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Abstract

In an ordinary room, reverberation and echoes in the signals reaching a listener’s ears influence audi-
tory localization performance. The energy of the echoes and reverberation depends on the position of
the listener in the room as well as on the position of the sound source relative to the listener. In this
paper, the effects of echoes and reverberation are quantified through analysis of reverberant Head-
Related Transfer Functions (HRTFs) measured in an ordinary classroom. HRTFs were measured for
several human listeners and a KEMAR acoustic manikin at four different listener positions in the room
and multiple source positions relative to the listener. Azimuthal localization performance was also
measured for several listeners in the room as a function of listener position. Compared to the acoustic
cues it was found to be less sensitive to a change in room location. The only similarity was found be-
tween the magnitude of frequency-to-frequency variations in basic localization cues and the variability
in localization performance, demonstrating that localization accuracy decreases with increasing rever-

berant energy.

I ntroduction

In a room, the aility of human listeners to
localize sourds is influenced by edhoes and
reverberation (which are henceforth coll ec-
tively referred to as “reverberation,” for
brevity; Santarelli, 2000). The effect of re-
verberation can be both beneficial and det-
rimental, improving dstance perception and
degrading azimuthal locdization. However,
the pattern of reverberation dffers from
room to room as well as from position to
paosition within a given room. For a listener
in the eenter of a room, most refledive sur-
faces are relatively far from the listener and
reflections are diffuse for all source posi-
tions. On the other hand, when the listener is
close to a wall, prominent ealy reflections
arise whose magnitude and timing depend
on the location d the source relative to the
wall s and to the listener.

The goal of this study is to analyze how
localization cues in the signals reaching a
listener's eas are influenced by reverbera-
tion and to evaluate whether acoustic dfects
can accourt for how localization perform-
ance varies with a listener’s position in a
room. A set of head-related transfer func-
tions (HRTFs; see Santarelli, 2000 was

measured for a manikin (KEMAR) located
at different positions in aclassoom. The
effect of reverberation oninteraural differ-
ences and spectral magnitude is evaluated by
computing how these cues vary with source
paosition relative to the listener and listener
location relative to the room. Results are
compared to behavioral localization results
(Kopgo, Brown, and Shinn-Cunnngham,
200]) for similar configurations of source
and listener in the room.

M ethods

Acoustic andysis

HRTFs were measured for a KEMAR mani-
kin locaed a the four positions in
aclasgoom (Center, Back, Ear, Corner)
(Te=700 ms) shown in Figure 1.
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Fig. 1 Positions of KEMAR at which HRTFs were
measured.
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HRTFs were measured for sources in KE-
MAR’s right front quadrant at all combina-
tions of azimuths from 0° to 90° (15° steps)
and dstances 0.15, 040, and 1m (for
sources in the horizontal plane cntaining
the eas). Resporses to Maximum-Length
Sequences (e.g., see Zahorik, 2000 were
measured to estimate a 750-ms-long head-
related impulse response (HRIR; 44.1 kHz
sampling rate). Stimuli were presented from
a PC computer using a TDT system, Crown
amplifier, and a Bose cube speaker. Knowles
Electret microphores mounted in earplugs in
KEMAR'’s ea canals were fed back to the
TDT to make blocked-meatus recordings.
The magnitude spedrum of the measure-
ment system was relatively flat (within 10
dB) between 300Hz — 12 kHz range. The
dynamic range was at least 40 B at al the
frequencies. HRTFs from the center-room
position were time-windowed using a co-
sine-squared orset/offset window (1 ms) to
obtain pseudoanechoic HRTFs against
which other measurements are compared.
Interaural level differences (ILDs) were
computed as the difference between the left
and right e HRTF RMS energy between
2000—- 5000Hz. ILD variability was com-
puted as the mean absolute value of the fre-
guency-to-frequency difference in the ILD
(using a frequency step of 1 Hz). Interaural
time differences (ITDs) were estimated from
the interaural delay producing the maximum
peak in the crosscorrelation d the left- and
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right-ear HRIRs bandpass-filtered from
200- 2000Hz.

Localization experiment

Subjects were asked to localize sourd
sources when in the same room locations
used for KEMAR measurements (Kopo et
a., 200). Six nama-hearing subjects
pointed to the perceived source locaion
(five 150ms-long pink-noise bursts) pre-
sented from randam locaions between O° —
90° azimuth and 0.15 — 1 m distance in the
horizontal plane containing the eas. Each
subjed performed 30 trials in each room
location. The (signed) mean error (re. actual
source position) and standard deviation in
response was computed from these results.

Results

Effect of reverberation on spedral cues
Figure 2 compares HRTF magnitude spectra
at the four extreme source positions with
KEMAR in the ceter of the room for an-
echoic and reverberant condtions. Rever-
beration adds freguency-to-frequency vari-
ability to magnitude spectra. This variability
grows with source distance and is greatest at
high frequencies. Variability increases with
source azimuth for the ear contralateral to
the source position and decreases with azi-
muth for the ipsilatera ear. Reverberation
also fills in high-frequency notches, particu-
larly at the far ear.
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Fig. 2 Anechoic and reverberant magnitude spedra & four source positi ons with KEMAR in center of room.
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Fig. 3 ILDs and crossfregency variability in ILDs
at 4 room locations as afunction o source azmuth.

Effect of reverberation on ILDs

Figure 3 shows the ILD for different room
locations and source pasitions. LD magni-
tudes tend to deaease with reverberation,
particularly for distant sources and cond-
tions in which there is asymmetry in ealy
reflections (Ear and Corner conditions).
The frequency-to-frequency variability in
the ILD (which is essentialy zero in the
anechoic condition) tends to increase with
distance and is greatest for the Center con-
dition. For room locations with early re-
flections, ILD variations are smoother and
more systematic with frequency.

Effect of reverberation on ITDs
Within the biologicall y-plausible range

Fig. 4 The peak value in the aosscorrelation
function within +/- 1 ms range and the crrespond-
ingITD.

(0.8 ms), the ITD of the cross-correlation
peak is roughly independent of source dis-
tance and room position (Fig. 4). However,
in reverberant condtions, the magnitude of
this peak value deaeases dramaticdly with
distance and with the number of nearby
walls. In addition, in the Corner and Ear
condtions, a secondary peak (outside the
biologically-plausible range of ITDs) can
be of equal or larger magnitude than the
primary pe&k in the cross-correlation.

Figure 5 illustrates that, as with the
ILD, reverberation causes fregquency-to-
frequency variation in ITD. In the Center
and Back conditions, this variation is es-
sentially randam aroundthe “true” (anech-
oic) ITD. In the other condtions, the de-
partures are more significant due to the
early, asymmetric, strongreflections.

Predictions vs. localization performance

Acoustic analysis hows that all localiza-
tion cues in the signals reaching a listener
are influenced by reverberation in a man-
ner that depends on room paosition. To the
extent that these cues determine spatia
auditory perception, localization perform-
ance shoud aso be influenced in a way
that varies with listener locaion. Figure 6
summarizes behavioral results from a lo-
calizaion experiment performed in the

Fig. 5 ITDs as afunction d frequency in the an-
echoic and reverberant conditions for source &
90° 1 m.
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Fig. 6 Acrosssubject mean and std. dev. of the
response error, i.e., the difference between per-
cdved and adua source aimuth.

room in which amustic measurements

but statistically-significant trends were
observed. 1) Azimuthal perception in the
Back and Corner positions was biased to-
wards the median plane (approximately
3.5°). 2) Thevariancein perceived azmuth
was smallest for listeners in the Center
condtion, greatest in the Corner condtion,
and intermediate for the other two cond-
tions (battom row of Fig. 6).

The azimuthal bias is difficult to ex-
plain from results of the acoustic analysis.
Acoustically, Ear and Corner condtions
are most similar and most influenced by
reverberation, but bias is only significant
for Back and Corner locations.

On the other hand, the increase in the
azmuthal resporse variance is consistent
with bah ILD variability and ITD decrre-
lation, which are greaest for the Ear and
Corner condtions. This explanation cannot
acourn for changes in bias with dstance:
the variability in acoustic parameters in-
creases with dstance while variance in
perceived azmuth decreases with dstance.
The decrease in response bias with dis-
tance may be partially explained by the
measurement method. If one assumes that
response variability is constant in x-y-z
coordinates, the same aror translates to
larger angular errors for nearby sources.

Summary and discussion

Acoustic analysis shows that the effect of
reverberation on localization cues varies
dramatically with listener position in
aroom. On the other hand, effeds of room
position on locaization performance ae
modest, at best. Some of this apparent dis-
crepancy may be resolved by considering
how acoustic cues change over time (as the
current analysis evaluates only the ex-
pected value of the cues, ignoring variation
in these cues over time). In fact, such dy-
namics are known to be perceptualy im-
portant (cf. the “precedence dfect”); for
instance, the localization cues available &
the onset of the stimulus will be much less
distorted by reverberation than this first-
order stealy-state analysis suggests. Fur-
ther, listeners may crudely estimate the
effect of reverberation on the received
stimuli and adjust the mputation of
source position accordingy. Future analy-
sis will incorporate physiologically-based
models of auditory processng (eg.,
Colburn, 1977 to predict how basic locd-
ization cues in reverberant signals may be
extraded by the brain.
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