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Perry R. Cook

Princeton Computer Science
(also Music)

Phys ically-Based Parametric
Soun d Synthesis and Control

Course Introduction

Parametric Synthesis and Control of
Real-World Sounds for

virtual reality

games

production

auditory display

interactive art

interaction d esign
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Schedule
0:00 Welcome, Overview
0:05 Views of Sound
0:15 Spectra, Spectral Models
0:30 Subtractive and Modal Models
1:00 Phys ical Models: Waveguides and variants
1:20 Particle Models
1:40 Friction and Turbulence
1:45 Control Demos, Animation Examples
1:55 Wrap Up

Views of Sound

•    Sound is a recorded waveform 
PCM playback is all we need for 
interactions, movies, games, etc.

(Not t rue!!)

•   Time Domain x( t )   (f rom physics)

•   Frequency Domain X( f )   (f rom math)

•   Production what caused it

•   Perception our image of it
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Views of Sound

Time Domain 
is most closely related to 

Production

Frequency Domain 
is most closely related to 

Perception

we will see that many hybrids abound

Views of Sound: Time Domain

Sound is produced/modeled by phys ics,
described by quantities of

• Force force = mass * acceleration

• Position x(t)   actually < x(t), y(t), z(t) >

• Velocity Rate of change of position  dx/dt

• Acceleration Rate of change of velocity  dv/dt

Examples: Mass+Spring+Damper    
Wave Equation
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Mass/Spring/Damper

F = ma = - ky - rv - mg

F = ma = - ky - rv

      (if gravity negligible)
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2nd Order Linear Diff Eq. Solution

1) Underdamped:

    y(t) = Y0 e-t/ττ    cos(ω ω t )

exp. * osc ill ation

2) Critically damped:

   fast exponential decay

3) Overdamped:

   slow exponential decay
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Wave Equation

•    dfy = (T sinθθ) x+dx - (Tsinθθ)x

•    f(x+dx) = f(x) + δδf/δδx dx + …     (Taylor’s series)

•    sinθθ = θθ       (for small θθ)

•    F = ma = ρρ dx d2y/dt2         (for each dx of string)

The wave equation:
          (c2 = T / ρρ)) 2

2

22

2 1

dt

yd

cdx
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Views of Sound: Produ ction
Throughou t most of history, some
physical mechanism was respon sible
for sound produ ction.

From our experience, certain gestures
produ ce certain audible results

Examples:
Hit harder --> louder AND brighter
Can’ t move instantaneously
Can’ t do exactly the same thing twice
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Soun d Views: Frequency Domain

Frequency Domain:

• Many physical systems have modes 
(damped oscillations)

• Wave equation (2nd order) or
Bar equation (4th order) need 2 or 4

“boundary conditions” for solution

• Once boundary conditions are set
solutions are sums of exponentially damped sines

the sinusoids are Modes

The (discrete) Fourier Series

A time waveform     is a     sum of sinusoids
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The (discrete) Fourier Transform
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 sinusoidal  A
Spectrum is a  decomposition 

 of a signal

This transform is unique and invertible

(non-parametric representation like sampling)

Spectra: Magnitude and Phase
Often on ly magnitude is plotted

• Human perception is most sensitive to magnitude

– Environment corrupts and changes phase

• 2 (pseudo-3) dimensional plots easy to view

Phase is important, however

• Especially for transients (attacks, consonants, etc.)

If we know instantaneous ampli tude and 
frequency, we can derive phase
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Common Types of Spectra

Harmonic

sines at integer

multiple freqs.

Inharmonic

sines (modes),

but not integer

multiples

Common Types of Spectra

Noise

rando m

amplitudes

and ph ases

Mixtures

(most real-

world sound s)
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Views of Sound: Perception
Human sound perception:

 

Auditory cortex:
further refine
time & frequency
information

Cochlea:
convert to
frequency
dependent
nerve firings

Ear:
receive
1-D
waves

Brain:
Higher level
cognition,
object
formation,
interpretation

Perception: Spectral Shape

Formants
(resonances)
are peaks in
spectrum.

Human ear is
sensitive to
these peaks.
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Spectral Shape and Timbre

Quali ty of a
sound is
determined by
many factors

Spectral shape
is one 
important
att ribute

Spectra Vary in Time

Spectrogram (sonog ram)
amplitude as darkness (color) vs . frequency and time
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Spectra in Time (cont.)

Waterfall Plot
pseudo 3-d 
amplitude as height
vs. freq. and time

Each ho rizontal slice
is an amplitude vs.
time magnitude
spectrum

Additive Synthesis
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The sinusoidal model:

R : number of sinewave components,
Ar (t) : instantaneous amplitude,
θθr (t) : instantaneous phase

Control the amplitude
and frequency of a
set of oscil lators
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Sinusoidal Modeling

Vocoders     Dudley ‘39, Many more since

Sinusoidal Models     Macaulay and Quatieri ‘86

SANSY/SMS Sines + Stochastic     
        Serra and Smith ‘87

Lemur     Fitts and Hakken ‘92

FFT-1       Freed, Rodet and Depalle ‘96

Transients    Verma, Meng ‘98

frequency of partials

magnitude of partials

Sinusoidal Analys is “ Tracks ”
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Magnitude-only sy nthesis

original sound

magnitude-only
synthesis
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Magnitude and Phase Synthesis

( ) rr
t

rr dt ϕθττωθ ++= ∫ )()( 0
0

original sound

synthesized sound
with phase matching

x(n)

s(n)

ωr(t) : instantaneous frequency
θr(0) : initial phase value
ϕr : fixed phase offset
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Deterministic plus Stochastic
Synthesis (SMS)
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when sinusoids are very stable, the instantaneous phase
can be calculated by:

otherwise:

model:

Ar(t), θr(t): instantaneous amplitude and phase of rth sinusoid,
e(t) : residual component.

( ) rr
t

rr dt ϕθττωθ ++= ∫ )()( 0
0

ωr(t) : instantaneous radian frequency
θr(0) : initial phase value,
ϕr : fixed phase offset

Residual (stochastic component)

Resynthesis (with

phase) of sine

components

allows extraction

and modeling o f

residual component
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• Basic SMS parameters
• Instantaneous frequency and amplitude of partials
• Instantaneous spectrum of residual

• Instantaneous attributes
• Fundamental frequency
• Amplitude and spectral shape of sinusoidal components
• Amplitude and spectral shape of residual
• Degree of harmonicity
• Noisiness
• Spectral tilt
• Spectral centroid

• Region Attributes

SMS   High level attributes

Transients

•    Transients are vertical 
stripes in spectrogram

•    Use DCT to transform back
to time domain, then do
“ sinusoidal” track 
analysis on that

•    Detection is the hard part
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Sines + Noise + Transients
Strengths and Weaknesses
Strengths:
• General signal model 

(doesn’t care what made it)

• Closed form identity analysis/resynthesis

• Perceptual motivations (somewhat, not all)

Weaknesses:
• No gestural parameterization

• No physics without lots of extra work

• No guaranteed compression 
or understanding

Subtractive Synthesis: LPC

∑
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LPC continued

LPC is well
suited to
speech

Also well
suited to
soun ds with
resonances

LPC filter envelope (smooth line)
fit to human vowel sound / i / (eee)

Subtractive Synthesis: Formants

Factor LPC into 
“ resonators”

Eigenmode
motivations

Perceptual 
motivations

Vocal produ ction 
motivations

Excite wi th pu lse(s), no ise, or residual
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Modal Synthesis

Systems with resonances 
(eigenmodes of vibration)

Bars, plates, tubes, rooms, etc.

Practical and eff icient, if few modes

Essentially a subtractive model in that
there is some exc itation
and some fil ters to shape it.

Modal Synthesis: Strings

Strings are pinned at both ends

Generally harmonic relationship

Stiffness c an cause minor stretching of
harmonic frequencies
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Modal Synthesis: Bars

Modes of Bars:  Free at each end

These would be harmonic, but stiffness of
rigid bars s tretches frequencies.

Modes: 1.0, 2.765, 5.404, 8.933

Modal Synthesis: Tubes

Open or closed at each end, same as
strings and bars, but harmonic because
speed of sound is constant with frequency

Open + Closed:odd multiples of
fundamental (quarter wavelength)
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Modal Synthesis: Plates, Drums

Modes of Plates: inharmonic (round = Besse l)

Center strike    Edge strike

Modal Synthesis: Block Diagram

• Impulse generator
excites filters

• Residue can be
used for excitation

• Filters shape
spectrum, model
eigenmodes

• Filter parameters can
be time-varying
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Modal: Residual Excitation

Linear 
source/filter
decomposition

•“Parametric sampling”

–Drive filter with source and
get back identity

–Can modify the parameters
in interesting ways

Residual Extraction, Example

Original struck bar

After modal
subtraction
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Modal Synthesis

Strengths:

• Generic, flexible, cheap if only a few modes

• Great for modeling struck objects of metal, glass, wood

Weaknesses:

• No spatial sampling

• No (meaningful) phase delay

• Hard to interact directly and continuously
(rubbing, damping, etc).

Phys ical Modeling: Strings
Plucked string model

Use D’Alembert Solution 
of 2nd order wave equation 
(left and right going components)

• Digital Waveguide Filter Solution
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Phys ical Models: Strings

Can extract model parameters and
residual exc itation for plucked strings

Bowed Strings:  Model stick-slip friction
curve of bow-string interaction

Phys ical Models: Tubes

Clarinet, Flute, Brass

Same D’Alembert

solution as strings,

but add non -linear

oscil lator

Reed, Lip, Flute
Jet acts as  spring
and switch for air
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Phys ical Models: Voice
Acoustic tube model of vocal tract

Oscillator

or mass/

spring

model

of source(s)

Phys ical Models: Waveguides
for Strings, Tubes, Voices

Strengths:

• Cheap in both computation and memory

• Parametrically meaningful, extensible for more realism

Weaknesses:

• Little in the real world looks or sounds exactly like a
plucked string, flute, clarinet, or human voice

• Each family needs a different model
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Phys ical Models: Bars

Stiffness in bars makes 
wave propagation 
frequency dependent

Idea:

• Model each mode with
filter and delay

• Merge modal with waveguide

• Preserve spatial sampling

• Can strike, damp, bow

Banded Waveguides (Georg Ess l)

Acoustics:
Approximate

model of
wave train
closure and
neighbo ring
frequencies

Filter:
Comb fil ter with

on ly one
resonance

(high vs. low Q)
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Phys ical Models: 2D surfaces

2 (N) Dimensional Waveguide Meshes or
Finite Elements and Finite Differences

– Discretize objects into cells (elements)

– Express interactions between them
– Express differential equation for system
– Solve by discrete steps in space and time

2D Meshes,
Finite Elements and Differences

Strengths
• (somewhat) arbitrary geometries

• Less assumptions than parametric forms
• Can strike, damp, rub, introduce non-linearities at

arbitrary points

Weaknesses:
• Expensive
• Don’t know all the physics/solutions
• Sampling in space/time
• Dispersion is strange (diagonals vs. not)
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Phys ical Models: Non-linearity

Add spring with position dependent constant

(one spring for positive displacement, another negative)

Acts to spread spectral components

Phys ical Models: 
Bars , Plates, Non-Linearities

Strengths:
• Variety of sounds

• Computationally cheap 
(somewhat, under conditions)

• Physical (or pseudo) variables

• Naturalness of interaction

Weaknesses:
• No general system-ID techniques (2D + non-linear)

• Repeatability (not necessary a weakness)
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Phys ical Models:  Particles

Whistle: Single particle
influences oscillator

Homeraca:  Many
particles launch PCM
or parametric soun ds

Stochastic Event Synthesis
Run model w/    Collect statistics -> Poisson
lots of beans

System energy decays ex ponentially. 

Particle colli sion causes 
decaying burst of f iltered noise
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PhISEM Algorithm

• Expon entially decaying system energy

• Particle sound energy is exponentially (fast)
decaying white no ise, but sum of exponentially
decaying noises is an expon entially decaying no ise.

• Each time step, compute likelihood (based on
number  of particles) of new sound-producing event

– If so, add to net particle sound envelope energy

• Filter result wi th net system resonances, 
with reallocation if needed

Particles and PhISM

Strengths:

• Cheap

• Meaningful parameters

• Good for lots of real-world sounds

Weaknesses:

• No complete system ID (analysis) process (yet)
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Related Techniques

Granular Synthesis (Many authors)

Cut sound and randomly remix

Wavelets (Miner ‘99)

Time/Freq transform (next slide)

Independent Components Analysis (Casey 98)

Interactive Sinusoidal Modeling (Pai et al)

Wavelets

Fil terbank view:

FFT is a fil terbank but
with evenly spaced
frequencies and poor
freq/time tradeoffs

Wavelets help to “ cheat”
time / frequency tradeoff
and un certainty
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Phys ically Oriented Library of 
Interactive Soun d Effects

Immersive Virtual Reali ty (games)
Augmented Reali ty (games)
Telepresence (games)
Interactive Art
Movie Production (or games)
Auditory display
Other Structured Audio Applications
Because we can, and want to
Much interesting work to do:

friction, psyc hoacoustics , ...

Synthesis ToolKit in C++

STK is a set of classes in C++ which allow
rapid experimentation with sound synthesis
and processing.   Available for free:

http://www.cs .princeton.edu/~prc

http://www-ccrma.stanford.edu/~gary

“ Unit Generators” are the class ical computer
music/sound building blocks:

    Osc ill ators, Fil ters, Delay Lines, etc.
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STK Unit Generators
Sources

Sinks

Fil ters

STK
Synthesis

PhISM
Modal
Samples
FM
Physical:

    Plucked
Winds
Bowed
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SKINI:
Synthesis toolKit Network Interface

Doub le Precision floats for:
• Note Numbers (micro tuning or fine pitch control)

• Control Values (more precision)

• Delta times

Text Based (easy c reation, editing, debugg ing)

Sockets (Pipes)
• Connection on local machine is same as on remote

• SKINI sources:

– GUIs, MD2SKINI, Scorefiles, Any formatted text generator

• SKINI11.cpp parses SKINI messages

STK GUIs in TCL / TK

Common
simple
controls
for all
algorithms
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PICOs (soun d effects controllers)

K-Frog

J-Mug

P-Pedal

PhilGlas

P-Grinder

Pico Glove

T-bourine

Data Driven Sound:
“ Music for Unprepared Piano”

SIGGRAPH 98

with

Bargar

Choi

Betts

(NCSA)
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Music for Unprepared Piano
The “ Score”
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