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ABSTRACT 
This paper outlines a Max/MSP external that models the 
behavior of a biological neuron. This external includes the 
operation of three different biological neuron models/relaxation 
oscillators with adjustable parameters: integrate-and-fire 
oscillator, leaky integrate-and-fire oscillator and the Fitzhugh-
Nagumo model.  
 Implementing these models in Max/MSP allows for rapid 
prototyping of neural nets, complex systems and synchronous 
networks. Three such examples are shown in this paper: a one-
dimensional and two-dimensional synchronous network and an 
interactive music composition/game. 
 
Keywords 
Max/MSP, Biological Neuron Model, Relaxation Oscillators, 
Synchronization 

1. INTRODUCTION 
The motivation for creation a Max//MSP [1] external that 
models the behavior of a single neuron stems from the lack of 
graphical environments where musicians and researchers may 
experiment with different kinds of complex systems or neural 
networks. Max/MSP is ideal because it comes out-of-the-box 
with a myriad of tools for sound synthesis, message handling, 
digital signal processing and also, with the use of Jitter, 
sophisticated visualization. This gives the user a sandbox 
wherein one may experiment with neural models on a small 
scale and gain insight into their function. It is the author’s 
belief that this hands-on approach may be a more intuitive 
learning approach than other methods for some users. 
 In order to provide better understanding of biological neural 
models, neural networks and their application to music, a brief 
history and highlighting of important topics will follow this 
introduction.  Then, each of the three biological neuron models 
are going to be explained in detail, followed by example 
patches in Max/MSP. A discussion of the methods employed 
and other applications will follow. Finally, future work will be 
discussed 
 

2. BACKGROUND 
In order to correctly frame the externals described in this paper, 
it will be necessary to give a brief history of some relevant 
topics from a number of different fields. First, we will discuss a 
general overview of a neuron, enough to understand the basic 
models we will employ and what they are emulating. 
 Neurons are “elementary processing units in the brain” which 

are connected to each other in an intricate pattern. The neurons 
found in the brain come in a variety of shapes and sizes, and 
each may be connected to more than 104 other neurons. [2 pg. 
3-4] Through these connections neurons may transmit signals, 
which are generally observed to be a series of pulses, or “action 
potentials” sometimes referred to as a spike train. 
 

 
Figure 1. Graph of Action Potential 

 In 1943, Warren McCulloch and Walter Pitts presented a 
paper on “neuro-logical networks” titled “A Logical calculus of 
the Ideas Immanent in Nervous Activity” [3] in which they 
discussed ideas about finite-state machines and logical 
representations of various forms of behavior and memory. 
These ideas, arguably led to the foundation of the field of 
cybernetics [4], which fused many ideas from biology, 
psychology, engineering and mathematics. 
 Theories of artificial neural networks and cybernetic systems 
have been applied to music in a number of ways. Mark Dolson 
gives a good, albeit older, introduction to music and 
connectionism in “Machine Tongues XII: Neural Networks”[5]. 
This paper gives an overview of neural networks and how they 
can be applied to music. Also from the same collection, “Music 
and Connectionism”[5] are some other examples of music and 
artificial neural networks. Hajime Samo and B. Keith Jenkins 
use a neural network for modeling pitch perception [5] while 
Robert Gjerdingen shows the ability of self-organizing systems 
to passively gain knowledge about music in “Using 
Connectionist Models to Explore Complex Musical 
Patterns”[5]. Douglas Eck has used the FitzHugh-Nagumo 
model, discussed later in this paper, to detect downbeats in 
rhythmic phrases [6]. 
 Additionally, a number of composers have used artificial 
neural networks to aide in the compositional process. Peter 
Todd has used neural networks in both analysis and algorithmic 
composition, some of his methods are discussed in “A 
Connectionist Approach to Algorithmic Composition”[5]. 
While James Tenney and Larry Polansky built on Tenney’s 
previous gestalt theories of music with “Temporal Gestalt 
Perception in Music”[7]. Also worth noting is Michael Mozer’s 
paper “Connectionist Music Composition Based on Melodic, 
Stylistic, and Psychophysical Constraints”[5]. 
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3. MODELS OF BIOLOGICAL NEURONS 
The following three subsections will detail the design and 
implementation of the integrate-and-fire oscillator, the leaky 
integrate-and-fire oscillator and the FitzHugh-Nagumo model 
of the neuron. All models were implemented in C using the 
Max 5.1.7 SDK for Mac 10.6.x. 

3.1 Integrate-and-Fire Oscillator 
The original design of the integrate-and-fire oscillator is often 
erroneously attributed to Louis Lapicque [8] and his 
experiments with frogs and elecricity. Bruce Knight introduced 
the term “integrate-and-fire” in the 1960’s and the first paper 
using this name is Knight’s seminal 1972 paper [9] on the 
dynamics of this model. Gerstein and Mandelbrot studied this 
model specifically, but earlier in 1964 [10]. 
 The neuron in this model receives an arbitrary input and 
increases in energy until it reaches some threshold, at which 
point it “fires” and resets to zero. Firing here refers to the 
neuron sending out a pulse to all neurons to which it is 
connected. Incorporating a refractory period can enhance this 
model, by disallowing a neuron to fire for a period of time after 
it just fired. 
 This basic circuit of this model consists of a capacitor C in 
parallel with a switch and a current I(t). [11]. The switch is 
closes when the threshold is reached, and resets after the 
refractory period. 

 
Figure 2. Circuit Diagram of IF Oscillator 

 The equation that represents this circuit/model can be written 
as follows (Eq.1 ) where V is the voltage across the capacitor.  

       

€ 

I(t) = C dV
dt

    (Eq. 1) 

 This model suffers from having no time-based memory. That 
is, if it receives an input below the threshold voltage, it will 
remain at that voltage indefinitely or until the threshold is 
reached. 
  

3.2 Leaky Integrate-and-Fire Oscillator 
This model improves on the previous by adding a “leak” which 
decreases the energy stored in the neuron over time. This is a 
more realistic representation of an actual biological neuron, as 
it does not hold a charge indefinitely. 
 This circuit representation of this model is similar to the 
previous but with the addition of a resistor R in parallel with 
the capacitor. 

 

Figure 3. Circuit Diagram of LIF Oscillator 
 

 Representing the leaky integrate-and-fire model mathematical 
only requires the addition of another term, analogous with the 
resistor. 

      

€ 

I(t) = C dV
dt

−
V
R

    (Eq. 2) 

3.3 FitzgHugh-Nagumo Model 
The Fitzhugh-Nagumo model is a much more sophisticated 
representation of the neuron than the previous two oscillators. It 
is a two-dimensional simplification of the Hodgkin-Huxley 
model [Hodgkin, A., and Huxley, A. (1952): A quantitative 
description of membrane current and its application to 
conduction and excitation in nerve.] Fitzhugh originally 
suggested the system in 1961 [12]. Here V represents the 
voltage of the neuron while W is a “recovery variable”. V is a 
quickly rising and falling oscillator while W is slower. 
     

€ 

˙ V = V −V 3 /3 −W + I       (Eq. 3) 
      

€ 

˙ W = (V − a − bW )τ      (Eq. 4) 
The values for the constants were experimentally chosen as: 

        

€ 

a = 0.7
b = 0.8
τ = 0.08

       (Eq. 5) 

 Nagumo designed the accompanying circuit to the above 
formula in 1962 [13]. It features the addition of a diode and 
inductor in parallel with the resistor and capacitor pair. 

 
Figure 4. Nagumo Circuit 

 The behavior of the circuit (V above and W below) for 
constant input of I = 1 and arbitrary timescale is below: (Fig. 5) 

 
Figure 5. Output of W and V of FitzHugh-Nagumo Model 

 
 



4. IMPLEMENTATION 
The Max/MSP external was implemented with the functionality 
of all three previously described biological neuron models. 
Users are able to select which model is used, and the 
parameters of the model by sending specific messages to the 
object. The object outputs a bang when it reaches it 
threshold/fires. 

 
Figure 6. simpleNeuron Max/MSP External 

 The constants for the FitzHugh-Nagumo model are not user 
controlled as the output behavior changes dramatically with 
different values of the constants. 
 
 

5. EXAMPLE PATCHES 
The design of the simpleNeuron object allows for easy 
connection to other simpleNeuron objects, making the creation 
of artificial neural networks easy to implement. Below are 
some example patches that use the simpleNeuron as a central 
element.  

5.1 1-D Locally Coupled Network  
This is a network of integrate-and-fire oscillators that is locally 
coupled. In this instance they appear in a ring lattice formation, 
with each node connected to its two nearest neighbors. This 
coupling is used in attempt to observe the phenomenon of 
synchronization.  

 
Figure 7. 1-D Locally Coupled Network 

 
Peskin used a globally coupled network of integrate-and-fire 
oscillators that exhibited synchronous periodic activity. This 
was in attempt to model the sinoartial node, a group of neurons 
that control the heartbeat [14]. 

 Although several authors have consistently observed 
synchrony in locally coupled networks for a myriad of initial 
conditions, a rigorous mathematical proof of this phenomenon 
has yet to be formulated [15]. 
 

5.2 2-D Locally Coupled Network 
Here is an example of a 2-D coupled network. Each node 
connects with its four neighbors directly above and below. 
Neighbors on the sides and corners of the network link with 3 
and 2 neighbors, respectively.  

 
Figure 8. 2-D Locally Coupled Network 

This network consistently locks into synchronous firing within 
the first cycle of oscillation for all three neuron models. It is a 
much more strongly connected network than the previous 1-D 
example. 

5.3 Interactive Composition/Game 
This patch is an interactive music composition/game called 
Synchronized Time-Fired Uprising (STFU). This patch features 
four MIDI synthesizers controlled by four coupled 
simpleNeuron objects each. A metronome with a toggle drives 
each of the simpleNeuron objects. The output of each 
simpleNeuron is connected to at least one other simpleNeuron 
object in its group of four and one from each of the other three 
synthesizers. This results in complex interactions of nodes 
activating each other, triggering MIDI sounds and altering 
MIDI parameters.  
 The player is instructed to simply activate the network by 
toggling one toggle and waiting for sound to begin. Once 
playback starts, their goal is to stop all sound from being 
produced. This may be achieved by attempting to toggle off all 
of the switches. However, there is a lot of interaction going on 
behind the scenes which may be altered by the player’s actions. 
This interaction results in a sort of chaotic musical whack-a-
mole game. A difficulty slider is included to allow adjustment 
to the game speed. 
 

 
Figure 9. STFU Patch 

 
 



6. DISCUSSION AND FUTURE WORK 
 The concepts and object presented here are simple models of 
only one element of many complex processes found in nature. 
Mathematicians and scientists have used integrate-and-fire 
oscillators to model a number of natural phenomena, from 
neural networks to earthquakes [15, pp. 13]. It is the author’s 
intent to allow musicians and artists to more freely be able to 
experiment with the possibilities of these models in a familiar 
context.  
 In order to achieve these goals a number of new methods can 
be implemented along with adaptations to the currently 
implemented ones. The addition of more neural models will 
allow for further flexibility with this tool set and add to the 
palette of interactions available to the end user. 
 Specifically implementation of a perceptron [4] and a back 
propagation method would allow for some of the most common 
neural networks to be used. This would add a simple machine 
learning paradigm for researchers and artists to use in the 
Max/MSP environment. 
 The current and future models would be enhanced by making 
them MSP objects, or objects that function at an audio sampling 
rate of signals rather than MIDI rate message sending. This 
would allow a more informative output from the neurons rather 
than a simple bang. A constant stream of data updating the 
current voltage or other variables in real-time would increase 
the usefulness of visualization and also increase the precision of 
synchronization and timing.   
 This would allow for a more diverse range of interactions and 
a variety of outputs from models like the FitzHugh-Nagumo. 
By altering the parameters of the model the different modes of 
functioning could be used to model a wider variety of 
characteristics. 
 Additionally it would be beneficial to port these objects to 
PureData. This would allow these tools to reach a broader 
audience and also benefit from the open-source community of 
software developers.  
   

7. CONCLUSION 
This paper has outlined the design and implementation of three 
biological neuron models for use in a visual programming 
language for music, Max/MSP. Examples of the Max external 
as well as a discussion about their further uses were also 
shown. These tools are building blocks for the design of 
artificial neural networks, complex systems and synchronous 
networks and they are intended for use by musicians, artists and 
researchers. 

8. REFERENCES 
[1] Max/MSP 5.1.7, Cycling ‘74/IRCAM, 1997-2008. 
[2] Maass, Wolfgang, and Christopher M. Bishop. Pulsed 

Neural Networks. Cambridge, MA: MIT, 1999. Print.  
[3] Mcculloch, W., and W. Pitts. "A Logical Calculus of the 

Ideas Immanent in Nervous Activity." Bulletin of 
Mathematical Biology 52.1-2 (1990): 99-115. 

[4] Minsky, Marvin Lee, and Seymour Papert. Perceptrons: 
An Introduction to Computational Geometry. Cambridge, 
MA: MIT, 1988. 

[5] Todd, Peter M., and D. Gareth. Loy. Music and 
Connectionism. Cambridge, MA: MIT, 1991. 

[6] Eck, Douglas. "Finding Downbeats with a Relaxation 
Oscillator." Psychological Research 66.1 (2002): 18-25. 

[7] Tenney, James, and Larry Polansky. "Temporal Gestalt 
Perception in Music." Journal of Music Theory 24.2 
(1980): 205. 

[8] Brunel, Nicolas, and Mark C. W. van Rossum. 
“Lapicque’s 1907 paper: from frogs to integrate-and-fire.” 
Biological Cybernetics 97 (2007): 337-339. 

[9] Knight, BW. “Dynamics of encoding in a population of 
neurons.” J Gen Physiol 59 (1972): 734-766. 

[10] Gerstein, G. "Random Walk Models for the Spike Activity 
of a Single Neuron." Biophysical Journal 4.1 (1964): 41-
68. 

[11] Gerstner, W. and Werner Kistler. “Spiking Neuron 
Models: Single Neurons, Populations, Plasticity” 
Cambridge University Press (August 2002). 

[12] Fitzhugh, R. "Impulses and Physiological States in 
Theoretical Models of Nerve Membrane." Biophysical 
Journal 1.6 (1961): 445-66. 

[13] Nagumo, J., S. Arimoto, and S. Yoshizawa. "An Active 
Pulse Transmission Line Simulating Nerve Axon." 
Proceedings of the IRE 50.10 (1962): 2061-070. 

[14] Peskin CS. Mathematical Aspects of Heart Physiology, 
Courant Institute of  Mathematical Science, New York 
University, New York 1975,  pp.268-278. 

[15] Shannon Campbell, “Synchrony and Desynchrony in 
Neural Oscillators” PhD Thesis, Ohio State University, 
1997. 

9. Appendix 
The externals should be available for download from the 
author’s website: www.digitalmusics.dartmouth.edu/~phermans 
the source code is available on request from the author via the 
email found on the front page. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 


