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Abstract

This thesis examines controlled randomness, how to generate it, how it behaves, and its
applications. After beginning witie history and context of these methods, this thesis focuses
on ways of generating psewdndom and chaotibehavior. Through the research and
development of hardware and software implementations of unpredictatigttight the
possibilities of audio and visual compositions that rely on attenuated uncertainty. The hardware
consists ofa collectiomof modubr synthesizers conceptualized, designed, and realmed by
during the past two yeafoftware comes in the form of explorations of chaotic and pseudo
random algorithms that incleddifferent implementations of chaotic equatibimally, the
thesis addresses applications of these concepts through an interface between a modular
synthesizer and a computer, the creation of larger feedback systems using elements explored in
previous chapters, and examples of audio and visual vedekl avéh the various methods
explored herein.

Randomness offers artists and musicians a way of creating works directly influenced by a
northuman entity in the form of code and circuitry. While not conscious in a way recognized by
biological entities, ¢se systems of uncertainty seem to contain a life of their own. A
collaboration between artists and algorithms brings new possibilities to their work, creating new
possibilities that would otherwise not exist without the other. The intention of théousasr in
the application and direction of the randomness, but not necessarily the end behavior of it. But
the artist always has the option to disregard the influence of the uncertain, something the
algorithm lacks in its limited behavioral agency. We loo& prii | y not at o6true r
rather controlled randomness, psewadalomness, feedback, and chaos in the mathematical

sense.
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Chapterlintroduction

One of the things that have most captured my attention and drew me towards
technology as a focus is controlled randomnesspretlictability. It has been ingrained in my
artistic and musical practice over the past ten years, providing a structural backiformraghat
ot her el ement s. My focus has primarily Dbeen
and incorporatedoffiware such as Max/MSP. The idea of a give and take with a musical or
artistic system where 1, as the performer, have a hand in guiding the course of a piece, but
without the certainty that comes from composing every single element, captivates me. A syste
organized around uncertainty, a machine with its own agenda, an electronic ghost who steers the

course of a tangled mess of patch cables or software connections.

In this thesis, Will explore different methods of generating controlled unpredictability
from several angles. Firktdive into the history of modular synthesis and an overview of
randomness in terms of theory and technology. [Tgeninto Eurorack modular synthesizer
modules | designed and built, how they operate, and my design goalsatAfinove on to
different ways of generating and analyzing randomness in softwarel Exmdlye merging
the worlds of hardware and software with custesigned interfaces and practical applications
for these concepts with both audio and video.

(

ldonot focus primarily on O0true randomnes:

random values or numbers but rather on controlled randomness;rpadodmess, feedback

systems, and chaos in the mathematical sense. Humans arsepéiterncreates. Our

ancestors looked at the uncorrelated light shining from stars galaxies away and saw whole stories
illuminated in the sky. Most music, and to a lesser eidealart, is patterbased. True
randomness lacks some of the repetition that humans find so pleasing. Chaos and pseudo

randomness tend to form patterns that our brains find pleasing and latch on to.



While chaos and randomness are often used interchanyeaielyare a few
fundamental differences between the two. Randomness has no underlying order, and the
behavior of a truly random system is both-deiarministic and not influenced by previous
states of the system that creates it. If | flip a coin tes, tiegardless of how many heads or
tails, the eleventh flip of the coin is not influenced by the previous ten. Chaos is mathematically
deterministic but displays sensitive dependence on initial coaditi@isasensitivity temall
perturbations to # systemThis iswell illustrated with a double pendulum. A pendulum
consists of a weight hung from a pivot point so that it may move and swing\ fdeeilgle
pendulumsuspends a second weight from the bottom of the first pendukatng a second
pivot point.If you have two double pendulums and release thenewemsaslightly different
positions, they will initially follow a similar trajectblywever, they begin to diverge in
behavior rather quickly and will follow different paths througtstiegingnotions, as if they
were dropped from wildly different inipalsitionsThis is of course, until the forces of friction

and gravity deplete the energy and they come together again at rest.

Pseudaandomness may appear random to observers, but the methods for generating
theseemingly random string of numbers or values is fundamentally deterministic. After a period
of time determined by the method of generating the psmudiom signals, therieg of
seemingly uncorrelated values repidatsever, if this happens over a long enough period, you
may not be consciously aware of it. For exampléyilidéar feedback shift register (LFSR) in
a maximal configuration does not repeatfperiodof 16,777,21%iming incrementsmuch

longer than the average person can keep track of.

My road to this program started2®il5, when | purchased my first Eurorack mobule.
had been interested in electronics, startig§12 during the end of my undadyate degree
with early experiments in circuit bending and noise boxes. Circuit bending is a process of
openingelectronics, usually battpowered toys or instruments, and making connections the
designers never intended, usually in order to glitchptcatistort, or otherwise make results
t hat may be O6unwantedd in a commerci al produ
circuit bending saw a great deal of attention in the early R@0Q=srtists such as Casper
ElectronicsGijs Gieskeszet LoFi, Circuitbenders.co.uk, and many more creating-bentit



instruments for electronic music artists. Though it saw a bump in popularity during this time,
many people who were involved in circuit bending began to move towards not just modifying

otherpopl ebs electronics but making their own.

This happened concurrently with the rise of Eurorack modular synthesizers in the early
2010s. Eurorack is a modular synthesizer format popularized by the German company Doepfer
in the 1990s that has becomertiast popular modular format, with hundreds of companies
making synthesizers that are all compatible with eachsbéuega common form factor and
power specifications. Many of these companies are just one or two people working out of their

apartmentsrogaragesyhich 8 how | run my compangmiindustriies

Due to the fact that a whole marketplace of modular synthesizers exists in the Eurorack
format, companies donodt have to contend wit!l
manufacturersespeclly smaller ones, to make esoteric and specialized instruments. If a user
can get a greabunding oscillator from one company, then anaibmpanycan make a
distortion effect that uses an actual container of dirt without having to worry about making all
the other parts of a synthesizer. This is where | entered the landscape of Eurorack as a small
maker making unique and specialized instruments that fit very particular niches. | make them,

first and foremost, for myself, and selling them is secondary.

One of the unique things about the Eurorack marketplace is the willingness of the
participants to help each othduch of the community comes from the realm of DIY, or Do It
Yourself, a practice btiilding, repairing, altering, or otherwis@nging things without the aid
of socalled professionalsrofessional credentjads even trainingVlany designers or engineers
freely put up their schematics, code, or even |[BBitsonline One company, Mutable
l nstrument s, w h ireading thig doeshet exist anmyenore; i3 ang oféhe best
known and bestelling manufacturers of Eurorack moguiesded by lead engineer Emilie
Gillet. She made a conscious choice to make all the Mutable Instruments open source, to the
point where an eine marketplace has emerged that either directly clamedées oredesign
the circuit boardand front panels it takes up less spateshould note, of coursejost

companies follow thespensourcepractices



The modules | examine are the Cascading Register and Ya Jerk, both of which were
developed and realizegring my time at CalAradter years of researdine Cascading Register
uses what is called a shift register in order to generate-naselao voltags andbinary
signalsknown as gategpically used in a modular synthesizer as tewergs Ya Jerk is an
implementation of a circuit researcher Sptott laid out in his paper ANew Chaotic Jerk
Circuit, o6 with some modificati on,sfluencedbyak e it
researcher and fellow Eurorack manufacturer Andrew Fitch, aka Nonlinear Ciesatsvo
modules provide two different ways of generatipgedictability, with the Cascading Register

occupying the realof pseuderandom and Ya Jerk sitting in the world of chaos.

Another focus of the methods explored is generating complexity from relatively simple
building blocksThe Cases ASequationsas defi ned by J. C. Sprott i
Chaotic Flows aerptbred in the software sectiboil down to thredifferentialequations
which define the X, Y, andparameters as they relate to each otlegrtime Theseequations
consist of five terms and two quadratic -lvwgarities or six terms and one quadratic
nonlinearityA nonlinear equation is a set of equations that share common variables but at least
one of the equationscludesa norinear elementinear efers to a straight line with a constant

change, whereas nonlinear functions change ovendreral or slope.

The custom designed interfacgown as Introductiongjent through several iterations
and continues to gnoand evolve. Through all itsrfa, it boils down to a microcontroller
connected to jacks and potentiometers that take analog voltagate asignaland convert
them into messages recognized by the computer, typicallpdi@in/off and CC messages.
It actsas a bridgéetween a modular synthesizer and a commllewing the two to
communicate. Most often when discussing an interface between a synthesizer and a computer,
people refer to a way to send MIDI information out from a computer arilérggnthesizer,
but Introductions works the other way, allowing modulatidntimingsignals from a modular

synthesizer to control software on the coerput

Feedback refers to a saffuencing systertihat creates a loop by routiag output
back intoaninput. Anyone who lséhad theirmicrophone pick up their speakers on a Zoom
call knows the screeching effect of feedastke audio runs back in on itself, quickly building



to a piercing tonélowever, feedback does not only exist in the realm ofcadwencing but
hasmanyartisticapplcationsCreating a system that informs itg®fticularly when containing
elements of chancgrovides a treasure trove of creative possibiNtasy of the techniques
covered in the following pages requiraraount offeedbackn order tooperate and may also
operate as one element in a larger feedback system.

Over the course of this thesis, | dive deep into these different techniques in order to
examine a microcosm of the possibilities of unpredictable behavimlaesitto audio and
video compasons.lt is not intended to be an exhaustive overview thfeallays to generate
chaos and pseudandomness but rath&r documentmy process of exploration over timye
at CalArts.This thesis seeks to provide contxtl analysis of these techniggeserated
through experiments in both hardware and software to introduce a broader understanding of

stochast processe®nes that can be studfedemergent patterns but not precisely predicted.






Chapter?2

History and Context

I n 1895 Thaddeus Cahill submitted the firs
Generating and Distributing Music Electricall
Although there were some eantperiments in electronic music instruments, the Telharmonium
was arguably the first successful implementation of these concepts. Through electromagnetic
synthesis methods, it could transmit music over telephone lines in Victorian America. The name
comesfrom Telegraphic Harmony, hence TelharmoniDancerts were not performed in
person, but rather over telephone lines, allowing listeners to tune in at home or in public places

equipped with telephonasd loudspeakers.

Cahill &s dr eam vwsallg perfeot instraniert that codldi perfectly
synthesize tones with scientific acctr&ty imagined that this instrument would make all
acoustic instruments obsolete, as it contained elements from existing instruments without the

defects he perceivedresénherent to their design.

Instead of simple waveforms, which one might expect from an early electronic
instrument, the Telharmonium created complex harmonies from a series of sine waves generated
by electrical dynamos. These dynamos, or tone widalied the fundamental tone and six
ascending partials. The first version included 12 rotors spun at a speed determined by a belt
driven motor and allowed for six octaves of razmeering the 12 chromatic notes of western
tuning.Using orgasstyle stopsa performer could select which partials were heard, making the
Telharmoniurman earlyexample oklectronicaadditive synthesis. The pure sound generated by
the rotors, particularly in the first version of the Telharmonium, was particularly harsh, and so



Cahill included filtering in the form of secondary inductors that softened the sound and made

them sound morpure

There were three versions of the Telharmonium that Cahill made between 1895 and the
final concert of the Telharmonium in 1912. All thregiores were gigantic, occupying entire
buil dings in order to house all the parts nec
interest in the novelty of the Telharmonium waned after their initial delight in the sound, and
eventually, all threersions were sold for scrap parts.

As the vacuum tube proliferated in the early 20th century, radio engineers began
experimenting with different applications for them, and, quite by accident, discovered beat
frequencies and heterodyning oscillators. When two radio frequency waveforiias btitsim
not identical frequency are played simultaneously, they combine and create a third frequency
based on the difference between the oscillators. Several engineers found this idea to be
inspirational, but none remembered as much as Russian engiSeegeigitch Termen, better

known as Leon Theremin.

One issue many engineers ran into with vacuum tube heterodyning synthesis was the
human problem. Meaning that as a person came close enough to actually perform on a vacuum
tube instrument, the capacdite of the body caused variations in the pitch of the oscillators,
causing instability. However, Theremin famapportunity in this limitation, realizing that this
could be a way for a performerinteractwith an instrument. Thus, the first Theremas
born in 1917, also known as the Aetherophone. The original design included a foot pedal to
control the amplitude and a switch mechanism to control the pitch. However, by 1920, the

Theremin began to resemble the instrument we recognize today.

The Theemin includes an antenna and metal loop. The performer does not touch the
theremin butontrols the sound by moving their hands in the proximity of the instrument. The
antenna controls the pitch of the sound, while the loop controls the anoplitatiere of the
sound. The sound is reminiscent of a violin, both in the timbre and the continuous sliding

between pitches that comes from moving your hand back and forth to control the sound.



The Theremin was first shown at the Moscow Industrial Fair intd @2@onished
audiences. Vladimir Lenin was so infatuated with the Theremin that he requested lessons and

eventually commissioned 600 Theremins to be built and toured around the USSR.

In 1927, Leon Theremin left the Soviet Union for the United SEageslheremin
received a patent in 1928. By the 1930s, RCA began selling both kits and finished instruments to
the public. However, it was not seen by many as a serious instrument, but rather a novelty or
sound effect device. However, anyone who has sganRockmore perform on a Theremin
knows that it is a versatile and expressive instrument, although one needs a tremendous amount

of skill in order to master it.

Figure 1 Clara Rockmore Playing the Theremin

Jumpingforward a bit to the mii950s, RCA was a huge force in the world of
electronic entertainment and technology. They produced everything from televisions to record
players anaversawthe production of the Theremin in the United States. There was some
interest in the company of analyzing the popular music of the time to figure out what made a
song a hit. They thought if they could scientifically deduce the properties of popular songs, they
could create a formula and crank out top 10 songs. They also weaetd aircumvent the

cost of unionized orchestras, so they sought out alternatives. RCA engineers Harry Olson and



Herbart Belar were tasked with this project, which would develop into a huge endeavor that

would change the landscape of music and synthesis.

The first programmable synthesizer was born from years of hard work and hundreds of
thousands of dollars. 1t took up an entire ro
known at the time as the ColumBrinceton Electronic Music Center. Emire instrument

was essentially an analog computer designed for musical purposes.

Composersvould punch holes in pieces of paper that the machine interpreted through a
series of relays as instructions on pitch, amplitude, envelope, and timbrendiveeh note
in the composition. Each parameter had four columns of holes, making 16 possible values for
each parameter. The paper moved through the device at 100mm/sec and allowed for

compositions of up to 240BPM.

The Mark Il version of the syntliess addedeverafeatures, including doubling the
number of oscillators from 12 to 24, high and low pass filters, noise, and glissando, which
openedcompositional freedom to many more possibilities. In addition to the gandch
controlledparameters, ev 250 manually controlled sound shaping parameters were available,

grouped into clusters around the 10 196 racks
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On both versions, the primary sound sauveere vacuum tube oscillators that allowed
for four voice polyphony over several octaves. It also includedtiardeabrd cutting lathe,
one with six cutting heads that could record two notes at a time. After recording on the first
lathe, the secondthe would then mix down and cut a final record of the programmed sounds.
However, by 1959, the impracticability of cutting individual records was replaced by a tape

recorder.

While the synthesizer was groundbreaking in a technical sense, it wasenetweéll
by the public at large or many practicing musicians. The interface was obtuse, the sounds
simplistic, and was housed in a room unigersity unavailable to the general public. As the
transistor and integrated circuits began to proliferataland\ver the market of electronics,
electronic devices, including synthesizers, could be made much smaller, cheaper, and more
reliabl e. While the Mark I still exi sts, h ot

center, it has fallen into disuse.

In the early 1960s, a young man in upstate New York was selling kits for theremins and
tinkering with electronics. He would go on to bedbemame in synthesizers, even to this day.
That man, of course, was Rober tbhadBwerityinMoog. \
1963, Bob Moog collaborated with musician Herb Deutsch on the early design of what would

become the Moog Synthesizer.

The spark of genius in the Moog synthesizer was both the modular nature, where the
reprogramming was done with patahlesand the voltageontrolled nature of the synthesizer.
Control voltage, or CV as it's commonly referred to, is a way of controlling modular synthesizers
using electricityThis allows composers to automate different parameter changes over time
without having to physically tuknobs. This can be the pitch, volume, or timbre of a sound, or
any other parameter within the sysieme. other primary signal within a modular synthesizer is
a gate signal. Gaggnalsonly have two states, high or low, asdcammonly used as timing
signals. In a Moog synthesizer, this is commonly generated by pressing downoomaa key
keyboardnd then releasing it. This on/off signal could then be used to generate an event within

the modular synthesizer.

11



One breakthrogh of the Moogwas the standard of one volt per octave scaling standard.
What that translates to is that an increase of voltage of one volt translates to a doubling of
frequency for an oscillator, which we know as an octave. This scale is expongatial, as e

octave isloublethe frequencgs the previous octave.
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Figure 3: Early Version of the Moog Modular Synthesizer

Deutsch was responsible for the design of the ADSR envelope generators on the Moog
modular that shape sound over time. An ADSR envelope has controls for the time of an attack,
which is the time it takes to go from the off position to all the way on, mhekohference
between the hard percussive hit of a drum or the slowupuilia bowed sound such as a
violin. Decay is the time it takes to fall down fromttipatnost point in the signtd a level set
by the sustain. The envelope stays at thesktviey the sustain contas long asa signal is
active oruntil a key idet gqg and then the release parameter sets the time it takes for the

envelope to fade away completely.

Moog was able to patent only one part of his Moog modular, the filterisvihe&cmost
recogni zable part of the Moog modul ar. | 6 m
that characteristi@vaaahhti sound of an analog filter being swept is iconic in many different

forms of music.



Around the same time, on the othetesof the country, the members of the San
Francisco Tape Music Center were looking for new ways to generate sounds for their
compositions. Started by Morton Subotnik and Ramon Sender, the Tape Music Center included
composers sucas Pauline Oliveros, SteReich, and Terry Reilly. Subotnik put out an ad
looking for an engineer who could design new ways of synthesizing sound, moving away from
the large industrial laboratory equipment found in electronic music studios such as WDR Studio

in Koln, Germany, an@RM in Paris, France.

Don Buchla, a former NASA engineer, took Subotnik up on this project. With a $500
grant from the Rockefeller Foundation, he sent about designing what would become to be
known as the 100 Series Buchla system, although also someftineesto as the Buchla Box
or the Electronic Music Box. While Moog made modular synthesizemugidio synthesize
soundgeminiscent of acoustic instrumeaanid included a black and white orgfaite keyboard,

Buchla wanted to create a new paradigm for creating electronic music. The Buchla system
utilized sequencers, randomness, and tunable touch plates in order to create synthesized sounds.
Moog used filterto subtract harmonics from harmonically rich waveforms such as sawtooth

and pulse, known as subtractive synthesis. Buchla, on the other hand, used additive synthesis,
taking harmonically simple waveforms such as sine and triangle and adding harmgmics throu
frequency modulation, wave folding, and audio rate amplitude modtdatimonly referred

to as ring modulation.

Another major difference between Buchla and Moog was the separation of signals. In
Moog and many other modular systems, all signalteetee the same, occupying the same
range of voltages amnsinga single connection. Buchla, on the other hand, separated the
modulation and audio signals in the system. Audio signals tjagdaishielded cable similar
to 3.5mm/1/8th cablefound onyour wired headphonasd were referred to as Performance
Modules. Modulation sources, referred to as Compositional Modules, used banana cables, which
included the added bonus of being able to be stacked, allowing one signal to be sent to multiple
destinabns without using a specialisptittermodule. While Moog and many other synthesizer
makers used a 1V/oct standard, Buchla instead implemented a 1.2V/oct, making a change of

0.1V correspond to a setone.



B uc h| dobagsintd iandentness cametire form ofthe Model 160 and Model 165
modules released in the 100 Series. The Model 160 was a noise geheratopairs of
outputs. One pair output white noise, marked as flat, and the other pair output pink noise,
marked 1/FWhite noise is named such becausehiis equal power throughdle spectrum
of its bandwidth, containing a series of random phases, amplitudes, and fragnemdies
bounds of the signal. Was thought of as akin to white light which contains all other colors.
Other knds of noise took the naming convention of kinds of light and their energy and while
the metaphor doesndt exactly work, IPink i s an
noise does not have equal power density through its spectrum, but iEdexamia
spectrogram, slopes downward at a rate proportional to the frequency of thi isoise.
sometimes called musically flat nsiseethe energy contained in each octatervalis the
sameThe energy contained in the interval between 100 and @00id same as the interval
between 1000 and 2000Hz. The rate at which pinld reoisee n estogey is3dBJostave.
Pink noise is generally regarded as more pleasant to listen to than white noise, asisvhite noise
perceived to have more high freqyecantent due to the way human hearing works. Many
devices sold as white noise machines actually produce pink noise.

b
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Figure 4. Buchla Model 165
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The BuchlaModel 165 was a twahannel random voltage generator that produced a
pair of uncorrelated random voltages whenever it received a timindtsgyaadelcontained
device with no userccessible controlsamyway to affect the output besigescesmgit with
another module later down the patch chidiese random voltagegrestepped and ndtee
running only generated or changed when the module teaeiveing signal. It udeelays,
which function both to produce the stepped voltages framsasignal, suchs white noise,
andlet you know when it receives a timing sigisathe movement of the eleatnechanical
switches gives off an audible click when it engdgese relays were used to craaienple

sample and hold circuit.

A sampleand holdis adevice that is typically used to turn a continuous signal into a
discretely stepped signal. It has a timing input and a sampling input; when it receives a timing
signal, the sample and hold loakshe signal present at the sampling inpditséores that
voltage level. It takes that stored voltage and passes it to the output, where it is held until the
sample and hold receives another timing sin#iis point, it looks atthe sampling input
again, moves that voltage level into the sample and holdamnaffére old voltage level is lost.
Typically, the voltage source on a sample and hold is noise, usually white noise, which gives a
random collection of uncorrelated vahtethe output, useful for true random sequencing. It is
the most common way of generating randomness in hardwdirlyssiimple to implement
and produces continuous randomnéésle that is useful for many contexts in synthesis, true

randomness iutside the scope of this thesis.

The models 160 and 165 wxely simplistic, due to the fact that this was the mid
1960sNone of the early Buchla designs used integrated circuits, known colloquially as chips, as
they were not in widespread use attithe. In lieu of that, all designs were fully discrete,
meaning they were composed of basic electronic components such as transistors, resistors,
capacitors, and dioddBuchla was also charting unknown waters, producing a whole new
paradigm of generatietgctronic music and aand early works in any new field seem lacking
andbasc when looking back with hindsigHbwever, Don Buchla was not satisfied wvhigh t
original 100 series, and through the 1960s into the 1970s worked on a new collection of

modues, known as the 200 series. The 200 series would take the lessons learned from the 100



series, both from an engineering and musical point of view, and expand on their functionality,

control, interaction, and reliability.

While there are many aspectshef 200 Series that could be explolegplyin their
own right, l 61 | be | ooking specifically at tw
UncertaintyThe Model 265 was the first iteration, followed by the 266.

-‘ SOQIC[ OF U“CEIIAINTY MODEL 265 ;.
_low__ WHITE NOISE OUTPUTS _ high

RANDOM VOLTAGE OUTPUTS

INPUTS

CORRELATION

Figure 5: Buchla Model 265

The 265 contained three sections; nocasglom voltage outputs, and stored random
voltage outputdNoise comes in three varieties, low, high, and\ffaurth iteration of audio
noise used in the module tlkies not have a direct output is ecswl | ed O6noi sy tr
waveform. This is a 100Hz triangle oscillator that is synchronized to white oadse to
produce an equal distribution of random signals. This noisy triangle is used in both sections of
the random modulation. The random voltage outputs, which would come to be known as

fluctuating andom voltages, output a constantly changing random voltage whose period is
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determined by the Probable Rate of Change controls which vary the sp@diHizdm50Hz.

Each channel outputs a pair of signals and includes CV modulation over the rate of change.

The Stored Random Voltage section retained the timing signal input andiptircof
outputs seen on the Mode5, but added a unique featunarked Correlation on the front

panel. Tl correlation control is simple in its desgsically just a cross fader that fades

between the incoming noisy triangle and the output of the random voltage fed back into itself.

This allows users to sculpt theediion of the chaos to make it more or less related to the

systeds previou

S state. Turned

al

t he

way

itself. Turned all the way down, the output constantly shbaged on the noisy triangle. The
sweet spots are in the middle, where the module influences itself but includes new information
to generate the randautputs.

While the 265 is a powerful source of unpredictability, the 266bisttdd&nown
Source of Uncertainty. It retains the thraes gd noise outputs and the fluctuating random
voltages from th@65 butadds several other function blocKsese ar®uantizedRandom
VoltagesanIntegrator, Sample and Hold, antea version obtored Random Voltageghich
shares the name from th&b2ut is implemented in a completely different fashion

@ SOURCE OF UNCERTAINTY MODEL 266 ®

NOISE (\@ N (= = Z Z
o @)@ &Y ¢ ¢
Jdbjoctave flat +3dbJoctave
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Figure 6: Buchla Model 266
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The Stored Random Voltage section has a timing input and a probability CV input with
a pair of outputs. The outputs each have different plibbalof outputting a random value.
The top outputproduces signals that include an equal probability of output level. The
probabilitydistribution for the bottom output is determined by the probability control and CV
input, favoring high, midinge, olow valuesThis allows users to set the range of random
values generated by the module and therefore the amount of change that output contributes to
another moduleThe CV input allows the probabilistic distribution to be varied by an external

source, or even another signal from within the 266 itself if patched that way.

The Quantized Random Voltage isecalso includes a timing input and CV input over
the quantiz#on level with a pair of related but separate outputs. These are marked 2"n and
n+1, which correspond to their distribution of random voltédghs.control is at 1, thenn =1
and both the n+1 and 2n produce two possible valueant2l*l both equatwo. If n= 3,
then n+1 outputs one of four possible va(Be4) while 2”n outputs eight possible valRé3
= 8. N+1 scales linearlwhile 2"n scales exponentiallite n+1 output tends to favor the
values in the center of the probability distributdmle the 2”n has equal weighting across the
distribution.Both sections use what are called shift registers to generate their random, or
pseuder andom, signal s. I 61 | be going deeper int
with hardware impmentations of pseudandomnesd he 266 also includes iategratorand
sample and hold section. The sample and hold section creates a stepped voltage based on an

input signal and timing sigaad the integrator smooths out incoming voltages.

An uncortiirmed urban legend surrounds severagpaedled Buchla modulésat said
that the paint of these modules contained LSD. Rubbing your finger along them and licking it
was thought to give users an extra boost of creiigther or not thisynthesizeolklore is

accurate is up for debate, but it lends totheeihoh o s t hat surrounds Don B
In the 1970sCalArtshad several Buchla systems in their studios, but few had access. A

professor at the time, Serge Tcherepnin, wanted ® &mn@@ire accessible brand of synthesizer
that retained the experimental nature of Buchla synthesizers. Tcherepnin and students Rich
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Gold and Randy Cohen eventually set out on a goal to make their own synthesizer. The first
Serge systems, as they would nmevk, were designed and soldered at a kitchen table in
Tcherepninds home. Al t hough it started small,
students, as well as other musicians. They set up a pseudo factory on campus, and for the fee of
$700, you @ all the parts necessary to build gael system, all put togethersds,

assembly line style.

Figure 7: An early@aperfacéSerge at CalArts

The Serge paradigm breaks down the parts of synthesis intaréstirclements. All
connections are made via banana cables, with a color coating of the jacks to indicate if the signal
is AC, DC, or a timing pulse. Serge modules often use technical terms to explain musical
concepts, which may be daunting to some mmsjdbut often the constituent elements are
relatively simple. Sergeds function generat ol
(DUSG) is one of the besecognized parts. On a Moog system, you have an ADSR envelope
generator andn a Buchla, youake the Quad Function generator, both of which strictly
generate envelopes, usually used for varying amplitude or timbre. The DUSG, on the other
hand, can be used to generate envelopes, but can also be used as a slew generator to add
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portamento, add del&y a pulse signal, follow the amplitude of an audio signal, cycles like an
LFO or audio oscillator, or even be used as a simpteswrant low pass filter.

Serge also pioneered the concept of patch programming. Patch programming uses one
of theoutputs from a module patched directly to one of the inputs on the same module in order
to change the functionality. This could be making a function generator oscillate or turning a 16
step sequencer into ast8p sequencer.

The two modules that aneog usedfor generating randomness within a Serge system
are the Noise Source and the Smooth and Stepped Generator, known asTthe S&8i€e
Source outputs white and pink noise, plus another noise source called S/H Source that is
inspired by the noisyarigle found on the Buchla 265. Some iterations of the Noise Source also
include a stepped random output generated by either an external timing signal or with an
onboard button.

Figure 8: Paperface Serge Smooth and Stepped Geater and Noise Source
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The SSG is broken down into three sections, Smooth, Stepped, and Coupler. The
Smooth section smooths out incoming signals at a rate set by a control, turning stepped signals
into smoothly varying signalie Smooth section uses wisaknown as a track and hold. A
track and hold is almost the opposite of a sample and hold. Instead of only allowing signals to
pass to the output at clearly defined stepped intervals, a track and hold lets a signal present at its
input to pass freely the output. That is until the track and holeirexs a timing signal, at
which point it holds the level of the signal passing through it and does not let any signal through
until the timing signal goes inactive.

The Stepped section also includes a ®aergjor to smooth owignals butises a
timing signal tgenerate a stepped signal based on an inputisiggad sample and hdBbth
sections include cycle gate outputs, wivicen patched into their respective inputs, allow the
sections to oscitla and be used for modulation or an audio source. The third section is the
coupler output whichompares the signals present at the smooth and stepped side and outputs a

high signal when the stepped side is at a higher voltage level than the smooth side.

An SSG cannot be used on its own as a source of randomness, but it is a great way to
expand the functionality of the Noise Source. The Serge Fans website includes the following
suggestion on how to patch up a complex source of random modBktth theS/H noise
signal into thén input on the stepped side, patch the coupler out to the timing input on the
stepped sidand than input on the smooth sidehis creates stepped random voltages, smooth
random voltages, and random timing signals. Varying the controls of the smooth and stepped
sides affects the amplitude ainting of the random signals. There also exists a module that
does that already, knows the Random Voltage Generator, which outputs stepped, smooth,
and timing signal#. you openedyour case and took a look at the circuitry behind the front
panel, you would notice that the RVG actually nseS@ PCB, prewiring that common patch

programnad configuratian

The rise of lowcost digital synthesizers in the 1980s led to many musicians casting off
their analog synthesizers in favor of the newer, more reliblenallkeyboard sthesizers.
Analog was seen as a thing of the past, a guoostieppingstonéo the next iteration of
technologyHowever,n the mid1990sa German company named Doepfer had the idea of a
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new modular format, which came to be known as Eurorack. Eurorack refers to a standardization
thatdefines thesize of the fint panels, 3U or three rack units high, 128.5mm or just over five
inches. It also specifies the power requiremieotis in terms of what voltages the power
supply generates and the connections from the power supply to the individual modules. The
connectins between the modules are made on 3.5mrfi/idé® monophonic cables, similar

to the ones seen on headphones, but only carrying a single signal indtedidtefeo one.

Since themid-90s Eurorack has become the dominant modular formatyveitbver
100 companies of various sizes making and selling theynikesizemodulesWith the wide
range of available modules, there is bound to be variation on existing paradigms and new ways

of synthesizing and modifying sounds.

Two modules that takirect or indirect inspiration from the Buchla 265/266 Sources of
Uncertainty are the Doepfer-l491 and the Wogglebug, originally made by Wiard with
versions from Make Noise, Erica Synths, After Later Aamtioothers. The Doepfer-1491
can be seeas a direct link to the Buchla 266, stripping it down to its Stored and Quantized
random voltages. kdds controls to vary the amplitude of incoming CV for the N and
distribution for the Quantized and Stored random voltages, but otherwise is negradentica
retaining the same panel graphics seen on the original Buchla Imaidoldnas an optional
expander, which adds eight gate outputs based on the state of signals within the Quantized

Random Voltage section.
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The Wogglebug was originally designed by Grant Richter of Wiard Synthesizers. It could
be seen as a continuation of the ideas laid out in the 265 Sourcertfitdy. It includes the
fluctuating smoothndstoral stepped CV outputs, complete with correlation control, but adds
a third unique smoothed output, known as the woggle CV. This C\adligwalthe smooth
random voltagand wherit catches up to it, it bounces around that CV level with decaying
sinusoidawiggles and woggles. The Wogglebug features raalioteck andlock input to
synchronize all outputs to a comntiomng signal. In addition to providing modulation, it also
includes auditate oscillators connected to the random CV with outputsef@mooth VCO,

Woggle VCO, antthe result of ring modulating the two VCOs against each other.
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Figure 10 Make Noise Wogglebug

In 2012, Music Thing Modular released the Turing Machine as a DIY project. While it
shares the name Turing from the pioneering researcher in computer/daiefiagjng, it is
not a true Turing Machine i n t hmeseqwemgerthBtur i ng
allows users to guide the direction ofrtéimelomness without being able to control exactly what
notes are played. One unique feature that has attracted many users is the large knob that adorns
the front panewhichallows you to interaatith the randomness. By varying the position of the
knob, you can allow the module to introduce more or less randomness into the sequence, even
to the point where no new information is passed intdattabuffer,and it r@eats indefinitely.
This could be seen as harkening back to the correlation control on the 265 but implemented
differently.The length of the sequence is user definable between 16 and 2 steps long. Several
expanders are available, which add additional modulation outputs,gmaiagbased on the
state of the random sequencea simple matrix mixer hooked up to the output of the random

voltages.
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Figure 11 Music Thing Modular Turing Machine

Marbles from Mutable Instruments is a powerhouse of randorg and modulation
signalslt has three main sections; T, X, and Déja vu. The T section controls the timing of the
module, generatinthree timing signals with variable rate and jitter, or the amount of
randomness in the clock timing. T2 is the stdady signal set by the rate knob, while T1 and
T3 are controlled kyBias knobBias has thremodescoin toss, random ratio, and kick/snare;
in allof these modethe Bias controls the likelihood of the chance operation to affect T1 or T3.
The X segbn is a collection of modulation signals with variable range, probability distribution,
distribution bias, smoothness or steppiness, and quantization to a muskBathstdadeT and
X sections are connected to the Déja vu section, which @krats recycle the random data
within the module for looping behavior.
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Figure 12 Mutable Instruments Marbles

Nonlinear Circuitss an Australiabased modular synthesizer company run by Andrew
Fitch. Fitch has had a prolific caneetting out strange and esoteric modules with personality
baked into their front panel aRCB silkscreens. Modules have names such as RPoultry
Motion, Bindubba, and Brain Custaadd while some fall into standard synthesis categories,
many exist outside of traditional behavior seen in synkhésis.c hds out put has
releasing a new design every month or two anthga periodic DIYsynthesis workshop in
Perth.Much of the NLC output comes in the form of unique chaotic and random modules
which have been a large inspiration in terms of my own d&¥grs.| | explore t

inspiration from his work to mine in the hardware chapter.
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Figure 13 Nonlinear Circuits Brain Custard

Chaos
I n the beginning, there was nothing. At | east

Chaos was seas the prehistory of the world, a formless mass of nothingness that predated

humans orevengodsn Ov i d 06 s Mibetclzapter onprhecCseation, begins:

Before the ocean and the earth appgared
before the skies had overspread thém all

the face of Nature in a vast expanse

was naught but Chaos uniformly waste.

It was a rude anghdeveloped mass,

that nothing made except a ponderous weight;
and all discordant elements confused,

were there congested in a shapeless heap.



Some god force, or nature, personified with he/him pronouns, took this formless state
of the universe and gauedirection anda recognizabléorm. This conception of chaos
seemingly influenced the Christiegation myth as well, as before the earth exisesl was
formless void or abysehe disorder of emptiness stands in contrast to the divine ordefliness

creation.

Chaos is often used stsorthandor disorder and confusipeomething antithetical to
the rigors of science and mathematics. However, in the middle df taet @9, researchers
began to apply the term to an emerging realm of thought that touched the realms of physics,
mathematics, and evére life sciencesChaos theorganbroadlybe seen as studying the
seemingly random or unpredictable using deterministidts evangelists came from a diverse

range ofields butwere all drawn in by the allure of the unknown.

One of the major researchen the field was a man named Edward Lorenz, a
mathematician andeteorologistn the 1960s, he was working at Mtying to figure out a
way to predict weather patteris. many meteorologists, the idedooécasting the weather
was not a realm of serious consideration, ipwasfantasynd conjunctureThe idea of a
system that could predict weather patterndobed a tantalizing pipe dream, something not
worth considering or spending time pondeiitayvever, Lorenz was not one of these nay

saying scientists.

Lorenz had constructed aude weathesimulationusing a Royal McBee LGP
computer. It was a prinvié thing, able tperform about 60 calculations a second it was
what was available at the time. He sketched out 12 rglegeta hishypotheticalveather
systenthat determined the relationship between temperature and pressure, and then pressure
ard windspeedEvery few minutes the machine would print out a row of numbers, an
incredibly abstract ead wwds.rlfsyouocauld ddcodeathisdnangefics we a t

code, you could see the behavior of weather emerge, but never quite the sacee way t
Lorenz would eventually change the way the machine represented its findingsl He pick

avariable andepresergdi t by t he | e tnunther of&mades on eithdr side. Tleee r t a i r
machine would print a series@fdoschart the changes tfat parameter over timeoving
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back and forth across the printoldp and down t he idfar@aiontear c hed,

corresponded to some variablehsas wind direction. There was an order to the seeming

di sorder of iit, recognizable patterns that

In 1961, he wanted to get a better look at a particular behavior, so firstggtidgothe
simulation over from scratch, hetstéh partway through. He typed the initial conditions of the
system by hand, and let the machinainattendedvhile he did something else in the affice
When he returned, he had a shocking discovery. The machine had not repeated tlne behavior

sawbeforehand bubhad an entirely neprintout that deviated from the first. Slowly at first, but

as it progressed, the discrepancy grew and grew. He first thought something had malfunctioned

with his computer, as it often did, but he realized where the discoepaaérom.

The printout showing the numbers only printed the first three decimal places, but the
computer stored six decimal places in its memory. He had typed 0.506 inst€aBlO6f12i&
stored in memory. This tiny deviataond its resulting beharvibecame known as one of the

fundamental aspects of chaos theory: sensitive dependence on initial conditions. The machine

was governed by deterministic rules, but small changes to the parameters led to grasit changes
the system progressedrenz saw delicate order in hisipredictabilitya complex system that

was nevertheless governegmscifidaws

Chaos theory is sometimes mentiadongdthemwith the Butterfly EffectThe butterfly

di

effectuses the metaphtrh at t he si mpl evings inapemase locaitmemu t t er f |

disturbs the weather acauses a tornado halfway across the wesdts lateiThis is the best

known analogy of sensitive dependence on initial conditions.

Lorenz decided to keep pursuing complexity that arises asitngdlisticset of rules,
and eventually settled on a system of justibrémearequationsRatherthan lineaequations
that can be solved and plotted as a straight line on a mpaphear equations anot
proportionakind curved when graphé&dhey can be solved at @lhly nonlinear equations can
be chaotic, but not all nonlinear equations are cHamtnz took a series of equations that

described convection, or the rising of a hot liquid pagdstripped them down to their barest



elements so they no longer applied to real world condifioosnvection He kept the

nonlinearityof coursgbut threw out much of the other elements that made up the equations.

Plotting the three equations in thagmensional space creates what is called the Lorenz
Attractor. Fittingly, 1t almost appears to tr
abounded space never quite the same way twice. Lorenz dedumeifihdings in a paper
entitled oDeterministic Nonperiodic Flow, 6 wh
years to comd&he attractor was chaotic but not unstable. Noise or other perturbations would
not throw it off its longerm trajectoryThe system was stable in the long term and when

viewed holistically, but any one poimmamicroscale was unpredictable.

Figure 14 Lorenz Attractor
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A surprising placgherechaos shows up is in an equation that models population
growth, known as the Logistic MEging a simple equatiomlbgists could map the rate of
change in a population of aninwler time The simplest way to calculatectie@ngen
populationistoak e t hi s year ds popul @binthis case, andteb ol i z e d
multiply bya growth ratejoLe t 6 s s ay you sdfdeerh=MM,andlagrawthpopul at
rate of r=2x(next)=n*,or next yeards pepuldat popuil sateogumalt
growth rate. Thenyourepeats o x i s equal t dhefirstgearyouevi ous ye
would have 1@eer, in year two you would have 20 deer, in year three, 40 deer, etc. Obviously,
this runs away quickly, doubling e gvery year without any consideration for death by disease
orpredatonThe feedback | oop is infinite, | ast year

with no decreasa population

You need to reign in the numbers and account for mow@alits,simple change tine
equation does that. The new equation is x(next) =xy:x({lth the addition of {4) setting a
boundary to the growth. As x risesx)(Talls. With a growth rate under 1, the population
declines to extinction @&sdecreases eveygar.With an r growth rate between 1 and 3, the
population stabilizes, no runawgrpwth or decline. However, once r gabsve 3, the
population begins to oscillate between two points, reaching a different kind of stability. This is
known as periodouble bifurcationgneaning it takes twice as long to repeat a »alyeu
increase further, the population splits agema fouryear cycle, then eight, and then 16.
Eventually, whenis greater than r=3.57, the doublings give way to élwmwsve, the chaos
does not exist at all r values over 3.57, as r approaches 3.83, thergarmthogeles, then
six, then 12, and then back to chaos again. In fact, hidden in the logistic map are periods of
every lengthHidden in the chaotic nonperiodiscillations of the logistic map are islands of

order, small windows where the unpredictable gives way to the stable.

It should be noted that this way of calculating growth is a different type of equation than
the Lorenz attractor. The Lorenz attractot equations like it are differential equatibat
happen continuously over time, while the Logistic Map is a difference equation, with clearly
defined intervald.ike the difference between a smoothly moving second hand on a watch and

the minute hand #t jerks forward a set interval eviatlyrotation of the second hanthis
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works nicelywhen charting population growth in animals, as many animals have a distinct

breeding seasamd populations can be charted in yearly intervals.

In 1998, Dan Slatpublished a chapter in the Computer Music Journal entitled Chaotic
Sound Synthesis. This was one of the first instances of bringing the wbdds tieory and
modular synthesis in a formalized marMany early researchers in chaos theory used analog
computers in order to study chaos. In contraghéomuch more popular digital computer,
analog computers have the capabilibalmulatecontinuous signals, whereas digital computers
store values as discrete andos®ryintervals Mathematical equatis could be constructed
from operational amplifiers and common components such as resistors andscapacitor
However, due to the nature of physical parts, there are potential issues in small variations in the
characteristics of the materials making the. Jdnis is part of the reason that digital computers

have become the ubiguitous machine of the end of‘tlver@ry into the 21st century.

One thing that attracted the attention of the authors of Chaotic Sound Synthesis is the
ability to interface mg analog computers with hardware modular synthesizers. Many
computers outpudnalogsignals in the +A0V rangend are compatible with Buchla, Serge, or
Moog modular synthesizeBy programmingnalogcomputers, you can get any number of
behaviors, from simply scaling a voltage to complex chaotic equations not available in modular

synthesizers at the time.

One application was the construction of nonlinear filters that produce chaotic behavior.
Thesef i | ters are sensitive to an ,inotqustmisng Si Q|
frequency. Additionally, the nonlinear chaaotic filters may produce frequencies not present in the
input signal One chaotic systelike a state variablélter is the Uedatt@actor The Ueda
attractor can be constructed out of a modified state variable filter where one of the inverting

stagess swapped for aircuit that produces an x*3 function.

While an analog computer can be included with a modular synthesizer o order
calculate chaotic behavior, comnsgnthesilements in a modular synthesizer can also be

used to generate chaotic behaore example of this is an analog implementation of the



logistic map discussed abdvee author of the paper reordered thestagmap from x(next) =
r*x(1-x) to x(n+1) =k(xn- x"2n)

The implementation of the logistic map wesated using several Moog Modular
modules the 902 VCA and the 928 Sample and Hold. The 902isv&Aoltageontrolled
amplifier with both linear arekponential response curvw&scoltagecontrolledamplifier can
be compared to automated volume control. Instead of manually turning up and down the
volume for a signal, a second signal can be used to automate the amplitude or volume level of
that signalThe 902includes two inputs that are differential, where the signal present at the
lower jack is subtracted from the signal at the uppe¥aek only using one input signal, the
two inputs correspond to inverting and noninverting beh@wor902s areised to generate
the x"2 termwhile a thirdjenerates the kk®2) term. The k or chaos level is controlled by the
CV input on thehird VCA. All the VCAs are set to respond linearly to incoming voltages.

Figure 15 Method for Generating a Logistic Map with Moog Modular Synthesizers



