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Digital sound synthesis approaches in approximate historical order:

� Wavetable (one period)
� Subtractive
� Additive
� Frequency Modulation (FM)
� Sampling
� Spectral Modeling
� Physical Modeling

Some connections with audio coding will be noted

Emphasis:

� Sound examples
� Block diagrams
� Historical notes
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The Knoll, Stanford University
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� Essentially Supported in MPEG-4 Structured Audio Orchestra
Language (SAOL) (Music V ! csound ! SAOL)

� �Encoding sounds� as �instruments� is hard, in general



Kelly-Lochbaum Vocal Tract Model
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�Bicycle Built for Two�: (WAV) (MP3)

� Vocal part by Kelly and Lochbaum (1961)
� Musical accompaniment by Max Mathews
� Computed on an IBM 704
� Based on Russian speech-vowel data from Gunnar Fant’s book
� Probably the �rst digital physical-modeling synthesis sou nd

example by any method
� Inspired Arthur C. Clarke to adapt it for �2001: A Space Odyssey�

� the computer’s ��rst song�
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John Grey 1975 � CCRMA Tech. Reports 1 & 2
(CCRMA �STANM� reports � available online)

http://ccrma.stanford.edu/STANM/


Classic Additive-Synthesis (Sinusoidal Oscillator Envelopes)
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John Grey 1975 � CCRMA Tech. Reports 1 & 2
(CCRMA �STANM� reports � available online)

http://ccrma.stanford.edu/STANM/


Classic Additive Synthesis Diagram
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Classic Additive-Synthesis Examples
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� Bb Clarinet
� Eb Clarinet
� Oboe
� Bassoon
� Tenor Saxophone
� Trumpet
� English Horn
� French Horn
� Flute

� All of the above
� Independently synthesized set

(Synthesized from original John Grey data)
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FM synthesis is normally used as a spectral modeling technique.

� Discovered and developed (1970s) by John M. Chowning
(CCRMA Founding Director)

� Key paper: JAES 1973 (vol. 21, no. 7)
� Commercialized by Yamaha Corporation:

� DX-7 synthesizer (1983)
� OPL chipset (SoundBlaster PC sound card)
� Cell phone ring tones

� On the physical modeling front, synthesis of vibrating-string
waveforms using �nite differences started around this time:
Hiller & Ruiz, JAES 1971 (vol. 19, no. 6)
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x(t) = Ac sin[!ct + �c + Am sin(!mt + �m)]

where

(Ac; !c; �c) specify the carrier sinusoid
(Am; !m; �m) specify the modulator sinusoid

Can also be called phase modulation



Simple FM �Brass� Patch (1970�)
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Jean-Claude Risset observation (1964�1969):
Brass bandwidth / amplitude
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FM Harmonic Amplitudes (Bessel Function of First Kind)
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All examples by John Chowning unless otherwise noted:

� FM brass synthesis

� Low Brass example
� Dexter Morril’s FM Trumpet

� FM singing voice (1978)
Each formant synthesized using an FM operator pair
(two sinusoidal oscillators)

� Chorus
� Voices
� Basso Profundo

� Other early FM synthesis

� Clicks and Drums
� Big Bell
� String Canon
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FM voice synthesis can be viewed as compressed modeling of
spectral formants
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Sampling Synthesis History
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� 1979 - Fairlight Computer Music Instrument - 8-bit

� First commercial sampler
� Eight voices, 8 bits, 64 KB (4 sec) RAM, 16 kHz (mono)
� Editing, looping, mixing
� One could draw waveforms and additive-synthesis amplitude

envelopes (for each harmonic) with a light pen
� $25,000�$36,000!

� 1981 - E-mu Systems Emulator

� First �affordable� sampler ($10,000)
� Eight voices, 128 K RAM, 8-bit, 80 lb.

� 1986 - Ensoniq Mirage

� Breakthrough price-point ($1695)
� Eight voices, 144 K RAM, 8-bit
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Example:1

� 40 Gigabytes on ten DVDs (three sampled pianos)
� Every key sampled
� 4�10 �velocity layers�
� Separate recordings with soft pedal down
� Separate �release� recordings, for multiple striking velo cities

1Synthogy Ivory, $349 (Electronic Musician, October 2006)



Fundamental Problem with Sampling Synthesis

Overview

Early Digital Synthesis

� Music V

� KL Music

� �Daisy�

� Additive Analysis

� Additive Synthesis

� FM Synthesis

� FM Formula

� FM Patch

� FM Spectra

� FM Examples

� FM Voice

� Sampling Synthesis

� Modern Example

Spectral Modeling

Physical Modeling

Summary

Julius Smith AES-2006 Heyser Lecture � 22 / 84

Piano timbre is determined by

� key number (1 byte)
� key velocity (2 bytes more than enough)
� pedal state (1 bit [or byte] per pedal)

Piano control is relatively low-dimensional:

� Less than six bytes of information per note played
� No continuous controls (typically)
� Ratio of total sampled data to one note of control data

� one billion



Now consider bowed strings
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Control parameters:

� Left-hand �nger position(s)
� Left-hand vibrato
� Bow velocity
� Bow force
� Bow position
� Bow angle
� Shoulder damping
� Instrument orientation
� Player motion (within a room)



Dif�culty of sampling bowed strings
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� Bowed-string control is in�nite-dimensional in principle
� Many time-varying functions � �gestures�

(we counted more than 10)
� Complete sampling of bowed strings on the level of pianos has

apparently never been done
� Rule-driven navigation of the most useful recorded playing

regimes has worked well (e.g., Synful Orchestra)
� Model-based approaches greatly reduce data requirements:

� Spectral models (inspired by sound perception)
� Physical models (model the sound source)



Spectral Modeling Synthesis
(Historical Summary)
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Classic Vocoder Analysis & Resynthesis (Dudley 1939)
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Phase Vocoder Channel Model
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� Early �channel vocoder� implementations (hardware) only
measured amplitude ak(t) (Dudley 1939)

� The �phase vocoder� (Flanagan and Golden 1966) added phase
tracking in each channel

� Portnoff (1976) developed the FFT phase vocoder,
which replaced the heterodyne comb in computer-music
additive-synthesis analysis (James A. Moorer)

� Inverse FFT synthesis (Rodet and Depalle 1992) gave faster
sinusoidal oscillator banks
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Channel Vocoder Sound Examples
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� Original

� 10 channels, sine carriers
� 10 channels, narrowband-noise carriers

� 26 channels, sine carriers
� 26 channels, narrowband-noise carriers
� 26 channels, narrowband-noise carriers, channels reversed

� Phase Vocoder: Identity system in absence of modi�cations

� The FFT Phase Vocoder next transitioned to the Short-Time
Fourier Transform (STFT) (Allen and Rabiner 1977)



Tracking Spectral Peaks in the Short-Time Fourier Transform
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� STFT peak tracking at CCRMA: mid-1980s (PARSHL program)
� Motivated by vocoder analysis of piano tones
� In�uences: STFT (Allen and Rabiner 1977),

ADEC (1977), MAPLE (1979)
� Independently developed for speech coding by McAulay and

Quatieri at Lincoln Labs



Example Spectral Trajectories
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Sines + Noise Synthesis (1989)
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Sines + Noise Sound Examples
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Xavier Serra 1989 thesis demos (Sines + Noise signal modeling)

� Piano

� Original
� Sinusoids alone
� Residual after sinusoids removed
� Sines + noise model

� Voice

� Original
� Sinusoids
� Residual
� Synthesis



Musical Effects with Sines+Noise Models (Serra 1989)
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� Piano Effects

� Pitch downshift one octave
� Pitch �attened
� Varying partial stretching

� Voice Effects

� Frequency-scale by 0.6
� Frequency-scale by 0.4 and stretch partials
� Variable time-scaling, deterministic to stochastic



Cross-Synthesis with Sines+Noise Models (Serra 1989)
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� Voice �modulator�

� Creaking ship’s mast �carrier�
� Voice-modulated creaking mast
� Same with modi�ed spectral envelopes



Sines + Transients Sound Examples (Serra 1989)
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In this technique, the sinusoidal sum is phase-matched at the
cross-over point only (with no cross-fade).

� Marimba

� Original
� Sinusoidal model
� Original attack, followed by sinusoidal model

� Piano

� Original
� Sinusoidal model
� Original attack, followed by sinusoidal model



Multiresolution Sines + Noise + Transients (Levine 1998)
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Why Model Transients Separately?

� Sinusoids ef�ciently model spectral peaks over time
� Filtered noise ef�ciently models spectral residual vs. t
� Neither is good for abrupt transients in the waveform
� Phase-matched oscillators are expensive
� More ef�cient to switch to a transient model during transients
� Need sinusoidal phase matching at the switching times

Transient models:

� Original waveform slice (1988)
� Wavelet expansion (Ali 1996)
� MPEG-2 AAC (with short window) (Levine 1998)
� Frequency-domain LPC

(time-domain amplitude envelope) (Verma 2000)



Time Scale Modi�cation of Sines + Noise + Transients Models
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Time-Scale Modi�cation (TSM) becomes well de�ned :

� Transients are translated in time
� Sinusoidal envelopes are scaled in time
� Noise-�lter envelopes also scaled in time
� Dual of TSM is frequency scaling
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(Levine 1998)
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