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A camputér music system allows the composer to work with
musical structure in a highly controllable and predictive way,
and enables him to compose, modify, and synthesize a

expanded range of musical expression. __
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“The Polyphonic PC
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 Eixperiments in the musical spplications of

_computer technology have been carried owt over
the past 20 years. Today, digital technology. is

regarded as the central field of music acoustical

research, and meuy comiposers are actively pur-
suing their' compositional gosls primarily with
that technology. Mesnwhile, a wide range of
amatedr and. semib-professional enthusiasis inter

ested in cornputer music have joined the. ficld,
and a growing audience of lsteners ave finding

‘that eomputer mousic is providing new and exciting

sural experiences,

“This paper is not intended to comprise a com-
-plete survey-of the field-mno book has appesred
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g3 yet that dares tackie that task; instead, it wil
bring together some general ehervations on. the
problems of rausical creation within the composer-
machine environment, snd present a detafled
aecount of the polyphonic ‘composition/synthesis
system known as POD,I which has besn deveioped
By the author ever the last five years. The version

-of the system presensed here comes the closest to

being the central core of what might be envisioned

&5 2 '‘complete’” system, in the sénse of a system
which allows a composer to take an initial idea
from it very inception to the fidal recorded
product, Naturally, the POD sistem continues {6
undergo. development and expansion. However,
our expetience with it through actual and exten-
sive compositions! wse suggests that it establishes
& framework within which futurs chanpes mey be
incorporated, but which in itself will reragin fHyod,

DDHE-9162/7R0800-0040800.75 © 1978 IEEE

Musical design within a

-composer-maching ehvifonment

A useful place to begin exsmining the felf of
computer music composition iv to forus on three
conventional and sorhewhat arbitrary subdivisions:
sound . synthesis, compositionsl structure, and
composer-machine comrounication. Figure 1 FEpre.
sents these' categories as a trisngle, orfented so
that the communicational aspect oecupiss. g differ-
ent level of generality (» metaslevell from the other
two. By specifying sound synthesis and COW S
tional structure, we follow the traditional division
of music inte seund and stracture, by which we
mean the acoustic repertoire, snd the sef of rela-
tionships between elements of this repertoire, The
arbitrary sound-structure distinction, made mainly
for convenience of representation, should not pre-
vent. us from considering methods of musical
orgenization where sound and stricture cannot be
easily separated, as is offen the case in slectronie
musie, ' ‘ '

COMPOSER-MACHINE COMMUNICATION-

SOUND SYNTHESIS g COMPOSITIONAL
- STRUCTURE

-Figure 1. Subdivision oi'c@m;‘wfw wiusic acmp?os;iﬁon,
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Consider the variety of ways in which sound is
struciured in heth languegs and music. Traditiona
seored music makes & clear division between the
organization of the sound, as represented by the

‘8core; and its nooustic realization in performancs,

Even in non-notated traditions] musie, the tradi
tion, iteelf, intertwined with thet of the entire
culture, provides the structural basis for the
organization of the sounds used le.g., chwch
modes, rags écales, garnelan melodiest, Inm lasne
guage, grammatical and syniactical rules provide
a tightly defined structive for the Bmited phonemic
reperisive. Blectronic music allows the composer
te create g wide range of sound as well as to
control its orgerization, and hence has tended to
blur the distinction between sound and structure.
Ii, for instance, & tape composition consists of a
complex, continuous sound texture; the strdcturs
is  inseperable from: the sound: and analyéis of
such work can be best made hy describing the
process that produced the sound structitre, B

Computer misic weork tendis to re-emphasize the
sound-striicture distinction {that electronic musie
began to blur) by separating. the geiual synthesis
or sourd-producing method from the data represen-
tation used to prescribe the stand, or, in other
cases, from the program procedures used ko pro-
duce the sound. The method. of ‘data reprasenta-
tion tends to resemble the score. model referred to
above, and hence tends to oveirlsp more with that
of instrumental composition, whereas the procedural
approsch {e.g., in the form of subroutines ar machine
operations) tends to resemble electroni¢ synthesis
procedures, puch as those where a circuit diagram
shows - interconnseted modules (g, generasors,
modification devices, logicsl deeision units} and
deseribes tha hfocess by which the acoustic output
is realized. In & procedural model, ‘process and
stracture become identical, .

A computer program is not niecessarily limited
to either & score model or a procedural model,
since it can realize either as a hierarchica] control
structure. Program designérs, however, often tend
to assume that composers wish to work with score-
bke deta; therefore, many of the compositional
foatures of computer programs-today {e.g., MUSIC
5, MUSIC 360) encourage the kind of thinking
associated with scores. Some composers, often
those with an electronic music baekground, have
developed systems that, incorporate process-oriented
elements of the voltage-controlled studio approach;
ezamples are Koenig,?2 Chadabe3 Berg,4 and to a
lesser extent, Xenalkis.s

Much of the kistory of computer music can be
seen as having placed, at various times, differing
emphasis on each of the three components noted
in Figure 1. The extensive work initiated in the
late 1950's at Bell Labs by Max Mathews et 216
tended to emphasize sound synthesis and used
procedures found in the electronic synthesizer
{viz., the unit generator concept) to deseribe syn-

thesis instruments. The resuit of their work

(MUSIC 4, MUSIC 5) established a hasic acoustic
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and compositional madel which hus become 2 norm

for ‘many at?;@r‘sysg;@ms. Structoral meodels wers '
only impleraented later by specific composers wha o

designed their own compositional foulines, sueh
as those of Hubert S Howe Composer-maching
communication in the early systems was limited.

_by the hardware rggtrictions, and often waz chap-
- acterized by slow' batch processing, The GROOVE

systern, however, which allowed realtime intor

achion, Was a significant step in the direction of

interactive composer-machine communication,

The work of Lejaven Hiller, ‘on the other hand.
started with s greater concern for cainpositional
structire, a5 did thai of Koenjgy® during the 19807,
Synthesis was nop mvalved since the output was
considersd to be scored material for instruments,
Composer-machine comimnication was interactive
on & slower time scale, sincé the miaching was yised
te compute particuler compositiona! dats structures
which: the composer exdamined on receiving the

new input and additional Program Yuns,

output, and which could vnly be modified through

The minicomputer allowed a
fundementally different communica-
tional relationship betweesn composer
and maéhﬁné—-—inéﬁmﬁien in réal time,

Computer music programs today often tise hoth
acoustic and compositional models togsther, and
although the range of potential models seems guite
large, an up-to-dats catalogue of ‘well-defined ones
o current use might be surprisingly smiall. Somne

models are based on the simulation or testing of

traditional music acoustical models (in. the case of
synthesis) or traditional composition 'models fin the
case of structural mogels), Such programs. effectively
allow us-to verify our understanding of traditional

methods. New models that -ha’sfe-been._iz;traducec{"

extend the range of possible. musical expression,,
and it is these that seem most Likely to establish
compuier music as a truly unigue, non-derivative
art form. o o

_ Although the early work tended to focus oty
either synthesis or compositions! structure, there
has been an ineveasing recognition in recent years
that the kind of control that composers oed over
the complex resotirces with which they are concerned
means that the communicational interface within
the machine environment should not be arbitrary,
The way in which ideas have p be expressed, the
amount of data reguired, the time scale on which
information is received by and demanded of the
composer, evern the modality of input {alphs:

numeric, graphic, tactile}—all of theése have an

inflience on both the strategy of the composer
and even the character, in soms cases, of the final
output. The minicomputer was perhaps the Ffirst
development to allow a fundamentally different
communicational relationship to exist betwesn
composer and machine—namely the real-time inter-
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active model. Composers now worked out their
ideas interactively within the framework of the

program, and were assisted in mest cases by pro-
gram strategios designed to give the composer as
much information {including scoustic results} as
possible o facilitate the design process. The
sbvicus educational implicationg of this “knowing
by doing” approach heve found their outlet in the
LOGO music system,1® Some teaching applications
of compositional and performance machines, along
the lines of computer-dided instruction, have also
‘been impletnented, such ss with the Dartmotith
digital synthesizerii

A newer, less developed communicational rela-
tionship exists within the work currently being
done to estiblish mierocomputer-based systems.
These are usually linked to design of a hardware

" aynthesizer, and the general orientation is tewards

a performance device jn the sehse of a musical
instrument. In other words, the potential seems to
exist that the phecision of digital synthesis methods,
together with the organizational sbility of & cry
plus. memory, can be applied to the éeveleg&ment
of ‘performed musie. We are faced with the possi-
bitity of “smart ingiTiments” just ag we have seen
“smart terminals.”

This cursiry averview bas tned t.e piace the
various kinds of computer music work within a
perspective based on teodels of gynthesis, composi-
tional structure, and composer-maching cormuni-
eation. Musical activity within any of these systems
takes on different cherscteristics, ranging from
‘sirnulation of traditional wodéls to the ereation

 of entirely new medels thet veguire new perform:
ance strateg;es on the part of the composer, and

that result in & new range of possibilities for
musical expression.

Tht-z PGB sysiem for cmposm@ﬁ
and synthesis

- Fhe POD systern was {irst developed by the
anthor at the Institute of Sonology, Utrecht, dur
ing: 1972-73,12 where it establshed itself as an
intéractive przmm for compasmon aided by real-
time synibesid, This initial versios was designed

* for a PDP-15 wmackine with 12K memory with data

swrage on DECtape, During 197475, the program
was transiated to & Hewlett-Packard 2116 machine
with 16K metnory in the Department of Peychology
at’ Simen Fraser University, where it underwent
eonsiderable eompositional improvemert, aided by
disk storsge of compositional data. From 19786
onwards, the developmiont on nea-resltime synthesis
at a fixed sanipling rate. from: a digiial magpetic
tape unit. gréatly ireproved the synthesis guslity
that couid bé achieved Secendly, doriag this
petiod, the polyphonic system described in the
next seciion of this paper was developed. E"%m'mg
1978, the program witt be transieted fo s NOVA 2
mackine 8t Simon Fraser University, and a PDP-11
version of PO¥DE should be comvleted. In May

1978, the entire polyphenic system was installed
at EMS in Stockiioln: on 2 PDP-15 machine.

The mmposxtmnai model of the basic POD system
has been described in detail elsewhere1? so we will
only touch on certain aspects of it here. A schematic .
representation of the compositional strategy is
fllustrated in Figere 2. Its most besic characteristic
is that it maps the timbral, acoustic domain intb
the striictural, syntactic domain, represented as
stochastic distributions {or seguences} of sound
events with varying dernsity. More specificaily, the
composer sets up general patterns of frequency
regions, ampiitude ranges, and density of attack
points (the “syntactic fiéld specification” of Fig-.
ue 2), arid then détermines how a specifie’ set of
defined “sound obiects’ {or timbral entities] is to
be selected and displayed within the given struc-
tire. The specific occuirences of events are deter-
mined by the “‘distribution aigﬁnthm,” which is
based on a Poissou distribution, A further level
of control is called “performance variables,” end

with these variables the composer cen achieve

alternative versicds of the same set of events,
Taainky thmugh control of the time. strocture and
the ratic of event duraiion to entry delay lie, the
time between attack pointst, Since there éxisis a
variety of control possibilities, stochastic choices
need mot be adhered fo, and o the composer Is
slso invelved in determining the degree & which
random choices determine any given parsmeter,

" gnd to what extent and at what level determiniztic

choices ave magie.

The program enconrages and facilifates a struc—
sural working méthod n the sepse that one may
design and work mth the characteristics of large
scale ssctions, even sn entire werk Just a8 essily
a8 with’ re?iatwnships betwesn individual evenis.
Heowever, it ie characteristic of POD thas, althoug;k
one may restrict the. stochastic thoices made by
the program, one never actually determines a
specific event completely. Instead, the composer
sets up the rules by which specific evénis are
chosent, and omiy if those rules are safficiently
resfrictive does the determination of a specific
évent become entirely predicteble. Unlike the

The most sngmﬁcm% aspect of computer
music applications is the effect they
have on the process of compositicn.

electronic music ‘syntbesizer, the computer pro-
gram allows structiide to be worked with in a
highly controllable and predictive way In the case
of POD, it alse facilitates what is often éalled &
“vop-down’ approach, where higherdevel composi-
tiona! decisions ars made first, and the details
are determived last, In this semse, the mackine
environrnent actually allows & working imethod
and compositional process to ocour That is funde-
mentally different frem traditional practice. We
have argued elsewhere that it is this ability to
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US::R STRATESY

USER CONTROL

Figurs 2. Compusitional mads! of the POD system,

affect the process of composxtmn that is the most
significant aspect of computer music applications.1¢
Another way of looking af the prograin {8 to
examine where it falls along the generality and
strength continuum as shown in Fzgm‘e 4. This
continvum, which haz been discussed in greater
detail clsewhers15 establishes the basic inverse
relation between the sirength er efficlency of &
method of problem solution and its renge of a,pph
cab;hfﬂy fie., its generslity) The distinction is
useful in analyzing composérmachine communics-
tion because a portion of the knowledge used {in
the procedural sense of knnwledge of how to per-

form certain actions) resides in the maching &8

programs, and the rest is provided by the user; the
generality and strength relationship predicts the
amount of user-nachins interaction based on the
relative amount of procedural Enowledge imple:
mented in the machine. Weak methods are char
acterized as necéssitating a large amount of user
information with low guarantee of wellformed
result, but offering a wide range of potential
output. Strong methods offer & better girarantee of
a well-formed result {bechiise the sirategies used
are based on unplemented knowledge about such
results), and hence require less user input G.e., they
seemn more automated); however, the range of
output is mecessarily restricted. User interaction
with the system increases to a maximum some-
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where in the middle of this continuwm, siice ut
either end the user is either too burdened with data
specification or else is not needed at all. This argue-
ment should niot be taken to mean that user inter-
action is always of the atmost importance of that
it should always be maximized; interaction pro-
motes learning, and thus should be encouraged
only in situstions that atiempi to optimize the
educational potential of 2 syster, L

PO attempts to maximize user mtemtwn and
bammg by incorporating stmng synthams methods

_USER
HITERAGTION

PROGRAM

HSER . ‘
HITOMBTION

INFORMATION.

5 STRONG
GENFRAL - —g- SPECIFIC
Figure 3. Varlation of user lnfermataora, prodgram aulo-

mistfon, and user Infersction a2s o finection of the
gonorality and stiengih of o system.

WEAK. -2




{e.g., frequency modulation) and strong structural
composmonal methods, as described above. Gen-
erality is also maintained at a reasonable level by
the use of & range of control procedures from defer-
misiistic to stochastie, and by the hierarehical
nature of the data structure. The data structure is
hierarchical in the sense that variables at one level
interpret data at a lower level le.g., performance
variables mterpret. event data, and soung objects
interpret’ acoustic data). Although the same range
of output could be realized without sueh veriables,
it can be accessed muich mote guickly snd efficiently
with them, and hence a wider range of output
fwhich reflects an increased generality) is simply
hore readﬂy nvailable to the user.

In interactive computer composition,
the composer is confronted with the
very imporiant relation between the

structure of the sound outpui and the
mentaE processes that produced it

In terms of the ﬁistixicticns made earlier between

‘different models relating sound and structure—

namely the store model and the process modei—
POL can be seen to incerporate some aspects of
éach, or élse POD users can be séen to place their
own work somewhers dlong the continusm between
these twa medais. ‘Compaosers with a score orienta-
tion: often tend to use the more determivistic pro-
codures offered by the program, since they are

thinking along the lines of establishing data struc-
tures that deseribe how sound evenis are to be
generated. The more process-oriented composer
will tend to set up procedures, such as those with
various stochastic elements, with constraints oper-
ating on the process a¢ differerit levels, end then
let the program determine the actual details, All
such nsers will interact with their data stiuctures
or procedures thrpugh the acoustic output they
re¢eive, and S0 in every case, a cotisiderable learn:
ing process takes place. In this process, the com:
paser is confronted with the very important
relation between the structure of the sound output
and the mental processes that pmduced it~—a rela-
tion which Laske has agserted is central to a cogni-

- tive approach to studying musical activity.l8

The poiyphonic POD systein

Figuve 4 shows the most advanced state of devel-
opment of the POD system to date—that realized
&t Simon Fraser Univeteity and st EMS, Stockholm.
The system is completely polyphonic aid includes
many powerful colpesitional wnd synthesis options,
Approximetely eight cormpositions by four different
composets {Truax, E’i{:hev Galdberg, HKooblel hrve
been realized on the system, as shown i its present
version, since January I%977; however, ail or part of
at least ancther dozen have been reslized by many
more composers at Simon Fraser angd hrecht duz-
ing 1974:76 when only theé PODS and PODE sys-
terns (monaphcmc rezi-titie) were availsble. Three
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Figure & B m:z?{ dmgr&m of the palmhcmc PGD sys-

tem. Soid fnes dencte exisiing dela exchange. per
A¥ited between programs {BODS, PODE, SCURE, POD:
FELE HERGE, PODT) and storege filos (diskiliss, merge

GPTEONS L
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dsski&i‘es} Dashed Hnes mﬁgcate pmposeﬂ additions o
the preseni sysiem. “Input” desoles event-bDy-event
data specification, an alternalive to use of the first
level composition programs.
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‘of the author s compuier music compositions are

“avaiizble op a recording 17
The systems congista of thres levels of programs,
which mey be broadiy {:hawcben“eﬁ a2 being con~
cerned with compesition {Le., producing daia strue-
tures describing seund @zgtﬁemg}é medification, and
synthesie. The first level composition progrums are
characterized as being interactive, resltime pro-

The POD system consists of three levels
of programs-—the first concerned with.
composition, the second with modifica-

tmm, &Hé ti:e third with synthesis.

grams far comgzosition and synihesis. '_I‘};e' ftwo
preséntly in existence, PODS and PODG, have been
described extensively elsewhere.l8 In raost cases,
ali of the basic compositional structures or leyers
of a strocture ave worked out at this first level.
The emp}*a%is on resbtime synthesis at this fovel
is to maximize the effectiveness of sound results
on the composer's stritegy. In olher words, the
composer should be able to hesr intermediate
results at this early stage when design plans are
being worked out, or simply when prebiminary
experiments are being made. What determines
 whether the composer will hear - : polyphonic or
mﬁmwhomc outpus at this stzge degmnfﬁs on the
hardwafe or softwere synthesis strategies being
dsed: Uptil recently, all POD ingtellations were
regiricted o menophonic resl-time output 4t this
first lovel beoause sl were using software methods
of sound. synthesie. As soon as approprigte hard-
ware generators in sufficient numbers can be sub
stistited {o hendle this task, then the composer
can hesr polyphonic results gt this stage as well.
Becanse of the availability of digitally controlled
analog FM generavors at EMS, Stockholm, the
new POy system there s polyphonic in real time.
Further improvemeits are possible with digital
' generators, such as are being designed at Stockhokn
and other centers,

Al tHe first-level of composition programs, any
number of related programs could exist. Within
the present PO system, the ides is that each
program at this level has the same set of compos-
tionzl strategies available, but they each use differ-
ent acoustic models of synthesis. For instance,
PODS uses fixed waveform synthesis (with eornmon
wavelorms plus harmonie constructions from these)

and an option for amplitude modulation; on the
- gther hand, PO uses John Chowning’s method
of frequency modulation synthesis developed at
Stanford,’® potable for its production of time-
dependent specira which are heard as possessing
the energetic “lively” quality of instrumental and
envirenméntal sounds. There is ng conceivable
Himit to the number of synthesis methods that
could be implemented in similar programs. How-
ever, it is probably certain that those which will
work best within an interactive ¢omposition environ-

August 1978

ment ave those which T have termed as using ‘strong’

~methods of acoustic sypthesis?0--that is, those

which gearaniee a well-formed land hopefully wide-
rangingl output for a mindmam of mpm, data

smﬁﬁmtmn The resson for thds stremgth is abwavs -

the degance wud effertiveness of  the acoustic
mode! on whick the synthesis program iz based.
Buggested additional methods, apart from thoss
glready in use, are Kaegi's VOBIM meodel¥ and
the user-designed band-limited sg@ctra proposed- by
Mam Lo Bron of Stanford 22

The cutput of the frst level of pmgmm is & data

file stored on disk, called simmply a “diskfils.” This
file can be compared to a treditional musical seore
to the extent that it iz merely & description of the
desired acoustic output amd net the sound iteelf
Hence it is mote compact fin data Specifieation}

than the synthesized outpit and can bé mere pasily -

maripalated. Such files serve as %a'&;c mpu? o the
next level of programs.

The gecond-level mad:ﬁmtmsz pmgmms, as tirw
pame suggests, perform varions useful operations
on the diskfiles erested ot the first program Jevel,
Firet of all, sotve kind of hardeopy cutput may be
requested from the SCORE progrem, sither as a
numerical printout in & eaded form for franscription

- intp conventional musicsl notation, or else as

graphic sound event drawings, whick have in at
least; one case been useful for diagramming taps

secompaniment in ap Instramental score?? Cone

siderable work has been done in other centers
regarding actual manuscript preparation. However,

the most gseful cperations &t this level are these

which edit ex@sting files'ithe PODF?_LE program!
or émmbine thed inio polyph&mc ‘merge” fiies
{the MERGE program.

PODFILE allows any piece of data in dlsklee

tﬂe be avcessed and edited. Tu addition # performs

simple operations such as copying files into dupli-

cabe fles in preparation for the creation of variants.
The editing done by this progrem is sither manual
tediting one event at o time} oF systemiatic (gener-

ating or operating on blocks of data). The facility

for generatmg sets of date is limited to certain

simple data-generating alguﬁthms of logs sophis-
tication than those found in the basic firstlevel
cumpo51tmn programs. However, in mﬁﬁy day-to-
day situations, such data generation is eften use
ful, The methods currently employed to generate

a block of data are gonstant value, knearly chafping

values, exponentmily ghangmg values,  random
choice from within a range, random choice from a
given list of possible values, and seuential choice
of a Hst of possible values. In addition to data
generation methods, opérators are alse a useful
part of the PODFILE program. These allow sys
tematic variants to be crested, whershy the date

in two or more files are related by the fact that

one has been operated upon to realize the ofhier.
Any of the four basic atoustic parameters used

{time delay, maximum amplitude, sound objeét -

number, frequency) may be subjected to such opet-

ations, with frequency being operated upon Inearly
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{in Hz} or logarithmieally (in musieal semitones),
Examples of the operators are linear transposition
or increment, percentage transposition or incre-
ment, random change within some specified per-
centage increment, and inversion around a point
{ie., data less than the point are changed to being
an equal amount greater, and vice versa). Many
useful musical and acoustic operations reguire such
operators; Musical transposition or inveision of

pitch is easily sccomplished by applying thése

sperators 1o the pitch domain. The acoustie chioral
effect is realized by creating a number of variants
where the frequencies are varied, say within ore per-
cent, of exact tuning. These may later be combined
with a slight offset time for slightly delayed attacks
that enhance the sense of realisrn and suggest an
ensemble texture. Random change sBows a sto-
¢hastie element to enter as well. _ o
Two diskfiles may be combined by the MERGE
program into & polyphonic “merge”™ diskfils. Note
that two definitions of polyphonic nesd to be dis-
tinguished here, Firet we have the simple case
where adjacent sourds overlap, In music this
goeurs over ' renge from complete overfap in chords

-to & slight overlap that produces & smooth Zegato
transition ’netween events. The second. case céours

when two ‘‘voiees” or “layers” are combined in the
sense of being mixed. 1t iz this second sense that

is intended by the MERGE program. Even thers,

however, & Wide range of effects can be achisVid.
When the two. layers have dxs;sxmzﬁ;ar rhithos,
convehtional polyphony or cotinterpoint resulis,

When the two components are Isorhythmic e, they -
. have the same time strucinre), then. the result will

be hesrd as chordal, or as.an echio {if a slight delay
is introduced), or.as & compound timbre, if the two
spectra fuse completely, or else 8s the ensemble
texture called the choral effect if the two differ by
only slight smounts in exact tuning and attack
points. It is fortunate that such & diverse rsuge
of cases can all be realized by & straightforward
mzng of files. It should be noted thet the arrows

- in Figure 4 indicate that the MERGE program

may he used recursively; that is, & merge disifile
may be vombined with ivself, or another like it, or

 eise with o non-merged diskfile. Any nwmber of

recombinstions or voice additions may be reguested
by shicosssive rens of the progism. These compo-
ments in a merge. file may be lzbeled as having &
particilar voice cumber, which has certain pﬁssﬁﬂe
uges later on; at the moment eight such voices

Jmay be so tagged with a veics pumber. The main

congideration o be given in the merge file opera-
tior: is that one capnot combine seunds in an
unhimited fashion withoat exceeding the ability of
the synthesis program to caleulste the composite
swund, Sinee the word size of the aynthesis routine
is Yimited, z:asua%‘%y by the pumber of biis in the
D/A copverier being used, so is the maximum
amplitude of the comaposite sound, and hence its
Isudness, Therefore, i mény sounds gre to be come

" hined by the MERGYE operation, they must have

sufficiently low maximum amplitudes that their

composite amplitude remains within the given
limits. Unfortunately, there is no such limising
loudness level known in the environment except
our redaction in terms of pain, discomfort, or
deafness., ) .

In future developments, the merge diskfiles will
also b capdidates for input to. the SCORE program
and the PODFILE editing operations. In addition,
direct seore input to either the diskfile or merge
diskfile will be made available by an INPIT routinie,
an operation simitar to most MUSIC & type pro-
grams where all input is via score-cavd or potecard
input, which specifies the desired result event by
event.

Finally we come to the third-level synthesis pro-
grams which actually calculate the sound pressure
data, store it on digital magnetic tape, and play
the tape through a DJ/A converter eguipped with 8
iowpess filter to smooth the waveform, The audio
signal can then be recorded or momitored. This
synthesis routine, which has been named PCDY,
can be divided into the following suﬁ}matmes
1 data file decoding: 2} synthesiz caloulation;
31 digita! reverberation calculation; 4 disk-to-mag-
netic tepe dste transfer; and 5 tape playback.

Firat of all, data file decoding wili be requited
for each different type of dets file, which in our
case is either the normel diskfile or the merge disk-
file {Figure 4], For variots reasons the date fonnats

. are different for each of thesk, necesaitating certain

differances in the decoding slgorithm, Secondly, a

synthesis calculintion routine. puist exist for every
svothesis type found in the first-level composition
progranis, Since the program must be able to calcy:
fate the satpe sounds the tomposer heard pb that

level. I fact, & nonereaitime prograi such as PODT

reiizes euch = calculstion mwch more accuraisly
than the reshtime eguivalents since there is no
need o get saroples out fast enough for realiite
synthesis. Of courss, if the caleulation is too siow, -
or inefficient, the socalled “turnmround time” until
resuits sre heard becomes impracticably long.
PODY is presently only used with %ﬁguenc}* modula-
tion synthesis, which it' caleuiates using an array
of 2048 g:alaces describing a2 gusrter sie wave.
This accuracy is especially important for low fre-
guency sounds or those of lower gmplitnde. The
synthesis program need only be able to calculate
gingle sounds and miz them with premuusi v calegs
lated sounds, Whether the c&mpamtmn in pﬁiy»
phonic in either of the two senses mentioned above
{overlapping sounds ¢r combined voices) is iminate-
rial. In hoth cases, individual sounds are simply
mized with .., added o c%:her‘ sounds,

The sound pressure data so caltulated ars actualiy
stored on disk, since access to it is both fast and
rendom. In practice we have used a “mixing file”
of & half-mitlion words. It is clesred at the bepin
ning, and every sound that s calculated is added
te the valves aiready stored 8t the place in the file
where the sound is to beghu Thus the polyphonic
effect is built up, scund by sound. The progrem
keeps an eizhorate accounting of thve within the
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mixing file and elagfsed time in the composition.
Since the coinposition js assumed to be p’rweeémg
© seguentialiy in fime, it i3 known that at any given
point all folure sounds will He farther on in the
file. This means that cnce the mixing file 18 filled
to 2 cerbein poing, its contents can be dumped onto
the mugrnetic tape up to the point whers the last
sound began. These trensforred blocks then can be
doleted from the disk, and the nest blocks of scotstic

data cap teke their place. Thus, the mizing fle

need cmiy encompass, for example, oneg mintte of
actusl sound, whereas the. cﬁmg.smrtmﬁ mey extend
indefinitely, or at least to sucar & longth of magnetic
tape asis aveileble '

The third: part of the program is that for digital
reverberation. Because of the rather tneatisfactory
giality of narma%amiag studio reverb units, many
cumposers Wwish, in conjunciion with the precision
of ﬁiﬂraﬁ gynthesis, to havé a cledher and moré
cven revetberation. This can be schieved digitally
by & program with & set of “daiay loop” erravs.
YWhen each arvay is filled, one retrioves the valies
written &t the beginning {(some nmber of samples
previously) as en echo which can be combined with
the original szgmi By carefal comstruction of the
delay loops, 1000 echoes per second, giving flutter
freie reverberstion, can be achieved, Various mokiels
of raverberation have been discussed by Schrogder?d

gnd bmplemented by Moorey and others at Sian-
ford.25 Tn our'case, the reverberation is calculsted
after & block of sound data hes been corapleted in
the mixing file. Two diffieulties i this systemn
encouniered to dete, however; have been the prob-
Ieny of inseger arithwmetic used in the digital rever-
beration, which leaves & resicual noise at the snd
of the reverb, and transients in the reverh experi
enced $hrough the segmentation of the sound data
on the disk as described. In many cases, however,
neither of these'is ohjectionable.

' The POD system is dynamic—
the designer may add new options,
such as stereo osutput.

The fourth and fifth parts of the program
encomipass the data transfer onto maguetic tape
and its being read back at a continnous data frans-
fer rate to the DA converter. This last operation
is the most difficult since no interruptions can be
mierated A standerd “double buffering” technigue
is used whereby through interrupt pmgramming

one array is being filled while the other is being

clocked at a uniform rate oul o the converter. It
should be noted that hxghquahty digital magmetic
tape with no imperfections in emulsion needs fo
be used, since these imperfections cause blocks to
have errors and these blocks must then be skipped
during playback. There is usually no exira time
available during playback for srror checkmg" hence,
only the best tape with no “dropout” can be used.
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In addztmn to the poivphume, output with the
digital reverb optien, other opiions can-be profit-
abiy introduced into the synthesis routine The one
which we have expetimented with most js the
possibility. of bingursl entput {sterecl. This requires
two converters which can be accessed simulfer
necushy, or a6 lesst sample by sample. The rela-
tionskip whick we have esperimented with between
the two signals being fed to the two converters iz
thet of amall time defeys shmulsting those expert
pneed when & sound is orlented 8t some particular

divection sround the head. Time delays of this sort

farmed iﬂi@f&ﬁ!&i time defayst are zero for sounds
Girscily fn frout or at the beck, and meximoally about

0.6 williseconds for sounds fo the side divectly -

facing one eat’, In %etwm one ean distinguish many
separste direetions. We have chosen 12 positions
betwests far loft and far right, boceuse this isthe
largest number of pnssnansa that can be simtizted
when the sarmplé ;}eﬂmﬁ iz of the order of 104 micro-
seconds.26 That is, the tie delay arises when the

given sample ie displaced by & certain number of

sample positions and sent to the oppqszte oo

werber chapnel, Hence the smeliest delay' is one

supaple, and the maxivun is determined so that:
it will reproduce the maximum inferaural fims
deley quoted. 1t should be noted, however, that
with such “double” samples being calculated, the
playback will resemble a tape being played st half
speed, and will thercfore have to be recorded at
half speod as well. When fhe sounds sre heard on

hoadphones, the definition -of asimuth is exaet; .

on i@uésmakers #t is less éxact since additionsl
time delays are infroduced by the different. dis-
tances. the- sound has te travel from each speaker
to the Lstener. Front-beck distinctions van only be

achieved through  asdditional, muchk smaller time
delays that simmulate the reflections frorn the pinna

ridges of the outer ear. These are maximally 150
microseennds, and hence extremely small time
displaceinents sre required to realize these. The
proposed acqmsltmn of & faster magnpetic tape
drive; and hence higher samphng rate and shorter
sampling periods, may allow &xpenmentatmn ot
this direction.

'In summary, we have described a gystem of

compositional file handling which allows a Wwide
range of palyphonie, timbral, and spatial passibﬂr
ties with efficient data manipulation (in our case,
directed from a high-speed CRT terminal). Besides
the software, the system described requires at
least one disk and one magnetic fape unit, with
preferably a high-speed line-printer for hardeopy
and CRT unit for rapid user input. High-quality
D/A converters, of 12 to 16 bits with efficient low-
pass filters, and clocked output are also required.
Such a system is desigried to opergte within &
well-squipped mipicomputer environment. Laige
computers could handle the data . calculation, of
course, and could decrease the eomputmg time &5

well, but they are more expensive to use, and

conversion is always dene on & smaller machine
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anyway. Unfortunately, microcomputers as yet do
not have the computational speed or efficiency to
&pproach the basic reguirements of such a poly-
phenic system. By the time they acquire encugh
software and hardware te do so, they will resemble
& mmxmmpsxi;er more than & micro,

Unfnrmnately, micros as yet do not
have the speed or efficiency required
bya soph:stxcateﬁ polyphonic system.

However, it €an he pmpased i;hat sﬁbstztutmn

: _nf hardware generators, such as are being developed

in iary centers, interfaced to the more modest
Tespurees of the microcomputer, woitkd render the

_ need for disks and magnetic tape units {the most

expensive. pai't;s of this systeid} zonecessary: Such
8 propesal is feasible, and bécause of its attrac:

tiveness of price, #s zmpézmimns should be carehilly -
understood. The main problem with the hardware -

implementation s exactly that it ie hardware, That
i, it is designed only te perform certain opergtions
which cannot be' easily changed, Kvery type of
synthesis manipulation described would reguire 2

separate hardware unit to be designed, built, andé

debugged. Since the polyphonic requiverments would
demand = large number of steli units, even a mulii-
plesed oscillator fieﬂlgn would eventually limit the
compiexﬂry of the output. For instance, in a choral
effect of wight’ overiﬁppmg mistuned unisons of
frequency-modulated sound, 16 vecifiaters wonld
be required per note; 16 such Voices wolild reguire

- 258 such oscillstors;, Hoked in FM puirs, Reverber

ation or hinatral time eﬁelays would reguive addi-
tipnal units. In gddition, it is debatable whether
reasonably priced hardware units can achieve the
game accufacy of calculation as & standsrd mind
equipped with 32-bit integer multiply and divide
arithmetic, And fineily, the system described here
is limited in symthesis capsbility - only by the
niimber of synthesis pmgrams that have been

- SWritten.

I the hardware s':ase &very new synthesis
algorithm requires new hardware units to be built.
Although hardware design should be encouraged,
the danger exists that its requirements fin time.
money, snd de&gn considerations) WAy COmpronse
‘the final scoustic result.

Hﬁwwe}; hardware devices of remarkable power
and flexibility are in fact being built. Alles and
di Gitgno have recently described a one-card
synthesizer which provides €4 ¥4 oscillators and
ather atiractive options.2? Software for controlling

‘such systerss is also being planned.% Hardware

Syntittesxg devides. are ﬁ*equwxﬂy heing: incoiporated
in yerfermamemenﬁed digital synihesizers-—some
of ‘s very large secale, such as the Samsﬁn
synthesizer at Stanford; and the Alles “igical
sound synthesis sysvem,”29 developed at Heil
Labs; and others on a smailer seals, such as the
Synelavier, developed by Jon Appleton, Sydney

Alonso, and Cameron Jones at Dartimiouth. One
could easily compare the two major trends in
computer music today—performance-oriented dig-
ital synthesizers on the one hand, vs. non-resk ~time,
general-purpose composition and synthesizs sys-
tems, such as MUSIC 5, MUSIC 4BF and MUSIC
360 on the other—to the situation in electrosic
music 15 years ago when a split oéeurred between
analog synthesizers, usually with kevboasds, &nd
the classical or voltagecontrolled studio. With
digital technology, however, and its use of memoty,
storage and recall, programs and logical operations,
the amount of difference between the two apsroach-
es may. well be lesseried, and comiposers will often
use some corsbingtion of reai-time performance
technigues and non-vealtime compositional methods.
With highly flexible systems available, the oo
poser will have a choice of working method just
as much as of acoustic repertoire or compositional
technigue, The POD system, established *ﬁ”mi}: on
the side of nonrealtime composition, witl likely
remain in some middie grodnd betwoen the newsr
performance systems snd the general-purpose,
score-oriented systems. Its specialized approach to
composition will hopefully remain wseful to com-
posers as a fromework within whick their ifeas -
may be realized, and to system designers a$ a
gource of ideas, 8
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