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INTRODUCTION
As a musicalinstrument,the computerhasunlimited
potentialitiesfor uttering sound. It can, in fact, pro-
ducestringsof numbersrepresentingany conceivable
or hearablesound. Wonderful thingswould comeout
of thatbox if only weknew how to evoke them.”

JohnPierce,Playboy, 1965

Drawing on the relationshipbetweenmusic theory and
mathematics,a relationshipasold astheexistenceof either
discipline,ComputerMusic appliesnew andexisting tech-
nologiesto many differentareas,including,but not limited
to, soundsynthesis,digital audio,musicalacoustics,psy-
choacoustics,musiccomposition,musictheory, andperfor-
mancesystems.

CourseDescription
Thiscourseintroducesmethodsfor discrete-timemodelling
of musicalacousticsystems.Conceptsof digital audioand
samplingtheorywill be reviewed,but topicswill focuson
delay-basedaudioeffectsandsynthesisof musicalinstru-
mentswith practicalprogrammingin Matlaband/orC/C++.
Topics

� Conceptsof soundanddigital audio

� Digital �lters: comb,allpass,delaylinesetc.

� Sampledtravelingwaves

� Digital audioeffects:phasing,�anging, andchorus

� Arti�cial reverberation

� Digital waveguide instrumentmodels: plucked and
struck string, acoustictubes,humanvocal tract, plates,
etc.

� Finite differencemodels: string, reedandvocal fold
models,plates,etc.

Related course: CMPT 368: Introduction to Computer
MusicandSoundSynthesis.

DelayLines
Thedelayline is anelementaryfunctionalunit whichmod-
elsacousticpropagationdelay. It is a fundamentalbuilding
block of both digital waveguidemodelsanddelayeffects
processors,thefunctionof which is to introducea time de-
lay, correspondingto M samples,betweenits inputandout-
put:

y(n) = x(n � M ); n = 0; 1; 2; : : :

The M -sampledelay line:

x(n) y(n)z� M

TappedDelayLine
A tap refersto theextractionof thesignalatacertain
positionwithin thedelay-line.

A delay line tappedafter a delayof M 1 samples:

z� M 1x(n)

b1

y(n) = x(n � M 2)

b1x(n � M1)

z� (M 2� M 1)

A Multi-Tappeddelaylinesef�ciently simulatemultiple
echoesfrom thesamesourcesignal.

A multi-tap delay line with length M 3:

z� (M 2� M 1)z� M 1x(n)

b1 b2b0

z� (M 3� M 2)

b3

y(n)

Thedifferenceequationis givenby

y(n) = b0x(n) + b1x(n � M 1) + b2x(n � M 2) + b3x(n � M 3):

Model of a Chorus Effect Signal ProcessingUnit:
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PHYSICAL MODELLING SYNTHESIS
Whenaplanewave travelling alongonedimensionreaches
the end of the medium through which it is traveling, it
will re�ect, causingconstructive and destructive interfer-
encebetweenthe two waves travelling in oppositedirec-
tions. The resultingstandingwave patternsproducedby
this phenomenon,arethe basisof harmonicsand/orover-
tones,andcontribute to the characteristicsoundor timbre
of anacousticspaceor instrument.
StandingWaves
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Perfectconstructive and de-
structive interferencecauses
the production of standing
wavepatterns.

The WaveEquation and Digital Waveguides
Digital waveguidesynthesisbeginswith D'Alembert's ob-
servationthat in a mediumsuchasa string,or wind instru-
ment bore, thereare waves traveling to the left and right
alongonedimension,leadingeventuallyto thegeneralized
solutionto thelossless,1-D, secondorderwaveequation

y(t; x) = yr (t � x=c) + yl(t + x=c);

wherewavesaretraveling to theright andleft with velocity
c. D'Alembert'sequationis basisfor thedigital waveguide,
or bidirectionaldelayline which canbeusedto modelthe
transversedisplacementwaveson a stringor thelongitudi-
nal pressurewavesalongtheboreof a wind instrument.It
canalsobearrangedin a 2D and3D meshto modelwave
propagationonplates,membranesandin volumes.

Guitar String
L = 1/2 l

L = l

L = 3/2 l

Standingwavepatternscreate
harmonicsdeterminedby the
relationship between wave-
length � and guitar string
lengthL.

Modelof aanideallossless
string:

z� M

z� M

-1 -1bridge nut

Wind instrument boresopenat both ends(e.g. �ute)
L = 1/2 l

L = l

L = 3/2 l

Thefundamentalfrequencyis givenby

f 1 = c=� 1 = c=(2L);

wherec is thespeedof sound,andwherehigherharmonics
areintegermultiplesof thefundamental.

Wind instrument boresclosedat oneend(e.g. clarinet):

L = 1/4 l

L = 3/4 l

L = 5/4 l

Thefundamentalfrequencyis givenby

f 1 = c=� 1 � c=(4L);

with everyevenharmonicnow missing.

Model of a wind instrument bore:
A waveguidesynthesismodelmustalsoincorporatedigital
�lters to accountfor lossesoccurringduring propagation
andatboundaryre�ections.Theselosseshaveasubstantial
in�uence on theproducedsound.

� (! )

� (! ) � (! )

� (! )Z � M

Z � M

Whenmodelingpressurepropagationalongacoustictubes
for example,�lters � (! ) accountfor viscousdragandther-
mal conductionwhich take placewithin a thin boundary
lateralongtheborewalls.
Onemustalsousere�ection andtransmission�lters, � (! )
and� (� ) respectively, at bothendsof the tube,andat any
intervening points where there is a changein the tube's
crosssectionalarea.

ACOUSTIC MEASUREMENTS
Thoughsomemodelsmayrely on approximationsto these
losses,othersmay use actual acousticmeasurements,to
which �lters may be matched,producinga soundoutput
having thesamefrequency characteristic.In thiscoursewe
will learn how to measureacousticsystemsby obtaining
the impulseresponse, which completelycharacterizesthe
system.

Signalanalysis
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FINITE DIFFERENCE APPROXIMA TION
Finite differenceapproximation(FDA) methodswill be
usedto model variousreedmechanismsusedin acoustic
tubes,organpipes,lip reeds(brassinstruments),woodwind
reeds,humanvocalfolds,amongothersystems.

Con�gurations of various reedmodels:

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�

�������

�������

�������

�������

�������

�������

�������

�������

�������

�������

�������

�������

�������

�������

U

U

U

1) (� ; +)

2) (+ ; � )

3) (+ ; +)

p1
p2

p1
p2

p1 p2

� How doesFDA comparewith digital waveguides?

� Whenis it bestto useoneor theother?

CLASS PREREQUISITES
Experiencewith calculus, differential equations,Matlab
and/orC/C++,andsomedigital signalprocessingwouldbe
bene�cial.

Coursewebsite:http://www.cs.sfu.ca/˜tamaras/intro889/


