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ABSTRACT

We describea unit generatobasedaudio synthesigrogram-
ming ervironmentwritten in pureJava. The ervironmentis based
on a foundationstructureconsistingof a smallnumberof Javain-
terfacesand abstractclassesand a potentially unlimited number
of unit generatorswhich are createdby extendingthe abstract
classesand implementinga single method. Filter-graphs,some-
timescalled“patches” arecreatedy linking togethewunit genera-
torsin arbitrarycomplex graphstructuresPatchesanberendered
in real-timewith specialunit generatorshatcommunicatavith the
audiohardware,which we haveimplementedisingthe JavaSound
API.

1. INTRODUCTION

Several software applicationsfor digital audio synthesisare pre-
sentlyavailable. Theseapplicationshave varying degreesof user
extensibility and customizability They alsodiffer in price from
free to very expensve, and may requirespecializechardware or
a specificoperatingsystem. The tarmget applicationof thesesys-
temsvariestoo, but all systemghatwe areawareof areprimarily
focussedn the synthesiof music.

In our currentresearchl, 2, 3, 4, 5, 6, 7] we areinvestigating
modelsof audio-synthesisuitablefor sound-efiects, sometimes
called“Foley sounds”,in interactive ervironmentswith real-time
userinteractionssuch as computergames,simulations,and im-
mersve ervironments. All the featureswe wantedfor an audio
synthesiservironmentfor theseapplicationscould not be found
in ary singleexisting ervironment,andwe thereforedevelopedan
environmentspecificallyfor thesekind of soundswhich we have
called“JASS” which standsfor “Java Audio SynthesisSystem”,
but hopefullynotfor “JustAnotherSoftwareSynth”.

Thefeaturesof JASS, besideghe olvious oneof beingcapa-
ble of implementingarbitrarysynthesislgorithmsare:

e Platformindependenceybtainedby usingpureJava.
e Easeof deploymentin webdocuments.

e Simplicity; obtainedby omitting supportfor musicallyori-
entedfeaturessuchasenvelopes MIDI, etc.

e Extensibility; obtainedthroughcareful objectorientedde-
sign.

e Run-timecontrolthroughasynchronoumethodcalls.

e Dynamic creationof “patches”at run-time without audio
breakup.

e Efficiengy; achievedby vectorizingall processinglements.
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e Real-timesynthesis.

e Free;which we achieve by writing it oursehesandgiving
it avay.

e Low lateng; obtainedby usingsmallbuffers.

The JASS toolkit which is available for download from our
website[8] consistsof several softwarelayers,organizedin Java
packages:

The engi ne packageprovides Java interfacesand abstract
classeswhich can be extendedto createunit generatorUG’s).
Thereis no strict distinction betweena patchanda UG, andwe
shalljustresenre the name“patch” for a UG which containsother
UG’s. Wheneer the distinctionis importantwe shall call UG’s
thatdo not containotherUG's “atomic”. UG’s areconnectednto
filter-graphs,or “patches”,which are alsousedin computermu-
sic[9]. Thesdfilter graphsarealsoequialentto the“timbre trees”
introducedby TakalaandHahn[10]. The fundamentainterfaces
areSour ce andSi nk which encapsulatéhe notion of intercon-
nectedfilter elementsThisis acommondesign,alsousedfor ex-
amplein the Java Media Framevork, which is intendedfor more
generahpplicationglealingwith differentmediatypesandis quite
compl. The abstractclassesQut , | n, andl nQut implement
respectrely Sour ce, Si nk, andboth. Theseabstractlassesm-
plementall theplumbingcodenecessarfor UG’sto communicate
andbeinterconnectedhto graphstructuresandleave justasingle
method,conput eBuf f er () unimplementedThis methodde-
finesthe actualaudioprocessingo be donein the UG. The UG'’s
provide only audio-luffers, and have no inherentrenderingca-
pability. The actualrenderingis donewith the classedrom the
r ender packageput could beimplementedndependentlyf so
desired.

Thegener at or packageontaingnstantiableclassesvhich
extendtheabstractlassesn theengi ne packageTheseclasses
arethebasicUG’s. We have implementedbasicaudioprocessing
blocks suchas wave-tables filters, audiofile readersresonance
banks pitch-shiftersandothersasneeded.They arevery easyto
author

We provide a r ender packagewhich containsa Sound-
Pl ayer UG torenderapatchto theaudiohardwarethroughJava-
Sound,low level utility classedor converting betweendifferent
audiodataformats,andan off-line renderewhich producesaudio
files. A Cont r ol | er classis providedwhichallowsthecreation
of simplegraphicaluserinterfaceswith slidersandbuttonsto ex-
perimentwith algorithmsin real-time.

To shaw how easyit is to extendtheabstractlasse®n-the-fly
hereis somecodeto generatea savtooth signalwith a frequeny
of 415Hz (perhapausefulasa virtual tuning fork) andsendit to
theaudiohardwarein real-time:
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float srate = 44100;
float freq = 415;
int bufferSize = (int)(srate/freq);
new Sour cePl ayer (bufferSize, 0, srate,
new Qut (bufferSize) {
public void conputeBuffer() {
for(int i=0;i<getBufferSize();i++)
buf[i]l =1i;

}
).start();

An unnamedSour cePl ayer UG is created.lts lastagument,
which defineswhich Sour ce to play, is ananorymousextension
of anQut classwhichis anabstractlassiromtheengi ne pack-
age. The anorymousderived classimplementsthe conput e-
Buf f er () function which fills eachbuffer with a period of a
sawvtooth. Thestart () call onthe Sour cePl ayer startsa
threadwhich pulls audio-tuffers out of the Qut UG and sends
themto theaudiohardwareusingJazaSound.
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Figure 1: Exampleof a usageof JASSin areal-timesimulation
environment.Thesimulatormalke asynchronousallsontheUG's,
which are not necessarilyatomic, while a JASS synthesighread
rendersaudio.

In Fig. 1 we have indicatedhow an algorithm authoredin
JASS canbedeplo/edin a simulationenvironmentwith real-time
sound. We shaw a virtual pot which can be touchedby a probe
under user control. The simulator keepstrack of position and
velocitiesand performscollision detectionand dynamicssimula-
tion. It interactswith JASSby startingthe synthesighreadon the
Sour cePl ayer , andthenmakesasynchronousallsto theUG’s
thatimplementthe specificalgorithmsusedfor audiomodelingof
the potandthecontact.Thesecallsoccurat simulationtime steps,
andaremadein aseparatéhread.At the sametime, the simulator
communicateso the graphicsdisplaywhich ensureghe synchro-
nizationof audioandgraphics.

JASS has similarities to Perry Cook’s C++ SynthesisTool-
kit [11], the main differencesare that (1) JASS usesvectorized
UG’swhich make it muchmoreefficient, (2) JASShasno support
for eventcontrollike MIDI andSKINI, (3) JASSis writtenin pure
Java.

Anotherrelatedsynthesigpackageis Burk’'s JSyn[12] ervi-
ronmentwhichis a UG basedlava API usingnative methodsm-

plementedn C, which is available for Macintoshand Windows.

It is acommerciaproduct tamgetedprimarily towardsmusicalap-
plications. No sourcecodeis available for the native C imple-

mentations,and the systemis not userextendible. It includesa
sophisticatedventscheduleandcanbe deplog/ed onthewebvia

abrowserplug-in. BecauselASSis writtenin pureJava, synthesis
algorithmsauthoredwith it canbe deplo/ed in a web pagewith-

out ary specialplug-in on JavaSoundenabledbrovserssuchas
Netscapes.

SynthBuilde13] is aUG basedsynthesignvironmentdevel-
opedat CCRMA and consistsof a scriptinglanguagedescribing
patchesareal-timesynthesiengineanda sophisticatedraphical
interfaceto designpatches.

JMax [14] is a UG basedsynthesiservironmentdeveloped
at IRCAM and consistsof a graphicalpatchdesignervironment
which is easyto usefor non-programmersThe systemcanbe ex-
tendedby writing customUG’sin C++. THe systenrunsonLinux
only.

CSound[15] provides a sophisticatedsynthesidanguagefor
musicalinstrumentsynthesisandhasa large communityof users.
It is however not easyto useprogrammatically

Our notationfor Java interfaces classesandinheritancerela-
tionsis illustratedin Fig. 2.

Class [ Interface }
——  extends
Abstract Class :
------ implements

Figure2: Notationfor Java objects.In classinheritancerelations
the corventionis thatthe objecton theright extendsthe objecton
theleft.

2. FOUNDATION

The engi ne packageencapsulatethe notion of interconnected
unit generatorsA UG in JASSis a processinglementwhich can
receve audioinputsandhasat mostoneaudiooutput.

Interfaces for Unit Generators

The Sour ce interface,depictedn Fig. 3, encapsulatethe notion

time

tBuffer(t
andio-buffer getbulien()

Figure3: Sourcenterfacewith temporalstatewhich maintainsan
audiobuffer. Methodsto setandgetthe time and buffer are not
indicatedhere.

of aprocessinglementwith atemporalstate which maintainsan
audio-tuffer, which we considerto be an arrayof f1 oat . It is
definedasfollows:
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public interface Source {
float[] getBuffer(long t)
t hrows Buf f er Not Avai | abl eExcepti on;
long getTine();
void setTinme(long t);
int getBufferSize();
voi d setBufferSize(int bufferSize);
voi d cl earBuffer();

}

Themostimportantmethodsget Buf f er (1 ong t) (indicated
by acircle), which requestanaudio-tuffer ata specifictime. De-
pendingon the implementatiorandthe relationof t to thetime
statesucha requestmay or may not be granted. The exception
throvn whentherequesfailsis specificfor theengi ne package.

The get Buf f er () methodis intendedto be called by ob-
jectsimplementingthe Si nk interface,depictedin Fig. 4. The
methodsdefinedin the Si nk interface encapsulatéhe behavior
of an objectwhich is connectedo a numberof Sour ces. It is
definedasfollows:

public interface Sink {
Ohj ect addSour ce( Source s)
t hrows Sinkl sFul | Excepti on;
voi d renmoveSour ce( Source S);
Source [] getSources();

}
souteel addSource{Source s)
remove3ource(Source s)
gource2 Source[] getSources()

Figure 4: Sink interface encapsulatingn objectwhich contains
sourceswhich areindicatedby incomingarrows.

The methodaddSour ce() connectsa Sour ce to the Si nk.
An Qbj ect isreturnedwhichis intendedto beusedby thecaller
to interactwith the connection. For example,if the Sour ce is
a contactforce on a threedimensionalsolid body which is the
Si nk, thebj ect returnedcouldcontainmethoddo setthespa-
tial locationof the contact. If the Sour ce cannot be added for
examplebecaus¢heimplementoronly supportoneinputasis the
casefor afilter UG, anexceptionis thrown.

The methodget Sour ces() returnsanarrayof Sour ces.
Theintentionis thattheimplementingUG will call eachSour ce
in order and requestaudio buffers from it. The orderingof the
Sour cesisimportantin general A Sour ce canbeconnectedo
anarbitrarynumberof Si nks.

Abstract Classesfor Unit Generators

Three abstractclassesare definedwhich implementsomeor all
of theinterfacesdefinedabove. They provide templatesor UG’s
which produceaudiobuffers, consumet, or both. We madesome
specificimplementatiorchoices,andit is possibleto authordif-
ferentUG templateémplementationsandusethemwithin existing
applicationsaslong asthey implementthe Sour ce and/orSi nk
interfaces.

TheseabstractUG's arecalledCut, | n, andl nQut. The
classhierarchyis depictedn Fig. 5.

Source % ----/ QOut UGl
o ‘*- UG2
Sink % i In UG3

Figure5: Classhierarchyof the enginepackage.Classedo the
right of the vertical dottedline representnstantiableclassegrom
otherpackage®xtendingthe abstractlasses.

TheCQut class,whichimplementsSour ce, represents UG
which producesudiobuffers,suchasawav file, anoisegeneratar
or asinewave generataretc. It containsmembevariablesto set
thetime andcontainsan audio-tuffer of f | oat , seeFig. 6. Time

Source

~
~
-

time
audio-buffer

getBuffer(t)

computeBuffer()

Figure 6: AbstractclassOut, representingan object capableof
producingaudiobuffers. The outputin representedy the circle.
It leavesasinglemethod,conput eBuf f er () , unimplemented.

is definedasanintegerwhich countsthe numberof buffersof size
buf f er Si ze thatareprocessedAt a samplingrateof fs anda
buffersizeof NV this correspondso time slicesof size N/ fs. The
mostimportantSour ce memberfunction implementedcby Qut
is get Buf f er , whichis implementedasfollows:

public synchroni zed float[] getBuffer(long t)
t hr ows Buf f er Not Avai | abl eException {

if(t == getTime()+1) {

setTinme(t);

conput eBuf fer();
} else if(t !=getTine()) {

t hr ow new Buf f er Not Avai | abl eExcepti on();
}

return buf;
}

It makesuseof the membervariable
protected float[] buf;

which is the audio-tuffer at the currenttime. If thetimet equals
the currenttime, the presentlyheld audio-tuffer is returned. Al-
ternatively, if the requestedouffer lies one time-stepin the fu-
ture,the UG will incrementime, computethe next buffer by call-
ing conput eBuf f er () , andreturnit. Themethodconput e-
Buf f er () mustbeimplementedy instantiableclassesxtend-
ing Qut .
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Thel nQut classrepresentshe mostgeneralUG which has
audioinputsanda singleoutput. It implementshothinterfacesby
extendingQut and providing animplementationof the methods
in the Si nk interface. (Becauselava doesnot supportmultiple
inheritance] nQut cannotderive from both| n andCut .) The
methodsaddSour ce() andr enmoveSour ce() aresynchro-
nized. It maintainsa list of input Sour ces, which have an as-
sociatedaudio-tuffer cacheasindicatedin Fig. 7. The method
get Buf f er () inheritedfrom Qut is overriddenby inserting
acalltocal | Sources() betweenset Ti me andconput e-
Buf f er:

setTime(t);
cal | Sources();
conput eBuf fer();

This methodcalls get Buf f er (current Ti me) on every at-
tachedSour ce in order and cachesthe resultsin the associ-
atedbuffers asindicatedin Fig. 7. If the filter-graphcontainsa

getBuffer(t)

Figure7: AbstractclassinOut, representingn objectcapableof
gettingandproducingaudiobuffers. The unimplementedanethod
conput eBuf f er () usesthe cachedinput buffers to compute
the outputbuffer.

closedloopit is possiblethatthis eventuallyresultsin another(re-

cursive) call to get Buf f er () onthesamel nQut object. Be-

causdime hasbeenincrementedeforebuffersarerequestedrom

the external Sour ces, sucha call will comewith a time amgu-

mentequalto the currenttime andwill thereforejust returnthe

cachedbuffer, which is now actually “stale”, therebypreventing
ary further recursion. This meansthat a closedloop in a patch
actsasa delayline, with the delay equalto the buffer-size. Be-

causea connectedgraph can never have UG's out of synchby

more than a single time-step(at leastin this implementationof

the Sour ce andSi nk interfaces) the throwing of the exception
Buf f er Not Avai | abl eExcept i on indicatesa programming
error.

Whenimplementingconput eBuf f er () , it is importantto
realizethatget Buf f er () returnsareferenceo theaudio-tuffer
for efficiency, anddoesnotcopy it. If closedoopsoccuroneof the
cachedSour ce buffersmayin factbethe samebuffer astheone
thatis beingcomputed which may causeunexpectedbugswhen
thisis notrealized.

Thel n class,depictedin Fig. 8, providesanimplementation
of theSi nk interfaceandis derivedfrom the JasaclassThr ead.
It is marked abstractso it cannot be instantiatedthoughit does
notin factcontainary unimplementednethods.This classwill be

sourcel

gource?

gource3

Figure8: Abstractclassin, representingin objectcapableof get-
ting audio buffers. It extendsthe Java classThr ead to enable
thecreationof synthesighreadswvhich“pull” audio-luffers out of
Sour ces.

subclassedby UG’s for renderingaudio producedby Sour ces
for example.

JASS patchesare usually deplgyed in a multi-threadedenvi-
ronment. For example,in the applicationdepictedin Fig. 1, the
simulatorthreadwill make callsto the UG’s, while the audioren-
derthreadrunssimultaneouslyFor thisreasorget Buf f er () is
implementegsasynchr oni zed method.In orderto avoid race
conditionsary UG methodghatchangehestateof theUG (for ex-
ample afilter UG mayhave thefilter coeficientschangedyhould
be declaredsynchr oni zed. This ensureghatthe stateof the
UG doesnot changewhile the UG is processing call from get -
Buf f er () , which would resultin unpredictablébehaior. Sim-
ilarly, the methodsaddSour ce() andr enmoveSour ce() are
alsodeclaredsynchr oni zed, to allow a patchto be “rewired”
from a differentthread without disturbingaudioprocessingione
asaresultof get Buf fer ().

3. CONCLUSIONS

The currentdistribution of the JASS systemcontainsa setof unit
generatordor readingand playing audiofiles, at varying speeds
andvolumes,mixers, variousfilters, and UG’s for renderingand
capturingaudio. On the JASS website[8] the full documentation
of all implementedIASSUG’s canbe found andreadonline. The
setis notintendedo becomprehense andusersof thesystemare
expectedto write theirown UG’s.

The websitealso containsan extensie setof demossuchas
a Karplus-Strongplucked string algorithm, a reverberationalgo-
rithm, a granularsynthesispatch, and mary others. Thesede-
moscanbeheardonlinein aJasa 2 enabledbrowser (for example
Netscapeb).

The algorithmsauthoredwith JASS have aninherentlateny
determinedy the buffer-sizeusedby thefilter-graphswhich can
beaslow asonesamplein principle. Smallerbuffersrequiremore
processingverheadthough. For our applicationsve have found
that using a buffer-size of 1 sampleresultsin a slowdown by a
factor4, comparedo usinga buffer-size of 100. At a sampling
rate of 44100Hz,a buffer-size of 100 translatesn a lateny of
about2 ms,whichis excellentfor mostpurposes.

UnfortunatelycurrentJarzaSoundmplementationsequirelar-
ge buffers for real-timesynthesison all platformswe are aware
of. On Windows 98 andLinux we found that the lowestlateny
we could achieve without breakupof soundwas 140ms,which is
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threetimeshigherthanthe streamingateng of the DirectSound
API. We anticipatethis situationwill improve when JavaSound
matures.

The JASS systemhas beenusedprimarily for our research
in contactsoundgenerationbut we hopethatit will find more
widespreadisage.
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