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ABSTRACT

Vessel: A Platform for Computer Music Composition,

Interleaving Sample-Accurate Synthesis and Control

Graham David Wakefield

Therich new terrains offered by computer musc invite the exploration of new
techniques to compo<e within them. Thecomputationd nature of the medium has
suggested algorithmic approaches to compostionin the form of generative muscal
structure at the nate level and above and audio signd processing at thelevel of
individud samples. In theregion between these levels, thedomain of microsound,
we may wish to investigate themusdcal potential of sonic particlesthat interrelate
both signd processing and generative structure. In thisthesis| present a software
platform (W essel  for theexploration of such potential. In particular, asolution to
the efficient scheduling of interleaved soundsynthesis and algorithmic control with
sample accuracy is expoundel. Theforma founddions design and implementation
are described, the project is contrasted with existing work, and avenues for muscal

application and future exploration are proposd.
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1 Introduction

Therich new terrains offered by computer musc invite the exploration of new
techniques to compo<e within them. The computationd nature of the medium has
suggested algorithmic approaches to compostionin the form of generative muscal
structure at the nate level and above and audio signd processing at thelevel of
individud samples. Theregion between these levels, the domain of microsound[43)],
holds special interest dueto thepotential of sonic eventsto findy interrelate both
signd processing and generative structure.

Thisthesis defendsthe postion tha algorithmic exploration of microsoundcalls
for thedynamic yet deerministic interleaving of both signd processing and
structural control with up to sample accuracy. Satisfying this demand possa
chdlengefor both the (outside-time) representation and (in-time) rendering of
computer musc compostions This thesis presents a software solution (/ essel Q) to
this chdlenge For representation, it comprises an interpreted musc programming
languaye with extensonsfor event, control and synthesis articulation, while for
rendaing, it comprises adeerminigtic, dynanmic, lazy scheduling algorithm for both

conaurrent control logic and signd processing graphs
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Chapter 2 comparatively places thework in relation to existing languayes and
frameworks. Many key observationsrelated to thethesis question, and the
subsequent implementation, are drawn.

Chapter 3 summarizes therequirements of thethesis project, and the
implementation of the scheduler and languaye extensonsare expoundel in detail.
Theconcegptud modd can be summarized as follows: A compostion represented as
ascript file may beevaluaed in real-time into hierarchies of dynamically interleaved
conaurrent processes and relatively outside-time structures. The processes
themselves are iteratively interpreted over discrete time, produdng an in-time
performance or form as digitally produaed sound.

Chapter 4 describes the Vessel language and applicationsin detail, induding a
number of example scripts for evaluding its ability to satisfy therequirements.

Chapter 5 reviews the condusonsof thethesis and outlines directionsfor future

work.

1.1 Motivations & Significance

On the 1950s certain compoers began to turn their attention toward the
compostion of soundmaterial itself. In effect, they extended wha had always
been true at the phrase level down to the soundobject level. Jud as every phrase
and macro form can beunique each soundevent can have an individud

morphology. This creates a greater degree of diversity Dof heterogendty in
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soundmaterial Bwithou necessarily losng continuity to other objectsE we can
extend the concept of heterogendty even further, down to thelevel of
microsound,where each soundparticle may beunique Themicrogructure of
any soundcan be decomposed and rearranged, turning it into auniquesound

object.O[43].

Throughoutmillennia we have invented tools to overcome our physca and
mental limitations and the domain of musc production is no exception. Thedigital
computer in paticular has redefined wha amuscal tool can be offering
computationd potential with tremendousgeneality applicable to many different
muscal activities. Of special interest to the compaser are the use of computationd
facilities for the synthesis of otherwise inaccessible soundsand the articulation of
complex muscal structures.

Thesynthesis of music according to a set of rulesis often referred to as
algorithmic mudc, thoughstrictly speaking theterm generative musc should be
applied if therules are expressed in aform that can be processed by the computer
[42]. Onemight object that, at a certain level, all musc produced by computersis
algorithmic, since all computer activity isrule-based; to be ussful, thedistinction of
algorithmic computer musc indicates tha therules are stipulated and/or
meaningfully applied by the composger, rather than the system architect.

Algorithms and rules may beused to stipulate musical structure with different
relationshipsto time. Synthesis and signd-processing algorithms may be specified

13



by the compoer to generate sonic textures at thelevel of discrete samples or sample-
streams, while musgcal form and structure across larger temporal ranges may be
derived according to mathematical fundions categorizationsand relationdhips of set
theories, opaationsof flavors of formal logic, procedural ingructions and so on. In
addition, the composer may require algorithms to be dynamic over theduration of
the composdtion, whether according to pre-set configurations or by deriving them
geneatively at runtime.

Theprimary motivationtherefore for enabling fineagorithmic control of
synthesis and musgcal structure isto augment thevocabulary and enrich the nuances
of computer musc compostion. Trevor Wishart for example highlightsthe need for
(Qprecise sound-compostiond control of the multi-dimensond spaceQin order to
achieve Gasubtly articulated and possibly progressively time-varying @layingOof
the sound space.O[54]. Curtis Roads meanwhile emphasi zes tha the exploration of
the microsonic time-scale presents exciting creative oppotunities for the computer
musician: Microsonic particles remained invisible for centuries. Recent
technological advances let usprobeand explore the beauties of this formerly unsen
world. Microsonic techniques dissolve therigid blocks of musc architecture Bthe
notes Dinto amore fluid and supple medium.0[43)]. The fineinterleaving of control
and synthesisin mudcal expressionis aso akey component of the author@ own
artistic endeavors [47].

Today both signd processing [42] and agorithmic form [31] benefit from

extensve research and muscal use, however aswe shdl see in Chgpter 2, many

14



contemporary tools for computer musc compostion limit the combined exploration
of these techniques dynamically and at micro time-scales. Thisthesis describesthe
development of software tools to specifically support such compostiond

explorations

1.2 Some suggested Applications

Some specific examples of potential avenues of muscal exploration enabled by
thisthesis project are described bdow. It should benoted tha any and all of these
techniques can be combined with each other and with more established approaches
computer musc compostion. Since what is possible at themicro-level may be
extrapolated to larger time-scales, much of the potential can be extended to computer

musc compostionin amore genera sense.

1.2.1 Granular synthesis

There are many different forms of granular synthesis[43], however in general all
use some combination of event scheduling for multiple voices, each of which has a
small signd processing routine Geiger notes tha granular synthesis heedsa high
level of dynamic ingantiation with a exact time granularity and speed,Owhich
cannotbetrangparently suppoted by many computer musc systems, thusOviog of
the systems therefore integrate granular synthesis as a separate unit generatorO[ 15].

Themodd described in this thesis overcomes these issues (as described in later
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Chapters) and thusis not only capable of many known of granular synthesis both in
terms of signd processing and event distribution, but isaso ideal for the

investigation of new granular approaches.

1.2.2 Synthesis with timbral complexity

Xenakis compared the stationay steady state of synthesized soundsto thetiny
variationsand fluctuaionsevident in acoudic sources, and called for Qhew theories
of approach, usng another fundiond basis and hamonic andysis on ahighe level,
e.g., stochastic processes, Markov chans correlated or auto-correlated relations or
theses of patern and formQ[55]. Findy interleaving control logic and synthesis
introduces scopefor quite nonlinear methodsof micro-variation within sound
timbre. Applied to FOF synthesis for example [42], onecould embed the
indeterminacies and fluctuaing behavior of thevocal tract into the geneative

algorithmrather than applyingit asaglobd control.

1.2.3 Musical micro-agents

Algorithmic compostion based uponpaallel procedural flow can suppot
techniques based uponFinite State Automata (FSA) on ape-particle basis. Such
techniques mightindudeMarkov chans forma grammars, L-systems, cellular

automata, artificial life, flocking and any agent-based algorithmic modds|[31].
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Structured rather than stochastic determination of acougic grain propeatiesisan

exciting field to explore within musc compostion.

1.2.4 Atomic physical modeling

Physcal moddingis an established techniquefor sound synthesis[42] aswell as
high-level musgcal control [19]. The extendon of physcal modding techniques to
micro-sonic particle smulationscould indudeinteracting sonic atoms with inter-
paticle and surface collisons unde the action attractive and/or repulsive fields
Onecan imagineamodd of a corpusular scattering of an impulse, as agranular
approximation of reverberationfor example. What differentiates such an approach
princdpdly from typical stochastic approachesto granular synthesisistheinsertion

of memory and patern cohaence.

1.2.5 Strategy variation and top-down articulation

Roadsnotes tha signd processing suggests a parametrical modd tha need not
beexclusvely adhaed to: QAlternatively, the compostiond strategy itself may be
the subject of variations.. Juxtapostion refreshes the brain, breaking the cycle of
closed permutationsand combinaionsO[43]

Besides enriching synthesis from thebottom-up, ahigh-level muscal
programming languaye can suppot top-down determination of muscal structure.

For these pumposs, generic languaye features such as math and text processing can
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be used to generate, modd and evaluate semantic grammars, narative system
dynanics, and fuzzy and temporal logic. Temporal scripting is particularly well
suited to respongve real-time systems and simulation systems (for further discussion
see the Tempo languaye of Dami et al. [9].) God-oriented coroutine programming
could beused to dynamically evaluae patern logics, condraint systems or

elaboration graphs[29].

1.3 Key concepts & terms

Before proceeding, it is prudent to clarify some of the key concepts and terms

used in thisthesis.

1.3.1 Formal representations of computer music composition

Computer musc compostion encompasses humans interfacing with computers
in order to write compostionsin such away tha objective sonic output (in theform
of digital samples) becomes possible. To stipulate musical structure, it mug be
represented in aform that can be expressively written and read by the human while
also precisely parsed by the computer. It isarole of the software develope to
provide a goodbridgebetween human users and computer-parsable formal
representations and to maximize the capabilities of these formal representationsby
finding an appropriate subdrate in which to work while minimizing the tradeoffs of

expressive flexibility agang efficiency.
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Unfortunaely, any definition of artistic ideas mug necessarily be open-ended,
and thedomain of mudc compostionis fraughtwith complexity and ambiguity [11].
In summary, adesired muscal structure may beatangled conaeptud hierarchy tha
interleaves with variable dependendes. It may bedescribed in sequential and parallel
terms, indudecomplex, dynamic, homogeneousor heterogeneousstrata of
containment, behavior and relationships A goodformal representation of computer
musc should suppott all of these possibilities.

Varese described music as @rganized sound€i51]. Thenounterm Gound®
suggests that music results in objective forms, whilst the past-tense term @rganizedO
indicates tha musc istheresult of aprocess of organization. We can thusidentify
two extremes in therepresentation of muscal output, theform of themuscal output
of acompostion, and the process by which a compostionis congructed. Likewise,
Roadshere echoes obsrvationsby Xenakis: Musicologists have longargued
whether, for example, afugueis atemplate (form) or a process of variation. This
debae echoes an andent philosophical discourse pitting form agang flux, dating
back as far asthe Greek philosophe Heraclitus Ultimately, thedichotomy between
form and processis an illuson, afailure of languayeto bind two aspects of the same
conaeptinto aunitE A form is congructed according to aset of relationsips A set
of relationshipsimplies a process of evaluation tha resultsin aform.0O[43).
Similarly, we can identify theformal representations of compostions(the
compostionfile, script, project files etc.), as well as the process by which the output

isgenerated (the algorithms specified in the composition and the software subdrate
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inwhich it isrendered). Theauthortherefore suggests that aformalized modd of
muscal processto bea suitable basic grounding for algorithmic computer music

compostion.

1.3.2 Unit generators and block rate processing

At thelowest level, computer musc involves the procedural determinaion of a
series of samplesto berendeaed as soundby a digital to audio conveater. Audio
signd processing comprises mathematical fundionsused to synthesize output
sample values in respon to inputsamples or the passage of time. Theunit generator
modd is archetypd: GDne of themog significant developments in the design of
digital soundsynthesislanguayes was the concept of unit generators. Unit generators
are signd processing modules E  which can beinterconnected to form synthesis
ingruments or patches that generate soundsignds.O[42]. Unit generators
encapsulate mathematical fundionsand context variables into processing nodes,
which can be connected via arcs into directed graphs suitable for real-time signd
processing (DSP graphg. Unit generators offer flexibility dueto thar modularity:
the same unit generator types can bereconfigured into different graph structures,
resulting in wholly different sonic output Theflexibility and generality of the unit

geneator modd isideal for exploratory computer musc compostion.
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1.3.3 Block rate and control rate

Audio signd processing involves mathematical operationson large quantities of
data, andistherefore expensve computationdly. A solutionto improveefficiency,
suppoted by mos unit generator modds, is to opeate upon®locksCOof audio data at
atime. Theloading of contextud daa for a unit generator opeaation does not need to
occur at each sample (improving cache peformance), and opaationsuponchunksof
data can make use of SIMD indructionsin the CPU. Block sizes are typically
between 32 and 256 samples, corresponding to durationsbetween 7.25 and 58
millisecondsrespectively. Control (rather than signd) parameters to unit generators
are updded at this block rate to avoid disrupting the block-processing efficiency, and
likewise structural changes to the synthesis graph mug occur at theboundaies of the
block, resultingin thenotion of a@ontrol rateQ

However, in order to freely explore regionsof themicro time-scale, control and
graph changes may berequired between these block boundaies, perhapsas findy
ddimited as a single sample. Theblock-rate quantized control also limits the
capability to relate synthesis and control logic with temporal accuracy at the micro
scale. It should be noted tha control-rate has no mudcal significance, butis made

appaent to theuser in order to manage computationd efficiency.
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2 Related Work & Observations

The contemporary computer musc composer can choos from a plethora of
software tools, however for the puposes of this thesis the author will consder four
of themog prevalently used and relevant to thethesis question: the Max family
(Max/MSP, PD, jMax), CSound,SupeCollider, and ChuK. Thecapabilities of each
of these systems regarding the dynamic interleaving of both signd processing and
structural control are evaluated, and in each case, observationsapplicable to the

design and development of the Vessel system are madeclear.

2.1 Max

For the purposes of thisthesis, Max refers to Max/MSP [56], PD [38] and related
software. Max isa populbr choice for composng interactive digital mediaworks
because of the approachable graphical interface, extengve bindingsto media
processes and protocols, and the open-ended philosophy. The Max family
implements a Data Flow Architecture [28] for bath synthesis and message
scheduling, defined in avisud a pachinginterface in which audio is processed in
stream flow and other daatypes are processed in event flow.

Puckette emphasizes tha Max is fundanentally a system for scheduling real-
time tasks and managing communication amongthem.O[39], and as such can be

ideal for the complex interleaving of synthesis and control. In addition, the Max
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interface may ease thelearning curve required to use it and thussuppot exploratory
compostion, as McCartney notes: Vlax E provides an interesting set of
abdractionstha enable many people to use it without realizing they are
programming at al. O[3(].

For synthesis, Max provides an extengve library of unit generator modues that
can be pached togehe quite freely by the composer. Max uses a control-rate for
efficiency, thoughthe user has some control over itsrelationship to the message
processing and priorities. Subgectionsof signal graphscan opeaate with different

control rates usng the poly~ container, thoughtheinterface can be cumbersome.

2.1.1 Graphical and textual representations for composition

While agraphical pachinginterface may facilitate rapid sketching throughan
intuitive representation, it also carries some inhaent limitationsfor algorithmic
compostion of microsound. Since each processing unit mug bevisudly
represented, the process graph becomes somewha static and struggles to represent
large nunbers of processors, especialy with minor variations It isdifficult to
dynanmically changethe process graph during performance, particularly with
accuracy regarding timing. Expressive daa structures, variable scopingandin
particular procedural control flow can bedifficult to express visudly.

Many of these limitationsdo not apply to textud interfaces. For example,

Puckette notes tha procedural approachesto control are "better undeataken within
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thetasks than by building neworks of existing tasks. This can bedoneby writing
"externs' in C, or by importing entire interpretersEO [39]. McCartney notes that
Max@ visud representation Os also limited in its ability to treat its own objects as

data, which makes for a static object structure.O[30].

A genaga comparison of the advantages and disadvantages of graphical and

textud interfaces are presented in Table 1.

Graphical user interface Textud languayeinterface

+ User-input may be constrainedto - Steeperleaning curve of syntax and
logically valid operaions vocakulary

+ Eadertoview and input quartitatively - Tireometo specify by data-entry when
rich data such ascontrol envelopes precision is not required

+ Commontakscanbeimmedately and |- Simpletaks mayrequire detailed code
intuitively represened

+ Interacton canbe morerapd - Interacton canbe time-consuming,

particularly if text must be compiled
- Interfaesterd to be more specific + Interfaeishighly gereric

- Complexdata-structures if madevisible, | + Compact de<ription of complex data-
canbe visually overwhelming structures

- Precse qualitative specifi cation canbe + High degreeof precision & control
diffi cult atfi ne grarnularity

- Visual represertations usually demard + Textual elements may more easly refer
rigid models to or embed eachother

Table 1: Relative meritsof graphical and textual representations of

computer music.
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2.2 CSound

CSoundis oneof the better-known textual interfaces for computer musc

compostion. CSoundwas origindly written by Barry Vercoeat MIT in 1985 based

uponearlier languayes of theMusc-N family, and continues to be devel oped today

(advanding to version 5.0 in February of 2005) At its core, CSoundis Qlesigned

aroundthenotiontha thecompoger creates a synthesis orchestra and a score tha

references the orchestra.O [42]. The orchestra and score are specified textudly usng

distinct syntaxes (Figure 1).

<CsoundSynt hesi zer >;

<CsOpti ons>
csound -W-d
</ CsOpti ons>

-0 tone.wav

<Csl nstrunent s>

Sr = 44100

kr = 4410

ksmps = 10

nchnls =1

instr 1

al oscil p4, p5, 1
out al

endi n

</ Csl nstrunment s>

<CsScor e>
f1 0 8192 10 1
il 01 20000 1000
e

</ CsScor e>

</ CsoundSynt hesi zer >

Sanpl e rate.
Control signal rate.
Sanpl es pr. control signal

Nunmber of out put channels.
Si npl e oscillator.

Cut put .

Tabl e contai ning a sine wave.
Pl ay one second of one kHz tone.

Figure 1. Basc Csound XML filewith orchestra and score sections.
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Csoundfiles were origindly processed in nonreal-time to rende sonic output, in
a (Qprocess referred to as GoundrendaingQes andogousto the process of mage
rendaingOn theworld of computer graphics.O[6]. Csoundingruments are defined
in the orchestrafile as directed graphsof unit generator types (called @pamdesOn
CSound) Flexible soundrouting can be achieved usng control and audio busses via
theZak objects. Control rateis evident in CSoundthroughthe a-rate and k-rate

notations

2.2.1 Distinction of synthesis and temporal form

Since 1990,Csoundhas provided real-time rendeing [52], and today various
implementationssuppott interaction inputsuch as graphical interfaces, VST controls,
MIDI, OpenSound@ntrol etc. Neverthdess, the set of ingruments mug be defined
in advance of peformance, thusany generative structures desired mug beimposed
externdly according to this vocabulary.

Thestrong separation of synthesis and tempora event definitionimposes a strict
limitation on the scopefor algorithmic compostion: new synthesis processes cannot
bedefined in respons to temporal events, and new temporal events cannotoccur in
respon to the synthesis output GCsoundis very powerful for certain tasks (sound
synthesis) while not particularly suited to others (data management and

manipulation, etc.).O[5].
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2.2.2 Declarative and procedural languages

The Csoundscore and orchestra languayes are essentially declarative series of
statements, with amog no provision for procedurd control (such as expressionsand
control flow). Roadsidentifies two key bendfits of procedural representationsof
musica flow: CFirst, thecompostiond logic is made explicit, creating a system
with adegree of formal consstency. Second, rather than abdicating decision-making
to the computer, compogers can use procedures to extend control over many more
processes than they could manage with manud techniques.O[42).

The CSoundorchestra languaye does suppot rudimentary procedural control
flow usng goto/labd, Boolean conditionswith if/goto, and temporal pseudo
subroutines viareinit/rireturn/timout and ihold/turnoff, however the use of such
features for algorithmic compostionis nottrivia. For example, Eugenio Giordani
uses thetimout fundionin orde to generate individud grain events within a granular
synthesisingrument definition, yet it is clear in theimplementation tha this was far
from straightforward to achieve [5]. The Csoundscore languaye does not suppot
any kind of programmatic control flow suitable for algorithmic compostion.

In contrast to declarative languayes, procedural languages Qyenerate musical
events by stipulated procedures or rulesE  Procedural compostion languayes go
beyondthe representation of traditiond scoresto suppot theuniquepossibilities of

computer musc. These languayes let composers specify music algorithmicaly.O

! Thecarry and tempo stretching opeators are for pre-processing only.
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[42]. There are many featuresin procedural languayes with potential applicationsto
algorithmic musgc that are unavailable to declarative languayes, as summarized in
Table 2. Generic procedural programs can bewritten in C and executed usng Cscore

to create score files generatively.

Procedural languaye feature Applicationsin algorithmic musc
Flexible data-de<cription Musical signal represrntation,
(Variabe data-types homogenecus ard cakegorizaion and setthearetic
heterageneaus containmert, object operaions, behavioral encapsulation
hierarchieg
Mathematcal functions & logical Mathematcally and logically specffied
functions rules
Procedural control flow Branching, looping, parallelism ard

neging of functional activity, compact
representation through code re-use
Extersibility (static and dynamic Gererically connectto other processes
binding) eg. sciertific library routinesor
graphical rendering

Table 2: Features of procedural languages with applications in algorithmic

music.

2.2.3 High-level interpreted languages
Writing geneative programs in C requires low-level programming skills not
necessarily appropriate for the computer musc composer. In contrast, high-level
interpreted programming languayes such as Lua, Python, Ruby and Scheme are
increasingly populr dueto more approachable syntaxes. In addition, interpreted

musc languayes can be modified and executed immediately while the program is
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running, withoutneeding to go througha distracting compilation stage The
composer engaged in musical experimentation may appreciate a shorter
programming-testing loopin a real-time system. Interpreted languayes can also
suppot advanced technigues such as rurn-time code generation, which may offer
uniquepotentia for algorithmic compostion.

Recently CSoundhas added bindingsto Python ahigh-level interpreted
programming languaye Scriptsin Pythoncan generate Csoundorchestra/score files
and ingantiate Csoundrendeers to interpret them into sound,while utilizing the
powerful data description, control flow and extenson library capabilities tha such
high-level languayes provide There remainshowever afundiond and tempora
separation between the generation of orchestra/score and therendeing thereof.
Conveasdy, Csoundcan interpret Python codeembedded within an orchestrafile,
suppoting more powerful generative synthesis techniques. This Pythoninterpreter
can also beused in real-time rendeing, however the Pythonopaoodes are limited to
control rate execution, and Pythonis nat optimized for high-priority rea-time
execution. Thoughit is possible to have sample-accurate Pythoncalls within the
synthesis rendeaing by setting the control-rate equd to the sample-rate, the CPU cog

islikely to beprohibitive for mog real-time applications
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2.3 SuperCollider

SupeCollider [30] isahigh-level interpreted programming musc languaye
designal specifically for dynamic and generative structures and synthesis of
computer musc. It can begenerally applied to many different approaches to
compostion and improvisation rather than any particular preconceived modd. It
features an application-specific hightlevel programming languaye SCLang (drawing
ingpiration from C++ and Smalltalk) with extensve data-description and fundiond
programming capabilities, and suppot fundionsfor common muscal needs
SupeCollider also features an extensgve library of unit generators for signd
processing. Sample-rate and control-rate distinctions are made explicit viathe.ar
and .kr notation. A key distinctionfrom CSoundistha codecan beevauaed in
real-time as the program runs

SupeCollider isideal for the exploration of algorithmic compostion. Since
version 3.0 (thecurrently available version), graphs of unit generators are defined
textualy and compiled at run-time into dynamic libraries (&ynthDefsQ to beloaded
asingruments (Bynths) by the synthesis engine (8CSever(, al unde control of
thelanguage Thelanguaye and synthesis engine run as different processes or

applicationstha communicate usng socket messaging.

30



2.3.1 Latency in the procedural control of synthesis

The separation of languaye and synthesisinto distinct processesin version 3.0
introducaes compilation and performance optimizations butalso implies limitations
in the degree of temporal control: Because ingruments are compiled into code it is
not possible to generate patches programmatically at thetime of theevent as one
could in SC2... In SC2, an audio trigge could sugpendthesignd processing, run
some compostion codg and then resume signd processing. In SC Server, messaging
between the engines causes a certain amountof latency.O[30]. While for most
purposs this latency is not noticeable, in the micro time-domain it can be
devastating.

An additiond consequence of the separationisthat the expressive fundiond
languaye of SCLang is not available within synthesis ingrument definitions
SupeCollider 3.0 therefore represents a dight return to the CSoundmodd of

orchestra and score, in which however the score is procedural rather than declarative.

2.3.2 Concurrency and musical flow

One of themotivationsbehind the design of SupeCollider was the suppott for
therepresentation of muscal structure usng high-level daia descriptionsof
conaurrent muscal flow [30]. Compostionswith sequential and parallel symmetries

can berepresented more succincly and structurally in fundiond terms than asflat
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lists of elements?. Herein lies a benefit: increasing apparent fundiond structure also
increases expressive affordances for trangormation, induding algorithmic
compostion. Smoliar for example consgders a procedural representation of muscal
flow as an interaction of multiple processesin order to develop alanguaye
(&Euterped for theagarithmic andysis of musical structure [48]. We mightalso
obsrve tha real peformers donotreact linearly to each el ementary advancement of
time but rather multi-task: they maintain meter, prepare for imminent gestures, scan
ahead in the score, and so on.

Software development encouniers asimilar problem: in thelimit, computation
according to thefinite state machinemodd® isin fact asingular procedural
progression, butthisis notanaura way to think aboutthe design of interactive
software. High level programming languayes present interfaces with greater
affordances by making use of appaently conaurrent condructs such as subroutines,
threadsand coroutines. Many digital compostion tools also embed paralle structure
as multiple timelines (e.g. AdobeFlash). SCLang provides excellent suppot for

conaurrent processes and muscal flow usng for example the Routineand Task data

types.

2 Jug as redundant information can be compacted by Huffman coding.

® For the purposes of this thesis, we disregard parallel CPU architectures; the
judification will become clear later in the section describing the scheduling
implementation and threading.
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2.4 ChucK

ChudK [53] represents oneof theonly contemporary optionsthat avoidslatency
in the procedural control of synthesis. Chud isaconairrent, dynamic
programming languaye designed for run-time programming in mind. It also provides
alibrary of unit geneaators (largdy based onthe STK library) to befreely
ingantiated and connected into graphswithin ChucK scripts. Theauthorsrefer to
Chud as Gtrongly timed®which can be defined as follows:

- Suppots sample accurate events,

- Defines no-control-rate (or suppots dynamically arbitrary control-rates),
- Suppots conaurrent fundiond logic,

- Control logic can beplaced at any granularity relative to synthesis,

- Suppots run-time interaction and script execution.

Like SupeaCollider@ SCLang, the ChudK languaye was written especially for the
ChuK software. It isahigh-level interpreted programming language, which is
strongly typed. It focuses on a @nassively overloadedQopeator => which is used for
variable assignment, unit generator paching and text stream processing for example.
Also like SCLang, ChuK provides suppot for conaurrency usngthe Shred daa
type akind of deterministic coroutine Codein ChucK does not advance in a block
of codeunless the programmer explicitly advancesit, by assigning durationsto the

now object.
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2.4.1 Strongly-timed: avoiding block control-rates

ChudK @ conaurrent shreds and explicit control of timing within the same
languaye as synthesis graph specification suppoits complete, sasmple-accurate control
of synthesis structure. Being able to specify signd graphsdynanically in respon to
control events opensup the scopefor algorithmic musc compostionin which
control and synthesis evaluaionsare findy interleaved. Generative algorithms
frequently involve some kind of inputbased uponfeedback from previousoutput,
thusfor example a granular synthesis techniquecan be suppoted in which each
grain@ propatiesis ca culated uponthe demise of the previousone aongwith other
propeties of thelocal context. Therequirements of thisthesis clearly indudethe

Gtrongly timedClassification.

2.4.2 Application-specific or generic programming language?

Procedural music languayes may bewritten specifically for an application, or be
domain-specific extensonsof an existing genea pumpose programming languayes.
Amatriain notes that GDffering acompletely new programming environment based
onanew languayeis atitanic effort that needs of avery large development team. On
the other hand, thelanguaye has to offer very unique and outstanding featuresin
order to convince new users tha theeffort of learning it is worth thewhile.O[4].
McCartney, author of the SupeCollider languaye, also wondes whether an

application-specific languayeis worthwhile: Qs a specialized computer music
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languaye even necessary? In theory at least, | think not The set of abdractions
available in computer languayes today are sufficient to build frameworks for
conveniently expressing computer musc.O[3(].

Making use of a powerful existing programming languaye benefits fromthe
proficient work of many skilled software develope's, and implies additiond

advantages as outlined in Table 3.

Gengic languayefeature Benefit

Existing facilitiesof data description, Formally verifiedin the computer

function and control flow community

Existing documertation, may also be Eadng learning curve

familiar to some users

Existing developmert, debugging ard Minimizing user error and improving

profiling tools user experience

Undergone extersive revision Removal of dewveloper bugs ard
increae of efficiency

Paertially numeraus extension libraries Many additional caphilitiesavailakde
for scope of exploration

Formal gererality Future scalahility & portahility
Code writtenin the language canbe re-
usedin mary applicatons.

Table 3: Benefits of using an existing programming language

Given these advantages, why would a developa choo% to write anew languaye?
Thetightefficiency, tiny time-scales and large daa-processing demandsof the
computer musc domain may often drive developesto create new languayes for

synthesis control. McCartney for example bemoans thelack of garbage collection
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appropriate for rea-time andinflexibility of syntax of mog generic programming
languayes as the main obdacles to use for computer musc.

An intermediate solution may to use a generic programming languagetha is
designal for application extension, and which offers an open enoughprogramming

interface to be optimized to real-time demands
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3 Design & Implementation

In this section | outinethe design and implementation of Vessel: how the control
languaye was chosen and extended, how dynamic synthesis was suppoted, how the
sample-accurate interleaving of control and synthesis was achieved and how the
condraints dueto the subgrate were minimized. Before proceeding, let us

summarize the key observationsmade so far.

3.1 Summary of requirements

Software for computer musc compostion mug formally represent muscal
structures in aform parsable by the computer, but also humanly readable. For
algorithmic compostion, a process-based representation suppoting generic logic
and mathematical relationshipsisideal. The software mug also providethe meansto
evaluae such adescription into active structural and synthesis processes to produce
audio outputin theform of digital samples, withou compromising efficiency.
Synthesis specification is generally well modded usng the unit generator modd,
and both serial and parallel musdcal flow can bewell modded usng conaurrent
timelinecondruds. Itisessential for the exploration of microsoundto avoid block-
rate quantization of control and structural changes. Neverthdess, efficiency isakey

demand.
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A graphical representation may beintuitive, but atextud representationis
preferred for exploration of algorithmic compostion dueto generality, precison and
scalability*. Synthesis and temporal structure should be combined in the same
languaye, with nolatency of interaction between them ('strongly timed'). Procedural
languayes are more suitable than declarative languayes for algorithmic approaches,
since they directly expose thealgorithms to the user, and high-level interpreted
languayes offer specific bendits such asinteractivity over compiled languages for
real-time purpogses. A generic languayeis more portable and better suppotted than an
application-specific languaye

Theimplementation requirements for the software may now be summarized:

¥ A domain-specific (computer musc compostion) extenson of an
interpreted procedural programming languaye supporting generic
programming and conaurrency,

¥ Feature avocabulary of unit generators that can bevarioudy and
dynanmically connected into signd processing graphs

¥ Inocorporate areal-time sample-accurate scheduler to smultaneoudy
renda dynamic unit generator graphsand conaurrent process timelines,

¥ Beé€fficient.

* Thegraphical paradigm does have advantages however, and thusthis thesis
project is also presented as a library extenson (@xternQ for Max/MSP, to be
described in alater section.
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Each of these requirements will bedescribed in turn throughthe remainde of

this section.

3.2 Representation language

Thedesign modd calls for adomain-specific extension of an existing high-level
interpreted procedural language (suppoting conaurrent processing) for computer
musc compostion. Interpreted programming languages exhibit highe-level
interfaces to programming more suited to quick prototyping and testing. However,
real-time audio processing involves large quantities of numeric opeations and
efficiency isthe primary concern when choosng a programming languayefor audio
synthesis. The compiled languayes C and C++ are established as the standadsin this
field, dueto ther efficiency, flexibility and active suppot in thewider programming
community. Interpreted languayes can be embedded within compiled languayes such
as C and C++ such tha CPU-intensve opeationscan take place outside of the
interpreted context, thustheinterpreted languaye pendty can be condrained to a

minimum.

3.2.1 Choice of language

Theinterpreted languayes consdered for this project induded Ruby, Python,

Scheme, 10, JavaScript and Lua Thoughl O [12] had an appedling cleanliness to its
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syntax, it was judged to be notyet mature enoughfor the project. Likewise,
JavaScript was soondismissed dueto excessive CPU and memory overhead [ 3].

Scheme isadiaect of LISP, which haslongbeen apopubr choice for
algorithmic computer musc languayes [11]. However, many users suffer with the
unugid syntax of LISP variants, which is often described as both cumbersome and
error-prone Scheme is however avery powerful language, with high-level
fundiond programming and lexical scoping features.

Ruby is an interpreted object-oriented languaye with a largeand growing
community, plenty of suppot and extenson libraries, and has been particularly
successful for web programming. It ishowever regarded as difficult to embed.

Pythonisavery popubr interpreted languayefor application extenson. It is
object-oriented and incorporates features such as modules and exception handling.
Thesyntax is clean, and Pythonben€fits from an incredibly large selection of
extenson libraries, tools, suppoting doaumentation and active community.
Embedding Pythonis nontivial however, and its suppot for conaurrency is goodbut
not excellent.

Luaisan interpreted programming languaye specifically designed for application
extenson, featuring the high level fundiond and conaurrent programming features
of LISP/Scheme with a more familiar infix syntax alongthelines of Pythonand
Ruby [20]. Luais perhgpsbest regarded for its small size and efficiency, and thusis
mog highly regarded in the game develope community [22]. A roughcomparison

of efficiency of these languayesis given in Table 4, based uponbenchmarks at [ 3].
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For the curious these benchmarks show tha Luais around10-30x slower than C,

usng around2-3x more memory.

Language CPU usage Memory usage
JavaScript (SpiderMonkey) 5x 50x!

Lua 1x 1x

Python 5x 2-3X

Ruby 10x 2-3X

Scheme (MzScheme) 1.5x ax

Table 4: Rough CPU and memory usagecomparisons of Lua, Javascript,

Python, Ruby and Scheme, with Lua asthereference.

Ruby was discounted as beng not sufficiently distinct to Pythonyet less
efficient, while Scheme was discarded as offering similar bendfitsto Luabutwith a
less approachable syntax. The decision was close between Pythonand Lua Python3
extengve libraries and community suppot (induding use in CSound)were
appeding, butthe portability, ease of embedding, formal completeness, conaurrency
suppot and overal efficiency of Luawas deemed more valuable. As Brandtsegg
notes; GDne could arguetha Pythonis notthemost CPU-effective languaye
available, butit seemsit's speed will be sufficient for compostiond algorithmic

control, as these processes do nomally evolve at arelatively ow pace compared to
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e.g. audio processing tasks. The exception beng compostiond algorithms that

works directly ontheaudio signd.Q[7]

3.2.2 Lua

Luds authors describe Luaas an extenson languaye [ 20] specifically designed to
be embeddead within hog programs and extended by domein-specific APIs.
McCartney also states tha an abgractly extengble languaye allows the programmer
to Gocusonly onthe problem and less on satisfying the condraints and limitations
of thelanguaye®® abgractionsand the computer® hardware.O[30]

Luameets the needs of an extenson languaye by providing gooddata description
facilities (assodative tables), clear and simple syntax, and flexible semantics. Luais
afull-fledged programming languaye, suppoting highe-level featuresfoundin
languayes such as Scheme such as first-class fundionsand coroutines. Asin
Scheme, avariablein Luanever containsastructured value, only areference to one
Luaincorporates an incremental garbage collector suitable for real-time use. Luais
frequently used for game logic programming (e.g. World of Warcraft [44]) and

application extenson (e.g. AdobeLightroom[20Q)]).

3.2.3 Concurrency

Thedesign modd callsfor the suppot of hierarchies of interacting serial and

paallel timelinesto deerministically represent an algorithmic muscal process.
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Luaprovides excellent suppot for deterministic concurrency in theform of
coroutines, or more fully, asymmetric collaborative multi-tasking [32]. Coroutines
were origindly introdued by Conway in theearly 1960s and described as
subroutines that act as the master program [8]. A coroutinein Luarepresents an
independent thread of execution, aparallél virtud machine for deterministic
scheduling. It is congructed fromafundion defined in Luacode A coroutinehasits
own stack, itsown local variables (persistent between calls), and its own ingruction
pointer (it resumes from the same codepoint at which it last yielded); but shares
nortlocal variables with other coroutines. Luacoroutines are first-class objects.
variables can point to coroutines, and coroutines can be passed into and returned
fromfundions Luacoroutines are asymmetric, based on the primitives yield() and
resume(), and since calls from Luato Luaare GtacklessQ the algorithm by which
coroutines are resumed can be determined very flexibly (in fact, the @nain processO
of theinterpreter isitself acorouting). Coroutines have hdped Luato gan popukrity
in the game development community. For a more detailed description of coroutines
andther usin Lua see[32].

Each conaurrent musical timelinein Vessel is represented as Luacoroutineaong
with metadata such as the sample-clock time it should next continueprocessing. The
body of atimeline-coroutineis aLuafundion, and can indudethefull rangeof
dynanic control structures that the Lualanguayes offers, alongwith asmall number
of additiond fundionsto interact with the scheduler. In this modd, atimeline may

represent the entire compostion, or asingle grain, and each timelineresponds
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distinctly to the passage of time according to internd determinations In fundiond
programming palance, coroutines are continuaions: they are objects tha modd
@verything tha remainsto be donelat certain paints in thefundiond structure.
Thustheevaluaion of acomposer@ script isimplemented as a variation of the
continudion-based enactment design patern [27].

Theflexible nature of Luacoroutines and thetrangparent C APl pemitsthe
develope to specify with great freedomthemanne in which they are resumed, and
thiswill be described in detail in the Scheduling section bd ow. The mannea in which
theunit generator graphsare specified throughLuawill also bedescribed in alater
section, however it roughly follows the game devel opment paradigm, which calls for
efficiency and flexibility: Gnany games are coded in (at least) two languayes, onefor
scripting and the other for coding the engined[22].

Findly, to summarize therepresentation modd in thelanguaye extenson: a
computer musc compostionis evaluaed in real-time into hierarchies of
dynanmically interleaved conaurrent processes and relatively outside-time structures.
The processes themselves are iteratively interpreted over discrete time, produdng
tempora form as digitally produed sound.Theauthor does not suggest tha all
compostion fit therepresentation modd described above or tha the formalized
modds that the computer can provideare necessary for musc. However the modd
does provide a working hypotesis uponwhich to develop an implementation that

may beevaluaed in practice.
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3.2.4 Existing Lua / Audio bindings

A web search unaovers few Luabindingsof audio libraries, predominantly
comprising simple soundmixer additionsto gaming software. CSound5.0 indudes
a Luabinding which is mogly limited to loading and rendeing orchestra and score
files and thusnot of interest to thisthesis.

Theclosest relation foundis the ALUA project, apart of GYner Geiger(3
dodoral thesis[15]. The software was not available for testing, so thecomparison
hereispurely theoretical. A general observation however isthat ALUA isQx
research system onlyOand Gilthoughnot my main focus, thereis till alot of work to
bedoneuntil ALUA is afully usable languaye for computer muscO[15]. Geiger
chos Luafor theflexible and expressive high-level syntax, and ALUA suppots unit
geneator congructors and explicit control of scheduled time in asimilar but reduced
manne to Vessel. Itisnotclear whether it suppoits conaurrency. The ALUA
languaye extensonsare not as developed as Vessel; for example, opaators are not
oveloaded for unit generators (Add(Sine(), S ine())  rather than Sine() +

Sine() ). Overdll, it appearsthat ALUA may nolonge be a suppoted project.

3.3 Software synthesis

One can digtinguish between software synthesis applications such as the project
outlined in thisthesis, and software synthesislibraries. Synthesis libraries provide

DSP fundionsor unit generator modules written in an efficient programming
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languaye, with application programming interfaces (APIs). Libraries offer atomic
access to elementary DSP fundionsand make minimal assumptionsas to how they
may beused. Thedevelope of a synthesis application can take advantage of many
exigting libraries for DSP to providetested and recognized fundiondity.

This section describes thevarioussynthesis libraries consdered and
implemented in Vessel. 1n accordance with the design requirements, any synthesis

congdered library for Vessel mug meet thefollowing requirements:

- C/C++ API in orde to provide bindingsto Lua

- Single-sample or variable block-size processing for microsound

- Efficiency of peformance and minimal opaodesetupfemovd cos
- Minimal dependendes for portability

- Open-source digtribution for portability

3.3.1 Synz

Synz [40] isaC++ library for common signd processing tasks, providing a set
of efficient opaodes based on a set of low-level stateless opeaator fundionsand
geneic daa structures. The evasion of preconceived use-cases allowed the author to
very easily bindthislibrary to Vessal. Synz nather assumes nor prevents block
processing, it provides alow-level but congstent C++ API, andis distributed as open

source.
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3.3.2 STK

STK [46] is suitable to be embedded within Vessel, since it provides a C++ API
and suppots single-sample opadeevaluation with a generic tick() method andis
distributed as public domain source code STK isfamiliar to many computer music
researchers, and would be avaluable asset dueto its particular suppot for physcal

modding synthesis. A bindingof STK in Vessd istherefore planned as future work.

3.3.3 CSL

The CREATE Signd Library [37] is an object-oriented C++ library of synthesis
unit generators. CSL isinhaently block-processed and embedsthesignd graph
representation within unit generators themselves; for these reasonsCSL could nat be

efficiently utilized within Vessel.

3.3.4 CLAM

CLAM [4] isaframework for building audio applications both in C++ and
througha graphical editor application (the CLAM Network Editor). CLAM
implements daa-flow architecture for processing, distinguishing between
synchronousdaa flow and asynchronouscontrol flow. In contrast to the Max

family, it isthecontrol flow tha is condrained to nuneric types, while daa flow
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may indudesignds, spectra, and complex daa structures. A CLAM nework,
expressed as an XML file, can be converted into a standdoneapplication with a
graphical interface designed usngthe QT GUI todkit, and CLAM is distributed
unde an open source license.

CLAM processing nodes can suppot dynamic block sizes (up to a maximum
size) within the audio thread, throughreconfiguration of processing nodes cannot
occur in theaudio thread. The architecture of unit generators and source codeis very
similar to theapproach taken in the Vessel system, thoughit remainsto be evaluated

whether CLAM could be used within the Vessel system.

3.3.5 SndObj

SndCbj (SoundObiject Library [24]) is an open-source C++ generic audio
processing library incorporating many opaodes and utilities. SndObj can use
different block sizes pe opadeingance, however it remainsto be evaluaed
whether these can be efficiently modified dynamically (usng
SndObj::SetVectorSize ) in order to beincorporated within the Vessel

scheduler®.

> The doaumentation at http://musc.nuim.ie//mus ctec/SndObj/SndObj_Manud-
2.6.1.pdf suggests tha this will notbethe case.
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3.3.6 Csound opcodes

Csoundhas over 450 opaodes for audio signd processing, probably the mog
complete of any software. Csoundisdistributed as open-source, and provides APIs
in C and C++ in order to be embedded within other languages and applications In
fact, abinding of Csoundfor Luaalready exists in the Csounddistribution, however
this bindingishighlevel (suppotingtheloading and rendaing of Csoundfiles)
rather than offering low-level access to the synthesis opades themselves.

Examining the source coderevea s tha opaodes may involve strong dependendes on
the CSoundhog, making it unlikely tha they can be genegally used within other

scheduling environments.

3.4 Scheduling

Orhis moment which | live, this thoughtwhich crosses my mind, this
movement which | accomplish, thistime which | beat: before it and after it

lies eternity; it a nonretrogradable rhythm.OOlivier Messiaen, in [45]

Thedesign modd callsfor areal-time sample-accurate scheduler to

simultaneoudy rende dynamic unit generator graphsand conaurrent process
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timelines, in order to findy interleave algarithmic muscal structure and signd

processing. This section describes how thisis achieved.

3.4.1 Unit generator graph traversal

Signd processing of unit generator directed graphsmug be executed in
deterministic orders such tha anodd3 inputs have been determined before thenode
can output. A nasvetree-search algorithm may quite effectively achieve this. It can
also beviewed as aformulation of the producer-consumer problem, and thusboth
push (leaf to roof) and pull (rootto leaf) modds may be used for thetraversal. Static
scheduling pre-determines the graph before executing, while dynamic scheduling
evauaes thegraph at runtime. Dynamic scheduling can therefore handle changes to
the DSP graph at run-time.

Normally the unit generator graphis viewed as an indivisible process, such that
each nodeprocesses equdly sized tokens per iteration (typically matching the block-
rate). We have seen however that this modd isinaufficient when control or graph
changes are required more findy than the block-rate.

TheVessdl scheduler algorithm attains state changes not quantized to the block
rate by allowing arbitrary sub-divisonsof theblock duration. Thecos incurred is
tha graphtraversal is deived dynamically at each state change Traversing only
those portionsof the graph hierarchy uponwhich the state changeis

deterministically dependent can minimize this cos (lazy dynamic scheduling). The
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graph manager in Vessel traverses only the deterministic inpuf dependendies of unit
geneators within the signd-processing graph, only up to the current state-change
time-stamp, and thusimplements jug-in-time sample-accurate graph dynamics.
Between state changes, the signal processing proceedsin sample blocks, taking

advantage of block processing efficiency whenever possible.

3.4.2 Threads considered harmful

Vessd has theresponsbility to maintain sufficient potential in thesystem for
free action of arbitrary and independent state changeof the synthesis graph during
real-time peformance. Synthesis processing and structural control are usudly
separated into distinat opeating system threadsfor efficiency, however as noted by
Dannenbeg & Bencdna[10]:

Orhesimple timing approach, which is something like

A(); sleep(5); B(); sleep(3); C(); dleep(7); ...

will accumulate error dueto finite computation speed and system latendies.O

® Within a directed dynamic graph, it is nat possible to schedule with sample
accuracy for inputnodes tha are a'so downgream of the current processing context
(i.e. cycles), butthelatency will be automatically minimized to block-rate.
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Thestandad solution to achieve scheduling determinism isto provide an event
buffer with an acceptable latency and schedule accurately time-stamped events
ahead within this buffer. Effectively, thebuffer conceals theindeerminacy (jitter)
of synchronization beween the system timer, the message thread and the audio
thread sample clock. Early implementationsof Vessal took this approach.
Unfortunaely, this solution incurs indderminacy if a scheduled event is micro-
temporally dependent on another event@ output To achieve sample accuracy of state
changein response to audio events, it became appaent the compostion script must
execute in the same system thread as the synthesis processing and manage event
scheduling and execution directly with the audio sample clock.

Thecog of interpreted Luacodein the high-priority audio thread is minimized
by maintaining the expensve signd processing and graph management/scheduling
entirely within C++ code only callinginto Luafor therelatively cheap coroutine
evauaions Furthermore, expensve workaroundsto threading indegerminism
(locking, semaphores etc.) are entirely avoided within the Vessel interpreter [26].
TheVessd languaye can thussuppot thousndsof conaurrent coroutines with
deterministic behavior and shared memory, rather than hundieds of conaurrent

threadswith unpredictable behavior and buffered/locked memory’.

” On the other hand, pre-emptive conaurrency can be achieved if desired (e.g. for
file loading) usng the Lanes extenson described in section 4.
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3.4.3 Scheduling dynamic graphs and coroutines

The scheduler algorithm manages the prope execution of both theunit generator
graph and thelist of active coroutines. The scheduler Gvakes upCGeach coroutine
timeline when its sample-clock timeis dug and the coroutine proceedsthroughits
virtud machineingructionsurtil it completes or it yieldsto reschedule itself at a
future sample-clock time. While it proceeds the compostiontime is effectively
frozen. If at any point during the coroutine@® execution, it trigge's a state changein a
unit generator or thesignd processing graph, the affected portion of thesignd
processing graph will betraversed and processed up to the current compostion
timestamp. Once all active timelines are complete for the current audio block, the
synthesis graph is once more traversed fromtheroot node to calculate any
remaining indgerminae samples. Compostion time can now advance to the end of

theblock.

Since Luaindudes dynamic and indgerminae cortrol structures, the effective
control rate can be arbitrarily specified or even indeterminately derived with sample

accuracy as the peformance proceeds

3.5 Efficiency

Besides the optimizationsmade in the scheduling algorithm, the efficiency of the
synthesis library fundionsand the peformance of Lua, theprincipd issuefor Vessel

is memory management. The high priority real-time audio thread demandsthat
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processes to occur in bourded time [10], butmemory alocation cannotaways
satisfy this condraint. Dynamic graphstherefore require memory management
techniques to achieve bounde time paeformance.

Vessal implements up-front allocated free-list memory pools for themos
dynanmic elements: audio buffers, coroutines and unit generators. Pre-allocated
memory is recycled as the program executes, and pools grow if needed, utilizing a
memory allocator optimized for real-time use [25]. The same real-time allocator
easily replaced malloc and free for all LuacallsusngtheLuaAPI. Thereader is
referred to the Real Time Memory Management paternsin [10] for afuller
description of these techniques.

Since version 5.1 the Lualanguajeincorporates an incremental garbage
collector. Luab5.1 saw theintrodudion of an inaremental collector adaptable for real-
time use (provided in respon to requests from game devel opeas), avoiding

potentially longpauses during garbage collection[22].
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4 Description & Examples

4.1 Single language, multiple applications

Thelanguaye extensonsto Luato suppot sample-accurate synthesis and control
conditute a software library tha can be embedded or dynamically loaded within
other applications Thethree existing applicationsdescribed in this section should
betaken asindicative of its scalability. Additiond future targets could indudeaudio
plug-ins(VST, JACK, AU etc), cross-platform suppot for Windows and Linux, and

embedded devices such as PDAs and gaming conles.

4.1.1 Vessel command line

A command-lineimplementation of Vessel is available, which can beused for
testing, or controlling from other applications(Figure 2). Inputarguments specify
themain Luascript file to execute, an optiond maximum duration, and an optiond

filein which to record audio output
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Figure 2: The Vessel command linetool in use.

4.1.2 Vessel application

Vessd exists as a standdoneapplication (presented for OSX but scalable to other
platforms) incorporating the Vessel language and synthesis scheduler alongwith an
audio scopeand statuswindow, and a Luacodeeditor window (Figure 3). The code
editor is based uponthe CocoaMDI (multiple doaument interface) devel opment
patern, and features syntax highlighting for both Luaand Vessel reserved words

Run, Merge, and Stop butonsrestart, mix and terminate L uascripts respectively.
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8 66 _| trainlets.lua

Run Merge Stop

local duration = 6@
local density = 18

¢ local durmin = 8.001
local durmax = 8.65
local fregmin = 55

7 local fregqmax = 888
local maxharmonics = 32

function trainlet(dur, freq, harmonics)

local ig = Imp{freq, harmonics)

play{Out, dur, Pan{Env{dur, ig), math.random{) - B.5))
end

function trainletcloud()
local t = now()
while now() < t + duration do
local dur = durmin + math.random{) * {durmax - durmin}
local freq = fregmin + math.random{) * (freqmax - freqmin)
local harmonics = math.random{maxharmonics)
go{trainlet, dur, freq, harmonics)
wait{math.random{) * 2/density)
end
end

goftrainletcloud)

OO0 Vessel

now @: 9.15 coroutines 2 ( 32) units 7 streams 18 256 lua 91k

Figure 3. Screenshot of the Vessel standalone application on OSX.

4.1.3 Vessel in Max/MSP (the lua~ external)

Lua- isan extenson (externd) for the Max/M SP environment containing the
Vessd languaye and synthesis scheduler alongwith bindingsfor relevant Max/M SP

components (Figure 4).
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Figure 4. Screenshot of the lua~object within a Max/M SP patch.

A lua~object in aMax pach can load and interpret Lua scripts and receive,
trandorm and produe MSP signds and Max messages accordingly. Theln and
Out busses represent thelua~ object inlets and outlets respectively. Messages set to
thelua~ externd areinterpreted as fundion calls with arguments®, and thefundion
outlet() is used to send Max messages out of thelua~externd. Lua~ provides

theunified integration of text-based and graphical meta-mechanisms for audiovisud

compostion within asingle application.

® E.g. theMax message (print hello 5 Oresultsin the Luacall
print(OhelloO, 5)
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4.2 The language

This section presents an overview of thelanguaye extensonsto Luatha

conditute Vessal.

4.2.1 Scheduler functions

now()

Returnsthe number of secondssince the containing coroutinewas created. With
an optiond argument (any), returnstheroot scheduler timestamp.

go([ delay |, func ,[ args E))

Addsanew coroutineto the scheduler queug and returnsthe coroutne The
coroutinewill begin after dday seconds(or immediately if not specified), based

uponthefundion func which will be passed all vauesin args

wait([ delay ])

Pauses the containing coroutinefor dday seconds. Thewait()  fundionin
Vessd isdeterministically sample-accurate; it effectively causes the currently
executing coroutineto yield and reschedule itself, and pemit the next scheduled

coroutine or synthesis process to resume.
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play( bus, dur, unit )

Addstheunit geneator unit as an inputto bus pauses the containing coroutine
for dur seconds then removes the unit generator frombus Equivalent to

bus:add(unit); wait(dur); bus:remove(unit).

abort([ coro])

Aborts the coroutine coro immediately, removing it from the scheduler and
freeing any memory resources uniqueto the coroutine (induding other coroutines
launched by coro and notreferenced elsewhere). Note: this may lead to Gtuck notesO
if the coroutinehad added unit generators to external busses. An aternaive strategy

isbenginvestigated to avoid thisissue

4.2.2 Units
Units are Luaobjects tha encapaulate C/C++ unit generator DSP code Units

flexibly handle condgant numbers or other Unitsfor mog inputparameters. Units
may provide Luamethodsto determineingdantaneousstate changes. Units can

expand to multi-channd upondemand, and individud channds can beindexed with
theunit[n]  notation, where nisan integer startingfrom1. Units can be
composged into graphsviather inputs, by usng Busses (see bdow), or by usng math

opaators(+, -,* /, %, " ).
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Vessd currently incorporates a minimal set of Units for development purposes,

outlined bdow. Thislist will grow rapidly in the near future.

Noise generators.  Noise(), Pink()

Oscillators: Sine([ freq 1), Square([ freq 1)),

Tri([ freq 1), Saw([ freq ]),

Imp([ freq, harmonics, mode D,

Dsf([ freq, fratio, aratio, harmonics )
Geneators. Decay([ t60)),

Curve([ dur, curve, start, end )
Filters: Smooth( input ,[ factor 1),

Biquad( input ,[ fre q, resonance, mode )
Shepers: Env( duration, input [ shape])
Spatializers. Pan( input ,[ pan]),

Reverb({ parameters })

Math: Round( /nput ), Floor( input ), Ceil( input ),
Abs( input ), Min( input, operand ),
Max( input, operand ), Mean( input,
operand ),
Gt( input, op  erand ), Lt(  input, operand ),
Clip( input, a, b ), ClipB(  input, a, b ),
Wrap( input, a, b ), Fold(  input, a, b ),

+1 -l*lll%ll\

4.2.3 Busses

Busses are a particular kind of Unit into which other Units can write. Busses

therefore alow arbitrary signd mixing, efficient effects chans and graph cycles.
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Busses add the bus:add(unit) and bus:rem ove(unit) methodsto add
or remove Unit writers from a Bus

Two specia globd Busses, named Out and In , represent the output and input
channds of Vessel respectively. Thenumber of channds matches the number of

channds of the soundcard (standdoné or nunber of inletsoutets (lua~).

4.2.4 Distributed interaction (OSC, MIDI)
Vessel suppots MIDI and OSC for inputand output. Ports are created from

condructors taking textud or numeric qudifiers(e.g. Midiin(1)  or

OscOut(OlocalhostO, 7400)). Messages are read usng the:read()
method, and sent usng OscOut:send(E) or MidiOut:noteon(note,
vel, chan), MidiOut:control(cc, val, chan) etc.

4.2 5 Lua libraries

Theentire Luacorelibraries are available for use in the script, induding standard
math and string fundions Additiond fundionsare defined by Vessel for common
muscal tasks, such as miditofreq() . Luaitsdf isan extensble languaye, and
any libraries written for stock Luacan bedynamically imported and used within a

Vessal Luascript, to provide scientific math fundions networking capabilities, etc.
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4.2.6 Lanes
ThelLuaLanes project [22] isaspecia library incorporated into Vessel to enable

the sharing of simple data types between Luagtates in distindt opeating threads, via
named FIFO message queues. Lanes can also be utilized to create pre-emptive tasks
in distinct system threads which may be useful to compute expensve nonreal-time

opeaations

4.3 Examples
In this section | present simple demondrationsof the capabilities of the presented

software.

4.3.1 Minimal example: note list player

Thefollowing codefragment defines a coroutine process to progressively iterate
anote list table and interpret its daa as a sequence of notesto synthesize usng a

Sineoillator:

- a sinple sequence player:
| ocal player = function(notelist)
for i =1, #notelist do
| ocal event = notelist[i]
pl ay(Qut, event.dur, Sine(event.freq))
end
end

- a mniml sequence:
| ocal triplet = {
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{ freq = 440, dur = 0.5}
{ freq = 880, dur = 0.25 }
{ freq = 660, dur = 0.25 }

}

- play the sequence concurrently:
go(player, triplet)

Thisis minimally equivalent to the orchestra-score modd of Csoundet al., yet
can beendlesdly extended with fundiond and concurrent programming. For
example, thetable of event parameter sets could just as easily contain fundionsor
other coroutinesin place of numbers. A library of complex and geneative pdtern
streams can be designad usng tables, fundionsand coroutines, according to the

compoer or programmer@ discretion.

4.3.2 Microsound Synthesis

Curtis Roadsdescribes a diverse catalogueof rich synthesis techniques
dependent uponthemicro time scale [43]. Vessel has been designed to suppott
microsoundsynthesisin genea terms, butfor the purmposes of this thesis we will
condder trainlet synthesis as a specific indicative example: OA trainlet is an acougdic
paticle congsting of abrief train of impulses. Like other particles, trainlets usudly

last between 1 to 100ms.O[43]

64



Trainlet cloudsincorporate at least three levels of hierarchy: thetrainlet cloud
each stream of trainlets, and theimpulses within each trainlet. Thefollowing code

sample demondrates a basic specification of atrainlet cloud:

-- trainlet cloud paraneters

| ocal duration = 40 -- seconds

| ocal density = 80 -- per second
l ocal durmin = 0.001

| ocal durmax = 0.1

| ocal freqmn = 220

| ocal freqmax = 880

| ocal maxharnmonics = 40

function trainlet(dur, freq, harnonics)

local ig = Inmp(freqg, harnonics)

pl ay(Qut, dur, Pan(ig * Decay(dur), nmath.randon() - 0.5))
end

function trainletcloud()
local t = now)
while nowm() <t + duration do
| ocal dur = durmin + math.random() * (durmax - durnin)
local freq = fregnmin + math.random() * (freqmax - freqmn)
| ocal harnoni cs = mat h. random( maxhar noni cs)
go(trainlet, dur, freq, harnonics)
wai t (mat h. random() * 2/density)
end
end

go(trainletcloud)

4.3.3 Concurrent processes

This simple example demondrates the layering of conaurrent processes. Note
tha both processes are ingantiated from the same fundion template, but with

distinct arguments:
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-- sinple percussive repeater as coroutine tenplate
function pattern(stepdur, freq, p)
while true do
-- create a DSP graph:
local f = Sine(freq, 0)
| ocal ugen = Pan(Sine(freq, 0) * Decay(0.2) * 0.5, p)
-- play for one step, then pause for one step
pl ay(Qut, stepdur, ugen)
print(f:freq():current())
wai t (st epdur)
end
end

-- launch coroutine i medi ately,
-- at 1/6s step size, 440Hz, pan right:
go(pattern, 1/4, 440, 0.5)

-- launch coroutine after 2 seconds,
-- at 1/4s step size, 330Hz, pan left:
go(2, pattern, 1/6, 330, -0.5)

4.3.4 Sample-accurate dynamic graphs

In Four Criteria of Electronic Musgc, Karlheinz Stockhausen described a
techniqueto produe synthetic tones tha demongrated the continuumbeween pitch
and rhythm (and by extenson, timbre and polyrhythm). Thefollowing codeexample
demondrates tha graph can be created and destroyed at any control rate, slowly
moving from rhythm throughto timbre. The period between each new ingantiation

gradudly reduces fromonesecondto asingle sample:

local dur =1
| ocal function player()

-- launch child activity to change tenpo:
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local t = go(function()
while dur * sanmplerate > 1 do
dur = dur * 0.9
print("dur", dur * sanplerate, "sanples")
wai t (0.1)
end
end)

-- loop until down to a single sanple duration
while dur * sanmplerate > 1 do
| ocal s = Sine(55 * math. randonm(8))
pl ay(Qut, dur, Env(dur, s))
end
end

go(pl ayer)

4.3.5 Generative signal graphs

In thefollowing codesample, a series of events are producd in which each hasa
signd graphtha is determined randomy. Thenod() fundion selects fromthe
template table of fundionsto generate each part of thegraph. Note tha the

fundionsthemselves recursively call nodd), until the prope depth is reached.

-- mxer with reverb

l ocal mix = Qut:add(Bus())

| ocal verb = Qut:add(Reverb())
verb:add(m x * 0.1)

-- a set of tenplates to generate ugen nodes

| ocal node -- forward declaration

| ocal tenplates = {

function(a) return Sine(node(a) * (2”nmath.random10)),
mat h. random()) end,

function(a) return Tri(node(a) * (2"math.random(10)),
mat h. random()) end,

function(a) return Snooth(node(a), nath.random 10)) end,

function(a) return Decay(math.random() * 4) end,
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function(a) return Env(math.random(), node(a),

mat h. random( 7)) end,
function(a) return node(a) * node(a) end,
function(a) return Fold(node(a), node(a), node(a)) end,
function(a) return Mean(node(a), node(a)) end,
function(a) return Abs(node(a)) end,

-- recursive graph node generator

functi on node(depth)

if depth > 0 then
-- call a function fromthe tenplate
| ocal t = tenplates[math. randonm(#t enpl ates)]
return t(depth - 1)

el se
-- just use a constant:
return math. random()

end

end

-- event generator:
function note()

-- make a new duration

local d = 0.1 + math.random() * 3

-- generate a graph

| ocal graph = node(3)

-- scale by an envel ope

graph = graph * Snoot h(Decay(d), 100) * (math.randon() - 0.5)
-- DC bl ock

graph = Bi quad(graph, 1, 1, 1)

-- panni ng graph (pan at sanple rate)
| ocal panner = node(2)

-- clip to reasonabl e range

panner = Clip(panner, -0.5, 0.5)

-- schedule it!

play(m x, d, Pan(graph, panner))
end

-- produce sone graphs in sequence:
while true do

local d = 0.1 + math.random()*0.1
go( not e)

wai t (d)

end
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5 Conclusion

Theaim to findy interleave signd generation, event handling and compostion
structure within a unified compostion languaye has been achieved. Embedding
fundiond logic ona per-event basis can suppot both sequenced and algorithmic
compostionin tangled hierarchies of parallel and serial time flows, and the
compor@ script itself becmes the source of synthesis complexity.

This section returnsto some points tha bear further elaboration, evaluaes some

of thelimitationsof Vessal, and highlights areas for future development.

5.1 Extensible for musical structures

Many computer musc compostion systems incorporate abgractionsand
behaviors appropriate for common muscal structures. This can bevery hdpful,
however musgcal structures should not obgruct thefree exploration of new idess.
Many highea-level problems of muscal signd representation are therefore nat
directly addressed by Vessel. Inthedesign of Vessel the author stroveto avoid
limiting its use to certain ways of thinking aboutmusdc, ingead providing lower-
level general Gneta-mechanismsO(to follow the acknowledged philosophy of both
Max [56] and Lua[21]) with which muscal ideas can be congructed. The use of

these mechanisms within real muscal compostion remainsto beevaluated.
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By minimizing hard-coded distinctionsand ingead providing meta-mechanisms,
Vessd grants the composer greater responsbility towardsthe creative output (for
better or for worse). Truax states: QUltimately, acomputer musc compostion
reflects the musdcal knowedgeembodied in both the software system tha produced
it and themind of the composer who guided its redization. Theinteraction between
these two bodies of knowledgeis the essence of the creative muscal processO[50]
An open-endead system may begin with little or nomusca knowedge however if
thisknowledgeis provided by the compoer, the system may providetods with
which to represent and then make use of this knowledge and by consequence of

organizing complexity, afford new points of view otherwise obscured.

5.2 Avoiding an application-specific language

Thedecision to make use of an existing languaye rather than write a new onenot
only simplified theimplementationincredibly, butalso suggests awide scopefor
expeimentation in thefuture. Thevalue of usng an embeddeal languagefor
compostion software is apparent in the many extensonsto Csoundderived from
Python.

| was fortunaeto find alanguaye as efficient, portable and well defined as Lua,
paticularly with respect to theability to extend coroutines into a sample-accurate
time domain. Throughoultits ten-year history, Luahas been designed to beasimple,

portable, efficient extengble extenson languaye
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Since, beyond minor syntactical differences, thisistheprindpd contrast with the

ChuK languaye adightly more detailed condderation is appropriate. Unlike

Vessal, ChudK cannotbendit from existing code doaumentation or extenson

libraries written for general programming languages. Thefollowing list gives an

indication of some of the Luaextenson libraries that could be used within Vessal:

#

K K K K K K K K K K

Lbc, Numeric Lua(extended math)

LPeg, Lrexlib (textud patern matching)

LuaExpa (XML)

Pluto, Ipe (persistence & seridlization)

LuaCairo, LuaPDF (2-D graphicsfor printing)

LuaFileSystem, Lposx, LuaZip, |gzp (file access & compression)
LuaSocket, LuaCURL, CGlLua(networking & web)

LuaSQL, luasglite (databases)

Luaunit, Lunit (unit testing)

LuaeSpeak (speech synthesis)

Lualava, LuaObjCBridge(interfacing other languayes & libraries)

A particular concern of the authoris future portability: compostionswritten in

application-specific languayes become unrealizable as soon as the applicationis no

longe suppoted. While applicationssuch as Max and particularly CSoundhave

enjoyed longevity, the history of computer musc compostionislittered with now

defund compostiontools. Whileit istruetha established programming languayes
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may suffer thesame fate, aformally defined generic programming languaye should

beeaser to @ortGinto future representationsthan an application-specific languaye

5.3 Drawbacks

Despite the optimizationsmade, thereis clearly a cog incurred by usng an
interpreted languayein audio thread. It remainsto betested how detrimental this
effect may become; however the author has been quite satisfied with peformance so
far.

Althoughthe abgraction level of theunit generator is at aleve typical for
computer composgtion environments, certain activities may require access to direct
sample-produdng fundiondity. Theauthoris congdering extending Vessel to
indudea seconday level offering direct fundion calls uponsample buffers

accordingly.

5.4 Vessel in use

A componant of the project was presented at the UCDarNet symposumin
Januay 2007,and a pgoe describing the Max/M SP implementation (alongwith a
workshop and performance) has been accepted for the Digital Arts Week conference
at ETH Zurich for July 2007 Another pgoer doaumenting the project has been

accepted to theICMC 2007,Copenhagen. The software has been used already in a
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compostion by theauthor and Wedley Smith [47], peformed anumbe of timesin

public.

5.5 Future Work

The software described in thisthesisis plannad for beta release in the summer of
2007. Theauthor bdievesthat thereal test of adesign concept isthe
implementation and evaluation in practice, and (beyond bugg) no doubtmany new
ideas for extenson will arise from such activity. However, theauthorin this section

will outline some of areas of development already identified.

5.5.1 Extended set of unit generators

The pdette of unit generatorsis thusfar minimal, but should indicate to the
reader that theextenson to amore complete isfeasible. Certain unit generators may
call for adifferent approach to timing or signd representation however; acasein
point would be FFT and IFFT processors. Thedesign of such aninterface is planned

as future work.

5.5.2 Notifications & audio triggers

A vauable addition to the scheduler/language would be a notification

mechanism for the coroutineyield wait()  call, asan optiond alterndiveto
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durations Resuming a coroutineyielded in thisway might betriggered by message
events (such as wait(midinote) ), or more interestingly, events dueby audio
andysis. For example, dynamic processing of Wavesets [54] mightinvolve yielding
acoroutineuntil azero crossing occurs on a specified input It should be noted
however tha any situaionsinvolving cyclical dependencies mug cause a certain

buffer of latency in respons.

5.5.3 Runtime specification of unit generators

Thusfar, signd processing may bespecified usng unit-generator graphsfor
micro-temporal durations however like many othe environments, Vessdl islimited
to thevocabulary of unit generators provided, and unit generators themselves remain
opauefor thesake of efficiency. The standad solutionto thisisto providea
software development kit (SDK), which developas may use to write new unit
gengatorsin C or C++. New unit generators mug bebuilt in C++ and compiled
prior to use. At some level there will aways be atrade-off between designtime
(coding, compiling, loading) and execution time (efficiency).

A more novd approach may be suppoted by Faug [34], in which ahigh-level
fundiond languageis used to specify unit generator algorithms, which canin turn be
automatically compiled into generated C/C++ codefor many different compostion
environments. The codegenerated by Faus may not be as efficient as hand-written

code butit @) allows users with no C/C++ experience to create unit generators, b)
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creates representationsof unit generatorstha are not specific to any environment,
goodfor portability and longevity, and c) may benefit from a shorter
implementation-test loopwith runtime compiling & loading.

A third optionfor Vessdl isto provide utilities to write signd-processing code
directly in Luausng basic primitives, and machine codecompilation with the
Luall T compiler [35. Thiswill probably beless efficient than Faug, butcan
provide an implementation-test loop so short tha signd processing codeitself could

betheresult of agenerative algorithm at runtime!

5.5.4 Graphics
Theintegration of algorithmic audio and graphics has longbeen agod of the

author. Fortuitoudy, Wedey Smith, afellow graduate ssudent at MAT, had been
simultaneoudy developing a 3D graphics toolkit based uponthe Lualanguaye and
the OpenGL standad, named Abdian. Vessel and Abdian will communicate and
share data throughserialized message buffers, and may share code In addition, user
interface components can be created usngthe GLV OpenGL user interface library
[33], developed by the authors and othe researchersat MAT.

Thepotential usesindudegraphical interfaces and visud ingruments for real-
time paformance and ingallation, visud musc compostion, audio-visud software

art and scientific or pedagogica visudizations Conjoining a 3D graphics and user-
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interface toolkit with audio synthesis for a generaized digital media compostion

environment is perhgposthe mog exciting future direction of research for this project.
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