SIMULATING THE CUES OF SPATIAL HEARING
IN NATURAL ENVIRONMENTS

Gary S. Kendall and William L. Martens
Computer Music Studio
Northwestern University

Eyanston, L 66201

ARSTRACT

In sound reproduction the apparent direction from
which 3 scund emanates i3 typically controlled by
shifting the belance of scund between the speakers.
This technique often produces diffuse images and is
only capable of locating sound sources between the
speakars. In the jast decade we have come to recog-
aize that in addition to interaural intensity and sime
differences chere is a loealization cue provided by the
refection of sound off the ronvoiluticns of the pinna.
the shoulders and the upper torso. Messured head-
related transfer functions vary considerably from one
individuai to the next, bur there are common trends
in bow spectral festures change with the sound source
angle of incidence. These directional transfer fupe-
tions can be modeled, simplified, and enhanced by 2
digital fltering network so as to produce ideaiized
spectral cues for localization. Imposing these idealized
spectral cues on arbitrary signals such as those in
mausic can fool the auditory system and induce three-
dimensionsl spatiai images even when reproduced
with stereo loudspeakers.

Our experience with simulated spatizl cues has led us
to the initlal design of a reverberator with difercnt
zoals than those of Schroeder (1962} or Moeorer (1970).
The primary goal of our design is the production of
“spatizl  reverberation,” s spatially  distribused
reflected sound fBeld intended to help listeners localize
sounds while imparting a verv strong impression of a
specifie reverberant environment. For this reason, our
“spatial reverberstor” can be configured so as to repli-
cate nearly exactly the spatial and temporal distribu-
tion of reflected sound for a modejed room. The
design includes multiple outputs whick can be
separstely directionalized with our simulated piuna
transfer functions to produce spatially positioned
vreverberation “streams.” The “spatial reverberator’
captures both spsiial and temporal changes in the dis-
tribution of reflected sound that oceur with changes in
the position of the socund source, and even with
changes in the position of the listener in the modeled
roam. Also considersd in our design are the subjee-
tive attributes of reverberation deseribed in the liters-
ture of subjective room acousties, such as *‘de&nition’
and “spatiousness’” (Rasch and Plomp, 1982). Since
the spasial and temporal distribution of refectad
sound determines these subjective astributes as well as
distance, the “spatial reverberator”” can provide direct
vontrol over a wide range of spatial percepts impor-
tant for sound processing and reproduction.

L INTRODUCTION

When a sound event is transduced imso electrical
energy by a microphons and reproduced over
loudspeakers or headphones, the experience of the
sound event is aitered dramaticaily from what would
resuit if the listener were located af the position of the
microphone.  Ome of the primary reasons for the
change in the experience is that information regarding
the spatial loeation of the sound event and of the
sound reflected from the environment has heen lost.
Multi-channel recording and reproduction can retain
some spatial infcrmation, but conventional techniques
do net attempt te recreate the spatiz| sound Seld of o
natural environment and, therefore, crente a listening
experience which is spatially impoverished. This is
despite the facr that most recordings include rever-
beration from 2 natural snviroamens in order to pro-
vide the listener with a genersl impression of an
accusiic enviropment, There is 2 neerd for improved
technigues 1o spatialize recorded sound. but the need
is aven wmore urgent for synthesized sounds which
have no spatiai attributes save those provided by sig-
nai processing.

The original goal of the work described in this paper
wad to provida computer music composers with a
comprehensive control of suditory space when compo~
sitions are created for headphone listening., It was
assumed that the cues used by the auditory svstem in
forming spatial images could be replicated accurately
only with headphones. We quite sccidensally found
this not to be the case. Quite often, reproduction
with speakers was fust as vivid as headphozes, [t was
also assumed that our original goal could be achieved
by simulating cues for directiopal hearing and then
adding reverberation. This also proved not to be the
case. [n fact, we could not have farseen the complex-
ity of the issues involved and the degree to which the
many different components of spatial hearing in
nalurai environments interact in the formation of spa-
sial images,



The lizerature of spatial hearing ali of its facets is
distributed in many different journais. Most research
2rs pursue only one narrow segment of the [iterature,
Psyehoacoustic research has concencrated on three
categories of cues {or directional hesring: interaural
intznsity differences, interaural time differences, and
spectral cues introduced by the pinna, head, and
torso.  Research into the first two types of cues had
produced most of 15 major findings by the 1660
while research into spectral cues is woday still = gquite
active area. All of this research has treated these
topies as separate issues nnd assumed that the sudi-
Lory system's mechanisms could be studied in jsola-
tion, This assumption is valid insofar as one intends
o study “separate mechanisms” but it is clear that ig
natursl listening situations all mechanisms work
tagether in the formacion of spasial images.

“Spatial hearing” in natural environments s a
broader topic thas this concentration af psychoacous-
tic researcn itself would indieate. What has com-
moniy been referred to as “localization” resesreh
artually is conecerned only with directional hearing.
The perceived location of a sound source in 2 natural
environment has two relatively independent dimen-
sions ~ direction and distance. Distanee pereeption
hes recelved substantially less atiention than direc-
lional hearing for two reasons. Firss, the “mechan-
ism'” for distance perception appears to be less clearly
focated in or near the peripheral auditory system and
the moedeling of “higher-lavel” auditory mechanisms is
border o conceptualize. Second. it is extremely
diffieult to perform experiments that control & number
of spatizl hearing cues simuitaneously, especially if
those cues are going 1o be realistie. Distance is targely
perceived on the basis of refleeted sound from the
zavironment. But reflected sound also constitutes the
basis for several other perceptuai gualities involved
with spatial hearing. These are perceptual qualities of
space investigated in a diseipline which has come to
be cailed ‘‘subjective room acoustics.” *Defnition”
and “spaticusness” are two of the terms often
emploved to describe the subjective sttributes of how
sound imsges are perceived in the comtext of rooms.
We guestion whether it i3 possible to study localiza~
tion in the ahsence of these subjective properties.
Spatial  hearing  experiments conducted withous
reflerted sound coly study the responses of the audi-
wory system under conditions of impoverished infor-
matic.

Sinee our gzoal i to provide composers with
comprehensive control of auditory space percepts in
music, we must spprosch the problem of simulating
spatial cues 29 a whole. Our effort in this regard has
had two primary components. The frst i3 the formu-
lation of idealized spectral cues for use in directionak
izing sound. We know, for example, that spectral
cues induce spatial percepts even when other tvpes of
cues are absent, The second is the simulation of
euvironmental reverberation that retains the spatiality
of reflected sound. By combining spectral cues for
directional hearing with such reverberation, we are
attempting to recreate the experience of listening in
natural environments entirely from computer simula~
tion. We use the term “spatial reverberation' for this
svnthesis of directional cues and simulated refected
sound. It is our hope that sechnmiques like ours will
stimutate composers to produce a kind of music that
oL o_nly takes place in space but is spatially con-
celved,

II. DIRECTIONAL HEARING

AL Interaural Differences

The twe cues which classical psvehinacoustics holds as
primartly responsible for identifying the direction or
incidence angle of 1 sound source are interzural inten-
sity diference (1D} and interaural time delay (ITD).
The physical basis for these cues is as [oilows: As a
sound source moves on the horizontal plane toward
the side - away from directly ahead or directly behind
the lisiener - D grows from 0 dB up to roughiy 20
dB depending on frequeney. and the [TD zrows {rom
0 o about B30 microseconds {Feddersen, &r al., 19371
Because the head biocks oniy those {requencies with
wavelengths shorter than the diametar of the head
{about | KHz and above), the acoustic “head shadow"
responsible for the IID is frequency dependent. For
pure-tones. [ID is only a salient cue at frequencies
iigher than 1 KHz. Because the pericds of high fre-
quencies are shorter than the maxireum [TD, [TD is a
salient cue for pure-tones only below about 1.5 KHy
The potential confusion bstween waveform periods
end [TD's is aboiished if the high frequency stimuli
have time-varving amplitude {eq.. Nuetzel and Hafter,
1678} or time-varving frequency {eg.. Blavert, 19815,

In actuality, 0D ard ITD only provide the auditery
system with informaticn on whether a sound source is
to the left or right of a listener, This is especially clear
in headphone listening when cues to externalize the
saund source are eliminated (Sakamoto, Gotoh. and
Kimura, 1978). Sound images with [ID and [TD cues
are pereeived on a left/right axis inside the head.
This is referred to zs “‘iateralizasion” and has been
the subject of considerable research In the last cen-
tury. The fact that listeners have some basis for ideq-
tifying the direction of sound sources above, below, i
front and in back did not become 2 zeneral resenrch
topic in psychoncousiics until the late 1960's. In crder
to visualize a point om this left/right [ateralization
sxis projected into three dimensional space, we must
imazine a plane containing the point placed perpen-
dicular to the avis, For s given distance {rom the
fistener represented by » sphere, the plane cu‘zting
through the sphere makes a cirele as shown in Figure
1. This circle is a representation of the possible loeas
tions in three-dimensional space at which the lateral-
ized sound might have originated.

Figure 1 The left/right lateralization dimeg-
sion and the up/down/froat/back circles upon
wiich sounds can be located at a given dis-
tance {rom the listener,




B. Spectral Cues

Within the last 15 years. we have come 1o recognize
that an addicional cue for directional hearing Is pro-
vided by the reflection of sound off the convolutions of
the pinnz (outer ear), shoulders and the upper torso.
These short latency reflections impose direetional
information on the spectrum of the scurce signal. The
most important of these reflections zre those contri-
buted by the pinnae. Because the pinnae have a very
asymmetric arrangement of ridges, the composite
sound redections create a unigue spectral profile for
avery sound direction. The additory sysiem uses
these spectral profiles to remove the spatial ambiguity
that resuits from OB and 1TD cues alone. It is the
spectral cues produced by the pinna. shoulders and
upper torso that enable the auditory system to deter-
mine the position of the sound source on the cirele
~epresented in Figure i~ above, behind. below or in
front of the listener,

Numercus researchers have studied the relationship
between the direction of 3 sound source and the
acoustic sransformation produced by the pinpa. [t is
a reasonable approximation to imagine that a diserete
reflertion from s ridge of the pinea will produce a
aoteh In the spectrum of the source signal and that a
eoliection of reflections will produce a complex spec-
tral shape with many notehes of varying depth. Even
though some empirical measurements of the pinna
marde in the ear canal conform to this approximation,
most measarements indicate that reflections are not
discrete and that there & no simple correspondenes
between single reflections and spectral notches.
Understanding of the relationship beiween time-
domain and frequency-domain representations of the
pinna responses was historieally siow to evolve. Bat-
teau {1067) was the frst researcher to develop a model
of the relatioaship between the physical characteris
tics of the pinpa and the acoustic information used for
directional hearing. He attempted to identify indivi-
dual reflections responsible for judgemesnts of azimuth
and for elevation. Shaw and Teranishi {1968) meas-
ured the acoustic effects of the pinna in the frequency
domain  and  demonstrated that the relationship
between pinna fltering and the directional location of
5 sound source i5 very complex, but they did not
attempt to expiain how the auditery svstem used this
information. Blauert (1080} hypothesized that pinna
cues were evalunated by the audilory system ia terms
of spectral “preference bands™ that constituted a sig-
aature of certain source directions. [t was not unuil
1974 cthat Wright, Hebrank and Wilson synthesized
Battean's and Blauert’s views into a concept that
bridges the time-domain/frequency-domain distinetion
and demonstrates the essential similarity of both
views.

Despite the fact that pinns transfer functions are
highly complex and difficuls to relate to a2 simple
modet, they have easily identified spectral features, A
quick examination reveals that they contain spectral
notches and peaks whose frequencies are dependent on
the incidence angle of the source signal. Almost every.
researcher has noted that individual pippa transfar
functicns vary tremendously from each individuai ear
to the next. Careful examination reveals that despite
the variety of details there are numerous common
trends. For exampie, on the lateral plane {the plane
defined by the left{right dimension and the
above/below dimension), the frequencies of the two
most prominent spectral notches generally increase

ixn. The exact shapes of the
lated cransfer functions can difer as shown
for subjeet MDL iFlzure 2a) and subject GSK
ure 2b}, but both show the same trend in the
tgration of these spertiral notches. This might sug-
gest that the direetional informaticn supplled by the
pinna can be largely characterized in terms of these
spectral notches, although thers are several other
observable zlobal trends invelving spectral peaks and
overail spectral contour. In fact, one can separate o
some extent the individual spectral fentures contris
buted by the head and the pinna. Binaural recordings
and studies such as that by Butler and Belendiuk
{1977) demonstrate that it is quite possibie for ons
person o ukilize the spatial hearing cues recorded
with anothsr person’s ears, but the issue of how the
auditory system evalnates the eomplex spectral profile
at the two ears has not been adequately investigated
and may require many more years of research.
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Figure 2 Head-related transfer functicns for
two subjects illustrating srends in speetral
feazures for inereasing source elevation in the
lateral plape. The sound was located 2
meters to the left of the subject znd was
moved from ear level (0 degrees) to an eleva-
tion 30 degrees above zar ievel {solid line - 0
deg., long dashes -~ 10 deg, short dashes - 20
deg., and dotted line - 30 deg.}.




C. Simulating Cues {or Directional Hearing

Mach of the current research into directioonl hearing
has been conducted with syothetie cues. rather than
with actusl pinna recordings.  Usually, these cues
have been svathesized by time-delay networks caprur-
ing the essential notches in pinna transfer functions,
but ignoring much of the detall which is characteristic
of ampirical measurements. Stimuil generated in this
{ashion have been guite useful to research and have
often allowed subiects to localize with accuracy near
te that of normal listening situations., The most
important fact to be learned from this is that the
auditory system does not  require the compie}:.
“natural’ spectral profile in order 1o correctly idem%i}:
the direction of a sound source., Simplified speciral
cues may be quite sufficient if they include the neces.
sary spectral information {an eariy attempt at spectf}:-
ing these spectral profiles may be found in Kendall
and Rodgers, 19823

For the purposes of simulating eues for directional
hearing in computer music or any kind of audio repro-
hietion, one wishes to determine a set of “idenlized
transfer funetions” vhat will provide the best possible
image of the sound direction for the general popula-
tien. It has already been established that measured
pinnn responses displav tremendous variability at the
detzil level. but that in spite of this variability, indivi-
duals are able to localize sounds recorded through the
pinnae of others. ldealized transfer functions can not
be determined by averaging techniques because direc-
tional judgements may well be based on spectral
features that averaging would smocth away. Notches
may appesr 1o be at different frequencies for different
individuals, but all individuals have notches. Then
too. it may well be possible to ereate spectral cues
that produce superior directional images to those asso~
ciated with “‘natural” cues. In this regard, resesrch
by Butler and Belendiuk (1977) is supportive. They
demonsirated that “some pinnae, . . ., provide more
aceurate cues for MSP {median sagittal plane| localiza
tion than do others.” Butler and Belendink did not
attempt o identify experimentally the exact features
which improve directional hearing, but their data Aid
enable them to speculate tha: “the migration of the
neteh in the irequency responge curves appears more
arderiy” in the superior pinna.

Our awn approach to this problem has heen to svo-
thesize directional cues on the basis of considersble
visual study of pinna messurements. We have
recorded head-related transfer functions for sound
soutces located 10 degrees apart in szimuth and 20
degrees apart in elevation. We have analyzed our
empirical data in order te idemtify those spectral
features which seem the most common to all subjects
and moest likely to present the auditory systess with
usable information. Large-scale trends are taken into
account in creating o table of spactral features and
their relation to perceived direction. It is hoped that
by combining she best and mest regular features of
many different pinaa that a set of spectral manipula-
tions can be devised which not only match the
salleney of natural cues, but which actually support
superior dirzetional perception for many people.

Butler's omment about the “migration of the noteh”
being “mors orderly’” was corroborated in the orelim-
inary stages of our own resesrch, When eriment-
i with artificial transfer f{uneticns three-
ensicnal space, the drss modifications made ware
ta ensure a continuous and orderly progression of
spectrai changes, Natural pinna lunctions do not
always display this characterissic throughous their
range. but it seems to be an important characterstic
for synthesized cues. Tt should be mentioned that
Morimowo and Ando {1879) contradict Butler in regard
to whether one subject's cues can improve another
subject’s localization performance, but the three sub-
jzcts used in their study were chesen to have vastly
different pinnze and may well represent the most
exireme sort of cases in the general population.

=

Once we have arrived at 2 decision on the important
spectral features for 3 given spatial direction, a list of
these (eatures is passed am to a fAlter design program.
This program is able to construct a pole-zers Bler
that matches the preseribed characteristics. The
upper panels of Figure 3 show transfer Punetioss
measured inside the ear canal for two subjects. The
lower panei of Figure 3 shows the transfer function of
a digical flter designed to mateh ideal SpECLral
features derived {rom such empirical measurements.
The problem of designing these filters is somewhas
complicated by the fact that one may need to produce
continuous changes in direction between the anaivzed
points. This means that there must be steady migra-
tion of poles and zeros =s intended direction is
changed, or else the resulting signal discontinuities
would produce notieeable noise. ln effsct. the Slters

must be designed for the entire ensemble of directions
taken together, :

Figure 8 Comparison of measured head-
related transfer functions for two subjects
(upper panels ~ maximem {5 18 ¥Hz} and our
simulation (lower panel - maximum is 15
kHz).




II1. SPECTRAL CUES
AND LOUDSPEAKER REPRODUCTION

A. The Influence of the Listening Environment

When we first began to experimens with our original
pinna simulations ip different rooms, we were faced
with some rather perplexing experieaces. We found
that parts of our demonstration tape, especially parts
invelving the distinction between f[ront and rear
images, worked in some situztions but not in others.
[ zeneral, we found that our projected sound paths
ware deformed even though the general spatial shape
was retained. The most revealing demonstration of
this phenomenon occurred in 3 “live end, dead eng”
ar "LEDE"” studic monitoring room (Davis and Davis,
1980). A LEDE rcom is sound absorbent at the end
where the speakers are placed and reverberant st the
other end behind where the listeners sit. This sype of
design is preferred today for monitoring rooms in
recordiag studios because it provides excellent stereo
imaging for the recording engineer. ln this saviron-
ment cur listeaers axperienced 3 svsternasic deforme-
tion of the intended scund parh depending upen

where in the room they listened. As shown in Fig. 4a*

an intended sound path around the head was easily
perceived as such when listening was within the
dead-end part of the room. When on the boundary
hetween the live-end and dead-end parts the sound
path was deformed but not substaptially changed as
shown in Fig. 4b. When subjecis stepped back into
the live-end of the room the sound path ceased o go
behind the head but instead made a circular pacth in
front of the listener as shown in Fig. 4c,

Our directional cues were being altered by the asous-
tics of the listening room. The most obvicus factor
tnat changed with our different listening posisions was
the pattern of reflected sound accompanving the
steren reproduction. Though It Is difficult to prediet
just what acoustic feazures of z room will resuit in
what sorts of spatial distortion, it is clear that strong
riv reflections have a2 signiBicant influence on pre-
reived direction {Barron, 1971). Spectral notches
created by these reflections can be mistaken by the
auditory system for pinna cues {Rodgers, 1081).

B. Controlling the Listening Environment

Having gained this insight into the source of our spa-
tial distortions, we sought some strategy [or bringing
the reflectad sound of a listening environment uader
systematic control. To this end we constructed an
experimental sound rcom in which the entire pattern
of reflected sound couid be controlled through the
placement of sound absorbent pagpeis. OQur intent was
oot to create an anechoic environment, but an
environment in which reflected sound would be sup-
ported in 2 controlled fashion. We knew that
anechoic environments are not only difficult to create
but aiso are terribly oppressive working environmenta,
We wanted to be able to selectively enable or disable
discrete reflection paths. We undertook the task of
making our room ‘‘selectively =znechoic”, that s,
anechoie between the loudspeakers and Hstening posi-
sion.  Using the technique of ““time delay spec-
trometry” developed by Heyser (1671}, we systemati-

Figure 4 The apparent spatial paths of the
sound source on cur demonstration tape for
three different listening positions in a LEDE
enpvironment.




sally eliminated ail roem reflections that would reach
listener from the speakers within the drst 20 ms after
vhe arrival of the direct sound. The resulting sffect og
sound imagery was quite apparent to listepers. Not
only were our test tape examples perceived to be foi-
lowing the intended spatial paths. but commerciaily
recorded  music was perceived as having greatly
improved spatial imagery. (A detailed discussion of
the construction and testing of the listening room by
Jones, Martens, and Headall is lorchesming in a
separate paper.)

We have discovered that many of our sound examples
emploving spectral cues are sensitive measures of the
quality of & ilistening environment. both in terms of its
ability to support stereo imagery and its neutralizy to
these images, I a lstening environment is unable 1o
support the reproduction of strong spatial cues, then
it 15 not verv well adapted to audio reproducticn. The
zind of modifications that aeed to be made to listen-
ing environments are very selective; for exaruple, since
we know that the presence of early reflections in the
listening environment can sslectively distort or des-
trov certain spatial sound paths, it is not the entire
range of reflecred sound that needs control, but just
the significant zariv reflections.

Our experience with this sound room has reinforced
our awareness of the extent to which the unwanted
effects of the listening envircnment are ignored ia
most sound reproduction. Clearly, the sffects of early
reflected sound can overwhelm the imagery produced
by even the very best audic equipment. Virtually the
sntire audio community has come to zceept the fact
that sound imagery varies tremendously from room o
room without questioning whether it really has o be
tolerated. Many times the sffects of early reflected
sound are attributed to the audio equipment itself,
espevially the speakers, even though careful testing
would reveal the true source of the problems. We feel
that the listening envircnment should be considered as
an extension of the speakers. Since the knowledge of
bow to address the inconsistency of audio reproduc-
tion exits, we believe the audic community shouid
bagin to insist on standards for listening environ-
ments. Beside the [act that sound imagery will be
similar i nov identieal from room to room, it will be
greatly improved in all rooms. Owur simulation of
direntional cues based on idealized spectral transforms
is improved in a controlled listening environment, apd
the advantage of having {ull three-dimensional sound
imagery for stereo reproduction is quite clear.

C. The Number of Speakers

[n order to provide listeners with aural experience of a
compiete three-dimensional space, appropriate audi-
tory rues must be presented 1o both the left and right
ears. This means that listening to spatially pesitioned
images requires & minimum of two sound-producing
transducers capable of creating different transforma-
tioas of she original sound event at each ear. In the
case that these transducers are headphones, the signal
reaching each ear is completely predictable and the
listener's experience is exactly that determined by the
recorded material. In the case that these transducers
are speakers. the signal reaching each ear is infinenced
by the listening rcom environment and there is 2
wotflict between the spatial cues of the recorded
material and of the listening environment. A number
of researchers have been successful to varying extents

[ spectral cues to sound repro-
iBloom, 1477 Xari, Fujiki
Takahashi, and Maruvama. 1979 3akamoto. et
1693, 198161 Given the success of spectral cues 2
in somewhat hostile environments, how many speak
should be invelved in the sound reproduction?
Multiple speaker placements have been suggested by
many people. For example, Chowning, et al. {1474}
oroposed that the liscener should be placed at the
center of an imaginary tetrahedrop with & speaier
placed at each vertex. Their interest in this sort of
speaker arrzagement resulted from their recognition
that the simulation of natural-sounding reverberation
must include indirect sound arriving lrom slevated
zngles (their discussion emphasized the imporiance of
che ceiling reflections in a cathedral). However avenly
such a speaker arrangement seems to cover the possi-
ble angies from which sound svencs might emanate, it
is not based om the comcept of recreating the entire
binaural sound f&ld in which loealization judzements
are normaily made. Panning amplitude between a
speaker at ear level and an zlevated speaker will not
result in the same illusion of smooth spatial motion
that cccurs between speakers located on the left and
right af the observer. More speakers do provide more
potential sound source directions from within the
iistening environment, but will not provide the corrent
spatio-temporal dissribution of reflected sound for an
arbitrary illusory environment. Then too, if souads
are to be localized at positions in space whers there
are no speakers, then all the unwanted reflections in
the plavback environment must be greatly attenuated
because they provide potential cues for loealizing
sound at spesker locaticos. U the real reflections are
not overwhelmed by simulated reflections, then not
only wiill sound sources be localized at the speaker's
actual distance {rom the listeper, but also the illusory
angle of incidence mav be rejected in [avor of the
speaker’s angle of incidence.

5l

Taken together, these considerations point to the con-
clusion that reproduction employing many speaker
lovations creates more problems for sound imagery
and localization thsn it might seem to solve. Since
sound delivery free from significant early reflections is
desired, the smauller the number of speakers used, the
simpler the task of optimizing the plavback environ-
ment. And sinece illusioss of all spatial locations can
be supported by two trapsducers, stereo reproduction
in a controlied 2coustic environment is probably guite
adequate {or most purposes. It should be noted, how-
ever, that previous attempts at providing systematic
transformasions  for  placing  sounds  in  three-
dimensional space led Mori, et al. {1979) to concinde
that a gquadraphonic reproduction is required for
creating the best distinctiveness between illusions of
frontward and rearward locations. [n typical “live”
listening envirommeants, the preduction of illusory dis-
tinctions between front and back locasions is much
mora difficuit than the production of distinctions
between above and below loestions. In fact, it is cur
experience that above/below distinctions can be sup-
ported under conditions of sterec reproduction in
fairly “hostile” environments {those in which strong
early reflections are unconuroiled). On the other
haad, forcing sound delivered fram in front of the
listener to be heard as coming from directly behind
the listener is practically impossible in such rever-
berant environments. This assertion leads to the con-
clusion that in uncontroiled reverberant environments.
{ronc/back distinctions require speakers in front and
in back of she listener.



IV. SIMULATING REFLECTED SQUND

Our original localization sxperiments wers  based
almost excfusively om the wse of ideslized pinna
teansfer functions and involved oniy one aspect of
tatal spatial heating: directionality. But, as has been
discussed. superimposing pinna cues on a sound scurce
does aot always provide accurate directional scund
images. Given the intluence of retlected sound on per-
ceived direction, one must construct some strategy for
overcoming or controlling the reflected sound present
in the listening environment.

Our approach to this problem is to simuiate reflacted
sound along with plena cues in such 2 way as o
overwhelm the characteristies of the actual tistening
environment. For example, a sound source to he
toealized in front of the listener should have simulated
sarly refiections arriving from many directicos
including those from bebind the lstener, The juxca-
positinn of froat-iocalized direet sound sod rear-
focalized coples of that direct sound arriving shortly
after zreacly increase the listener’s ability to make
front/back diseriminations even in highly reverberant
environments. Furthermore, even though most direce
tional zues do not reguire support from simulated
deeted sound. the apparent distance of scund
sources al their particular angles of incidence does
depend strongly upon the spatie-temporal distributicn
of the simulated reverberation (the distribution of
reflections in space and time). Speakers need not be
placed at maltiple distances {rom the listener, since
the relevant spatial and temporal patterns of indirect
sound ran be reereated exactly by wao speakers.
Reflected sound is simuiated, then, for at least two
reasons - to support directicnal cues and to place
sounds at a given apparens distance.

A. Previous Approaches to Reverberation

The computer simulaticn of reflacted sound has been
% topie of interest in computer music and in sudio
research  ever since the publication of Maafred
Sehroeder’s (1962: 1970) pioneering articles. The feche
tique of recireulating deiavs described by Schroeder in
“Nutural  Sounding  Artificial Reverberation”  has
served a5 the basis for reverberation simulation in
tomputer musie ever since its publication in 19692,
More recent refinements in the art of simulating
refiested sound have mainly modified Schroeder's
scheme in order to achieve some higher degree of
aatursiness and realism. Chowaing's [1670) scheme
for simulating the movement of sound seurces in 2
reverberant space manipulated the bazlanee between
direct and refected sound in order to provide the
listener with rezlistic cues to the perceived distance of
a sound source. Moorer's {1870} redesign of the signal
processing elements used in the Sechroeder reverbera-
tor simulates the way in which natural reverberation
becomes Increasingly low-pass with time s high fre-
quencies in the sound are abscrbed,

These and other contemporary approaches growing
out, of the Sehroeder reverberator share a aumber of
basic assumptions about the particuiar quslity of the
reverberation they intend to produce and about the
way in which the sound will be delivered to the
listener. Flirst, they all attempt to reslicate the kind
of global reverberation that is typical of large revep-
berant rooms such as concert halls, Even though such

ztion is ap
Aok appropri the {uil :
applications of spatializing sound with a computer.
Second. these schemes allempt Lo capiure the general
characteristies of raverberation in large rooms withont
attempling o replicate any of the exact characreris-
ties that distinguish one rcom {rom ancther. Neicher
do they strempt to make provisions for changes in the
locutior of the listener or the size and shape of the
reverberant environment. [n  efert, since chese
methods do not zetually model 2 room., controlling the
chizracterissies of the reverheration is largely a matter
of guess work. Third, all these methods are intendsd
for use in conventional stereo lor quadraphonic) repro~
duction and make no attempt 10 locaiize or spatially
separate the reverberant sonad. The one eXCEPLion 1o
this last point 8 the reverberator designed by
Stautner and Puckette (1982). Their reverberator
attempls to capture the distribution of reflected sound
in real rooms by providing eseh output channel with
reverberation that is statistieally similar to thet cam-
ing from part of a reverberan: rocm.

B. Spatial Reverberation

Qur frst attempt to add reverberation to sounds ore-
cessed with directional hearing cues created a very
unnatural situation. The spatialized sound sources
moved out awav from the speakers in the intended
path, but the reverberation remained st the speakears.
Now oaly was che reverberation spatially static. but its
subjeetive character alse did not change 25 the sound
source moved, We reasoned that o more natura)
reverberant field could be ereated by adding simulated
early reflections to the direct signal and its reverbera.
tion. After specifying the dimensions of a madel
room, the sound source peth and listener position, we
caicuiated the time-delay and direction of frst-order
reflections reaching the listener ({those having been
refiected from a single wall). We simulated net just
changes in the time-delay of eseh “frsteorder’
ceflection, but alsc changes in each refection's dirac-
tion as the sound source moves aboui The room.
Listening tests demonsteated thap she spatial gquality
of the direet sound had improved, but that the rever
beration stayed at she speaker positions. Subsequent
experiments with adding second- and third- order
reflections showed improvement but did not overcome
the problem of creating 2 truly  natural-sounding
acoustie geld,

Our particular experience with reflected sound and
pinna cues has led us to the injtiai design of a rever-
berator with different assumptions and goals thap
those diseussed earfier. We have coneluded that in
order to simulate the spatisl cues of real epviron-
ments, one must capture the toraj spatic-temporai
pattern of reflected sound. For this reascn, we have
SOugnt a reverberator design that modeis an zetual
room and which aceurazely replicates the spatial and
temporal distribution of reflected sound. The design
must differsntiate between large and small rooms and
2llow us to place the reverberated sound source any-
where in three-dimensional space, not just at the
speaker positions. A basic signal processing network
for spatial reverberation requires two subsystems {Fig-
are 5} One is a reverberation subsystem that takes
an input signal and produses muitiple outpyts, each of
which is a unique ‘‘reverberation stream”’. The tam-
porzl pattern of each stream must match the



refleczions {rom o small spasial region of the model
room. The other is a “directionalizar™ subsvstem that
superimpeses directional hearing cues sueh as pinns
filtering. Each reverberation stream is individualiv
directionalized to position the simulated refiecticas in
the correct region of the modet room. The sum of all
reverberation streams taken together captures the
entire spatio-temporal pattern of reflected sound in
the model room leven though simulated reflections are
spatially bunched together).

We believe that this spatio-temporal pattern creates
ihe context in which judgements of direetion and dis-
tapce are made. A& mental model of the acoustic
environment develops rapidly from this contest during
normal experience in 2 novel environment, If one is
depied noemal exposure to an environment, such men-
tal models are not formed and localization ability is
significantly degraded (Musicant and Busler, 1950).
We also believe that the spatic-temporal pattern
formed by the reflected sound can serve to clarify the
position of the sound source in the environment, espe-
ciallv once the sound source begins to move. The
reflected sound iz particutarly important to directional
judgements when other direcsional cues are weak,
sueh as the cues {or distinguishing between {ront and
back positions. Thus, our primary goal Is that the
spatial reverberator produce the kind of spatially dis-
tributed reverberation that will help listeners localize
sounds and impart s very strong impression of the
reverberant environment.

C. Implementing the Irnage Model

The econcept of szpatial reverberation is sufficiently
broad to encompnss a number of differsnt implemen-
tations. The one we shall discuss here is based ou the
most commonly discussed nodel of refiected sound in
reul environments called the “image model” (Allen

and Berkeley, 1078}, Under this model, reflected
sound s viewed as emanating from “virtual rooms”
outside of a physical room. Each virtual room is a
normal-image or mirror-lmage replication of the physi-
cal toom that contains a copy of the sound source
caifed 2 “wvirtual source.” The total pattera of
refiected sound in the physical room can be viewed zs
the composite sound reacking the listener from all vir-
tual sources {Hllustrated in Figure 6). Drawing lines
between these virtual sources and the position of a
listener tn the physical room will predict the points
along the wall from which the reflected sound
amanates, Bven though true wall reflections invoive
spatial diffusion. this model provides a good zpproxi-
mation of the direction and timing of the most impor-
want reflections.

M N
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Figure 53 A reverberation network producing
directionalized reverberation streams.

2
23 2
2 i b
virtual /2 i 2
scundsoumlm/ 2 \
original listener

sound soures

Figure 8 Top view of virtual image rooms i
the horizontal plane

Figure 7 iilustrates a listenar’s perspective on the spa-
tial distribution of the wvirtual sources for frst-,
second- and third-order reflections as predicted by the
image model. The center of this plot is the point
directly in front of the {istener at ear level. The posi-
tion of zach circle represents the incidence angle of 2
discrete early reflection. The horizontal dimesnsion is
azimuth angle, ranging from -180 1o 180 degrees {cir-
cles located at bath the extreme left and the right of
she plot indicate reflections arriving from behind the
{istener). The vertical dimension is elevation, extend-
ing 90 degrees above and below ear level.- [n this
example, a sound source (represented by the asterisk)
is located at an azimuth angle of 00 degrees {to the
right of the listener), an elevasion angle of 30 degrees,
and & disvance of 1.5 meters. The modeled room has
length, width, and height of 4.5, 3.5, and 6 meters,
respectively. The listener is seated just behind the
center of the room. The time delay on each refection
relative to the arrival of she original sound source is
indicated by the size of the circle -~ circle size
decreases exponentially with time delay. -
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We have developed a signsl-srocessing network that
cicsely matches the spatic-temporal distribution of
refiected sound predicted by the image modal. This
signal processing network represented in Figure 3 is
an elaboration of the general approach shown in Fig-
ure 5. There are still separate directionalizers for each
reverberation stresm, but the reverberation network
takes on s form designed to match image model prad-
ictions. Values for time-delay, amplitude and direc-
tion are ealculated from user specified information on
the size of the simulsted room, the location and orien-
tation of the listener and the location of the sound
source,

As in the earlier version. the input signal passes both
into a direcsionalizer and into the reverberation nete
work. The signal enters the network through a non-
recirculating delay buffer with multiple taps. There
are six frst-order reflections predicted by Lhe image
model that emanate from virtual rooms behind the six
walls of the slmulated reom. Six delay taps are used
te replicate the time-delays of these first-order
refiecrions while the gain of each refection is produced
by multiplication with the sealing coefiiclents, 3{1-5].

The signal from each of these delay taps i3 passed to
the inner reverberation network and is also separately
directionalized to  produce a  diserete  simulated
reflection. The image model predicts a total of eigh-
teen second-order reflections. Six of these second-
order reflections originate in virtua! rooms directly
behind the first-order virtual rooms. The six firsc
order delays from the delay buffer are fad into the
inner reverberation network where they are used 1o
generate reverberation streams that start with these
particular second-order reflactions. The remaining
twelve second-order delays originate in second-order
virtual rooms that touch the junction of two walls in
the model room. Twelve taps from the delay buffer
are used $o replicate the time-delays lor these
reflections, They are passed directly into the inner
reverberation network where they are used to generate
reverberation streams that begin with these second-
order redections, The spatial reverberator provides
separate directionalizacioa for all of the sighteen
reverberation streams that begin with secondeorder
refiections.  The output of each directicaalizer
represented in Figure 8 has both left and right chan-
neis which must finslly be mixed to provide twe chan-
neis of stereo output,




input scale
signal ? ]

delay with taps

UHHIEZ222E:

a6lad a4 |a3 {a2]at

+ directionalizer |

Bl

i
e

]

1 =
¥ directicralizer
2 .
* directionalizer
3 .
v directionalizer
first
4 .
¥ directionalizesr ord.er‘
5 reflections
» directiomalizer .
e o
i
E—
directionalizer
reverberation
e
 directioralizer streams
starting
with
2nd order
reflections
directiomalizer [

Figure 8 The image model implementation of the spatial reverberator

Describing the inner reverberation onetwork is
sufficiently complex as to be beyond the scope of this
paper (but a subsequent paper by Kendall and Mar-
tens wiil {ocus on the signal processing attributes of
this system). For the purposes of this discussion we
need only mention that all reflactions predicted by the
image model are accounted {or. Time delays are axact
for all second-order and mest third-order refections.
Higher-order reflections are statisically correer 1n time;
the higher the order, the zreater the pessible arror.

All second-order reflections have exacs directions 2ad
higher-order refleetions are localized in the same diree-
tiob 2s a nearby second-order reflection. Although,
individual refiections may sometimes be displaced by
30-degrees, the overall spatio-temporal pastern of
reflections in the model room is clearly captured. The
reflection patterns of large rooms are quite distines
from those of small rooms, as are long rooms from
short reoms.




The particular implementation we have discussed here
has the virtue of matching a well-understond model of
reom reverberation. [t iz important that the impie-
mentation of a spatial reverberator st least be able to
matceh the complexity of the image model. but it is
not so important that it mateh the exact solution.
The same signal-processing network that we have
described here can be used to generate scund Helds
quite different from those predicted by the image
model. Changes in the time delay and spatial position
of reflected sound can radieslly alter the perceived
sound space. In fact, one can ignore physical models
of reverberation and select the spatio-temporal pat-
terns of reflected sound from eatirely different pErSpec-
tives. For instance, one can choose 2 kind of spatial
reverberation thiat ignores the physical simulation in
favor of manipulating subjective characteristics,

¥.USER INTERFACE
TO THE SPATIAL REVERBERATOR

A. The Issue of Controf Parameters

The processing required by the spatial reverberator
may seem somewhat comoplex, The question must be
raised, “What does ail this complexity buy, that a less
somplex approach cannot accomplish?” The answer is
thar it zives us the potential fop unprecedented con-
trol over the subjective characteristics of the room
reverberation. Though It is certainly the case that the
reafistic binaural sound feld created by spatial rever-
beration allows us to create very vivid spatial percep-
tions of sound sources, there are many advantages to
accurate simuiation of reverberation other thap its
ability to support aceurate localization, Spatial rever-
beration ean potentialiv create spatial percepts of ail
sorts. Our spatial reverberator was initially designed
to accept control parameters that specify the physical
ateributes of a room - such 25 the room’s dimensions,
the absorption coefficient of the walls, the physieal
positions of the listener and sound source, ete. But
composers or others who wish 1o use the reverberator
probably will want wo specify controi parameters that
leve more psychologicnlly relevant meaning,

Even though reflected sound may be considered a
two-dimensional physical phenomenon {the indirect
sound fleld having spatial and temporal characteris-
tics), there are 2 numerous psychological dimensions
associated with it. Besides its role in percetved direc-
tion and distance, reflected sound piays 4 primary role
in subjective qualities related to the acoustics of the
reom. In the actual spatial experience of real rooms,
the perception of direction and distance are insepar-
2bly linked to the subjective room acoustics, All
these factors interact in the formation of our subjec~
tive impression of the acoustic eavironment and the
position and quality of 2 sound within that epviron-
ment. It is easy to overlook the importance of subjec-
tive room amcoustics because owur averyday working
notion of room quality is less precise thas our notion
of direction and distance. Then tco, we rarely hava
experience with unnatural environments that wouid
bring these qualities out of the perceptuzl back-
ground. Nonetheless, they play an important role in
total spatial hearing and are especially important to
us because of their aesthetic relationship to the perfor-
mance of music.

We view o large part of the task of perfeeting our spa-
tial reverberator as jearning how to ereate a user
interface with intelligence zbout the relationship of
these psychologieal dimensicns to a room's physical
attributes.  This inferface needs wo take a lst of
psychological parameters which constitute a mulefdi-
mensicaal psvchoiogical description and convert it
inta o set of physical simulation parameters - a rein.
tion for which there 15 not a one-to-one correspon-
dence. Without an interface of this sort, composers
woultd be foreed to guess at the physical attributes of
reoms which they imagine primartly in subiective
Lernrs.

B. The Subjective Dimensions of Sound Space

Alvhough it is clear that refected sound has a pro-
found influence on the formation of sound images
under normal fistening conditions, it is not well under
stood what aspects of reflected sound inRuence what
subjective quallties. Nonetheless, we can analyze our
experience of sounds in space in terms of distinct per-
ceptual dimensions. In the literature of subjective
room aeoustics, there Is no common terminclosy for
deseribing the subjective dimensions of sound space
{for review, see Rasch and Plomp. 1082}, Resides the
directional aspects of sound in space, there are four
subjective dimensions which we believe are important
to the manipulation of spatial imagery in music oro-
duction and reproduction:

a} Distance quality - the immediate percept of ego-
centric distance, rather than that which may be
inferred from the ratio of indirect to direct sound

b) Definition - perceprion of sound-source charae-
teristics; eg., spatial extent or focus

¢} Spatiousness - perception of environmentsal
characteristics; eg., liveness, size, and shape

d} Spatial texture — the pereeption of the intersc-
vion of the sound with its eavironment

Spatisl texture

Spatiousness

Figure ¢ Subjective dimensions of sound
spacer In addition to the directionaiity of 2
sound in spaee, there are the characbenst.:cs_o!
distance, definition, spatiousness, and spatial
texture




Distance quality. [t is generaily accepted that dis-

fanee is judged largely on the basis of the londness of

the direct sound and iss relation to the loudness of the
reverberation. Bat cnder natural listening ronditions.
it is the exact spatio-temporal pattern of refectad
sound thae plays a dominant role in the perception of
distance. For lnstance. Mershon and iNing {1875}
argue that aotural reverberation provides an ahsolute
wue 1o distanee while changes in loudness provide only
relative cues to chamges in perceived distance (el
Sheeline, 1882). Current methods for creating the
ilusion of distance rely only upon the relative propor-
zion of direct energy to reBacted energy. Chowning's
{1871} four-channel reverberation scheme iflustraces
the culmination of this approach which, though quite
effective in simulating distance cues for {arge environ-
Hients, cannot provide highly sajlent cues to distanee
for smaller environments,

Our own experience with the simulation of cues to dis-
tagee using the spatial reverberator has revesied some
unexpected facts about the minimal conditions for
creating illusions of sound source distance. In the
early stages of developing the coneept of spatial revers
beration, we used convolution techniques to generate
test stimull which contaived directionalized dirsct sig-
nal and directionalized reBections within a short time
window. These test ssimuil were generated for
numercus spatial paths that varied in azimuth, eleva-
tisn and distanee, The illusions of changing distance
of the sound source were quite powerful even when
the ounlv reflections simulated were those which fol-
lowed the direct signal by 33 msec or less. The dis-
tance of the sound source was perceived immediately,
though the spatial image was quite “dry” and gave
little Hnpression of the model room upon which ihe
simulation was based. We are forced tc conclude that
the early reflections experienced in typical {even very
small) ligtening environments provide completely
sufficient information for localizing sounds at & partic.
ular distance from the listener.

Definition and spatiousness. These two subjecsive
properties of room acoustics are aften deseribed as
complementary to one another; that i3, a high degres
of definition preciudes a high degree of spaticusness
{Raseh & Plomp, 1882}, Defnition is generaily
defined a3 the property of 3 sound object having to do
with the width or focus of its image (also referred to
25 “spatial sxtent'’ by Blauers, 1982). Sound images
which are highiy defined in their spatial locations are
usually highly intelligibie, but it should be stressed
that intelligibility zlways is dependent upon temporal
characteristics of the sound ohjects and reverberation
a3 weil as the spatial separation of the sound abjects
{Haas, 1972; Santon, 1976). Spatiousness, op the
other hand, is defined as a property of the sound
environment itself. There are many terms which seem
to be used somewhat interchangeably with this term
{eg., “ambience,” “presence,” “reverberance,’’ ate . .
). bus all refer to the perceived size of she space and
how {ive or reverberant that space seems. Concert
halls are generally designed to maximize spatiousness
al the expense of good definition. In the most highly
rated concert hails, sound seems to reach the listeper
from all directions regardless of the zetual souree loca-
tion {Ando, 1983) and thus provides many listeners
with similar sound images regardless of where they sit.
Borish (1084} reported that the concert hall geometry
that provides such a reverberation pattern is the
“shoe box” shape rather than the “fan™ shape. The

of spaiial definition that oceurs when reverbapa.
15 independent of source loeation mav svem unas
labie when highly spatious imagery is desired. bur
lefinition and spatlousness are inHuenced Ly other
factors as well,

Kurozumi and Ohgushi {1983} have shown that per-
ceived spatiousness is predicted by the interaural
cross-correlation (LACC) of the binaura! sound. Mast
reverberant environments produce aconstic signals at
the two ears which have iow IACC and are perceived
as highly spatious. Enviromments with Hitle rever
veration can produce acoustic sighals ab the two sars
that are more highly correiated and potentially per-
eeived as high in delinition. Buat it appears that not
all reflected sound contributes 1o spatiousness in the
same way: reflecied sound has differing impact on
spatiousness and definition depending on its spatial
distribution,  Gottiob {1973) found that while iazera]
reflections are necessary for producing highly spaticus
imagery, definition was degraded by Isterai reflections.
When oniy non-lazeral refiections weare present, per-
ceived definiticn was improved. A more objective
confirmation of this phenomenon is Hartmann's (1983}
finding chat localization aceuraey {a measure of posi-
tional definition in a spatial image) for impuisive
sounds was affected by the direction from which earty
refections appeared. When early refiections came
from the ceiling and Hoor rather than the lateral
whails, subjects showed fewer errors in loealization,

Given this knowledge it is clear that spatiousness and
definition can be controlled in part with a spatial
reverberatar. If one chooses to simulate a very rever-
berant room with dominant early reflections from the
lateral walls, then highly spatious images will be
¢reated at the expense of good definition. If the
emphasiz is given to the ceiling reflections, then high
definition can be reinforced, We are currently experi-
menting with strategies for creating high definition
2nd good spaticusness st the same tima.

There are other ways in which controiling the =ntire
spatic-temporal pattern of reflected scund provides
superior iliusicns of the sound environment. We are
experimenting with the ability of listeners to hear
relntively subtle changes in the rooms simulaced by
the spatial reverberator. For example, when the ratio
of direcs sound to indireet sound is varied while hoid-
ing global reverberation time Aved, the number of dis-
tinguishable spatiousness percepts that can  bhe
obtsined is quite limited (Reichardt and Schmidt.
1668). Informally repeating this experiment with spa-
tial reverberation rather thac global reverberaticn
shows that for a fxed reverberation time, the spa~
tiousness may be experienced as changing in room
liveness or changing in room size. Furthermore, spa~
tlai reverberation can create distinetions between long
haliways and deep wells of the same size and shape
{these having identical temporal disseibutions of
reflections).

Spatial Texture. Our experisnce with the variety of
spatial images that spatial reverberation can ersate
has led us to expand upon cthe concepts found in the
subjective room acoustics literature. In addition to
the perceptuai dimensicns of definition and spatious-
ness described bty Rasch and Plomp (1582), we have
identified a third which we term “spatial taxture.” We



define spatinl texture to be the guality of the sound
objeet in ity environment. Although this property is
a function of environmenta! reflected sound. it is pers
ceived as a quality of the cbjeet. It is the particular
quality imbued to a sound objeet dus to its positicn in
the environment, 2 guality that changes with different
locaticns and ditferent kinds of rooms. Though it is
difficuls to explain the concept of spatial texture when
few people have consciously recognised It, we can give
it she kind of nesative definition often given to tim-
bre: Whereas timbre has been deseribad as the quality
which differs between two tones of the same pitch and
loudness, spatial texture may be described as the qual-
ity which differs between two spatial images having
the same distance. definicion, and spaciousness. As is
the case with most other subjective gualities of the
spatial image, spatial texture is the produet of an
interaction of all spatial and temporal information
associated with a sound event. Nonetheiess, we can
present an example of what {eatures of reflected sound
seem to produce differences in spatizl texture.

Figure 10 illusirates = spatizl path for 2 sound source
which maintains a constant distance from the ilstener.
Let's assume that we can adjust indireer sound
characteristics as the sound source moves along this
path 5o as to maigtain cotstent apparent distance and
definition of the sound source, and constant perceived
spatiousness of the space through which the sound is
passing, As the sound souree moves from in front
{Fizure 10a}, 10 22 degrees to the right (Figure 10b).
to 45 degrees (Figure 10c¢} what changes is the spatio-
temporal distribution of the early reflections. This
creates = distinet spasial impression for each of vhese
three sources, :

C. Application to Socund Design

The psychological dimensions of sound space are
maniguiated in various ways in today’s recording stu-
dic. The microphone piacement, the reverberant
sound in the recording envircnment, the use of
artifical reverberation. and the particuiar mix of these
for differant tracks all affect psychological dimensions
essociated with sound space. The technique of spacial
reverberation permits direet manipulation of these
psvchological qualities as well as of perceived location.
When separate tracks of processed music are com-
bined. the spatial reverberator has the power to con-
trol the degrse of blend and/or separation of the indi-
vidual parts. It aiso has the power to affect immedi-
acy and/or warmth of the sound objects. In fact, the
psvehological dimensions of sound space may provide
a powerful metaphor “toc the kinds of qualitative
manipuiations performed by audio professionals.

It was imitially very important to us that spatial
raverberation be abie to model a physical room and
ereate 2 realistic sound feld, For the purpose of
musical applications in sound design the fink w physi-
cal modeling 8 cleatly not important. We have
already stated that creative professionals using spatial
reverberation will most likely communicate their
intentions in psychological terms rather than in physi-
cal models. 1t is also the case that providing indepen-
dant controis of the psychological dimensions of sound
space will subvert the physical model on which spatial
reverberation wns originally based. For example,
“definition” and “spatiousness’ may not be indepen-

Figure 10 Changes in the pattern of early
reflections associated with changes in spatial
. texture.




dent of each other in actual physienl rooms. but under
tomputer control the independence of these gualities
may be achieved with spatio-temporal patterns of
reflected sound that do not fit a roem that can be
physically realized. We have designed a plan for the
systematic evaluation of (ke spatial imagery that our
reverberstor can produce. The frst siazes of shis
research involve collecting similarity dgments for
musieal macerial processed by the spatizl reverberator
nud submitting these data to multi-dimensional scal
ing anaiyses as in Sheeline's {1983} work. Aithough a
totaily comprehensive evaluation of peresptual attri-
butes of the spatial reverberator may reguire years of
effort, we expect that the foundational work will be
completed in a relatively short time.

How spatial reverberstion is used to process music
may evolve not as a technieal issue, but as a stylistic
and aesthetic one. [t remains to be seen how spatial
reverberation is best applied to the sudio processing
of different kinds of music. It certainly is oot neces-
sary that an orchestral recording, for example,
recreate the experience of a live performance. Spatial
reverberation provides an opportunmity o reinterprey
the spatial structure of preexistent musie. More
importantly, it prevides compesers with the means to
create an original spatial strueture for musie cop-
eeived with spatial reverberation in mind,

V1. OBSERVATIONS AND PRESCRIPTIONS

The simulation of sound space has up to this time
been zpproached in a plece-meal fashion with one or
another relatively crude approximations to real spatial
cues. We have all become terribly acciimated to the
results, but only a little reflection is needad to realize
that the limited success of these simulations is buily
on extremely deflormed and impoverished spatial cues.
Any serious attempt to simulate sound space must be
Buiit on the coneept of total spatial hesring cues and
& proper concept of the nature of sound space. This
means synthesizing all directional cues and simulating
reflected sound. This aiso means grasping the impor-
tant perceptual dimensions of sound space and taking
the qualities of definition, spatiousness and spaziai
texture into consideration along with direction and
distance. We hope that an appreciaticn for the
unique nature of sound space and its perceptual com-
plexity will inspire composers to pub space to iew uses
in their compositions and to integrate it inte the
structure of their works in new ways.
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