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ABSTRACT 

A three-dimensional aud i to ry  d i s p l a y  could take advantage of i n t r i n s i c  sensory 
a b i l i t i e s  l i k e  l o c a l i z a t i o n  and perceptual  o rgan iza t ion  by generat ing dynamic, mul- 
t idimensional  p a t t e r n s  of acous t i c  events  t h a t  convey meaning about o b j e c t s  i n  the  
s p a t i a l  world. Applicat ions involve any context  i n  which the  user’s s i t u a t i o n a l  
awareness i s  c r i t i c a l ,  p a r t i c u l a r l y  when v i s u a l  cues a r e  l imi t ed  o r  absent ;  e.g., 
a i r  t r a f f i c  c o n t r o l  o r  t e l e r o b o t i c  a c t i v i t i e s  i n  hazardous environments. Such a 
d i s p l a y  would gene ra t e  loca l i zed  cues i n  a f l e x i b l e  and dynamic manner. Whereas t h i s  
can be r e a d i l y  achieved with an a r r a y  of r e a l  sound sources  o r  loudspeakers,  t he  
NASA-Ames prototype maximizes f l e x i b i l i t y  and p o r t a b i l i t y  by s y n t h e t i c a l l y  generat-  
ing three-dimensional sound i n  r e a l t i m e  f o r  d e l i v e r y  through headphones. 
Psychoacoustic r e sea rch  suggests  t h a t  perceptual ly-ver idical  l o c a l i z a t i o n  over head- 
phones i s  poss ib l e  i f  both the  direction-dependent pinna cues and the more w e l l  
understood cues of i n t e r a u r a l  t i m e  and i n t e n s i t y  are adequately synthesized.  
Although t h e  r e a l t i m e  device i s  n o t  ye t  complete, r ecen t  s t u d i e s  a t  t h e  Universi ty  
of Wisconsin have confirmed the  perceptual  adequacy of t h e  b a s i c  approach t o  syn- 
t h e s i s .  

INTRODUCTION 

With r ap id  advances i n  technology and the  
concomitant requirement f o r  managing complex 
informational  systems, an inc reas ing  amount of 
r e sea rch  has  been devoted t o  reconfigurable  
i n t e r f a c e s  l i k e  the v i r t u a l  d i sp l ay .  A s  com- 
pu te r  g raph ic s  become more s o p h i s t i c a t e d ,  v i r -  
t u a l  d i sp l ays  a r e  assuming a three-dimensional 
s p a t i a l  o rgan iza t ion ,  providing a more n a t u r a l  
means of  i n t e r a c t i o n  which may improve access  
and manipulation of d a t a .  Recent p r o j e c t s ,  
bui lding upon Sutherland’s work (1968) on 
binocular  head-mounted d i s p l a y s ,  have taken 
the  s p a t i a l  metaphor the  f a r t h e s t  by d i r e c t l y  
involving the ope ra to r  i n  the  da t a  environ- 
ment. The goa l  i s  t o  c r e a t e  a h igh ly  f l e x i b l e  
and i n t e r a c t i v e  s imulat ion/ te lepresence 
environment which i n t e g r a t e s  v i s u a l ,  aud i to ry ,  
t a c t i l e ,  and k i n e s t h e t i c  cues i n t o  a complex 
three-dimensional,  v i r t u a l  world ( F i s h e r ,  t h i s  
volume; Furness,  1986; Brooks, 1988). 

A s  wi th  most r e sea rch  i n  information 
d i s p l a y s ,  v i r t u a l  d i s p l a y s  have gene ra l ly  
emphasized v i s u a l  information. Many invest iga-  
t o r s ,  however, have pointed out t h e  importance 
of the a u d i t o r y  system a s  an information chan- 
n e l .  We b e l i e v e  t h a t  a three-dimensional audi- 
t o r y  d i s p l a y  can s u b s t a n t i a l l y  enhance s i tua -  
t i o n a l  awareness by combining s p a t i a l  and 
semantic information t o  form dynamic, mult idi-  
mensional p a t t e r n s  of a c o u s t i c  events  which 
convey meaning about o b j e c t s  i n  the  s p a t i a l  
world of t h e  user .  Such a d i s p l a y  can be r ea l -  
ized with an a r r a y  of r e a l  sound sources o r  
loudspeakers (Doll  e t .  a l . ,  1986). The 

signal-processing device being developed a t  
NASA-Ames maximizes f l e x i b i l i t y  and po r t ab i l -  
i t y  by s y n t h e t i c a l l y  generat ing three- 
dimensional sound i n  r e a l t i m e  f o r  d e l i v e r y  
through headphones. Unlike conventional 
s t e r e o ,  sources  can be perceived ou t s ide  the  
head a t  d i s c r e t e  d i s t a n c e s  and d i r e c t i o n s  from 
t h e  l i s t e n e r .  The 3-D aud i to ry  d i s p l a y  w i l l  be 
i n t e g r a t e d  with Ames’ V i r t u a l  I n t e r a c t i v e  
Environment Workstation (VIEW) which allows 
the user t o  explore  and i n t e r a c t  with a 360- 
degree synthesized o r  remotely-sensed world 
using a head-mounted, wide-angle, s t e r eoscop ic  
d i s p l a y  con t ro l l ed  by ope ra to r  p o s i t i o n ,  
vo ice ,  and g e s t u r e  ( F i s h e r ,  t h i s  volume). 

SYNTHESIS OF LOCALIZED SOUND 

Theory 

The “Duplex Theory“ of human sound local-  
i z a t i o n ,  f i r s t  descr ibed by Lord Rayleigh 
(1907), s t a t e s  t h a t  t h e  two cues p r imar i ly  
r e spons ib l e  f o r  l o c a l i z a t i o n  a r e  i n t e r a u r a l  
d i f f e r e n c e s  i n  t i m e  of a r r i v a l  f o r  low- 
frequency waveforms and i n t e r a u r a l  d i f f e r e n c e s  
i n  i n t e n s i t y  a t  high frequencies .  Although the  
theory has  long dominated thinking about 
b inau ra l  hear ing,  r ecen t  r e sea rch  po in t s  t o  
s e r i o u s  l i m i t a t i o n s  with t h i s  hypothesis.  For 
example, i t  cannot account f o r  t h e  a b i l i t y  of  
s u b j e c t s  t o  p r e c i s e l y  l o c a t e  sounds on the 
median plane where i n t e r a u r a l  cues are minimal 
o r  absent ( s e e  B laue r t ,  1983). S imi l a r ly ,  when 
s u b j e c t s  l i s t e n  t o  s t i m u l i  over headphones, 
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t h e y  are perceived as i n s i d e  the  head even 
though i n t e r a u r a l  temporal and i n t e n s i t y  
d i f f e r e n c e s  appropr i a t e  t o  an e x t e r n a l  source 
l o c a t i o n  are introduced.  A v a r i e t y  of r e sea rch  
i n d i c a t e s  t h a t  d e f i c i e n c i e s  of t h e  Duplex 
Theory s t e m  from an inadequate cons ide ra t ion  
of f i l t e r i n g  by t h e  o u t e r  e a r s  o r  pinnae; Shaw 
(1974) demonstrated t h a t  s p e c t r a l  shaping by 
t h e  pinnae i s  indeed direct ion-dependent ,  oth- 
ers showed t h a t  t h e  absence of pinna cues 
degrades l o c a l i z a t i o n  accuracy (Gardner & 
Gardner, 1973; O ld f i e ld  & Parke r ,  1984),  and 
Plenge (1974) concluded t h a t  pinna cues are 
p r imar i ly  r e spons ib l e  f o r  e x t e r n a l i z a t i o n  o r  
t h e  sensa t ion  of "out-there-ness" . Such s tu-  
d i e s  suggest  t h a t  pe rcep tua l ly -ve r id i ca l  
l o c a l i z a t i o n  over headphones i s  p o s s i b l e  i f  
both t h e  direction-dependent pinna cues and 
t h e  more w e l l  understood cues of i n t e r a u r a l  
t i m e  and i n t e n s i t y  can be adequately syn- 
thes i zed .  

Technique 

A number of techniques f o r  syn thes i z ing  
va r ious  f e a t u r e s  of a u d i t o r y  s p a t i a l  percep- 
t i o n  have been explored. Among these  are simu- 
l a t i o n  of e l e v a t i o n  cues with comb-fil tering 
techniques,  c r e a t i o n  o f  a u d i t o r y  "spacious- 
ness" using r e v e r b e r a t i o n  e f f e c t s ,  methods o f  
b i n a u r a l  recording,  s t r u c t u r a l  modelling of 
t h e  pinnae,  and t h e  measurement of pinna 
t ransform func t ions  (see Blaue r t ,  1983 f o r  
d i scuss ions  of t h e s e  t o p i c s ) .  Our technique 
invo lves  preserving the  frequency-dependent 
i n t e r a u r a l  t i m e  (phase) and i n t e n s i t y  informa- 
t i o n  with p r e c i s e  measurements of Head-Related 
Transfer  Functions (HRTFs);  t h e  l i s t e n e r -  
s p e c i f i c ,  direction-dependent a c o u s t i c  e f f e c t s  
imposed on an incoming s i g n a l  by the  o u t e r  
ears. 

Probe microphones are placed near  t h e  two 
eardrums o f  a l i s t e n e r  s ea t ed  i n  t h e  anechoic 
chamber of t h e  Psychoacoustics Lab a t  Wiscon- 
s i n .  The s u b j e c t  i s  a t  t h e  c e n t e r  of a semi- 
c i r c u l a r  arc (1.4 m r ad ius )  with e i g h t  
loudspeakers  mounted a t  18 degree i n t e r v a l s  of 
e l e v a t i o n  (range:  -36 t o  90 degrees  where 0 i s  
a t  e a r  l e v e l ) .  The arc i s  then  re-posi t ioned 
a t  15-degree increments o f  azimuth (range:  0 
t o  360 degrees) i n  o rde r  t o  sample most o f  t h e  
s p h e r i c a l  space.  The s t imu lus ,  a 50-Hz t r a i n  
of 20.48-msec b u r s t s  of pseudorandom n o i s e ,  i s  
presented over one of t h e  speakers  a t  a l e v e l  
of approximately 70 dB SPL and t h e  responses  
of t h e  probe microphones t o  1000 r e p e t i t i o n s  
of t h e  noise-burst  are averaged ( d i g i t i z e d  
wi th  16-bit  AID c o n v e r t e r s  a t  a sampling rate 
of 50 kHz). A new p a i r  o f  HRTFs o r  pinna 
t ransforms i s  then measured f o r  each l o c a t i o n .  

Although t h e  HRTFs are measured i n  t h e  
time domain, a p p l i c a t i o n  of t h e  Four i e r  
Transform and l i n e a r  systems theo ry  al lows 

a n a l y s i s  o f  t h e  measurements i n  the  frequency 
domain and the  cons t ruc t ion  of p a i r s  of d ig i -  
t a l  f i l t e r s  f o r  each l o c a t i o n .  Thus, t h e  e i g h t  
pane l s  i n  Figure 1 exemplify t h e  d a t a  with 
p l o t s  o f  t h e  amplitude ( r e l a t i v e  d e c i b e l s )  and 
phase ( r a d i a n s )  responses  der ived from the  
Four i e r  Transforms of t h e  empi r i ca l  measure- 
ments a t  t h e  l e f t  ( s o l i d  l i n e s )  and r i g h t  ears 
(do t t ed  l i n e s )  of a s i n g l e  l i s t e n e r .  The HRTFs 
shown are f o r  source l o c a t i o n s  a t  0 degrees  
e l e v a t i o n  and 0 ,  45, 135, o r  270 degrees  
azimuth ( 0  i s  d i r e c t l y  i n  f r o n t ,  degrees  
i n c r e a s e  counter-clockwise) . 
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Figure 1. The e i g h t  panels  p l o t  HRTFs f o r  
a s i n g l e  l i s t e n e r  f o r  four  source l o c a t i o n s .  
(See t e x t  .) 

A t a b l e  of " l o c a t i o n  f i l t e r s "  i s  con- 
s t r u c t e d  from the  p a i r s  of HRTFs by f i r s t  
transforming them t o  t h e  frequency domain, 
removing the  s p e c t r a l  e f f e c t s  of t h e  o r i g i n a l  
loudspeakers  and headphones using Fas t  Fourier  
Transform techniques,  and then transforming 
back t o  t h e  t i m e  domain. The t a b l e  of 
co r rec t ed  HRTFs acts as inpu t  t o  a realtime 
signal-processing dev ice  designed by Sco t t  
Fos t e r  and c u r r e n t l y  being prototyped a t  Ames. 
The device performs a mathematical convolut ion 
of an a r b i t r a r y  s i g n a l ,  such as a vo ice ,  w i th  
t h e  f i l t e r  c o e f f i c i e n t s  t hus  "placing" t h e  
s i g n a l  w i th in  the  pe rcep tua l  3-space of t h e  
u s e r .  The i n i t i a l  con f igu ra t ion  al lows up t o  
t h r e e  independent and simultaneous sou rces ,  
r e q u i r i n g  more than 100,000,000 multiply- 
accumulates per second. The r e s u l t i n g  d a t a  
stream i s  converted t o  an analog s i g n a l  and 
presented over headphones. 

Motion t r a j e c t o r i e s  and s ta t ic  l o c a t i o n s  
a t  g r e a t e r  r e s o l u t i o n  than the empi r i ca l  meas- 
urements are simulated by i n t e r p o l a t i o n .  When 
i n t e g r a t e d  i n t o  VIEW, t h e  operator 's  p o s i t i o n  
can be monitored i n  realtime so t h a t  s e v e r a l  
simultaneous sources  can be maintained i n  
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Subject 
ID 

SDE 

SDH 

SDL 

SDM 

SDO 

SDP 

f i x e d  l o c a t i o n s  o r  motion t r a j e c t o r i e s  rela- 
t i v e  t o  t h e  use r .  Such head-coupling should 
s u b s t a n t i a l l y  enhance the  ,s imulat ion s i n c e  
previous work i n d i c a t e s  t h a t  head movements 
may be important f o r  l o c a l i z a t i o n  (Thurlot? Sr 
Runge, 1967). Informal tests a t  t h e  Un ive r s i ty  
o f  Wisconsin and a t  Ames a l s o  suggest t h a t  t h e  
approach is  f e a s i b l e ;  simple l i n e a r  i n t e rpo la -  
t i o n s  between l o c a t i o n s  as fa r  a p a r t  as 60 
degrees  azimuth are pe rcep tua l ly  i n d i s t i n -  
gu i shab le  from s t i m u l i  synthesized from meas- 
ured c o e f f i c i e n t s .  A s  with any system required 
t o  compute d a t a  "on the  f l y " ,  t h e  term "real- 
t i m e "  i s  a r e l a t i v e  one. The p resen t  system 
i s  designed t o  have a maximal l a t e n c y  o r  
d i r e c t i o n a l  sampling i n t e r v a l  of 30-50 msec. 
Recent work on t h e  percept ion of a u d i t o r y  
motion by P e r r o t t  (1982) and o t h e r s  i n d i c a t e s  
t h a t  t h i s  va lue  should be accep tab le  s i n c e  i t  
i s  less than the  minimum pe rce ivab le  de l ay  
measured by t h e  Minimum Audible Movement Angle 
f o r  speeds o f  up t o  360 degrees/sec.  Goodness 

of Fit 

.91 (.89) 

.95 (.95) 

.97 (.95) 

.98 (.96) 

.97 (.97) 

.99 (.97) 

PSYCHOPHYSICAL VALIDATION 
Correlation 

Basic Syn thes i s  Technique - 

Correlation 1 Reversals 

The working assumption of t h e  syn thes i s  
technique i s  t h a t  i f ,  us ing headphones, w e  
could produce e a r  cana l  waveforms i d e n t i c a l  t o  
those produced by a f r e e - f i e l d  source,  w e  
would d u p l i c a t e  the  f r e e - f i e l d  experience.  The 
on ly  conclusive test of t h i s  assumption must 
come from psychophysical s t u d i e s  i n  which 
f r e e - f i e l d  and synthesized,  f r e e - f i e l d  l i s t e n -  
ing are d i r e c t l y  compared. A r e c e n t  s tudy a t  
t h e  Un ive r s i ty  of Wisconsin has  confirmed the  
pe rcep tua l  adequacy of t h e  b a s i c  approach f o r  
s t a t i c  sources .  The s t i m u l i  were similar t o  
those used t o  measure t h e  HRTFs and s u b j e c t s  
were b l ind fo lded .  Table 1 compares s i x  sub- 
jects' abso lu t e  judgements of l o c a t i o n  under 
f r e e - f i e l d  and synthesized cond i t ions .  Note 
t h a t  o v e r a l l  goodness of f i t  between a c t u a l  
and est imated source coord ina te s  are 0.89 o r  
b e t t e r  f o r  t h e  synthesized s t i m u l i  and 0.91 o r  
b e t t e r  f o r  f r e e - f i e l d  sources .  The c o r r e l a t i o n  
measures i n d i c a t e  t h a t  while source azimuth 
appears  t o  be synthesized n e a r l y  p e r f e c t l y ,  
s y n t h e s i s  of source e l e v a t i o n  i s  l e s s  than 
p e r f e c t ,  p a r t i c u l a r l y  f o r  s u b j e c t s  t h a t  have 
d i f f i c u l t y  judging e l e v a t i o n  i n  the  free- 
f i e l d .  S i m i l a r l y ,  t h e  percentage o f  f ront-  
back r e v e r s a l s  f o r  synthesized s t i m u l i  i s  
greater f o r  a l l  l i s t e n e r s .  

,995 (.996) 

,996 (.996) 

Loca l i za t ion  performance was a l s o  exam- 
ined f o r  r eg iona l  d i f f e r e n c e s ,  e.g., low, mid- 
d l e ,  and high e l e v a t i o n s  crossed with f r o n t ,  
s i d e ,  and back azimuths. For the  sake of brev- 
i t y ,  t h e  d a t a  are on ly  summarized here.  A s  i n  
previous f r e e - f i e l d  s t u d i e s  (e.g., O ld f i e ld  & 
Parke r ,  1984), l o c a l i z a t i o n  i s  g e n e r a l l y  
poorest  a t  high e l e v a t i o n s  i n  the  rear f o r  
both f r ee - f i e ld  and synthesized s t i m u l i .  Like 

.95 (.94) 4.6 (9.4) 

.97 (.95) 3.0 (14.7) 

t h e  g loba l  d a t a ,  t he  n ine  r eg ions  show a c l o s e  
correspondence between each subject 's  judge- 
ments i n  t h e  f r e e - f i e l d  and synthesized condi- 
t i o n s ,  a l though c o r r e l a t i o n s  are somewhat 
lower and front-back confusions approximately 
double f o r  synthesized s t i m u l i .  Again, per- 
formance i s  g e n e r a l l y  b e t t e r  f o r  azimuth than 
e l e v a t i o n ,  but  with no obvious r eg iona l  
d i f f e r e n c e s  i n  the  s i z e  and v a r i a b i l i t y  of 
e r r o r s  f o r  f r e e - f i e l d  and headphone l i s t e n i n g .  
Thus, while  i n d i v i d u a l  d i f f e r e n c e s  do occur ,  
t h e  p a t t e r n  of r e s u l t s  ac ross  s t imulus condi- 
t i o n s  i s  q u i t e  c o n s i s t e n t  f o r  a given sub jec t .  
That i s ,  t h e  f r e q u e n t l y  c i t e d  no t ion  o f  "good" 
and "bad" l o c a l i z e r s  (Bu t l e r  & Belendiuk, 
1977) appears  t o  be supported by both t h e  glo- 
b a l  and r e g i o n a l  ana lyses .  

Global Measures of Localization Performance 

Azimuth 1 Elevation I % Front-Back 

,993 (.992) 1.69 (.50) (13.4 (20.6) 

,991 (.983) .94 (36) I 4.9 (10.3) 

,995 (.991) .92 (.91) 6.9 (13.6) i l  

Table 1. Measures of l o c a l i z a t i o n  perfor- 
mance f o r  6 s u b j e c t s  are compared f o r  f ree-  
f i e l d  (bo ld face  type) and synthesized s t i m u l i  
( i n  parentheses) .  

Acoustic Determinants of Performance 

The presence o f  s u b s t a n t i a l  i n d i v i d u a l  
d i f f e r e n c e s  i n  l o c a l i z a t i o n  behavior suggests  
t h a t  t h e r e  are a c o u s t i c  f e a t u r e s  pecu l i a r  t o  
each subject ' s  HRTFs which in f luence  perfor- 
mance. Thus, t h e  use of "average" t ransforms,  
o r  even measurements der ived from normative 
manikins such as  t h e  Kemar, may not  be an 
optimum approach f o r  s imulat ing f r e e - f i e l d  
sounds. For example, Figure 2 i l l u s t r a t e s  t h e  
between-subjects v a r i a b i l i t y  i n  the magnitude 
responses  f o r  a s i n g l e  source l o c a t i o n .  It can 
be seen t h a t  any s t r a igh t fo rward  averaging of 
t h e s e  f u n c t i o n s  would tend t o  smooth t h e  peaks 
and v a l l e y s ,  thus removing p o t e n t i a l l y  s ign i -  
f i c a n t  f e a t u r e s  i n  t h e  a c o u s t i c  transforms. 

A l t e r n a t i v e l y ,  i t  may be poss ib l e  t o  
enhance o r  avoid s p e c i f i c  f e a t u r e s  of 
t ransforms which r e s u l t  i n  good o r  bad l o c a l i -  
z a t i o n .  The psychophysical d a t a  i n d i c a t e  t h a t  
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3 0 .  

e l e v a t i o n  i s  p a r t i c u l a r l y  d i f f i c u l t  t o  judge, 
e s p e c i a l l y  f o r  s u b j e c t  SDE. A prel iminary 
a n a l y s i s  o f  e l e v a t i o n  coding suggests  t h a t  
t h e r e  i s  an a c o u s t i c  b a s i s  f o r  t h i s  poor per- 
formance. Figure 3 p l o t s  " i n t e r a u r a l  e l e v a t i o n  
dependency" func t ions  f o r  four  subjects '  mag- 
n i t u d e  d a t a .  I n t e r a u r a l  d i f f e r e n c e  func t ions  
were f i r s t  computed by d iv id ing  a l l  l ead ing  
ear HRTFs by t h e i r  corresponding lagging ear 
HRTFs. These d i f f e r e n c e  f u n c t i o n s  were then 
"normalized" t o  zero e l e v a t i o n  by d iv id ing  a l l  
t h e  d i f f e r e n c e  func t ions  a t  a given azimuth by 
t h e  d i f f e r e n c e  func t ion  a t  zero e l e v a t i o n  and 
t h a t  azimuth. F i n a l l y ,  t h e  normalized, eleva- 
t i o n  dependency f u n c t i o n s  were averaged over 
a l l  azimuths. Thus, f o r  each s u b j e c t  i n  Figure 
3 ,  t h e  s i x  func t ions  show how i n t e r a u r a l  
i n t e n s i t y  changes f o r  t he  d i f f e r e n t  e l e v a t i o n s  
w i t h  r e s p e c t  t o  zero e l e v a t i o n  ( t h e  f l a t  func- 
t i o n ) .  I n  s p i t e  of t h e  l a r g e  i n t e r s u b j e c t  
v a r i a b i l t y  exemplified by Figure 2,  the  func- 
t i o n s  f o r  t h e  b e t t e r  l o c a l i z e r s ,  SDL, SDH, and 
SDO, are  q u i t e  similar t o  each o t h e r  and show 
clear e l e v a t i o n  dependencies. (The func t ions  
f o r  the two s u b j e c t s  no t  shown were a l s o  s i m i -  
l a r . )  SDE's, on the  o t h e r  hand, are d i f f e r e n t  
from the  o t h e r  s u b j e c t s  and show l i t t l e  eleva- 
t i o n  dependency. Thus, i t  appears  t h a t  SDE's 
poor performance i n  judging e l e v a t i o n  f o r  both 
real  and synthesized s t i m u l i  may be due t o  the  
l a c k  of d i s t i n c t i v e  a c o u s t i c  f e a t u r e s  i n  t h e  
HRTFs . 

I ,  I ,  

LEFT EAR 

v i s u a l  cues are degraded o r  absent  and d i r e c t  
s e n s a t i o n  o f  t he  a u d i t o r y  world may no t  be 
p o s s i b l e  o r  d e s i r a b l e .  Examples i n c l u d e  t rack-  
ing  the l o c a t i o n s  o f  o t h e r  o b j e c t s  and t r a f f i c  
during extra-vehicular  a c t i v i t y  i n  space o r  
Nap-of-the-Earth f l i g h t  i n  the  h e l i c o p t e r ,  
a c o u s t i c  navigat ion d i s p l a y s  f o r  the b l i n d ,  
advanced te leconferencing environments, and 
s o p h i s t i c a t e d  a u d i t o r y  image processing f o r  
t h e  enter ta inment  i n d u s t r y  ( a l s o  see F i she r ,  
t h i s  volume). 

SUBJECTSDL 

- 
% -40 - 

SUBJECTSDL 
/c 

I - 
% -40 - 

I n. z 

SUBJECT SDE 

a , - I  I I 

A 
$ 30 RIGHT EAR 
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Figure 2. Magnitude responses  f o r  a sin- 
g l e  source p o s i t i o n  f o r  8 s u b j e c t s .  The l e f t  
and r i g h t  ears are p l o t t e d  s e p a r a t e l y .  

HUMAN FACTORS APPLICATIONS 

There are many p o t e n t i a l  a p p l i c a t i o n s  of 
a 3-D a c o u s t i c  d i s p l a y .  Such an i n t e r f a c e  w i l l  
be va luab le  i n  any con tex t  where the  user-s  
awareness of h i s  s p a t i a l  surroundings i s  
important .  This information i s  p a r t i c u l a r l y  
c r i t i ca l  under high workload, e s p e c i a l l y  when 

-80 -40m 20000 

200 400 loo0 3000 7000 
FREQUENCY 

Figure 3 .  I n t e r a u r a l  e l e v a t i o n  dependency 
func t ions  are p l o t t e d  f o r  4 s u b j e c t s .  From 
t o p  t o  bottom, t h e  func t ions  wi th in  a panel 
r ep resen t  e l e v a t i o n s  o f  5 4 ,  36,  18, 0 ( t h e  
r e f e r e n c e  e l e v a t i o n ) ,  -18, and -36 degrees 
(See t e x t  .) 

One a p p l i c a t i o n  suggested f o r  t he  space 
s t a t i o n  i s  t h e  use of a s p a t i a l  aud i to ry  
d i s p l a y  during proximity ope ra t ions  f o r  moni- 
t o r i n g  t r a f f i c  i n  t h e  v i c i n i t y  of t h e  s t a t i o n  
and c o n t r o l l i n g  docking with t h e  s h u t t l e  (Fig- 
u r e  4 ) .  Localized a c o u s t i c  cues  can provide 
d i r e c t  information about s p a t i a l  r e l a t i o n s h i p s  
i n  a s i t u a t i o n  with l i m i t e d  field-of-view and 
no n a t u r a l  a c o u s t i c  i npu t .  The ope ra to r  need 
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no t  r e l y  s o l e l y  on h i s / h e r  i n t e r p r e t a t i o n  o f  a 
three-dimensional space which h a s  been 
transformed i n t o  a two-dimensional v i s u a l  
d i s p l a y  or  camera viewpoint.  Even q u i t e  simple 
a u d i t o r y  cues ,  such as a sound s i g n a l l i n g  
d i r e c t i o n ,  d i s t a n c e ,  and f i n a l l y  con tac t  with 
t h e  v i r t u a l  s h u t t l e  could g r e a t l y  a i d  i n  
supe rv i s ing  the  remote docking ope ra t ion .  

VIRTUAL INTERFACE ENVIRONMENT 
SPACE STATION PROXIMITY OPERATIONS 

i4 

Figure 4. A p o s s i b l e  a p p l i c a t i o n  of 3-D 
a u d i t o r y  cues:  Proximity Operations Display 
f o r  t he  Space S t a t i o n .  

CONCLUSIONS 

The psychophysical d a t a  i n d i c a t e  t h a t  t h e  
technique provides  a success fu l  f i r s t  a t tempt  
a t  syn thes i z ing  l o c a l i z e d  sound, p a r t i c u l a r l y  
f o r  source azimuth. However, many f a c t o r s  no t  
d i r e c t l y  addressed he re  w i l l  need t o  be con- 
s ide red  i n  producing a v e r i d i c a l  percept .  For 
example, r e l a t i v e l y  l i t t l e  i s  known about t h e  
n a t u r e  of a u d i t o r y  motion percept ion ( P e r r o t t ;  
S t r y b e l ,  t h i s  volume), t he  c r i t i ca l  cues f o r  
d i s t a n c e  (Coleman, 1962) o r  t h e  p o t e n t i a l  con- 
t r i b u t i o n  of r e v e r b e r a t i o n  (B laue r t ,  1983) t o  
an accu ra t e  percept ion of a u d i t o r y  space.  Ear- 
l i e r  work a l s o  suggests  t h a t  l o c a l i z a t i o n  may 
be inf luenced by t h e  n a t u r e  of accompanying 
v i s u a l  cues (Gardner , 1968), t h e  l i s t e n e r ' s  
f a m i l i a r i t y  with t h e  sounds t o  be l o c a l i z e d  
(Coleman, 1962),  and i n d i v i d u a l  d i f f e r e n c e s  i n  
pinna cues (Bu t l e r  and Belendiuk, 1977). 
Indeed, t h e  d a t a  r epor t ed  he re  suggest t h a t  
d i f f e r e n c e s  i n  the  pinnae determine an 
individual ' s  l o c a l i z a t i o n  performance, espe- 
c i a l l y  f o r  e l eva t ion .  

Finding s o l u t i o n s  t o  problems l i k e  
l istener-dependence w i l l  have a c r i t i ca l  
impact on t h e  gene ra l  u t i l i t y  of a three-  
dimensional a u d i t o r y  d i s p l a y  i n  any appl ica-  
t i o n .  In t he  pas t  i t  has  not  been poss ib l e  t o  
adequately t es t  many a s p e c t s  of t hese  ques- 
t i o n s  s imply because i t  was t e c h n i c a l l y  too 

d i f f i c u l t  t o  put t h e  s t i m u l i  under d i r e c t  
experimental  c o n t r o l .  The realtime signal-  
processing device under development a t  Ames 
should prove a ve ry  u s e f u l  t o o l  f o r  examining 
some of t hese  i s s u e s  as  wel l  as f u r n i s h  t h e  
b a s i c  technology f o r  s o p h i s t i c a t e d  a c o u s t i c  
d i s p l a y s .  
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