
1st Nordic Music Technology Conference (NoMute 2006), Trondheim, Norway, October 12.-14., 2006.

TOWARDS PHYSICS-BASED CONTROL AND SOUND SYNTHESIS OF MULTI-AGENT
SYSTEMS: APPLICATION TO SYNTHETIC HAND CLAPPING

Cumhur Erkut

Helsinki University of Technology
Laboratory of Acoustics and Audio Signal Processing

P.O. Box 3000, FI-02015 TKK, Finland
http://www.acoustics.hut.fi

Cumhur.Erkut@tkk.fi

ABSTRACT

Physics-based sound synthesis methods excel in their effi-
ciency, expressiveness, and intuitive control, but they usu-
ally focus on a single sound source. Extending the control
strategies to multiple sound sources is not straightforward
because of the self-organization and complex group behav-
ior exhibited by a large population of objects. By regarding
each object of such a population as an agent, this contri-
bution systematically evaluates the requirements and design
principles of a multi-agent system for sound synthesis and
control. In a restricted domain of hand clapping synthesis,
it introduces a software application that partly corresponds
to these requirements and principles. A list of updates for
a better match has been deduced and prioritized. The sub-
sequent versions of the software will incorporate these up-
dates.

1. INTRODUCTION

The complex interaction between synthesis and control de-
termines the quality of a sound synthesis technique [1]. Phy-
sics-based methods excel in their efficiency, expressiveness,
and intuitive control [2, 3]. Currently, with an efficient phys-
ical model and a matched control interface, most orchestral
instrument sounds can be synthesized in real-time. In ad-
dition, physics-based techniques have been applied to per-
cussive or non-musical, everyday sound sources [4, 5, 6].
Meanwhile, systematic efforts have been devoted to control
in the course of realizing the full potential of the physics-
based models [7, 8].

Besides the gestural control stream provided by a per-
former, a block-based control hierarchy have been reported
in [6]. In this hierarchy, a higher-level stochastic control
block governs the dynamics of a simplistic, low-level syn-
thesis block. This approach allows the synthesis of ecolog-
ically plausible, organized macro-sound events up to tens
of seconds based on physical principles. Nevertheless, the
physics-based control methods have a common property in
general; they govern the behavior of a single sound source.

Extending gestural or hierarchical strategies to the con-
trol of multiple sound sources is not straightforward, as an-
imate and inanimate objects tend to exhibit various degrees
of self-organization [9]. On the other hand, multiple con-
trol streams are well-defined in ecologically-based granu-
lar synthesis [10], where three types of stream generators
are reported:

1. a single stream generator for bouncing sounds and
rugged texture

2. parallel independent, phase-asynchronous stream gen-
erators for sounds like water streams

3. parallel phase-synchronous stream generators for dense
sounds, such as the wind.

Hierarchical control blocks similar to the first and sec-
ond type of stream generators are common in physics-based
sound synthesis [4, 5, 6]. More recently, physics-based con-
trol strategies similar to the third type have been reported
for synthesis of hand clapping sounds [11]. Relying on the
separation of sound synthesis and event generation, these
strategies can produce individual hand-claps, or the asyn-
chronous/synchronized applause of a group of clappers.

The synthetic hand clapping can be considered a first
step towards physics-based control and sound synthesis of
a multi-agent system (MAS) that models self-organization
and complex group behavior of a large population of sim-
ple objects, i.e., agents [12]. However, there are a number
of unsolved problems in combining global, event-based in-
teractions of agents with local, signal-based interactions of
synthesis modules in modular physics-based sound synthe-
sis systems [13]. The main motivation of this paper is to
identify these problems, compare them to the current release
of our hand clapping synthesizer, ClaPD1 , and provide so-

1ClaPD is a Pure Data (pd) library [14] for hand clapping synthesis and
control. It is one of the two software implementations discussed in [11];
the other is ClapLab by Perry R. Cook. While the multi-agent control
strategies discussed here could be applied to ClapLab as well, this paper
solely focuses on ClaPD. ClaPD is released as a free software under the
GNU Public License (GPL). The current version (0.1) of ClaPD can be
downloaded from http://www.acoustics.hut.fi/go/clapd
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Figure 1: Use-case diagram of a physics-based MAS for sound synthesis and control.

lutions within its future releases.
The strategy followed in this paper is based on the Uni-

fied Modeling Language (UML) [15]. UML is a graphical
language for representing object-oriented software designs.
UML 2.0 defines thirteen types of diagrams; among them, a
use-case diagram is used for gathering of software require-
ments and a package-diagram represents physical or logical
relationships between software components.

The organization of this paper is as follows. Section 2
maps the requirements and design principles of a MAS onto
physics-based sound synthesis and control. The principles
are derived exclusively from the Swarm Simulation System
[12] and the mapping is performed by a use-case diagram.
Section 3 introduces the current structure of ClaPD using
a package diagram. Section 4 compares the use cases of
ClaPD and a MAS system. This approach highlights the
resemblance of ClaPD to a MAS, and at the same time, it
indicates further requirements for a full integration. These
requirements are prioritized to be a reference for future re-
leases of ClaPD. Finally, Section 5 derives the conclusions.

2. A PHYSICS-BASED MAS FOR SOUND
SYNTHESIS AND CONTROL

In a typical MAS such as the Swarm, the modeling formal-
ism is a collection of independent agents interacting via dis-
crete events [12]. An agent is any actor in the system that
can generate events that affect itself and other agents. Be-
ing a computational object, each agent has an internal data
representation (state) and means for modifying the state of

their own or other agents (behavior) through perception of
events around them. Observer agents access other agents’
states through their probe interface. The interdependence of
the agents are represented by certain actions. A schedule is
a data structure that combines actions in the specific order in
which they should be executed. A swarm is a collection of
agents with a schedule of events over those agents. The ob-
server agents form also swarms. Finally, a group of swarms
populate an environment.

Fundamental components of a simple MAS are swarms
for discrete event generation. The domain-specific sound
synthesis and control blocks can be either embedded into
agents, or implemented as auxiliary blocks driven by the
events. For instance, discrete swarm events can drive the
high-level control blocks for control stream generation or
the low-level synthesis blocks for audio stream generation.
The observer agents could be “microphones” for picking up
the audio stream, and optionally, “cameras” for GUI-based
probing of swarm events. The swarms can be located in a
virtual space where the agents can move and interact.

2.1. Use-case diagram

Figure 1 depicts the use-case diagram of a physics-based
MAS for sound synthesis and control. Four actors are iden-
tified: Designer, Performer, Agent, and Observer. The first
two actors are humans, the last two are software objects.
The human actors are distinguished by their role during the
creation and execution of the MAS; they can naturally be
the same person. Each actor can act on the auxiliary blocks
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to update the control and audio parameters during the de-
sign phase or in run-time. The basic roles of the actors are
as follows.

The designer constructs the swarm-based sound synthe-
sis model. She starts with the design of individual agents
and observers, i.e., by defining their state and behavior. Next,
she determines how to map the observed data onto the aux-
iliary control and synthesis blocks, and how the performer
will interact with the model. The designer then focuses
on the interaction of agents by enlisting their actions, and
schedules these actions. The agents and schedules make up
a swarm by definition, however if desired, the designer fur-
ther reshapes the swarm behavior. Finally, she places the
swarms into an environment. The performer interacts with
the swarm and its agents and changes the auxiliary param-
eters in run-time within the limits the designer has set. An
agent acts according to its programmed behavior and gener-
ates events, the observers probe the states of the agents and
drive the auxiliary control and synthesis blocks.

2.2. A use-case scenario

Consider a swarm of clappers. The designer defines an
agent’s action as clapping and moving in a circular trajec-
tory by a particular tempo, for instance k ∗ BPMswarm,
where k ∈ {2, 3, 4, 5, 6} is a state variable of each clapper
and BPMswarm is the consensus tempo of the swarm; both
controllable by the performer. She defines the schedule as
follows: after five individual claps, an agent tries to adopt
the tempo of its nearest neighbor. The swarm is constructed
by arranging the agents around a circle, and by placing a
set of microphones and a coordinate probe inside the circle.
The designer puts the swarm in a virtual room.

The next step is the design of auxiliary blocks. The de-
signer creates three instances of a modal resonator: a hand
clap resonator, a small wooden ball, and a large metallic
bowl. She designs two sonic objects: the first drives the clap
resonator directly with the agents’ events as impulses, the
second throws the ball inside the large bowl when a particu-
lar clapper claps, and controls the trajectory of the ball with
an auxiliary control block. She lets the performer choose
that clapper. Focusing on the environment, the designer
simulates the virtual room with an artificial reverberation
unit and, by accessing the coordinate probe, she places the
clappers into a three-dimensional, immersive multichannel
audio environment.

The performer lets the clappers clap, throw balls, and
move. She updates the swarm states BPMswarm and the
radius, the clapper states k and the trajectory direction, and
the position of the microphone probes. She also decides
which clapper should throw a ball, and morphs the small
wooden ball into a metallic cube. The clappers act accord-
ing to their simple behavior, but collectively as a swarm,
they create complex polyrhytmic sonic events.

Figure 2: Package diagram of ClaPD. ClaPD consists of a
set of externals, abstractions, and main patches, which are
depicted as sub-packages in the diagram. The synthesis and
control objects are grouped as templates. ClaPD imports
pd-API and freeverb∼ packages.

3. APPLICATION TO SYNTHETIC HAND
CLAPPING: CLAPD

3.1. Overview of ClaPD

ClaPD is a stochastic model in realm of [5, 6]. It con-
tains low-level synthesis and higher-level control blocks,
and primitive agents for event generation, which are fine-
tuned by hand-clapping statistics. ClaPD can produce ex-
pressive, human-like synthetic applause of a single clapper
with adjustable hand configuration, or asynchronous or syn-
chronous applause of a clapper population, but currently it
cannot simulate a complex multi-agent scenario as the one
described in Sec.2.2. The single clapper mode of ClaPD is
discussed in detail in [11]. The main focus of the present
paper is the second mode of ClaPD. The clapper population
is called audience, which consists of individual clappers.
The clappers do not interact, but listen to a master clapper
and adjust their clapping rates accordingly.

3.2. Structure of ClaPD

ClaPD consists of a set of externals, abstractions, and main
patches. Although pd hardly supports object-oriented soft-
ware design paradigms in its API or graphical programming
language levels, following the tradition of the pd commu-
nity, the components of ClaPD are called and treated as ob-
jects in the sequel, and the library itself as a package. The
package diagram of ClaPD is shown in Fig.2.

The low-level synthesis block in ClaPD follows the ex-
citation/resonator paradigm of physical modeling [13]. The
externals noiseq∼ and twopz∼ generate and shape the ex-
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citation signal, respectively, and reson∼ is the resonator.
The parameters of these synthesis blocks are drawn from a
triangular distribution that is implemented as an auxiliary
abstraction (trirand). This allows a small variation be-
tween each clap. The parameters of the triangular distribu-
tion correspond to the hand configuration prototypes, and
they are extracted from the analysis of recorded hand claps
in an anechoic chamber [11]. The abstraction oneclap ac-
commodates all the other synthesis objects and provides the
main synthesis block in the ClaPD; there is only a single
synthesis block regardless the number of clappers.

The auxiliary block clapper is the fundamental primi-
tive agent in ClaPD; its state is the delta-time until its next
clap in milliseconds, and its behavior is to update its own
state. The clapping mode of the audience (asynchronous or
synchronous) is user-controlled by a switch and perceived
by the clapper.

In the asynchronous mode, the abstraction humanrand

provides the clapper necessary parameters for its actions
by imitating the temporal fluctuations of a human clapper.
It calls the overloaded trirand and draws the delta-time
from the triangular distribution Tri(220,70). This distribu-
tion corresponds to the natural asynchronous clapping pe-
riod of the human clappers [11]. Special rules apply at the
beginning and the end of clapping sequence; in the first two
seconds the delta-time is expanded by % 10, and in the last
two seconds by % 2.

In the synchronous mode, the clappers listen to the mas-
ter clapper, which is a native pd metro object that ticks
with a fixed period around 440 ms. This imitates the period
doubling of human clappers during synchronization [11].
When the master claps, a clapper calculates its offset rel-
ative to the master and determines its behavior with the help
of the external object cosc. This control block is the most
complex object in ClaPD; depending on the entrainment
parameter [11] of the audience and relative offset between
the master and a clapper, it enforces the clapper to acceler-
ate/decelerate. Moreover, when the mode is switched back
to asynchronous, cosc decouples the clapper from the mas-
ter and accelerates its state until a natural clapping rate -
drawn from Tri(220,70) - is achieved. The detailed dynam-
ics of cosc operation can be found in [11].

The remaining objects within the library are three main
patches, the external ppl that controls the number of clap-
pers within the audience and the abstraction oneclapper

that generates the control stream in single clapper mode,
which is not discussed here. One of the three main patches
loads the required objects and provides a run-time inter-
face to the user. The patch SoloClapper is a single clap-
per model, whereas the other two are the models of asyn-
chronous/synchronous applause of an audience. Both en-
semble models synthesize audio streams, both only one of
them (Ensemble-GUI) provides primitive visualization by

flashing widgets. This patch is depicted in Fig.3 and dis-
cussed in detail in the sequel, where the user corresponds to
the performer actor of Sec.2.

3.3. Current use-cases of ClaPD

In the screenshot of the patch Ensemble-GUI in Fig.3, the
clapper abstraction is expanded at the lower-right side of
the figure. All the patches optionally include artificial rever-
beration to represent a listening environment via the pd ex-
ternal library freeverb∼. 2 The parameters of freeverb∼
can be controlled by the user, and its operation can be by-
passed with a switch. The output of the reverberation can
optionally be written to a file via an auxiliary block.

The audio stream fed into freeverb∼ comes from the
abstraction oneclap; the main synthesis block of the ClaPD.
The user can set the hand configuration parameters by ex-
panding this abstraction. The synthesis block receives the
clapping events from individual clappers of the audience.

The clapping events are probed by a GUI widget con-
nected to each clapper, it flashes when the clapper sends a
clap event. The maximum number of clappers are fixed at
60, but the user is allowed to set it to a lower value using the
interface block. Note that the simple visualization in ClaPD
is not the most efficient one: with 60 clappers it uses the
half of the available CPU power on a Pentium 4 machine,
whereas the audio calculations use only about %3. Without
visualization, the patch Ensemble-NOGUI can accommo-
date a much larger audience.

By using the interface, the user can start and stop the
applause, determine the asynchronous/synchronous mode,
set the level of entrainment, and the number of people at
the run-time. Note that all these operations act on the the
audience, the user has no means to access to clapper states
or to influence its behavior. This restriction and others are
the subject of the next section.

4. EXTENSION OF CLAPD TOWARDS A MAS

Fig.4 depicts the use-cases of ClaPD. This diagram is a
adapted version of the use-case diagram of a physics-based
MAS in Fig.1, according to the ClaPD description in Sec.3.
The elements of the diagram are color-coded according to
their correspondence to the MA-system depicted in Fig.1;
they also indicate the requirements. The difficult cases cu-
mulate around the designer; the current version of the ClaPD
implements hard-coded statistical algorithms particularly ad-
justed for hand-clapping synthesis. This leaves not too much
space for the designer; ClaPD is mainly user-oriented. More-
over, generalization of its algorithms for the control of other

2freeverb∼ is an artificial reverberation external for pd and
Max/MSP, written by Olaf Matthes and released as a free software under
the GPL. The current version (1.2) of freeverb∼ can be downloaded
from http://www.akustische-kunst.org/maxmsp

http://www.akustische-kunst.org/maxmsp
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Figure 3: ClaPD in action: the main audience patch with GUI support. The widgets connected to the clappers flash when
they clap. At this instant, six of the clappers are fully synchronized, and two are catching up.

Figure 4: Use-case diagram of ClaPD. The use-cases, actors, and auxiliary elements are color-coded according to their
correspondence to the MA-system depicted in Fig.1.
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sound sources is a difficult task. On the other hand, the low-
level synthesis block of the ClaPD can easily be replaced by
any other one.

The master clapper is an auxiliary agent that should be
pruned in the future. Instead, the clappers should inter-
act without any supervision. Currently, a master clapper
rate different than 440 ms effects the dynamics of the au-
dience in an unpredictable fashion3 . The master clapper
can be pruned, for instance, by implementing the algorithm
reported in [16].

The construction of the audience and modeling the en-
vironment are only partly addressed in ClaPD. The clappers
can be dynamically created, connected, and disconnected
to a topology defined by their coordinates. The audience
thus constructed can be placed on a two-dimensional grid
together with the observers. This could allow also a better
visualization strategy. A similar topology can be used to al-
low clappers to interact, and to set the level of their mutual
influence. The tools needed for these extensions are readily
available as externals at the pd repository4.

These requirements map to the following prioritized task
list by taking the importance and the development effort into
account:

• Implement a better visualization strategy

• Generalize the synthesis strategy

• Simplify the state and behavior of the clapper and al-
low user control

• Prune the master clapper

• Improve the modeling of the audience and the envi-
ronment

These tasks are crucial yet small steps towards a fully
modular, multi-agent physics-based authoring, control, and
sound synthesis system that allows the composition of mu-
sic interaction [17]. Tim Blackwell has done exhaustive
work in this direction, albeit not fully physical at the syn-
thesis and control levels. His work is described in detail at
http://www.timblackwell.com/

5. CONCLUSIONS

This contribution has systematically evaluated the require-
ments and design principles of a multi-agent system for sound
synthesis and control. Based on UML paradigms and Swarm
- a software platform for multi-agent simulation - the domain-
specific use cases are hypothesized. A software implemen-
tation for synthesis and control of hand clapping sounds
called ClaPD has been introduced. A comparison of these

3The screenshot in Fig.3 is actually taken during an experiment, where
the master ticks at 400 ms instead of 440 ms.

4It resides at http://pure-data.cvs.sourceforge.net/pure-data/externals/

Relative links to the particular libraries of interest are grill/dyn and
unauthorized/grid

systems reveals that, in its application domain, the structure
and function of ClaPD corresponds to a restricted multi-
agent system. The requirements for relaxing these restric-
tions are deduced, and they are prioritized as a reference for
future releases of ClaPD. The current, as well as the future
releases of ClaPD can be downloaded from
http://www.acoustics.hut.fi/go/clapd
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