in turn be seen and imitated by
others.

7./ FINDINGS: MUSICAL INTERACTION

In this section, we, detail-the findings of both individual and-greup interaction in
tabletop -musical improvisation-over<time.~We-here-focus“on-the‘musieal elements
employed by the groups over the course of the four sessions and on how the
coordination and organization of the improvisation activity developed over time. It is
out of the scope of this article to consider the music style of the groups, including its
progress, and the quality of the improvised music. If we compare tabletop musical
interaction with traditional improvisation, there are notable differences such as the
presence of more fluid and quick changes of musical roles. These are, as we argue, an
effect of the shared interface, which enables new forms of musical collaboration.

7.1 Individual Interaction

Video data revealed that issues with understanding the interface functionality
mainly arose in the initial sessions, where musicians had difficulties with particular
features of the interface, for example, misusing the programmer object designed for
reprogramming the objects with samples. This object can only reprogram the samples
of a number of SGs (i.e., the cubes and the instruments), but has visual feedback with
any object. On a number of occasions, musicians used this object in the wrong context
with no apparent acoustic or visual indication (e.g., G1 and Gg2). Despite occasional
difficulties, groups showed an increasing ability to cope with the Reactable’s lack of
sound preview (there were no headphones or other alternatives for pre-listening to
the sound), as exemplified in Figure 10 (bottom) and detailed in Section 7.2 and
previously in Section 6.1.

We observed a number of solos (i.e., leading voices) in all four groups, which
increased in sophistication over time, although some groups were more inclined to
perform solos (esp. Gs and Gp) than others. Some solos were built up to an existing
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accompaniment (i.e., a leading voice vs. accompaniment voices) and some triggered
dialogues (as detailed in the next section). There were individual musical
explorations: a subset of these were mimicked and further developed by other peers
as described in Section 8.1; others were developed individually, such as creating
serendipitous threads with numerous objects (M2Gs in S1 and Sg), or dragging an
isolated object along different threads in an exploratory mode (M3sG1 in S1—Ss).

Occasionally, a group member would stop for several seconds or minutes and
contemplate the patch, leaving his individual space with an active thread, but
sometimes with none (e.g., in G1 it happened with musicians M1 in S, and Mz in Se—
S4; or in Gs it happened with musicians M2 in S1—S4, M3 in S1—S4, and M4 in Sy).

Individual actions related to awareness issues seem to happen more often during
early sessions, and interface feedback seems to help users in the identification and
control of their own actions. Moreover, musicians developed different and dynamic
individual voices, including nonparticipation (i.e., standing back) in a positive sense,
leaving their patches ‘alive’ and playing.

7.2 Group Interaction

We found egalitarian participation and no evidence of fixed musical roles. The
configuration of the objects and thus the resulting musical output changed constantly.
Distribution of roles was dynamic and tended to happen nonverbally: we only found
an occasional explicit distribution of musical roles with Gy (e.g., melody vs. rhythm).
In general, there were tacit leading voices in all groups (e.g., solos vs. accompaniment
or conversation of melodic voices). These voices were dynamically exchanged as
detailed below (e.g., dialogues, intros vs. endings).

Jazz musicians describe musieal improvisation as a conversation between two or
more| musicians, mediated-by open-ended turn-taking basedion)a relatively fixed
rhythm section-and“a -variable -soleist’ section—with-a dynamie tension -between the
two [Monson 1996, p. 82—-83]. We identified a number of dialogues between musicians.
Our analysis looked at the nature of these dialogues based on dichotomies such as
homophonic (i.e., a single voice plays a melody) vs. heterophonic (i.e., multiple voices
playing a melody with variations), and elements of musical forms such as call-
response or rhythm vs. melody (cf. Pressing [1984, 1988]). Over the four sessions,
these dialogues became more complex and sophisticated, using more variations in
tempo and heterophonic voices. For each group, Table I provides one example of a
basic dialogue (which tended to happen in early sessions), contrasted with one of a
complex dialogue (which tended to happen in later sessions).

Table |. Basic vs. complex dialogues

Groups | Basic Dialogue Complex Dialogue

G1 In S; (see video 6A) sequential call-response In S (see video 6B) the leading melodic voice
occurred with two textured, melodic voices was transferred from Mz to M: (dynamic role
(M2, Ms) and one fixed rhythm voice (M;). change). The other two voices (Mg, Ms), which
There was a lack of role change or variations are rhythmic melodies, added counterpoint to
in tempo. The three voices were clearly the leading melody as call-response. There
audible as separate. were several variations in tempo. The three

voices intertwined with one another.

G2 In S (see video 6C) there were two In S;s (see video 6D) there was a crescendo or
simultaneous leading melodic voices (i.e., M2 a gradual change in volume with one leading
as high pitch voice, M3 as mid-pitch voice), mid-pitch melodic voice (Ms), one secondary
and a bass/rhythmic voice (M1). There was high pitch melodic voice (M1), and a subtle
lack of gradual changes in volume. The three | bass/rhythmic voice (Ms). M1 and M3 added
voices added counterpoint to one another. counterpoint to Ma.

Gs In Si (see video 6E) sequential call-response In Ss (see video 6F) there were two
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was observed with one call high pitch melodic
voice (Ms) and two response melodic voices
(i.e., M: as mid-high pitch and M2 as mid-low
pitch). All voices combined melodic
exploration with control (e.g., SGs were
turned left or right yielding multiplicity of
tones or rhythms, which not always combined
harmonically and rhythmically).

simultaneous melodic voices — one high pitch
(M1) and one low pitch (Mz), which combined
harmonically and rhythmically.

Go

In S; (see video 6G) two simultaneous high
pitch melodic voices (M1 and Mz) combined
with a homophonic bass/rhythmic voice (Ms).
All voices combined melodic exploration with
control (e.g. SGs were turned left or right
yielding multiplicity of tones or rhythms,
which not always combined harmonically and
rhythmically).

In S4 (see video 6H) the leading melodic voice
was transferred from Mz to M1 (dynamic role
change): first, simultaneously one high pitch
melodic leading voice (Mz) combined with a
low pitch melodic voice (M1); then,
simultaneously one high pitch melodic
leading voice (M1) combined with a low pitch
melodic voice (Mz). All voices combined

harmonically and rhythmically.

Given the time constraints in a musical improvisation session and the protocols of
improvisation, participants had to coordinate what in popular and jazz music are
traditionally known as intros and endings. In interaction analysis, beginnings and
endings are considered meaningful units when analysing an activity as a structured
sequence of events because they can tell us about collaborative negotiation during the
start and end of an activity [Jordan and Henderson 1995, p. 57-59].

In later sessions, musicians tended to focus more on their individual voices during
intros, using more sophisticated structures, although there were also invasions and
shared threads in spaces mainly in-between musicians. For endings, we found that
musiciansiin most groups fendeditc share Voiceswun aymore, sophisticated way G Gs
and-Gy), frequently using the middle of the table. Figure-10 illustrates the first (top)
and last (bottom) 1mtro/of Gi(see videos 7A, 7B), whereas /Figure 11 illustrates the
first (top) and last (bottom) ending of Gi (see videos 8A, 8B). Both figures indicate
how musically sophisticated intros and endings can become over time. For example,
in intros (see Figure 10) a development of greater sophistication is shown from using
one SG per thread with immediate sound output (top) in the first session to using
more objects per thread including the programmer for reprogramming the samples of
a cube object or the use of the preview technique for controlling when to trigger the
sound output (bottom) in the last session. In endings (Figure 11), the development of
greater sophistication is shown from the sequential removal of objects of individual
threads (top) in the first session to voluntary serendipitous contributions to a large
shared thread on the centre of the table (bottom) in the final one.

Apart from developing musical sophistication over time, when comparing groups
and sessions, we found a large variety of types of endings. They included various
combinations of the same set of elements (see Table II), illustrating how group
dynamics and musical practices may differ even in a small set of groups.

Table Il. Endings. The icons within the circle represent the different types of ending techniques that were utilised.
Filled icons indicate the actual use of this technique in a session
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Gs

> Fade out: Incremental decrease of the volume (e.g.,
using global volume or modifying the volume
parameter of a SG).

* Global object: Use of an object with global effect
(e.g., global feedback, global volume, global tempo,
panning, radar trigger).

] Objects removed sequentially: Starting from one or
multiple threads for each musician to objects
removed one after the other.

o Serendipity: Presence of serendipity actions (e.g.,
massive use of all the objects or randomly tossing an
object).

* Shared threads: Presence of a shared thread (e.g.,
starting from one thread for each musician to one
shared thread).

)

oom oo‘m : : - 00034528
In S;, MG, adds a first SG (frame 1). M3G; adds and rotates a second SG whilst M;G; changes

the slider of the first SG (frame 2). M>G; adds and rotates a third SG whilst M;G; adds a controller
to the first SG (frame 3). MG, adds a filter to the third SG while rotating both objects (frame 4).

5 .

In Sy, MG, adds a cube and a programmer to select a sample and MyG; adds a SG (frame 1). MG,
adds a second SG and rotates one with each hand while MG, adds a FX (preview technique)
(frame 2). M3G, reprograms the cube, MyG; removes the second SG and M;G; adds two more FXs
(preview technique) (frame 3). M;G; removes one of the FXs and adds a SG for the thread to sound
(frame 4).

Fig. 10. Basic (top) vs. complex (bottom) intro.
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-

: _
S Y > -
e s -

00:49:40:20 - 00:49:52:07. 00:50:01:04

In G;S;, each musician is in charge of one thread (frame 1). They respectively start removing their
threads (frame 2). They keep removing their threads (frame 3) ... generating silence (frame 4).

In G;S,4, There is a shared thread in the centre that musicians playfully contribute to (frames 1-3)
... until the patch is left “alive” (frame 4).

Fig. 11. Basic (top) vs. complex (bottom) ending.

This data reveals that musicians’ participation was egalitarian and roles were
flexibly changed, which contrasts with traditional ensembles where roles are more
fixed. Furthermore, groups developed their own collective, distinctive sequence of
musical events using a variety of combinations of objects, which became more
complex over time, and which varied depending on each group dynamics and
situation.

8.7 FINDINGS: SOCIALL;GROUP INTERACTION

In this section, we detail the results regarding social-group interaction-in terms of
mimickinglbehaviours ahd verbal communication; which show how eollaborative peer
learning occurred with a hands-on approach in a situated context.

8.1 Mimicking

Mimicking refers to group members imitating another’s actions or behaviours.
Mimicking occurred in all groups and throughout all sessions without explicit talk.
We noted that the musicians generally tended not to look up at each other, and
seemed to rely on peripheral vision even when actions were imitated close in time.
However, during active manipulation and problem solving, if engaged in intense
discussion, participants looked onto the shared workspace combined with glances at
each other: for example, in response to a joke or an observation.

Generally, in early sessions, musicians tended to mimic basic structures or
techniques: for example, muting or unmuting a thread (GiS:), strobing on and off
whilst twisting left and right a filter positioned at the end of the thread (G2S:),
exploring and dragging an object on different threads (GsS1), or piling objects of the
same shape (G3Sz). By contrast, during the later sessions, musicians tended to mimic
more complex structures or techniques, e.g. building the same complex structure
such as a CT connected to an SG connected in sequence to two FXs (G1S3); twisting
an FX affecting an SG (G2S3); operating two SGs simultaneously (GsSs); or shaking
two FXs between two threads (GsSs).

We identified repetitions of different techniques among groups and sessions. A
representative example of how an idea is initially used by one musician, and then
repeated and reshaped by the rest of the group, is represented in Figure 12. Here,
M:2Gz first discovers and then develops in S: and S the technique of strobing on and
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off and twisting left/right an object (generally used with FXs or the global feedback
object) pointing to the white pulsing point in the centre, which modifies the general
sound output and tempo. In Ss3, not only M2, but also Ms adds the technique of
pointing an object to the centre for a global sound effect to his repertoire. Finally, in
Ss, M1 also utilizes and develops this technique, together with Ms and Ms, who
continue to use it. Figure 13 illustrates the use of the technique by each of the three
participants throughout the sessions (see videos 9A, 9B, 9C).

S1 Ss Ss S4 <> Original
M1G2 * ¢ ‘ Repetition
MG Ol e ¢ o &
M;Ge L 4 4 L 4
L B R L B |
30 30 30 30
Time (min.) Time (min.) Time (min.) Time (min.)

Fig. 12. Timeline visualisation of mimicking one technique over time.

0:57:24:08

In S;, MG, operates distortion In S;, M3G, operates global In S, M;G, operates granula-

effect in the centre using feedback in the centre using tor effect in the centre first

strobing and twisting. strobing, twisting & dragging. twisting it and then leaving it
in the centre for 90 sec.

Fig. 13. Mimicking.

Mimicking was widely used for implicit peer learning: it allowed musicians to
transfer techniques and practices between them. Mimicking occurred in a hands-on
and face-to-face context of learning by doing using constructive building blocks. What
specific techniques and practices were mimicked varied depending on the different
group dynamics and situated contexts.

8.2 Verbal Communication

Conversations happened mostly at the beginnings and endings of the sessions, and
only occasionally in the middle. Verbal communication was primarily used to share
knowledge in explicit peer learning. The most common events were error/repair
situations, discoveries, question/answer situations, think alouds, or group discussions.
It also was used for sharing expressions of satisfaction.

A representative error/repair situation, which happened in all groups, was the use
of the global volume object. This can be used to control the global volume of the
Reactable by rotating the object. It also has a slider, which defines the amount of
reverb or echo. However, the reverb feature is not explained in the user manual. On
several occasions, by just rotating the object, the reverb was increased unexpectedly
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to its maximum value. In all groups it took a certain time, either in the same session,
or in the following sessions, to understand the behaviour of this object, and thus to
learn how to repair reverb situations arising from the use of global volume. In
general, this issue was resolved individually (e.g., by trial and error), and then the
knowledge was shared with the group through explicit communication. We here give
one example:

In Gi, the issue arose and was repaired in Ss. M2G1 started the reverb
situation, and immediately repaired the situation by moving the
slider. Later on, M2G1 used it again intentionally. After the ending,
M2G1 shared his discovery by having a group discussion with the
other participants about the behaviour of the object.

There were also examples of verbal communication in particular group situations.
As shown in Figure 14, in G3Sz, the group of three discovered how the radar trigger
object worked as a metronome (set to 4/4) when positioning the object to the centre of
the table together with four more objects located in each quarter of the radar’s range
and representing one thread each (see video 10A). The group discovered the object’s
possibilities through discussion and experimentation. The group remembered and re-
used this technique in the following sessions S3 and Si (see videos 10B, 10C) when
they were four musicians, using more objects and threads. The technique was named
“the sync” in Ss by M3sGs (“Let’s try to do the sync”), and so when the new member
started in Ss, he was instructed by doing and with explicit explanations, for example,
M:sGs explained to MsGs: “This is like a four-step sequencer, this is time 1, 2, 3, 4”
pointing to the four quarters (see video 10B). In S4 the technique was repeated twice
without the-need of-naming it, asgpart of theggreup repertoire: one at 00:1-6:42:23x(see
videol10C), and the other/at00:42:37:21.

2

L&
00:37:01:18

In S,, discovery of using the In Sj, reuse of the radar trigger In S,, again, reuse of the radar
radar trigger object as a 4-step technique as a 4-step sequen- trigger technique (frame 3).
sequencer (frame 1). cer (frame 2).

Fig. 14. Explicit peer learning.

Verbal communication was used for explicit peer learning: it was used to share
knowledge in a hands-on context of learning from the peers while doing. As with
mimicking, this explicit transmission of knowledge varied depending on the different
group dynamics and situated contexts.

9. DISCUSSION

Here we discuss the findings relating to the interface, tangibility, and musical and
social phenomena. Then we outline design considerations, study implications,
limitations and future work.

9.1 Reactable’s Interface

The observed division into personal and shared spaces concurs with the territorial
behaviours found by Scott and Carpendale [2010] and Scott et al. [2004] in

ACM Transactions on Computer-Human Interaction, Vol. xx, No. xx, Article xx, Publication date: Month YYYY



Xx:26 . A. Xambbd, E. Hornecker, P. Marshall, S. Jorda, C. Dobbyn, and R. Laney

conventional tabletop collaboration. Our finding that musicians tend to play with the
objects nearest to themselves matches their observation that the spatial location of
resources influences the perceived ownership. The storage territory of the rim area
had a shared use, a behaviour that happens, as described by Scott and Carpendale
[2010], when the storage territory is located in the group territory, in this case a rim
area visible to all. Accordingly, an open question is whether there would be more
reservation and organization of resources with auxiliary storage territories.

Our data indicates that territorial constraints might be harmful for group
dynamics (cf. Scott and Carpendale [2010], Scott et al. [2004]) during tabletop free
improvisation activities, where it might potentially interfere with the early
exploratory behaviour that musicians utilised to understand the effects of different
objects and manipulations. In addition, once the initial phase of exploration was
completed, invasions into other musicians’ supposed territory or threads tended to
have a clear musical purpose and were not objected to or rejected by the other group
members, which indicates that they were seen as useful contributions. This concurs
with Hornecker et al.’s [2008] suggestion that allowing interventions into others’
spaces can promote a rich range of opportunities for collaborative work, group
dynamics, and expertise development. Moreover, as Wang et al.’s [2006] suggest,
having no ownership markers might support participants in feeling part of a group.

Objects with different levels of thread influence ranging from local to global seem
to encourage a multiplicity of interventions into others musicians’ spaces (e.g., radar
trigger). This contrasts with traditional instruments where there is usually a
physical boundary between group members as well as instruments, which in itself
operates as a territorial indicator. Thus, a tabletop TUI with a lack of territorial
constraints, as it is possible with the Reactable,\xaises néw oppertunities for group
collaboration in creative activities such as musical improvasation.

Qur findings suggested \that _Reactable’s<# dynamie./ patching . of. automatic
connections promoted serendipity and creative discovery, a mechanism that seems
useful for creative domains in tabletop TUIs, especially during early exploratory
phases. Such findings are in agreement with recent research on collaborative
learning and interferences (Pontual Falcdo and Price [2011]), where unintentional
interferences are found to promote exploratory learning in more talkative contexts.
Although this version of the Reactable eases access for beginners and casual users, it
can also be interpreted as a constraint because automated connection does not allow
for full manual control. An additional mechanism for manually consolidating the
connections would be useful and suitable for advanced users who tend to prefer
having full control of the interface [Blaine and Fels 2003], as newer Reactable
versions have implemented, by means of physically bumping objects between them to
activate or deactivate the mechanism.

9.2 Tangible Interaction

The Reactable interface is designed on a modular and constructive basis [Jorda 2008]:
a set of tangible building blocks, each with a specific function that can be
interconnected to create both basic and complex configurations, provides a modular
interface. Modularity is mentioned as a design feature for learning through
construction processes with TUIs [Zuckerman et al. 2005]. Nonetheless, a large
collection of building blocks might become difficult to manage on a tabletop surface
due to its space limitation, which reduces the ultimate level of complexity compared
to other modular systems with fewer restrictions on space (e.g., LEGO bricks or
virtual simulations of modular structures). Thus, an open question is how to manage

ACM Transactions on Computer-Human Interaction, Vol. xx, No. X, Article x, Publication date: Month YYYY



Peer Learning during Musical Improvisation with a Tabletop Interface xx:27

this modular approach within the space restriction of a tabletop surface, which limits
the potential level of complexity. For example, the Reactable’s circular shape limits
the space available, and only operates with two-dimensionally positioned objects.
These limitations might begin to be noticed after several days of practice, yet virtual
mechanisms may counterbalance this physical limitation by providing more complex
behaviours at a digital level, as happens with the Reactable’s dynamic patching
mechanism.

Body and hand movements are characteristic of tangible and physical interaction.
When using the Reactable, groups performed a range of bodily actions and hand
gestures with generally little eye contact and individuals’ focus being on the tabletop
surface. A similar lack of eye contact has also been found in other studies of group
tabletop interaction [Hornecker et al. 2008], echoing early research on video
conferencing systems, which revealed that visibility of the workspace is often more
important for awareness and collaboration than a ‘talking heads’ video [Nardi et al.
1995]. The observed coordinated bodily actions between users (e.g., handovers or
bobbing heads in synch) seem to be promoted by interface mechanisms such as
synched multi-threading (i.e., using the same system time clock for all tangibles’
connections); as well as by having a shared interface with real-time feedback, where
manipulation and feedback response occur at the same space and time. This
synchronicity of input and output (i.e., real-time feedback) is suggested as a design
feature that supported the learning evident across the four sessions: immediate
results enabled users to explore the effects of different interface actions [Zuckerman
et al. 2005]. Our study found that the Reactable encouraged bodily interaction (e.g.,
head bobbing) with music because it affords standing and facing the other musicians.
By contrast, with touch-based mobile devices, there is less need to interact with the
body, and interactions are of a smaller scale, thus the9Joint dction is of‘a different
character/and/appears4much more_introverted-(cf. Swift [2012])..This chimes_with
Jorda’s [2008] description of one of the goals in the design of the Reactable’s being to
increase performativity in electronic music making.

We could also see how the tangible objects support performative action, for
example in the strobing effect, where musicians tended to lift the object high up from
the surface to then almost smack it down again, in a full-body movement that
emphasised the rhythm. While we have not explicitly focused on this in our analysis,
some of the examples we reported demonstrate how the use of tangible objects as
sound manipulators supports ancillary and communicative gestures. For example, a
participant moving a sound effect object across the table towards another musician
left his finger in a pointing gesture on it. Just touching the tangible object does not
manipulate it, enabling this kind of communicative gesture, whereas purely touch-
based interaction often suffers from the Midas-touch problem. As the literature on
the Reactable’s development highlights [Jorda 2008], tangible manipulation, when
compared to touch, can free musicians’ visual attention to focus, for example, on
other objects, or watch what his/her peers are doing on the table surface while still
retaining control over the tangible held.

The reported physical explorations with the objects and their relations (e.g., piling
or tossing objects) seem to be a vehicle to discover the digital domain of the tabletop
TUI: a dialogue between physical explorations and real-time feedback supports
discovering hidden connections between the physical and the digital. As suggested by
Ishii et al. [2012], we are still in the infancy of TUIs, and changes in material and
physical properties are far from being represented in the digital domain. For example,
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the Reactable only registers two dimensions, and so piling objects has no effect on the
interface.

A number of challenges arise from these physical explorations. First, the
Reactable’s tangibles operate as controllers where the output is projected on them as
visual feedback, but the tangibles lack embedded information, contrary to other
tangible systems such as Siftables [Merrill et al. 2007]. An open question is to what
extent having computationally embedded tangibles would influence this trial and
error dialogue between the digital and the physical domains. Second, an assumption
in the Reactable is the number of parameters that can be manipulated (from one to
three per object in this Reactable version), and the number of inputs and outputs
(where the outputs are limited to one or none depending on the object in this
Reactable version). Yet, in the broader unit generator paradigm [Roads 1996, p. 787—
788], a unit generator can include multiple parameters and inputs/outputs. A finer-
grained representation of the unit generator paradigm on a TUI is a challenge: we
are still in its infancy stage®.

9.3 Tabletop Musical Improvisation

Awareness issues of who is doing what sometimes occurred when there was a lack of
understanding of how to control the interface, mainly during early sessions. As an
example, the preview technique shows how an understanding of control is developed
over time, including awareness of individual actions. Blaine and Fels [2003] propose
providing multimodal inputs and outputs in collaborative interfaces as a
reinforcement of individual actions. Zuckerman et al. [2005] suggest using
multimodal representations with TUIs to engage different senses (e.g., touch, vision,
auditory) land support different learning styles. Both approaches are based on |the
identification of acetions through sense;based perception.I'huss-a-possible solution to
cope- with -awareness -<dssues™in ‘early sessions” might be-to provide-—multimodal
feedback, which seems to support different individual and group dynamics.

The tabletop interface, the free-form nature of the activity and the characteristics
of the Reactable’s interface seem to promote egalitarian participation with dynamic
role changes (in contrast with more hierarchical structures). This exemplifies an
interconnected musical network, a term coined by Weinberg [2005] to describe
interdependent and dynamic networks that promote social interaction. Musical
improvisation with the Reactable contrasts with improvisation in traditional
ensembles such as jazz combos: musicians play individual instruments in the latter,
whereas musicians share the same interface in the former — a fact that provides new
perspectives and roles to the practice of improvisation. Thus, while in jazz ensembles
musical improvisation tends to be a self-reflective process [Sawyer 2003], the
Reactable provides opportunities for musical knowledge to be transmitted in a
collective reflective process through a shared interface with real-time visual feedback.

Our data shows how musical tabletop design promotes equal participation, and
dynamic and versatile roles, in agreement with Hornecker et al. [2008]. This
contrasts with the idea of a need to define roles in collaborative music, when sharing
the same digital media [Brown 2006]. A number of dialogues in our study were
reminiscent of traditional musical ensembles, in particular jazz ensembles, where
there is a distinction between rhythmic accompaniment and melodic soloist roles
[Monson 1996]. However, variations in tempo were easily executed with the

® Newer Reactable’s versions such as the Reactable Live or the Reactable Mobile app include configuration
settings and additional parameters.

ACM Transactions on Computer-Human Interaction, Vol. xx, No. X, Article x, Publication date: Month YYYY



Peer Learning during Musical Improvisation with a Tabletop Interface Xx:29

Reactable (e.g., the metronome object controls the global tempo), and changes of
voices and musical roles tended to be fast-paced, features that seem to be particular
to this musical tabletop interface. In agreement with Day [2010], the endings of
sessions appeared to fulfill the role of resolution and wrap-up as happens in jazz
musical improvisation (and, by extension, other musical genres as well). But we
observed simultaneous equal participation, which is different to traditional endings
of jazz solos.

Nonparticipation is traditionally associated with a passive attitude, whereas here
it can constitute an active role (e.g., a set of tangibles left on the surface can keep
behaving with no human intervention). Nonparticipation may occur for several
different reasons: first, the available limited number of resources, the size and shape
of the tabletop surface, and the number of collaborators seem to determine the
performance considerably; second, with the Reactable it is not necessary to physically
play all the time in order to produce sound; and, third, silence can be also considered
a contribution in music performance [Cage 1961]. Thus, nonparticipation (or rather:
bodily inactiveness) can be considered a positive aspect in tabletop musical
improvisation.

The capacity of expressing varied sequences of musical events and combinations of
objects with different levels of complexity by all group members seems to play a key
role in improvisational activities on tabletop TUIs and group development. These
improvised sessions include a sequence of musical events with a beginning,
development, and ending. The nature of the system makes each session different and
difficult to reproduce. The following elements appear to be relevant to support these
collective, distinctive set of musical events: sequenced actions (e.g., dialogues
between usersgsuch as seall-response, adding ‘er removing ,0bjects| sequentially,
inerémental increase or/ decrease of ,objects’ parameters); individual and shared
structures (e.g.-individual vsishared(threads);-global control.(e.g., \global volume._or
global tempo) and local control of structures; serendipity actions (e.g., dynamic
patching); synchronicity of actions (e.g., all threads in synch); customisation of data
(e.g., loading your own data on cube objects); or modularity (e.g., basic vs. complex
structures).

9.4 Situated Peer Learning

Verbal and nonverbal communication were used in varied situations for
collaborative peer learning during musical improvisation on the Reactable. We found
similarities and differences between groups in terms of how verbal communication
was used, and of how techniques and practices were mimicked. Both occurred in a
hands-on and face-to-face context of learning by doing using constructive building
blocks.

Groups developed ensemble skills such as solving problems in teams, sharing limited
resources, or social tinkering. This is in line with the findings of Harris et al. [2009]
and Rick et al. [2011] who present interactive tabletops as suitable environments for
collaborative learning. It also relates to social constructivism and the role of peer
interaction [Vigotsky 1978], which considers learning as a collaborative process in a
meaningful social context: here peers construct new meanings together in particular
contexts. For example, the technique “the sync” was only co-invented and co-
developed by group Gs. Both explicit and implicit peer learning occurred in the
practical context of learning by doing. The learning process seems to be similar to
situated learning, where knowledge is shared and co-constructed within a context
and community of practice (CoP), understood as a group that shares an activity [Lave
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and Wenger 1991]. Yet this literature has typically focused on examples of beginners
learning from experts. Our participants learned from each other (groups were based
on similar level of musical expertise), and, only in the case of Gs was a newcomer
instructed in later sessions on certain techniques. As with other TUIs in education,
situated peer learning happens through hands-on, social tinkering [Zuckerman et al.
2005]. Our findings show how group dynamics and tabletop design can influence
situated peer learning. The peer learning happens, in agreement with Suchman’s
[1987] findings, in a situated action: action and knowledge are interrelated;
collaborative learning happens in the course of action. Our findings also relate to
those of Rick et al. [2011] who discuss the benefits of supporting different group
dynamics when learning using interactive tabletops. Furthermore, theoretical
accounts of collaborative learning by doing, such as Roschelle’s [1992] notion of
convergent conceptual change are relevant here. In such learning, people gradually
construct a shared, convergent meaning, which is situated [Suchman 1987] — the
construction of shared meanings depending on the actors, the context, and the
technology used. Repairing the reverb situation when using the global volume
exemplifies this: understanding the behaviour of this object was co-constructed in
collaboration with peers, and even though it happened in all groups, each group
solved it differently in their own meaningful context.

The evidence of wide use of mimicking is understandable, being a common
practice typically found between musicians, even more so in improvisation. As Bailey
[1993] suggests, improvisation is based on imitation, repetition and exploration.
Mimicking is greatly facilitated by tabletop TUIs in general, and the Reactable in
particular, because participants are co-located and face-to-face with the same
interface, withyno |disparity in the tangible ‘ebjects available to|them. Thus,
interactive tabletops| permit straightforward visibility ofseollaborators’ bodily actions
over. the 'tabletop ‘surface, which _can be'seen and.imitated ammediately. This
approach permits reproducibility of constructions with object categories (e.g., SGs or
FXs) including repeated or unique tangible building blocks (e.g., different SGs or
repeated CTs), or gestures. Yet with the Reactable, this reproducibility is based on a
concrete representation of building blocks: a modular synthesizer. Little research
exists on building blocks with a higher level of abstraction that permits to use them
for different purposes. An exception is Zuckerman et al. [2005]’s MiMs, a set of
building blocks with a level of abstraction that permits to build different simulations
such as probability distributions or dynamic behaviours. A promising area of
research seems to be exploring MIMs on tabletop TUIs for educational and teaching
contexts, including tangibles with multiplicity of meaning and customisation of
tangibles.

9.5 Lessons Learned: Design Considerations for Hands-on Tabletop Collaborative Learning

We derive the following set of design considerations from the previous discussion on
the topics that emerged from data analysis of interface, tangible, musical, and social
group interactions: Reactable interface (1-2), tangible interaction (3-5), tabletop
musical improvisation (6-7), and situated peer learning (8-9). These design
considerations aim at informing how to better support collaborative learning on
tabletop TUIs using constructive building blocks for hands-on creative activities:

— 1. Allow self-regulation of space. A tabletop TUI with territorial constraints (e.g.,
individual vs. shared spaces) could be harmful for a free-form collaborative activity
such as improvisation. The lack of territories seemed to promote a self-regulation
of space, which was beneficial for musical improvisation. The nature of this self-
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regulation appeared to be influenced by the available space, the number of group
members, the available number of tangibles and their relations (e.g., from local to
global), and the progressive control of the interface.

— 2. Automated connection mechanisms can support creativity and learning.
Creativity can be computationally enhanced with automated system behaviours,
yet we should rethink how to complement them with an optional mechanism to
control them. An interactive tabletop with a mechanism that automatically
connects the tangibles’ inputs and outputs (e.g., Reactable’s dynamic patching)
seems to be useful to promote serendipitous actions and creative discovery. Yet it
can also be a constraint when users want more control over connections. In this
case, an additional mechanism to manually control them seems suitable.

— 3. Consider modularity and scalability with objects. Our findings show that a
modular tangible interface can allow for simplicity and combinatorial complexity,
which results in multiple compositional possibilities. Yet a future challenge is the
scalability of a modular set of tangibles on a tabletop interface beyond the physical
domain with no detriment to learning through construction processes.

— 4. Provide synchronicity in actions with objects. The Reactable’s implementation of
synchronicity mechanisms (e.g., global tempo clock, real-time feedback) provided a
constraint that promoted bodily coordinated actions between users when
interacting with the tangible objects. The nature of these embodied gestures fits
well with instrumental interaction in collaborative learning during hands-on
activities because bodily actions and gestures can be seen and mimicked, and
practical knowledge can be transmitted by doing. These gestures require sufficient
gpace tolbe performed.

— 5 Allow real-world, multi-dimensional interactions, which/also have meaning in
the digital domain. We. are stilllin the infancy-6f understadnding. mappings between
the physical and the digital domains in TUIs. The digital domain in tabletop TUIS,
usually represented by real-time feedback, is often discovered via a trial and error
exploration of the physical properties of the tangibles and their relations (e.g.,
piling or tossing objects), which can then be easily reproduced by others. The kinds
of actions that users perform in this physical exploration may inform future
directions of tabletop design by suggesting actions that could be digitally
interpreted, going beyond the 2D mappings which are currently implemented with
the Reactable.

— 6. Provide real-time multimodal feedback and allow for new approaches to
participation. Transferring traditional creative group activities such as
improvisation onto interactive tabletops presents new challenges to group
collaboration (e.g., awareness issues, participation roles). Providing multimodal
feedback such as touch, vision or auditory senses can mitigate awareness issues
and facilitate different learning styles. Permitting flexibility in roles and
participation (e.g., active nonparticipation, egalitarian participation) without
disrupting the activity seems relevant here, in contrast to more fixed and
hierarchical roles in traditional improvisation.

— 7. Provide diversity and flexibility for (musical) expression and development. A
flexible and modular tabletop TUI seems to promote a variety of combinations of
musical expression and control based on object manipulation. This supports a wide
range of flexible, creative approaches to sequencing events.

— 8. Allow for a variety of styles and situations. A modular and flexible environment
based on constructive building blocks seems to be suitable to support group
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dynamics and situated peer learning. This approach promotes different group
development processes, social tinkering, and learning styles. It has no interface
divisions regarding the number of users and their positions, who thus can join or
leave the activity at any time; supporting different problem solving styles; or
supporting different levels of composition complexity.

— 9. Allow reproducibility and multiplicity of meanings. Reproducibility of structures
and behaviours (that is, copying of structures or imitating gestures) facilitates
social tinkering, and learning by doing. The Reactable’s approach to constructive
building blocks is constrained to a concrete representation: a modular synthesizer.
A range of abstract representations using the same collection of building blocks
would allow modelling other systems, which could be beneficial to long-term
learning in other contexts.

The implications of our study concern design, research, and education. The lessons
learned listed above include a range of future directions and explorations for design.
Our study further demonstrates the utility of longitudinal studies and evidences that
studying musical improvisation on interactive tabletops can inform HCI research and
provide insights on skill as well as group coordination and development over time.
Our findings furthermore indicate how an approach based on constructive building
blocks on a tabletop tangible interface supports situated group learning in hands-on
activities.

9.6 Study Limitations and Future Work

A potential-critique-of our study-may be that we studied-improvisation practices in.a
lab instead of in“natural settings’. As Rooksby [2013] argues, sgcial analysis'does not
necessitate fieldwork (e/g-Suchman’s [1987] famous study was-conducted in a lab
setting), and lab-based studiescanprovide anadequatesetting forobserving situated
action. The musicians in our study relied largely on the same resources for
establishing awareness, coordination, and for learning, as they would do in other
settings. Moreover, we attempted to achieve adequate ecological validity by: (i) using
a casual and relaxed setup; and (i1) working with expert musicians, who are familiar
with musical improvisation, and are used to playing (and engaging) for long periods
in group work, even with strangers. As we discussed earlier, the musicians’ behavior
(e.g., leaving the room to take phone calls, arriving late for sessions, turning the
speakers’ volume level up or down at will) indicates that we were successful in this.
Furthermore, we studied musical improvisation, a free-form activity that includes
known protocols (e.g., beginnings, endings, dialogues) that cope with playing in a
group with strangers, thus providing our participants with a repertoire to draw upon.
A similar in-the-wild study would be very difficult to conduct: it is unlikely that we
would be able to access several bands having the same musical tabletop instrument
in their studios. In addition, with growing expertise, learning and development
processes slow down and become harder to observe. We would thus need to observe
groups at increasingly longer intervals. Here, we have therefore focused on the initial
phase of learning to jam together on the Reactable.

Another limitation could potentially be seen in studying only four groups. We
have therefore focused on a detailed qualitative analysis. Yet we believe that the
developments we have observed are typical of the user group (i.e., expert musicians)
chosen for the study, with a range of behavioural patterns having been consistent
across these four groups. At the same time the observed differences in group
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dynamics with just four groups indicate the variety to be expected if more groups
were to be studied.

For future work, we identified several topics. Future research could concentrate
on to what extent collaborative learning differs in other contexts (e.g., non-musicians
or children). This could include conducting research in real-world usage settings (e.g.,
schools or museums). Other topics could be studied in more controlled settings, which
would also enable the effects of different features of the interface to be manipulated
and compared. For instance, it could be investigated how to better support individual
and group awareness with different modalities of real-time feedback (e.g., auditory,
visual, haptic), which could be useful for general-purpose interactive tabletops. It was
out of the scope of this article to consider quality and progress of the musical style of
the groups. Future studies on these topics could further inform research on musical
tabletops and nonverbal communication studies.

10. CONCLUSIONS

In this article, we investigated collaborative learning and group development of
expertise during musical improvisation on the Reactable. We examined the
challenges and opportunities presented by a set of constructive building blocks on a
tabletop tangible interface over time. We observed interface, tangible, musical and
social group interactions. Our findings suggest that, similar to other TUIs based on
constructive building blocks, it promotes hands-on, social tinkering and development
of modular structures from basic to complex. Furthermore, tabletop interaction
especially promoted group coordination and learning by mimicking others through
instrumental interaction in a situated context. It also raised new challenges to group
collaboration, ¢omcerning Awareness issues or participation roles, We foundithat|the
Reactable’s lack of,\territorial constraints and its' automated ¢onnection mechanism
promoted‘exploration ahd creative-discovery,—which-is-useful-to positively motivate
collaborative learning in creative group activities. In sum, our research suggests that
this approach can promote collaborative and peer learning, which can potentially
inform constructivist approaches to learning using a computationally enhanced
tabletop environment in other domains.

We hope our study will promote future design, research, and education
approaches to collaborative learning on tabletop TUIs, and it will also inform future
research on nonverbal communication studies.

ELECTRONIC APPENDIX
The electronic appendix for this article can be accessed in the ACM Digital Library.

ACKNOWLEDGMENTS

The authors wish to thank all the participants who took part in the study. We appreciate the help of
Yvonne Rogers, Gerard Roma, Minh Tran, Sara Price, Mona Sakr, Karen Littleton, and Joe Cornelli for
inspiring and discussing ideas developed in this article. We are also grateful to colleagues at the Music
Technology Group (Universitat Pompeu Fabra, Barcelona, Spain), and to members of the Maths,
Computing and Technology faculty (Open University, Milton Keynes, UK), for their constant help and
support. Special thanks to Joe Mills, Sebastian Mealla, Carles Ferndndez, Dani Gallardo, and Lilia
Villafuerte. The work presented in this article has been conducted while Eva Hornecker was at the
University of Strathclyde, UK.

REFERENCES

BAILEY, D. 1993. Improvisation: Its Nature And Practice In Music. Da Capo Press, New York.
BLAINE, T. AND FELS, S. 2003. Contexts of collaborative musical experiences. In Proceedings of the 2003

ACM Transactions on Computer-Human Interaction, Vol. xx, No. xx, Article xx, Publication date: Month YYYY



xx:34 . A. Xambbd, E. Hornecker, P. Marshall, S. Jorda, C. Dobbyn, and R. Laney

Conference on New Interfaces for Musical Expression (NIME’03). Montreal, 129-134.

BooTH, G. AND GUREVICH, M. 2012. Collaborative composition and socially constituted instruments:
Ensemble laptop performance through the lens of ethnography. In Proceedings of the International
Conference on New Interfaces for Musical Expression (NIME’12). University of Michigan, Ann Arbor,
61-65.

BROWN, A. 2006. Code jamming. M/C J. 9, 6. Retrieved 11 Apr. 2012 from <http://journal.media-
culture.org.au/0612/03-brown.php>.

BRYAN-KINNS, N. 2013. Mutual engagement and collocation with shared representations. Int. J. Hum-
Comput. St. 71, 1, 76-90.

CAGE, J. 1961. Silence: Lectures and Writings. Wesleyan University Press, Middletown, CT.

CAo0, X., LINDLEY, S.E., HELMES, J. AND SELLEN, A. 2010. Telling the whole story: Anticipation, inspiration
and reputation in a field deployment of TellTable. In Proceedings of the 2010 ACM conference on
Computer Supported Cooperative Work (CSCW’10). ACM, New York, 251-260.

DAY, W. 2010. The ends of improvisation. «J. Aesthet. Art Critic. 68, 3, 291-296.

DILLENBOURG, P. AND EVANS, M. 2011. Interactive tabletops in education. Comp. S. Coll. Learn. 6, 4, 491—
514.

DO-LENH, S., KAPLAN, F. AND DILLENBOURG, P. 2009. Paper-based concept map: The effects of tabletop on
an expressive collaborative learning task. In Proceedings of the 23rd British HCI Group Annual
Conference on People and Computers: Celebrating People and Technology (BCS-HCI'09). ACM, New
York, 149-158.

FORSYTH, D. R. 2006. Group Dynamics. Wadsworth, Belmont.

FROBEL, F. 1887. The Education of Man. D. Appleton and company, New York.

FENCOTT, R. AND BRYAN-KINNS, N. 2010. Hey man, you’re invading my personal space! Privacy and
awareness in collaborative music. In Proceedings of the 2010 Conference on New Interfaces for Musical
Expression (NIME’10). University of Technology, Sydney, 198-203.

GRUDIN, J. 1995. Groupware and social dynamics: eight challenges for developers. In Readings in Human
Computer Interaction: Towards the Year 2000 (Second Edition), R., Baecker, J., Grudin, W., Buxton, S.,
Greenberg, Eds., Morgan-Kaufmann Publishers, Los Altos, CA, 762—-774.

HARRIS, A., RICK, J., BONNETT, V., YUILL, N., FLECK, R., MARSHALL, P. AND ROGERS, Y. 2009. Around the
table: Are multiple-touch surfaces better than single-touch for children’s collaborative interactions? In
Proceedings of sthe 9th International Conference lon Computer Supported’ Collaborative Learning
(CSCL’09). International Society of the Learning Sciences, 835-344

HEALEY, P.| G. T., LEACH, J."AND N. BRYAN-KINNS. 2005. Inter-play; Understanding 'group music
Tmprovisation as a form of everyday-interaction. I Proceedings of the"Ist International-Forum on Eess
is More — Simple Computing in an Age of Complexity. Microsoft Research, Cambridge.

HIGGINS, S. E., MERCIER, E., BURD, E. AND HATCH, A. 2011. Multi-touch tables and the relationship with
collaborative classroom pedagogies: A synthetic review. Com. S. Coll. Learn. 6, 4, 515-538.

HINRICHS, U. AND CARPENDALE, S. 2011. Gestures in the wild: Studying multi-touch gesture sequences on
interactive tabletop exhibits. In Proceedings of the 2011 Annual Conference on Human Factors in
Computing Systems (CHI'11). ACM, New York, 3023-3032.

HORN, M., ATRASH LEONG, Z., BLOCK, F., DIAMOND, J., EVANS, E. M., PHILLIPS, B. AND SHEN, C. 2012. Of
BATs and APEs: An interactive tabletop game for natural history museums. In Proceedings of the 2012
ACM Annual Conference on Human Factors in Computing Systems (CHI’'12). ACM, New York, 2059—
2068.

HORN, M.S., SOLOVEY, E.T. AND JACOB, R.J.K. 2008. Tangible programming and informal science learning:
Making TUIs work for museums. In Proceedings of the Interaction Design and Children Conference
(IDC08). ACM Press, 194-201.

HORNECKER, E. 2008. “I don’t understand it either, but it is cool”: Visitor interactions with a multi-touch
table in a museum. In Proceedings of the 3rd IEEE International Workshop on Horizontal Interactive
Human-Computer Systems (TABLETOP’08). IEEE, Amsterdam, 121-128.

HORNECKER, E., MARSHALL, P., DALTON, S. AND ROGERS, Y. 2008. Collaboration and interference:
Awareness with mice or touch input. In Proceedings of the 2008 ACM Conference on Computer
Supported Cooperative Work (CSCW’08). ACM, New York, 167-176.

IsHII, H., LAKATOS, D., BONANNI, L., LABRUNE, J.-B. 2012. Radical atoms: Beyond tangible bits, toward
transformable materials. Interactions. 19, 1, 38-51.

JENSENIUS, A. R., WANDERLEY, M. M., GOD@Y, R. I. AND LEMAN, M. 2010. Musical gestures: Concepts and
methods in research. In Musical gestures: Sound, movement, and meaning, R. 1., Godey, M., Leman,
Eds., Routledge, New York, 12—-35.

JORDA, S. 2004. Digital instruments and players: Part II-diversity, freedom and control. In Proceedings of
the International Computer Music Conference (ICMC’04). Miami, 706-710.

JORDA, S. 2005. Multi-user instruments: models, examples and promises. In Proceedings of the 2005
Conference on New Interfaces for Musical Expression (NIME’05). Vancouver, 23—26.

ACM Transactions on Computer-Human Interaction, Vol. xx, No. X, Article x, Publication date: Month YYYY



Peer Learning during Musical Improvisation with a Tabletop Interface xx:35

JORDA, S. 2008. On stage: The reactable and other musical tangibles go real. Int. J. Art. Tech. 1, 8/4, 268—
287.

JORDAN, B. AND HENDERSON, A. 1995. Interaction analysis: Foundations and practice. J. Learn. Sci. 4, 1,
39-103.

KALTENBRUNNER, M., GEIGER, G. AND JORDA, S. 2004. Dynamic patches for live musical performance. In
Proceedings of the 2004 Conference on New Interfaces for Musical Expression (NIME’04). National
University of Singapore, Singapore, 19-22.

KAWASE, S. 2009. An exploratory study of gazing behavior during live performance. In Proceedings of the
7th Triennial Conference of European Society for the Cognitive Sciences of Music (ESCOM 2009).
University of Jyvaskyla, Jyvaskyla, 227-232.

KELLER, P. E. 2008. Joint Action in Music Performance. In Enacting Intersubjectivity: A Cognitive and
Social Perspective on the Study of Interactions, F., Morganti, A., Carassa, G., Riva, Eds., IOS Press,
Amsterdam, 205-221.

LANEY, R., DOBBYN, C., XAMBO, A., SCHIROSA, M., MIELL, D., LITTLETON, K. AND DALTON, N. 2010. Issues
and techniques for collaborative music making on multi-touch surfaces. In Proceedings of the 7th Sound
and Music Computing Conference (SMC’10). Universitat Pompeu Fabra, Barcelona, 146-153.

LAVE, J. AND WENGER, E. 1991. Situated Learning: Legitimate Peripheral Participation. Cambridge
University Press, Cambridge.

MANUEL, P. 1998. Improvisation in Latin Dance Music: History and Style. In In the Course of Performance:
Studies in the World of Musical Improvisation, B., Nettl, M., Russell, Eds., University of Chicago Press,
Chicago, 219-236.

MARSHALL, P., FLECK, R., HARRIS, A., RICK, J., HORNECKER, E., ROGERS, Y., YUILL, N. AND DALTON, N. S.
2009. Fighting for control: Children’s embodied interactions when using physical and digital
representations. In Proceedings of the 27th International Conference on Human Factors in Computing
Systems (CHI'09). ACM, New York, 2149-2152.

MARSHALL, P., MORRIS, R., ROGERS, Y., KREITMAYER, S. AND DAVIES, M. 2011. Rethinking ‘multi-user: An
in-the-wild study of how groups approach a walk-up-and-use tabletop interface. In Proceedings of the
2011 Annual Conference on Human Factors in Computing Systems (CHI’11). ACM, New York, 3033—
3042.

MCCALEB, M. 2011. Embodied knowledge in ensemble performance: The case of informed observation. In
Proceedings of the Conference/on Performance Studies (PERFORMA’IL). Uniyersity of Aveiro, Aveiro.
MCGCARTNEY, J. 2002, Rethinking the computer music language: SuperCollider./Comput. Music J. 26, 4, 61—

68.

MERRILL, D, "KALANITHI, J:“AND MAES;"P:~2007. Siftables’” Towards sensor mnetwork -user interfaces: In
Proceedings of the First International Conference on Tangible and Embedded Interaction (TET07). ACM,
New York, 75-78.

MONTESSORI, M. 1912. The Montessori Method. Frederick A. Stokes Company, New York.

MONSON, I.T. 1996. Saying Something: Jazz Improvisation and Interaction. University of Chicago Press,
Chicago.

Moo0G, R. 1965. Voltage-controlled electronic music modules. J. Audio Eng. Soc. 13, 200-206.

MORRIS, M. R., RYALL, K., SHEN, C., FORLINES, C. AND VERNIER, F. 2004. Beyond “social protocols”: Multi-
user coordination policies for co-located groupware. In Proceedings of the 2004 ACM conference on
Computer supported cooperative work (CSCW’04). ACM, New York, 262—265.

NARDI, B., KUCHINSKY, A., WHITTAKER, S., LEICHNER, R. AND SCHWARZ, H. 1995. Video-as-data: Technical
and social aspects of a collaborative multimedia application. Comp. Support. Coop. W. 4, 1, 73-100.
NETTL, B. 1986. Improvisation. In The New Harvard Dictionary of Music, D. M., Randel, Ed., Harvard

University Press, Cambridge, MA, 392-394.

NETTL, B. AND RUSSELL, M. 1998. In the Course of Performance: Studies in the World of Musical
Improvisation. University of Chicago Press, Chicago.

NEWTON-DUNN, H., NAKANO, H. AND GIBSON, J. 2003. Block Jam: A tangible interface for interactive music.
In Proceedings of the 2003 Conference on New Interfaces for Musical Expression (NIME’03). Montreal,
170-177.

OLSON, I.C., LEONG, Z.A. AND HORN, M.S. 2011. “It’s just a toolbar!” Using tangibles to help children
manage conflict around a multi-touch tabletop. In Proceedings of the Tangible, Embedded, and
Embodied Interaction Conference (TEI'11). ACM, New York, 29-36.

PAPERT, S. 1980. Mindstorms: Children, Computers, and Powerful Ideas. Basic Books, Inc., New York.

PIPER, A. M., HOLLAN, J. D. 2009. Tabletop displays for small group study: Affordances of paper and digital
materials. In Proceedings of the 27th International Conference on Human Factors in Computing
Systems (CHI'09). ACM, New York, 1227-1236.

PONTUAL FALCAO, T. AND PRICE, S. 2011. Interfering and resolving: How tabletop interaction facilitates co-
construction of argumentatitive knowledge. Int. J. Comp-Supp. Coll. 6, 539-559.

PRESSING, J. 1984. Cognitive Processes in Improvisation. In Cognitive Processes in the Perception of Art, W.
R., Crozier, A. J., Chapman, Eds., Elsevier, Amsterdam, 345-363.

ACM Transactions on Computer-Human Interaction, Vol. xx, No. xx, Article xx, Publication date: Month YYYY



xx:36 . A. Xambbd, E. Hornecker, P. Marshall, S. Jorda, C. Dobbyn, and R. Laney

PRESSING, J. 1988. Improvisation: Methods and Models. In Generative Processes in Music: The Psychology
of Performance, Improvisation and Composition. J. A., Sloboda, Ed., Oxford University Press, London,
130-177.

PUCKETTE, M. 2002. Max at seventeen. Comput. Music J. 26, 4, 31-43.

PUGLIESE, R., TAHIROGLU, K., GODDARD, C. AND NESFIELD, J. 2012. Augmenting human-human interaction
in mobile group improvisation. In Proceedings of the International Conference on New Interfaces for
Musical Expression (NIME’12). University of Michigan, Ann Arbor, 27-30.

RICK, J., MARSHALL, P. AND YUILL, N. 2011. Beyond one-size-fits-all: How interactive tabletops support
collaborative learning. In Proceedings of the 10th International Conference on Interaction Design and
Children (IDC’11). ACM, New York, 109-117.

ROADS, C. 1996. The Computer Music Tutorial. The MIT Press, Cambridge, Massachusetts.

ROOKSBY, J. 2013. Wild in the laboratory: A discussion of plans and situated actions. ACM ToCHI. 20, 3,
19:1-19:17.

ROSCHELLE, J. 1992. Learning by collaborating: Convergent conceptual change. J. Learn. Sci. 2, 3, 235-276.

SAWYER, R. K. 2003. Group Creativity: Music, Theater, Collaboration. Lawrence Erlbaum Associates,
Mahwah.

SEDDON, F. A. 2005. Modes of communication during jazz improvisation. Brit. J. Music Ed. 22, 47-61.

SCOTT, S. D. AND CARPENDALE, S. 2010. Theory of Tabletop Territoriality. In Tabletops - Horizontal
Interactive Displays, C., Miiller-Tomfelde, Ed., Springer-Verlag, London.

SCOTT, S. D., SHEELAGH, M., T. CARPENDALE, T. AND INKPEN, K. M. 2004. Territoriality in collaborative
tabletop workspaces. In Proceedings of the 2004 ACM Conference on Computer Supported Cooperative
Work (CSCW’04). ACM, New York, 294-303.

SHAER, O. AND HORNECKER, E. 2010. Tangible user interfaces: Past, present and future directions. Found.
Trends HCI. 3, 1-2, 1-138.

SHAER, O., KoL, G., STRAIT, M., FAN, C., GREVET, C. AND ELFENBEIN, S. 2010. G-nome surfer: A tabletop
interface for collaborative exploration of genomic data. In Proceedings of the 28th International
Conference on Human Factors in Computing Systems (CHI'10). ACM, New York, 1427-1436.

SCHNEIDER, B., STRAIT, M., MULLER, L., ELFENBEIN, S., SHAER, O. AND SHEN, C. 2012. Phylo-Genie:
Engaging students in collaborative ‘tree-thinking’ through tabletop techniques. In Proceedings of the
2012 ACM Annual Conference on Human Factors in Computing Systems (CHI'12). ACM, New York,
3071=3080.

SLOBODA, J.[A., DAVIDSON, J. /W.,.HOWE M. J. A. AND MOORE, D..G#1996./The, role of-practice in the
development of performing/musicians; Brit. J. Psychol. 87,2, 287-309.

SEOETJES, H. AND'WITTENBURG; P.~2008: Annotation by catégory:-"EEAN and ISO-DCR"In" Proceedings of
the 6th International Conference on Language Resources and Evaluation (LREC’08). Marrakesh, 816—
820.

SPEELPENNING, T., ANTLE, A.N., DOERING, T. AND HOVEN, E. VAN DEN. 2011. Exploring how tangible tools
enable collaboration in a multi-touch tabletop game. In Proceedings of the 13 IFIP TC 13 international
conference on Human-computer interaction — Volume Part II (INTERACT’11). Springer-Verlag, Berlin,
605-621.

SUCHMAN, L. 1987. Plans and Situated Actions: The Problem of Human-Machine Communication.
Cambridge University Press, Cambridge.

SWIFT, B. 2012. Becoming-sound: Affect and assemblage in improvisational digital music making. In
Proceedings of the 2012 ACM Annual Conference on Human Factors in Computing Systems (CHI'12).
ACM, New York, 1815-1824.

VIGOTSKY, L. 1978. Mind in Society. Harvard University Press, London.

VISWANATHAN, T. AND CORMACK, dJ. 1998. Melodic Improvisation in Karnatak Music: The Manifestations of
Raga. In In the Course of Performance: Studies in the World of Musical Improvisation, B., Nettl, M.,
Russell, Eds., University of Chicago Press, Chicago, 219-236.

WANDERLEY, M. M. AND VINES, B. 2006. Origins and Functions of Clarinettists’ Ancillary Gestures. In
Music and Gesture, A., Gritten, E., King, Eds., Ashgate, Hampshire, 165-191.

WANG, Q., BATTOCCHI, A., GRAZIOLA, 1., PIANESI, F., TOMASINI, D., ZANCANARO, M. AND NAsS, C. 2006. The
role of psychological ownership and ownership markers in collaborative working environment. In
Proceedings of the 8th International Conference on Multimodal Interfaces (ICMI'06). ACM, New York,
225-232.

WEINBERG, G. 2005. Interconnected musical networks: Toward a theoretical framework. Comput. Music J.
29, 2, 23-39.

WIGDOR, D., PENN, G., RYALL, K., ESENTHER, A. AND SHEN, C. 2007. Living with a tabletop: Analysis and
observations of long term office use of a multi-touch table. In Proceedings of 2nd IEEE International
Workshop on Horizontal Interactive Human-Computer Systems (TABLETOP’07). IEEE, Newport, 60—67.

ZUCKERMAN, O., ARIDA, S. AND RESNICK, M. 2005. Extending tangible interfaces for education: Digital
Montessori-inspired manipulatives. In Proceedings of the 2005 Conference on Human Factors in
Computing Systems (CHI'05). ACM, New York, 859—868.

ACM Transactions on Computer-Human Interaction, Vol. xx, No. X, Article x, Publication date: Month YYYY



Peer Learning during Musical Improvisation with a Tabletop Interface xx:37

Received [Month] [Year]; revised [Month] [Year]; accepted [Month] [Year]

FINAL DRAFT

ACM Transactions on Computer-Human Interaction, Vol. xx, No. xx, Article xx, Publication date: Month YYYY



