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I N T R O D U C T I O N
V irtua l auditory  displays are beginning 

to become accepted  as a  viable technology for 
enhancing hum an  performance. A three-dimensional 
audio display gives the listener the  perception 
th a t th e  signal is “outside” of h is /her  head even 
though th e  signal is delivered over headphones. 
Real-tim e perform ance for the  positioning of a 
sound in v irtua l space is often achieved through 
time dom ain  convolution of head-related transfer 
functions (H RTFs). These are digital filters th a t are 
based on m easurem ents of finite impulse responses 
in the ear canals of hum ans and  of artificial heads. 
HRTFs are unique to  the  ears th a t  were measured, 
representing an  “ear-prin t” of th a t  head. There are 
different techniques for m easuring HRTFs. Some 
param eters include the  point in relation to the ear 
canal where the  im pulse response m easurem ent 
is m ade, th e  num ber of physical source directions 
relative to  the  head for positioning a  sound source, 
and th e  choice of sound stim ulus to be localized.
Each technique has its  m erits and  undoubtedly yields 
different subjective b inaural reproduction.

T h is  s tudy  determ ined the  auditory threshold 
levels for recognizing binaurally  presented 3-digit 
num bers em bedded in diotic speech babble. The 
same ta sk  was perform ed using three differently 
measured H R TFs. T h is  s tudy  was m otivated by 
the lack of published d a ta  th a t  com pare differently 
m easured H R TFs.

M E T H O D
P a r t ic ip a n ts

Twelve paid  partic ipants, six women and six 
men, volunteered to partic ipate  in this study. The 
average age was 24.7 years, and  partic ipan ts’ hearing 
was norm al in the  range of 125 Hz to 8 KHz.
S tim u li  a n d  A p p a r a tu s

T h e  signal consisted of 3-digit numbers spoken 
by a fem ale talker. T h e  num bers were stored as 
separate single channel sound files on the hard disk 
of the host com puter. T h e  Focal Point 3-D Audio 
(FP3D) and  Tucker-Davis Technologies (TDT) 
equipm ent were used separately  to spatialize the 
num bers in real-tim e. Continuous diotic speech 
babble served as a m asker. T he  numbers and masker 
were sim ultaneously  presented over headphones.

Task
E ach partic ipan t was instructed  to listen to a 

spoken 3-digit num ber and then  prom pted to enter 
the num ber th a t  was believed to  have been spoken 
via the  com puter keyboard. A “correct” response 
was defined as the  p a r tic ip an t’s input matching the 
spoken num ber while an “error” was defined as an 
incorrect m atch .
C o n d it io n s

T his  s tu d y  employed three differently measured 
HRTFs which are denoted as HRTF1 (used in 
conjunction w ith  the FP3D  hardw are), and HRTF2

and HRTF3 (separately used in conjunction with 
the T D T  hardware). These HRTFs were measured 
on three individuals who did not partic ipate  in this 
study. T he m easurem ent techniques for 1IRTF2 
and  HRTF3 are described in Wightma.il and Kistler 
(1989), and Pralong and Carlile (1994), respectively, 
while the m easurem ent technique for HRTF1 
is not provided. T he numbers were spatialized 
a t sta tic  azim uth  positions between 30 degrees 
and 330 degrees a t  30 degree increments on the 
horizontal plane. A diotic control condition was 
also used for th e  numbers. A session consisted of 
the numbers spatialized in the 11 s ta tic  azim uth 
positions using the sam e HRTFs in addition to the 
diotic condition. T he speech babble was played 
continuously throughout each auditory condition.
T he study consisted of a  repeated measures bet.ween- 
subject design. T he HRTF condition was treated 
as a  between-subject factor. Each HRTF condition 
employed six participants. Three partic ipants were 
chosen a t random  to partic ipate  in all three HRTF 
conditions (denoted as “multiple” ) while the others 
participated  in only one (HRTF condition (denoted 
as “unique” ). The combined performance of the two 
groups of partic ipants for each HRTF condition is 
denoted as “combined” .

P r o c e d u r e
A com puter program  varied the level of the 

num bers against the speech babble. At the outset, 
the num bers were clearly audible over the speech 
babble. An adaptive psychophysical procedure 
was used for determ ining the auditory threshold at 
the 80% probability level. The s tarting  step size 
was 4 dB and  decreased to a  m inim um  step size of 
0.5 dB. T he last trial of each condition constituted 
the  threshold value. Testing was performed in 
an I AC sound booth. Partic ipants completed a 
15 m inute train ing block in addition to four test 
sessions, each on separate days. T he duration of 
each session was approxim ately 70 minutes.

R E S U L T S
For each participant the auditory threshold of 

each of the  spatial conditions was subtrac ted  from 
the  diotic auditory  threshold of th a t session. A 
positive difference represents a b inaural advantage 
over diotic presentation while a  negative difference 
represents the  reverse. These differences formed the 
d a ta  in all subsequent analysis.

Figure 1 shows the  binaural advantage for 
each group of partic ipants ( “combined” , “m ultiple” 
and “unique” ) for the three HRTFs (HRTF1,
H R T F2, and H R T F3) averaged over sessions. An 
analysis of variance (ANOVA) showed a significant 
difference in performance between diotic and spatial 
presentation. T he only spatial condition th a t yielded 
a  significantly poorer performance than  the  diotic 
condition was 180 degrees azim uth  for HRTF1.
A subsequent ANOVA on the spatia l conditions
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revealed a  significant difference. The spatial position 
that produced the greatest advantage in intelligibility 
was 60 degrees azimuth. However there was no 
significant difference between 60 and 90 degrees. 
HRTF3 was significantly better in performance 
over HRTF2 while HRTF2 was significantly better 
in performance over HRTF1. The performance 
of the “multiple” and “unique” groups were not 
significantly different from one another across 
HRTFs.

D I S C U S S I O N
This study confirmed that the intelligibility 

of speech in noise is partially dependent upon the 
relative location of the speech and noise. When the 
speech and noise are close together then intelligibility 
is low; otherwise intelligibility is increased. Overall 
the obtained auditory threshold values using the 
three differently measured HRTFs met or exceeded 
the results obtained in previous studies. Although 
the results of HRTF1 were similar to those obtained 
in an earlier study, they were, however, significantly 
poorer than the results obtained with RRTF2 and 
HRTF3. This might be explained by the limitations 
of the FP3D hardware. This limitation could impose 
a smaller number of impulse responses in each ear 
which could reduce the perceptually salient features 
of the HRTF measurement. In addition there is 
comparatively little interaural processing occurring 
at low frequencies in HRTF1. Since the interaural 
time difference is one of several cues in binaural 
hearing, the diminution of this cue could impact 
the quality of spatialization. As for the difference 
in performance between HRTF2 and HRTF3, 
this might be partly explained by the different 
HRTF measurement techniques such as the cut-off 
frequency of the anechoic chamber, choice of loud 
speaker for the presentation of impulses, in addition 
to other parameters.

There are also some general factors that 
could influence performance. Up until recently it 
was believed that a factor, which may be of most 
significance, is the physical differences between the 
participants used to create the HRTFs. Previous 
studies have suggested that certain individuals are 
“better” localizers than others due to differences 
in physical anatomy. While no information is

known to us about the participants used to measure 
the HRTFs used in this study, the performance 
differences between the three HRTFs suggest tha t a 
“better” localizer may have been used in the HRTF3 
measurement. However, F.L. W ightman (personal 
communication, March 2, 1997) reported that this 
assumption seems no longer valid. Just because an 
individual is a “better” localizer is not a  reason to 
use that person’s HRTFs. O ther factors th a t could 
have influenced our results are the choice of voice, 
speech babble, or the interaction of a female voice 
with the HRTF convolution, compared with tha t of a 
male talker. It is unlikely that individualized HRTFs 
would have significantly improved performance, as 
these aid primarily in determining elevation and 
resolving front-to-back confusions.

C O N C L U S I O N S  
This study determined the auditory threshold 

levels for recognizing binaurally presented 3-digit 
numbers embedded in diotic speech babble using 
three differently measured non-individualized 
HRTFs. The results showed th a t the auditory 
threshold levels were significantly different across 
HRTFs. Consequently if virtual sources are to be 
used in a general purpose spatial auditory display 
then it is essential that the HRTFs be optimized 
for the targeted application. These results are 
specific solely to this study and are not meant 
to be generalized across all possible applications. 
Localization of speech or other stimuli in a single 
channel or multi channel spatial auditory display 
using the same three sets of HRTFs might yield 
a different ranking than in the study reported 
here. We continue to investigate the feasibility 
of employing 3-dimensional audio in a variety 
of applications for the improvement of human 
performance.
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Figure 1: Binaural advantage for 3 differently measured HRTFs.
Results are averaged over 4 sessions.
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