SOUND, MUSIC, SCIENCE AND

TECHNOLOGY

The Composition of Auditory
Space: Recent Developments

in Headphone Music

here is no such thing as nonspatial hearing;
all musical experience has an inherent spatial component,
even if it is not noticed by the listener. The listener must
occupy a location different from that of the sound source,
and musicians must occupy locations different from each
other if there is more than one performer. The composi-
tional manipulation of the spatial aspect of music was as
inevitable as the manipulation of pitch, timbre or duration,
but litle attention has been given to it heretofore.
Using psvchoacoustically based digital signal-processing

Fig. 1. SMR (Source-Medium-Receptor) Model. Each box repre-
sents a stage of non-linear transformation that occurs between the
composer’s imagined spatial gesture and what the listener actually
hears. The source includes the composer’s imagined spatial ges-
ture, the means of specifying the gesture to spatial manipulation
software and hardware, and the software and hardware itself. The
fium refers to loud kers and room acoustics; note that,
although feedback occurs for the composer at the source level by
audition in the control room, the control room’s acoustics are not
equal (#) to the acoustics of the medium. The receptor refers to
the listener of spatial music; the listener’s perceptual and cogni-
tive mechanisms may further alter the composer’s intended effect.
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techniques, composers  today
are able to access cues 1o spatial

hearing in the composition of

headphone music. Simply put,
the advantage of using head-
phones over loudspeakers or

live performers is that com-

posers can more easily and

=
suredly convey their musical-
intentions. Research in

spa
the development of binaural
mixing consoles allows com-
posers greater control of the

perceived azimuth, or angle of

incidence, of a sound source.
Using the same techniques,
ed reflected  sound
can be added to the original

synthe

sound to convey the illusion

ABSTRACT

Research into the psycho-
acoustics of spatial hearing and
into computer-based technologies
has brought about an exciting
potential for the development of
‘spatial music': a compositional
approach to the musical organiza-
tion of sound that considers the
position of sound sources and the
character of the environmental con-
text to be as musically important as
melody, harmony or orchestration.
Space as a musical parameter is
overviewed, the potential areas and
concurrent limitations of spatial
music composition are described,
and the likely causes of perceptual
mismatch between the composer
and the listener are reviewed, Head-
phone music as a solution to the
mismatch problem is proposed,
and a description of the spatial
signakprocessing technique
developed by the author is given.
The compositional considerations
used in two computer music head-
phone compositions, Revelations
by the author and Begault Meadow
by Gordon Mumma, conclude the
discussion.

of distance and of the

environmental context of the sounds,

THE FIFTH ELEMENT

Music, particularly new music, often is
ive way in terms of elements that arc

analyzed in a restrict-
assumed o be SCp-

arable. The assumption is based on basic physical descrip-

tions of sound waves. The four so-called separable musical
elements (with their corresponding psychological descrip-
tions) are frequency (pitch), spectral content (timbre),
intensity (loudness) and duration (perceived duration).
This analysis applies most readily to the description of the

smallest element of music, a single note. From a psvcho-

physical standpoint, however, these elements cannot be

disct

*d separately, because variation in any one of them

ral psychoacoustic parameters. For instance,

can alfect se

intensity can affect pitch and timbre, spectral content can

WNIa3n

affect loudness, and duration can affect timbre and loud-

1ess,

This four-clement description of music is compositionally
incomplete, because it excludes large-scale mus
siderations like the horizontal temporal organization of
events or the vertical variation in event density. More impor-
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tantly, it excludes a widely used but largely unrecognized
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| parameter in mu he local-
the wd it
vironmental context. The physical de-
scription of sound does not depend on
the location of the listener or on the

of sound

ization

il mechan in
the location
events or of the environmental context.
Yet these sensations are present in nor-
mal musical audition, and throughout
history they have been manipulated by
composers. Space can therefore be
called the fifth element of a musical
sound.

listener's  perceptt

formi idea of of

g an

When the spatial element of sound is
unchanging, spatial hearing is not
garded by the listener as an important
compositional or expr attribute

of the music. By contrast, a musical
composition that involves any sort of
compositional control over the appar-
ent spatial location of sound is termed
spatial music. In spatial music, the spa-
tial parameter is either dynamic (un-
dergoing change) or static (and calling
attention to itself through the use of an
unusual distribution of performers or
loudspeakers). In such music the spa-
element ihil('()ll'll)()‘ uor
ter suh_jl-(l o nmnipul;\linn and/or or-
ganization bevond the typical spatial
distribution of sound sources used in
normal performance practice.

Before the discussion of spatial mu-
it is important to note two other
ways that musical space

parame-

sic,

somet

es
described. The first way is from the
perspective of precompositional struc-
1 This usually involves the descri
tion of the large-scale transfc
of a group of musical elements in a
composition; a simple example would
be a wwo-dimensional graph of pitch
against time. The second way that space
is used in a musical context is by philos-
ophers of music. Both Susanne Langer
(in Feeling and Form [1]) and Victor
Zuckerkandl (in Sound and Symbol [2])
have used the metaphor of space to
describe the nontemporal nature of the
musical experience. Both of these ap-
proaches have litde 10 do with spatial
music per se for the simple reason that
y riptions of spatial hear-
ing. These are concept rather than
perceivable, t sed as meta-
phorical tools for discussing philosoph-
ical r

II)‘
nations

the: 10t de

al

al,

s of space

ationships or compositional or-
ganization.
Spatial hearing is

ar more basic to
the human experience than these sorts
of spatial conceptualizations. The abil-
ity of human beings to localize sound is
often cited i
as an important factor in early human

psychoacoustic literature
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I. The musi
is demon

Surviv

tiali

3 ed in a long history
of works where musical gestures were
passed between two or more locations;
an example is the polychoral tradition
that flourished in Italy and Germany
between 1515 and 1650, A different
approach to spatial sound can be found
beginning around the late cighteenth
arly nineteenth centu
composers began to develop the re-
sources of the large orchestra and to
write  program
ments 1o create the illusion of spatial
environments, "

Stereo recording techniques devel-
oped in the popular mu
have allowed electronic-mus

and e es, when

music, using instru-

industry

C C (lllll“k
sers Lo gi\'l' movement to sound sources
and 1o create virtual environments at
the mixing board. The disposi
sounds in space is created long after the
original recording and independently
of it. The technique of mixing a mult-
track recording to stereo is inseparable
from creating what is essentially an aud-
itory illusion. Most music available on
commercial recordings has sounds that
can be considered as placed into
ious spatial relationships, as a result of
the amplitude ling, filiering and
processing of cach individual track of
the recording.

Digital audio technology has ex-
panded the sophistication of amplitude
variation, the principal means used at
the analog mixing board to create spa-
tial effects; moreover, it has allowed
other parameters to be utilized as cues
to the spatial hearing mechanism. One
of the first attempts at utilizing several
cues for localization simultancously in

ion of

a software synthesis en
described in John Chowning’s “Simula-
tion of Moving Sound Sources™ [3]. In
this program, cues for the azimuthal
location of a sound source were created
by amplitude panning between the four
speakers of a quadraphonic playback
setup, and distance cues were created
by controlling the ratio of reverberant
1o direct sound as well as the amplitude
of the sound source. A composer could
anipulate the spat parameter of
sound by drawing sound paths (or

onment was

sound trajectories) with int

ware

Th ent trend in signal-pro-
cessing software is 10 apply the psycho-
acoustic knowledge of spatial hearing
even more thoroughly within a software
context; important work in thisarea has
been done by Moore [4] and Kendall
and Martens [5], among others. The

REFL. program described below

G is

one such program that attempts to cre-
ate convincing auditory spatial illusions
by utilizing psychoacoustic cues.
Composers have only begun 1o ex-
plore the potential for computer-based
spatial manipulation in loudspeaker
and headphone music. This potential
includes the ability of a composer 10
give the listener the se of sound
movement, where the trajectory of the
sound source portant [7]. How-
ever, there are both “hard” and ‘soft’
limits to wha
are dis

is

a composer can do, that
ussed below.

PSYCHOACOUSTICS,
COMPOSITIONAL
SPECIFICATION AND THE
PROBLEM OF THE
MISMATCH

Composers are faced with the problem
of accurately conveying their musical-
spatial concepts to listeners. Consider
the entire chain of communication in-
volved for the transmission of spatially
manipulated sound. This transmission
of the composer’s intention to the lis-
tener can be viewed in terms of a source-
medium-receptor (SMR) model (Fig. 1).
Each step of this model represents a
particular nonline 1ation of
the original compositional intent. The
problem is to avoid an undesired per-
ceptual mismatch between the com-
poser’sintentand the listener’s percep-
tion.

The souree includes the composer’s

- transfc

spatial conception for a sound and its
conversion into specifications for a par-
ticular spatial-manipulation computer
program that ultimately determines the
waveforms supplied to the loudspe:
ers. The chain of events can be s
tially envisioned as follow:
poser’s imagination (for example, for a
single sound event, the spatial concep-
tion of a sound source and a listener
within a particular environmental con-
text; or, on a macro level, a pattern of
trajectories);  the
composer’s means of specifying this
spatial conception to the computer
(either by manipulating the controls of
real-time audio-processing devices such
mixers and reverberators or by speci-
fying values to the parameters of a soft-

(Ill('ll-
the com-

sound-movement

ware program); the compute
pretation of this specification
parameters for acoustic modification of

nter-
into

the sound, and the hardware or soft-
ware interpretation of the user’s speci-
fication (for instance, the actual pa-
rameters

used by a  commercial



reverberator when one selects a room
called a ‘large hall’); and, finally, the
nonlinear signal ramifications (such as
phasc and harmonic distortion) inher-
ent to the amplification svstem that sup-

plies the loudspeakers.

The medium involves the effects of
loudspeakers and room acoustics,
which can greatly modify the spatially
manipulated sound before it re
listener. Although a composer may
carefully audition the work when com-
I)l),

aches a

ng in a studio control room, the
fact that the room’s acoustics and the
loudspeakers differ in the context of
concert presentation invariably mani-
fests unexpected or uncontrolled per-
ceptual results. This is due to the fact
that different types of loudspeakers
have particular frequer responses
and will sound different d(‘pendmg on
the character
heard in. Even a variation of the num-
ber of people in the audience in a given
performance space can result in differ-
ations of the sound once it
leaves the loudspeaker. Also, in a con-
cert pl'l'smllatiu{l, each audience mem-
ber have a unique orientation to the
position of the speakers, which can rad-
ically affect the intended -p.um| image.
The effects of loudsps
acoustics can be b
headphe wwback be-
ing that a composer must either create
solely for a tape playback context or
supply a headphone playback system
for each member of the audience.
The receplor is the listener who ex-

s of the room they are

ent modif

using

1e playbac k: the d

periences these sound waves in some
manner. The experience of the recep-
tor includes the immediate perceptual rec-
ognition of the spatial aspects of the
sound, as given by cues based on mo-
naural and binaural differences in in-
tensity, spectra and time delay, and the
higher-level cognition of spatial manipu-
lation experienced by a listener (based
memory, expectation

assaciation,
and patterning).

The chain of events illustrated in Fig.
1 shows how the listener’s cognition of
the musical-spatial gesture will not be
equivalent to the composer’s composi-
tional intention. partly a result
of the number of translations that the
idea must undergo and partly because
composers have difficulty in predicting

on

This

the limitations of their tools. There is
also the argument that the |
needs o be prepared by being |
arized with the partict
\pi
program notes or visual media.

The responsibility for the mismatch

ener

amili-

- grammar of

al syntax or assisted by means of

(d8)

-80

T T T T T

T6000

. 2. Specl.m of HRT} for one ear of a single subject, for a source at 0°, 90° and 270"

, 07 el dapted from

performed by F. Wightman and

D. Kisller of the University of Wisconsin-Madison). These spectral changes have been
shown to be significant perceptually for auditory localization.

problem in the production of musical
spatial sound is not directly attributable
1o any discipline. Psychoacousticians
have experimental goals that isolate
parameters of localization in order 1o

examine specific responses of human
subjects.  Research in  concert-hall
acoustics tends to emphasize the sub-
jective quality for a given musical appli-
cation, usually symphonic music. Com-
1ps the greatest bearers
ol responsibility for the mismatch, in

posers are pe

their assumption that spatial gestures
drawn on a computer screen or de-
scribed verbally can actually be per-

HEADPHONE MUSIC AND
COMPOSITIONAL CONTROL

Writing music for headphone
frees the composer somewhat

ening
rom the

match described
the effects of the

problems of the m
above. In pa

ula
ssed; headphone lis-
tening is more consistent with the com-
poser’s  experience  because
acoustics are eliminated. There are
considerable differences between mod-

medium are bypa

roOm

els and brands of headphones, but

these differences are less noticeable
than the potential differences between
loudspeaker environments. In

words, rooms vary more in thei

other

r effect
sducers

on the mismatch than do tra

The headphone music experience is
qualitatively different from a typical
concert situation. Undesirable sounds,
such as the coughing, rustling of pro-
grams and emergency-vehicle sirens

that are often heard at concerts,
almost completely masked. And while
at a concert one shares in the commun-
ity space of an audience, one cnjoys a
direct personal relationship with sound
when listening with headpho the
sociological and cultural accessories of
music are eliminated.

There is an advantage to composing
headphone music because of the pro-
liferation of portable cassette and com-
pact disk (CD) phl\['n that are in-
iphones.
stene

ire

tended to be used with h
I'heir popularity with music
casily explained: they are lightwi
the sound quality is generally very good
(especially coherent
where the entire playback chain stems
from a single design), and they are es-
pecially suited 10 asociety where p

with systems,

VACY
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and control of one's personal sonic
ingly rare. Many New
Age music composers and sound sculp-

space is incre:

tors have borrowed heavily from the
environmental sound recording wadi-
tion and offer headphone music as a
type of therapy. The relative
that headphone |
ficult 1o achieve in cither concert-hall

isolation

tening affords is di

or home-loudspeaker environments.
Headphones offer greater control
for the researcher or composer because
the signal at each ear can be predicted
more accurately. In particular, dete

m

nation of thresholds can be quite accu-
ic research usually

rate. Psych
makes the
tween types ol headphone presenta-
gle
signal is played to both ears; in a dichotic
presentation, two different signals are
fed separately to each ear; and a bi-

SO

following  distinctions be-

ton. In a dietic presentation, a

naural presentation approximates nor-
mal hearing with two ears—specifically,
itisadichotic presentation in which the
ignals i
nt in the oth
latter case l'l'l)ll'\';'”

content of one of the two

some degree pre

s the situation of
ately and is
most useful to the composer.

spatial hearing most aceu

Simultancous use of diotic and bi-

relative amplitude
of reflections
within each 30 deg.
segment about the
listenar
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binaural reflectogram

naural presentation can be exploited
for compos

tional ends in headphone

music. Perceptually, a diotic signal is

heard within the head, while binaural

signals are externalized to either side of

the head. In the computer music work
Revelations described below, both kinds
used
' 10 organize and differentiate

ol ntation simul-

were

MODELING THE
HEAD-RELATED TRANSFER
FUNCTION FOR SPATIAL
SIMULATION

I have designed a digital signal-proces-
sing algorithm called REFL for creating
ital sound
ary model [8].
thm allows compositional

spatialized versions ol a di

file according to an arbitr
This algo
specification of a maodel that includes
the position of &
sound source within a variable envi-

tener and of the

ronmental context. The interest
pect of the algo
tion  of

g as-

hm is the incorpora-
that  simulate  the
function (HRTF).
In essence, these filters create spatial

filters

head-related transf

listening cues for a listener by modify-

ing an input sound in the same way that
the outer ears (or pennae) and the head
actual en-
vironmental context. Simply put, the
filtering effect changes as a function of
the angle of incidence of the sound

would modify a sound in a

source; listeners may interpret the re-
sulting changes in spectra and delay as
changes in the spatial position of the
soure

Figure 2 shows the differences
in spectra at one ear for a particular
listener when the sound source is at 0,
90" and 270" azimuth.

These changes spatial cues can
be rendered by use of Kunsthopf (or
‘dummy head’) 1
omnidirectional

cordings in which
microphones
placed in the outer ear of either the
head of a mannequin or an actual lis-
tener. (The mannequin head is usually
preferred because it is immobile; head
movement by a real listener during
recording can cause shifts in spatial im-
agery during playback). When one lis-
tens through headphones to record-
ings made in this way, the spatial
imagery isrecreated to agreater degree
than with normal stereo. Convincing
auditory spatial illusions of azimuth are
but there is a persistent
problem of frontimage distortion; for

are

€asy 1o ac|

Fig. 3. Graphic

output of the
MODELED REFL program.
ENVIRONMENTAL This program
P S— ENCLOSURE can be used com-
with 100 positionally for
early reflactions spatial !i‘lgnal-
processing of a
digital sound
recording by
supplying infor-

mation about
sound source
and listener posi-
tions and orienta-
tions within an
environmental

User supplies Source and Listener Positions,
size and shape of environmental context,
absorptive properties of boundaries,
number of early reflections, and
orientation of sound source and listener.
Program produces graphic output and an
ascii score that allows signal processing
of a given sound according to the model.

context.

35 ms.
80.0x



yL(n)

yR(n)

Figs. 4a, 4b. Signal-processing scheme used in the REFL program. Fig. 4a (left): simplified illustration of source S, listener L and wall W,
with one direct path of sound (source-listener) and one reflected path of sound (source-wall-listener). Fig. 4b (right): circuit diagram

showing how a h linput X(n) is

linto a two-channel binaural signal, yL(n) and yR(n), corresponding to the source-wall-

listener illustration in Fig. 4a. Refer to the text for an explanation of the numbers in the circuit diagram.

reasons  still nder investigation,
sounds coming from in front of the
listener are spatially perceived by many
listeners to be coming from behind.
Despite the relatively simple technol-
ogy and perceptual convincingness of
Kunsthopf recordin
lem for composers is that the spatial
imagery is unalterable once the record-
ing is made. Although one could con-

5, a serious prob-

ceive of moving a sound source around
a dummy head o create spatial imag-

ery, composers usually require greater

control and e
Hence, HRTF filtering software and

hardware were developed 1o do essen-
tially wi

a binaural recording does
but witl

n the domain of digital signal
processing. According to Blauert [9],
this technique was first implemented in
West Germany in the 1970s. It has sub-
sequently been implemented in various
ways by several universities and corpor-

ations.

g the HRTF fil-
tering technique, the REFL program
also allows the user to specify the shape,
number of boundaries and frequency-
dependent absorption coefficients of a
modeled environmental context. The
boundaries can be considered the walls
of an enclosure, such as a concert hall
or room; the sides ol a canyon wall; or

Besides implementi

any sound-reflecting obstacle. The pos-
on and orientation of the sound
source and the listener are speci
within the e. A ray-tracing
method is used 1o sample the indirect
sound field of the source as it reaches
the listener, in terms of a given number

ed

enclost

of discrete sound reflections.

Figure 3 shows the graphic output of
the REFL program. At the upper right
is a two-dime

ional graph of the ray-
tracing method’s output, showing the
pattern of reflected sound from the
source 1o the listener within the spee-

ified environmental context. The

ar-

olitudes of the
d at each ear are show

rival time and relative an

reflected sou
in the ‘binaural reflectog
bottom. At upper left is a summary of
the relative amplitude in decibels (dB)
of the reflected sound in each of 12

' at the

directions on the horizontal plane over
the total period of time modeled by the
ray-tracing method.

The direct sound and the reflectes
sound are spatialized based on thel

time of arrival and angle of incidence
to the listener using HRTF filtering. As
a result, the program is both listener-
based in its implementation of impor-
tant binaural cues and environmentally
based in its implementation of sound
reflections.

The program calculates the angle of

idence of the reflection to the wall
and the angle of incidence 1o the lis-
tener, as given by the results of the
r ently 12 spa-
tialization filters are used to group any
of the potential incoming angles of
reflections on the horizontal
plane into 30" increments. The angle of

V-

cing algorithm. Pr

sound

incidence of the reflection to the lis-
tener 1 HRTF filter
within 15" of the calculated value.

A diagram illustrating the signal-pro-
cessing scheme used for the REFL pro-

is synthesized by

gram is shown in Fig. 4. Atthe leftof the
figure (Fig. 4a) is a simplified illustra-
tion of the model on which the signal-
processing scheme is based, involving a
listener L, a sound source S and a wall

W. At the right of the figure (Fig. 4b) is
a diagram of the signal-processing
operation, which d from left 10

right. The numbers in this circuit dia-
gram show each stage of the signal-pro-
cessing operation, corresponding 1o
the numbers in the following descrip-
tion.

1. Adigital recording X(n)is splitinto
three paths. The center path involves
the  proc ng ol

reflected  sound,

based on the ray

-tracing method. This
corresponds to the two lines in Fig. 4a
that span between S and W and between
Wand L. The upper and lower paths in
Fig. 4b represent the processing of the
direct sound that arrives to the two ears
ol the listener, corresponding 1o the
line that spans between S and L.

2. The direct sound is spatia
two HRTF filters, corresponding to the
angle of incidence of the source to the

ed by

left and right cars. An attenuation is
tance bet-
ween the source and the listener.

also applied, based on the ¢

3. Steps 3-7 refer 1o the processing
of the reflected sound. At step 3, the
distance the reflected sound must trav-
¢l between S and W
and an amplitude loss.

4. A digi
tion corresponds to the frequency-dep-
endent characteristics of a specified
surface is used to process the reflected
sound. One can choos
of surfaces with the R
cluding vy

sult

a delay

|l filter whose transfer func-

from a variety

m, in-

.g. plas-
ains) and
onmental contexts (e.g. granite,
k shrubbery or water)

5. The angle of incidence of the re-
flected sound to the surface is analvzed
and then attenuated according to an
adaptation of a physical model of spec-
u

wood or velour ¢

ar reflection (specifically, the Fres-
nelKirchofl extension of Huygen's
law). E ssentially, for frequencies above
appros 500 Hz, the reflection
amplitude is decre s the angle of
incidence of the reflection to the sur-
lace becomes smaller.

mi

tely

sed

6. The distance the sound must travel
between W and L. corresponds to an
additional delay and amplitude loss.

7. The angle of incidence of the re-

i
flected sound from the sul
of the listen
gle

ace to each
culated. This
1e which pair

s ears is
used o deter

Begault, The Compaosition of Auditory Space

149



50

¥ cy =)
[ -

Fig. 5. Application of two HRTF spectra (top right and bottom right) to two finite impulse
response (FIR) filters to derive a binaural signal from a single input. The spectra are used
to produce a sound source located opposite the right ear.

of HRTF filters will be used to spatialize
the ected sound.

8. The output of the left car direct-
sound HRTF filter (step 2) is summed
with the output of the left ear reflected-
sound HRTF filter (step 7) and then is
passed 1o the left channel output yl(n).
The same operation is performed to
feed output _;‘R(n) for the right car.

The frequency response and group-
delay characteristics of HRTF filters
used in the REFL program are based on
data given by Blauert that represent the
[10].
sable

ponse (FIR) filters that closely approxi-
mated Blauert's data [11]. An adva
tage to using the filter design program
was that the number of multiplications
used in the computation could be re-
nily; this translates into
a faster-running algorithm. (I am cur-
rently using this approach for eventual

duced

real-time application of these filters.)
Figure 5 shows how wwo of these FIR

filters are used to process a single chan-

nel of input into a binaural signal. The

Begault, The Compaosition of Auditory Space

HRTF spectra shown here are from the
filter design program and correspond
to the frequency response modification
needed o ereate the illusion of a sound
positioned directly opposite the right
(A frequency-specific time delay is
also inherent in these filte
shown in the illustration.)

When one listens over headphones,
the perceptual effect of these HRTF
filters is quite dramatic; this allows a
composer a level of control over spatial
that is impossible to attain us-

[

but s

andard stercophonic techniqu

er, for most listeners there is still
a mismatch  between compositional
specification and human perception.
Some persons are unable to externalize
HRTF-filtered
phones, particularly those sounds fil-
tered to be perc s 1g from
directly in front of the listener (0 azi-
muth). There are also frequent rever-
sals of 0° HRTFiltered sound; many
people hear these sounds as coming

sounds  ov head-

ved

from behind them at 1807 instead. This
has been mitigated in some th li-
mensional sound demonstration tapes

by using examples that take advantage
of the listener’s cognitive ‘rearrange-
ment’ of spatial sound. For example, it
is quite easy to imagine an HRTF-fil-
tered sound of lighting a cigarette or
drinking a glass of water at 0" azimuth,
since this corresponds to the location
of the mouth.

Figure 6 shows the "bow tie” pattern
that is frequently reported by listeners
when a composer intends 1o create a
circul,

pattern of 12 sounds that have
aconstant radius from the center of the
head [12]. Notice that the ability to
localize left and right positions is more
successful than front and rear posi-
tions. For many listeners the sounds

also seem higher vertically as they move
toward the front.

In spite of these perceptual mis-
matches, this HRTF signal-processing
technique is still a valuable one to the
composer in that 12 spatially distinct
auditory positions in a three-dimen-

sional virtual space can be attained.
Eliminating these mismatches is a cur-
rentarea of my research at NASA-Ames
research center; other investigators are
arching this as well. At present, a
substantial amount of psychoacoustic
investigation is required to completely
climinate ambiguity between a compo-
ser’sintention and the perceived result.

rese

However, if the composer is aware of
this ambiguity and takes pains to re-
main aware of progress in the domains
of psychoacoustics and signal proces-
ing

ng, then headphone music u
HRTF filtering should remain an in-
creasingly fecund area for spatial music
composition.

COMPOSITION OF SPACE:
TwO EXAMPLES

Revelations
The REFL program was applied to a
segment of my composition Revelations.

This headphone composition uses the
spatial manipulation of text fragments
and the juxtaposition of these frag-
ments, as its principal type of composi-
and
computer sounds function as accom-
paniment to the text. The work was
realized ona DEC Vax 11-780 computer
at the Computer Audio Research Lab-
oratory (CARL) at the University of Cal-
ifornia, San Diego.

tional  grammar. Instrumental

The textin the part of the composi-
ion described below is based in part on
a segment from a poem by John
Giorno, "We Got Here Yesterday, We're



Here Now, and I Can’t Wait to Leave
Tomorrow™ [13].

vou are bored

you are bored

vou are bored and restless

vou can’t think of anything to do
o do

1w do

to do

to do

vou can’t think of anything to do

Spatialized piano and violin sounds
(trills, plucked strings and upward glis-
sandi) were used to accompany the
voice. A digit
ding of the text, and then it was
divided into separate ‘soundfiles’ rang-
ing in duration from 1 10 8 sec. Except
for the soundfile consisting of the
ading of the
text in the example discussed here was
delivered diotically, resulting in an in-
side-the-head spatial perception. This
caused the spatialized words "to do” and
i

recording was made ol

are

words ‘to do’, the entire

rumental sounds to be differenti-

ated in the overall musical-spatial tex-
ture; these sounds surround 'le](' move
de the listener, while the remain-
of the text is heard within the head.

out
de
The sounds were spatialized by the
REFL program and then we
with the diotic sounds using Cmusic
software [14].

In this example, there were Illll'('

> mixed

types of spatial gestures or ‘trajector
nent 3
The intention was 1o com-
pose spatial gestures that were proced-
urally related in their organization (but
not necessarily cognitively related to
the listener). By maintaining
aspect of spatial movement with all ges-
tur

of sound mov

sociated with cer-

tain sound:

one

s, but varying other aspects, a com-
positional approach to space can be
made that is analogous to melodic
‘theme’ and ‘variation’. The spatial
aspect that remained constant for all
gestures was ‘circularity’, defined here
as moving completely around the lis-
tener, according to some pattern of
movement. The spatial aspects that
were variable included the kind of pat-
tern used to attain circularity, the over-
all time required 1o complete the pat-
tern, and the direction of circularity
(clockwise or counterclockwise).

The basic spatial ‘theme’ for this ex
ample was an 8sec counterclockw

circle, used for the piano and vio

sounds. To form this trajectory, a series

of 12 attacks at successive 30 positions

was created, with about 0.5 sec between
each attack. The violin and piano were
spatially separated by 180° before the
beginning of the trajectory so that one
sound followed the other at the oppo-
site position within the perceived space
[15]. The pi
had a duration of about 1.5 sec: as a
result, the decay of each previous attack
overlapped with the attack of the next
sound. The perceived result was that of
sound moveme than that of a
sound switching between 12 discrete
‘]()II”'\,

10 and violin sounds each

For spatial variation, two types of tra-

jectories were used for the words ‘1o

do’. In the first trajectory,
shifted in interval
clockwise 30" and then 60° 2
listener (see Fig.
meant to be a vari

positions
0.5-sec moving
ound the
his trajectory was
on on the circular
trajectory discussed above; it differs in

the use of an opposite (clockwise) di-
rection and use of 60° ‘leaps’. Also, the
movement effect disc d previous
ause the sound was
approximately 0.5 sec in duration, with
no overlap between attac

In the second trajectory, positions
shifted in 0.25-sec intervals 1o the 180°
opposite position and then back 1507
0-180-30-210-60-240, until all 12 po-
sitions were articulated (see Fig. 7b).
This resulted in a rapid see-saw effect,
chosen for its alternation from side to
side while the circular identity of the
other trajectories is maintained.

v

did not result,

Begault Meadow

A composition for headphone listening
by Gordon Mumma has been col
pleted in sketch form ar the University
of Califor

San Diego, Computer
Audio Rescarch Laboratory using the

HRTF filters and the REFL program
described above. Titled Begault Meadow,
it uses only a single, short sound, a
50-msec pulse of relatively broad-band
noise with a mildly tapered attack and
decay.

Mumma writes:

The musical syntax is achieved entirely
with the spatial placements of that sin-
gle sound; the e no pitch, timbre,

or loudness atributes except as they
result from spatial loc.

ion of the sin-

gle sound. The poetic impetus for the
music derives from Abbott’s classic
book Flatland; o support the ‘meadow’

part of the title, the acous charac-
teristies of an outdoor environment
are synthesized. The duration of Be
gaudt Meadowis projected at between 20
and 30 minutes. The spatial choreo-
graphy of Begault Meadow v
one section to another of the piece. In
some sections the sounds clearly in-
habit specific azimuth regions around
the listener; in other sections the loca-
tion of so mbiguous. The
play between specificity and ambig
is largely a function of compc
choices [ 16].

s from

Since few of

s experience a S0-msec
burst of white noise in a meadow, one
does not hear the work and then imme-
diately recall such an environment. 1f
one wanted o create such associations
for the listener, it would be best to use
cognitive cues, as is done with sound
design for film; for example, cows, wi
through the grass and insect sou
Even then, we still might not be
was a meadow that we were in, using

ure it

only our ears. The meadow of this work
is a virtual, artificial creation that is in
certain ways unique: it must be learned
through repeated experience (listen-
ing). Because of the implementation of
significant physical parameters of the
meadow into the REFL program, the

Fig. 6. ‘Bow tie’ pattern showing the perceptual result of HRTF filtering, as reported in-
formally by many listeners. When one intends to create a circle of sounds equidistant
from the center of the head, a distorted pattern is usually heard. Not shown is the fact
that the 0" azimuth position is often ‘reversed’ (i.e. heard as if it sounded at 180°).

Overhead

Front

Side
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T 30
300
270 R 90
120
210 ~— /

180

d
210 b

180

Figs. 7a, 7Tb. Two variations on a circular spatial trajectory ‘theme’ used in the author’s
composition Revelations. The numbers represent the HRTF-filtered positions, in degrees,
of the speech fragment ‘to do’ from a digitally recorded poem. (a) Clockwise movement—
leaps between positions alternate between 30 and 60° at 0.5-sec intervals. (b) See-saw ef-
fect—leaps between clockwise opposite positions (ordering shown by letters a-f) at

0.25-sec intervals.

articulation of the en-
onment results in timbral changes to

sound source’s
v

the sound source as a function of its
location. One consequently has a more
realistic sense of spatial extent and of
being surrounded by the
the environment is differe
the real world [17].

Va the spectral content
and temporal patern reflected
sounds were explored for their useful-
ness as environmental cues. This was
done with the REFL program using the
environmental model shown in Fig.
Forty-eight reflected sounds were spa-
tialized according to angle of incidence
10 the listener and the effect of wall
surfaces and distances. The landscape
of the meadow to be simulated was dif-

ound source;
ated, a

atons an
of

ferentiated by modeling a grassy mead-
ow to the re steeply rising hill to the
right front, and a lake to the left front.
I'he simulation was achieved through
specification of frequency-dependent
absorption for each modeled ‘wall” of
the REFL program. The left-front "wall’
extended into the distance 1o attenuate

the energy arriving from the area of the
‘lake”. Overall, the pattern of sound
reflections was varied both spectrally
and temporally as a function of the
location of the sound source in the

‘environment’,

In collaboration with Mumma, I de-
signed a compositional algorithm to
produce a computer music ‘note state-

ment list’ that uses ‘compositionally

Begault, The Composition of Auditory Space

weighted’ random distributions of ai-
tack times and spatial positions [18].
Unlike the music for Revelations, Begault
Meadow uses as many as 600 note state-
ments over a single minute. The algo-

rithm allows the composer 1o specify
the range of azimuth and distance
forms

in-

m to be used for a particular
section of the work from precomposed
files. Events can be distributed over
time according to (1) specified mi
imum and maximum

1wes between
sounds, (2) a ‘seed” for the distribi
of events and (3) a ‘di
compress or expand the time distr
tion of events. The composer edits each
resulting note listand then layers itwith
or appends it o other note lists before
running a program in order to hear and
evaluate the result.

m

sor’ factor 1o

CONCLUSION

The above section shows but two ex-
amples of the potential application of
the HRTF signal-processing technique
to the composition of spatial music.
Undoubtedly, the match between com-
positional  speci spatial
hearing  will improve with fu
developments in audio signal-proces-
sing techniques and with additional
psvchoacoustic  studies.  Headphone
music continues to be a largely unex-
plored territory of the infrequently vis-

ation  and

her

ited universe of spatial music, and we
should expect our ‘mind’s aural eve’ 1o

be further surprised and challenged in
the future,
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