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Course Introduction

Parametric Synthesis and Control of
Real-World Sounds for

virtual reality
games
production
auditory display
interactive art

interaction design
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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 Physical 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

« Soundis arecorded waveform
PCM playback is all we need for
Interactions, movies, games, etc.

(Not true!!)

« Time Domain x(t) (from physics)
 Frequency Domain X(f) (from 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 physics,
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=-Kky-rv

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

1) Underdamped:
y(t) = Yoel" cos(wt)
exp. * oscillation
2) Critically damped:
fast exponential decay
3) Overdamped:

slow exponential decay
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Wave Equation

0
Tension
Plucked String

o df, =(T sinB®) ,,q4 - (TSING),
o f(x+dx) =f(x) + of/dx dx + ...

(Taylor’s series)

e sSiN6=06 (for small 6)
« F=ma=pdx d?y/dt? (for each dx of string)
2 2
The wave equation: |d°Y _ 1d%y
(c2=T/p) dx> c® dt’

Views of Sound: Production

Throughou t most of history, some
physical mechanism was responsible
for sound production.

From our experience, certain gestures
produce certain audible results

]

Player
Physics

Examples:

Hit harder --> louder AND brighter
Can’'t move instantaneously

Can’'t do exactly the same thing twice

Constrain Strike
Positions
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Sound 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 isa sum of sinusoids

N-1
X(n) = Z Aﬂexp(J mm) (A is complex)

sin(

M +c, cos@%)

MZ
|_\O

D COS

+6,)

>
|
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The (discrete) Fourier Transform

sinusoidal A
Spedrum isa decompaosition
of asignal
N-1 i
A(m) = X(SRATE*m/ N) = 3 x(n) exp(%mzn)
n=0

Thistransform isunique and invertible
(non-parametric representation like sampling)

Spectra: Magnitude and Phase

Often only 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 amplitude and
frequency, we can derive phase
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Common Types of Spectra

0dB

Harmon | C Harmonic
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Common Types of Spectra
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Views of Sound: Perception

Human sound perception: Brain:
Higher level
cognition,
object
formation,
interpretation

Ear: Cochlea: Auditory cortex:
receive convert to further refine

1-D frequency time & frequency
waves dependent  jnformation

nerve firings

Perception: Spectral Shape

Harmomcs

e (T

are peaks In 30 L] .

spectrum. WHHWWWM il WMMWM
i WIS\MUW A \M@MM

a
= =

l <—Formants Eee Yowel
|

R
|

Human ear is ”

-30

sensitive to ﬂ
these peaks. '}W a N"W

-60
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Spectral Shape and Timbre

0dB

Qua“ty Of a | Whispered Ahh
sound is M

30 A

determined by M’W” "m' ‘IMN MWMMMWM .Jﬂf'\m
many factors ol HV i WWW il I ”VW i

0H 1500 3000 4500
0dB
Spectral shape Whispered Eee
is one m

mportant——* g, g
attribute . WI‘J R LI

Spectra Vary in Time

Spectrogram (sonog ram)
amplitude as darkness (color) vs. frequency and time

Frequency
4500
A Sonogram

3000

!

—_—
1500

 — Time
0Hz. El]s 13s 26
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Spectrain Time (cont.)

26s &

Waterfall Plot

Timegg*‘*
pseudo 3-d £
amplitude as height S
vs. freq. and time
13s
Each horizontal slice =
is an amplitude vs.
time magnitude faae
spectrum E
S
0s SRS Freq.
0Hz. 1500 3000 4500

Additive Synthesis

Control the am pl itude Additive Synthesis Block Diagram

and frequency of a
set of oscillators

Ampy=T{1]
Freg.q =1}

Ampy=T{1]

Fregs =11}

The sinusoidal model:

R
s(t) = Z A (t)COS[Qr (t)] JR—
r=1

Freg.p =M1}

R : number of sinewave components,
A, (1) : instantaneous amplitude,
6, (1) : instantaneous phase
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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

Sinusoidal Analysis “Tracks”

4

5

al

ﬁ\/\\ |
| :“m”\\\ frequency of partials
g hﬁw
13 \—/—\/\

queney (KHz)
o

magnitude of partials

magnituds (dB)
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Magnitude-only sy nthesis

AWWWWWW original sound

(a)

}3ec
amp

. magnitude-only
synthesis

) 17

A(m)=A"l+@m ob(m)=o‘a"1+@m 6.(m)=6,( -1+, (m)

s m =3 Ao (]

Magnitude and Phase Synthesis

ampltude

| original sound
-5000 - \ A X(n)

0.105 0108 a.1a7 On:u?: . g.1a8 ail aiii
AN . | synthesized sound
g0 AN ] with phase matching
”-5000 F 1 S(n)

ima (sac)

t w(t) : instantaneous frequency
6, (t) = [, (tHr +6,(0)+¢, 60 : initial phase value
0 ¢, : fixed phase offset
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Deterministic plus Stochastic
Synthesis (SMS)

model: s(t) = i A (t) 005[9, (t)] +e(t)

A1), B,(t): instantaneous amplitude and phase of rt" sinusoid,
e(t) : residual component.
when sinusoids are very stable, the instantaneous phase
can be calculated by: t
6.(t) = [, (r)ir

otherwise:

6, (t) = [y (THT +6,(0) +

w(t) : instantaneous radian frequency
6,(0) : initial phase value,
¢, : fixed phase offset

Residual (stochastic component)

Resynthesis (with Time ﬂ f\ m f’\

waveform
phase) of sine W \/\/ W

components
P d
| e AN ARV ARYA
allows extraction component W W W
and modeling of

residual component |noise

residual
(magnified 10x)
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SMS High level attributes

» 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

Transients

"0 25 3 7S s

« Transients are vertical W .
stripes in spectrogram

=l
&
g

=l
&
g

 Use DCT to transform back =
to time domain, then do T
“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

m x(n-1) x(n-2) x(n-g») X(n-m)
)‘(”):gq’(”_k) LPC  x) °
-
” 1
Linear 3 =
Prediction
e(n) = x(n) —X(n) . i
x(n) =Y c.x(n—-k
Error ( ) ; k ( )
Prediction

Mean Squared Error _1 c 2
over block length P P £
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LPC continued

LPC is well *Fﬂrmaﬂfa\%
suited to iy = S \
speech —26dE )

=48dB ’%

Also well ZEARHZ ERARHZ

suited to LPC filter envelope (smooth line)
sounds with fit to human vowel sound / i/ (eee)
resonances

Subtractive Synthesis: Formants

Factor LPC into
“resonators”

Subtractive Synthesis Block Diagram

Noise Gen, Velsed Ampy=1(t)
olce

Eigenmode Ay =g e e
motivations Y-
Freq.p =1(t)

Ampg(t)

Perceptual "~

. . Freq.g(t)
motivations =1freq Ampg=f(t)
Pulse Generator Freqq =f()

Vocal production
motivations

Resonant {bandpass) Filters

Excite with pulse(s), noise, or residual
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Modal Synthesis

Systems with resonances
(eigenmodes of vibration)

Bars, plates, tubes, rooms, etc.
Practical and efficient, if few modes

Essentially a subtractive model in that
there is some excitation
and some filters to shape it.

Modal Synthesis: Strings

Strings are pinned at both ends

—

Generally harmonic relationship

Stiffness can 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 stretches 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

e

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

Modes of Plates: inharmonic (round = Bessel)

PP PP

Center strike Edge strike

Modal Synthesis: Block Diagram

| Modal Synthesis

. Imp.u se _generator Block Diagram —-
excites filters 3| auan-1o
Freq.; = f(t)

. Impulse Generator —
* Residue can be Ampo= 1) pyS—m
. . Qualy=f(t)
used for excitation Freag =10) —| freq Freag - 1()
« Filters shape N o
R t Filters at Freas - {(t)

spectrum, model Resonance Freqs. :
) Amp, = f(t)
eigenmodes > guf"ln:fg())
req., =f(t

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

Linear

sourceffilter

«“Parametric sampling”

decomposition

Modal Filter
Analysis: LPC Parameters
Sound Input !
OIPT gl ARMA, Peak
Picking Sines Residue

—Drive filter with source and
get back identity

—Can modify the parameters
in interesting ways

Residual Extraction, Example

Original struck bar 4 (J
o

After modal
subtraction

0dB

ﬂ Marimba
Attack

ME

Mlarimba
Attack

[excitation]
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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).

Physical Modeling: Strings

Plucked string model N et - )

Use D’Alembert Solution o(ct + x) =M
of 2nd order wave equation
(left and right going components)

» Digital Waveguide Filter Solution

Simple Plucked String
Physical Model Block Diagram

Excitation] Body
> 1w Y
Generaton L ¥ Filter
Loop
Filter
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Physical Mode

|s: Strings

Can extract model parameters and
residual excitation for plucked strings

Bowed Strings:
curve of bow-stri

Plucked String
Parameters
Sound Input
P2 = String Model
Residue

Model stick-slip friction
ng interaction

Physical Models: Tubes

Clarinet, Flute, B
Same D'Alembert
solution as strings,

but add non -linear

oscillator

rass

Simple Clarinet
Physical Model Block Diagram

Radiation

Nen-Linear !
Filter

—>
Player |Reed Model

Breath "Bore" Reflection
Pressure ore Filter

Delay Line |

me %reed=spring

=

Reed, Lip, Flute
Jet acts as spring
and switch for air

Non-linear Reed Model
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Physical Models: Voice

Acoustic tube model of vocal tract

3 Mono

= | wniink [ || 2 vocal Tract Editor X
Oscillator " LpiNk i Glot. Refl. Gain Lip Refl. Gain_ —

" LpiNs
or mass/ NS

Yocal Tract Shape
D Masal
Cavity

spring
model

of source(s)

— Hoise (turbulence) generator ——

<- Edit Moise Source |
e—

Physical 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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Physical Models: Bars

Stiffness in bars makes
wave propagation
frequency dependent

ldea:
* Model each mode with
filter and delay
* Merge modal with waveguide
» Preserve spatial sampling

» Can strike, damp, bow

— Phase delay

<o —m0Q0

Eigenfrequencies

Frequency

Banded Waveguides (Georg Essl)

Acoustics:

BP

—>| delay |—

Approximate Contr_ol Mallet/| |
model of Bow

BP

5| delay h

BP

ey

wave train
closure and
neighboring Sound«—

L[ [ |

—>|delay}—‘

frequencies BP
Filter: 1

Comb filter with

only one

resonance

(high vs. low Q)
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Physical 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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Physical Models: Non-linearity

Add spring with position dependent constant

(one spring for positive displacement, another negative)

Spring A
M_Reﬂ:
spn'ngB% Fos.

Acts to spread spectral components

Physical 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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Physical Models: Particles

Whistle: Single particle Homeraca: Many
influences oscillator particles launch PCM
— wish L0 or parametric sounds

Breath Pressure
==
(1]

1] 32 64 96 128

STOP!!l

Stochastic Event Synthesis

Run model w/  Collect statistics -> Poisson
lots of beans  jProbability

of Collision

Time Since
Tast Coll.

System energy decays ex ponentially.

Particle collision causes
decaying burst of filtered noise Wl’ﬂ”"—
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PhISEM Algorithm

* Exponentially decaying system energy

» Particle sound energy is exponentially (fast)
decaying white noise, but sum of exponentially
decaying noises is an exponentially decaying noise.

« 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 with 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

Filterbank view:

FFT is afilterbank but
with evenly spaced
frequencies and poor
freg/time tradeoffs

;

m
T A Bandwidth=400 \/\/\/\_

Wavelets
T Bandwicth=800 ‘f\/\/\
TBandwidth =1600 ’W

Filter Bank

Wavelets help to “cheat”
time / frequency tradeoff s
and un certainty impuse

input
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Physically Oriented Library of
Interactive Sound Effects

Immersive Virtual Reality (games)

Augmented Reality (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, psychoacoustics, ...

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 classical computer
music/sound building blocks:

Oscillators, Filters, Delay Lines, etc.
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STK Unit Generators

Synthesis Object _Filters Sources
Toolkit Unit \ Filter
Geperator I
Heirarchy /' "Noise OneZero |BiQuad -
SubNoisd OnePole |AlIPass1 Sinks
RawLoop | Sources TwolZero [DLineA
RawWave | >/"PuS TwoPole [DLineL _
Modulatr ig"se:pe DCBlock [DLineN | Filters
SingWave FormSwep
Wvin Ou’rpu’r/
WvQOut

STK Synthesis Toolkit Instrument
Heirarchy Real-World
i Instrmnt PhISM
Modal4 m Plucked
PhISM Marimb Clarinet
arimba
Modal : [samplFt] | [Flute
S | Vibraphn B
rass
amples | [agogobel Brass.
FM ] VoicForm DrumSynt
Physical: FMa0D
Plucked FM4Alg3
. [FMaAIg4| [FM4AIgs | [FM4AIgs
Winds HeavyMil | I | I (additive)
Bow PercFlut | |Rhodey
owed FM4Algé Wurley
FMVoices Tubebell
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SKINI:
Synthesis toolKit Network Interface

Double Precision floats for:

« Note Numbers (micro tuning or fine pitch control)
e Control Values (more precision)

* Delta times

Text Based (easy creation, editing, debugging)

Sockets (Pipes)
» Connection on local machine is same as on remote
e SKINI sources:
— GUIs, MD2SKINI, Scorefiles, Any formatted text generator
e SKINI11.cpp parses SKINI messages

STKGUISInTCL/TK

Common
simple
controls
for all
algorithms
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PICOs (sound effects controllers)

K-Frog
J-Mug
P-Pedal
PhilGlas
P-Grinder
Pico Glove

T-bourine

Data Driven Sound: 1
“Music for Unprepared Piano” ki

SIGGRAPH 98
with
Bargar
Choi
Betts
(NCSA)
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Music for Unprepared Piano

The “Score”

0.5 138 20,7 :28.5 :33.7 1871.9 L:06 . 5
[ I [ ' '
T T T T T T

25

B I e o B B A ot o St S
= 5 Bl |1:JU | :1H 1::dl I

=
i — -0k

|
il
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