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Although many studies have shown that intelligibility improves when a speech signal and an
interfering sound source are spatially separated in azimuth, little is known about the effect that
spatial separation in distance has on the perception of competing sound sources near the head. In this
experiment, head-related transfer functiogiRTF9 were used to process stimuli in order to
simulate a target talker and a masking sound located at different distances along the listener’s
interaural axis. One of the signals was always presented at a distance of 1 m, and the other signal
was presented 1 m, 25 cm, or 12 cm from the center of the listener’s head. The results show that
distance separation has very different effects on speech segregation for different types of maskers.
When speech-shaped noise was used as the masker, most of the intelligibility advantages of spatial
separation could be accounted for by spectral differences in the target and masking signals at the ear
with the higher signal-to-noise rati®NR). When a same-sex talker was used as the masker, the
intelligibility advantages of spatial separation in distance were dominated by binaural effects that
produced the same performance improvements as a 4—5-dB increase in the SNR of a diotic
stimulus. These results suggest that distance-dependent changes in the interaural difference cues of
nearby sources play a much larger role in the reduction of the informational masking produced by
an interfering speech signal than in the reduction of the energetic masking produced by an
interfering noise source. @002 Acoustical Society of AmericdDOI: 10.1121/1.1490592

PACS numbers: 43.66.Pn, 43.66.Qp, 43.66[RQB]

I. INTRODUCTION higher SNR in the left ear than it does in the right ear and the

) i _other source to have a higher SNR in the right ear than it
In multitalker speech-perception tasks, performance iiges in the left ear. By selectively attending to the ear with

much better when the target speech signal and the interfering, higher SNR(the “better” eay, the listener is able to
sound sources are located at different azimuth positions iBffectiver increase the SNR of either of the two sources.
the horizontal plane than when both the target and maskingitrerences in the spectral shapes of the target and masker
sounds originate from the same location in space. This SQsignals at the better ear, which are determined by the head-

called “cocktail-party” phenomenon has been studied eXteNtelated transfer function$iRTFS associated with the target
sively with speech maske(®rullman and Bronkhorst, 2000; 54 masker locations, can also influence performance

Duquesnoy, 1983; Freymagt al, 1999; Hawleyet al, 1999,  (7;rek 1993, These differences in the relative levels and

Festen and Plomp, 1990; Peissig and Kolimeier, 19970 c(ra) shapes of the target and masker signals at the better
Plomp, 1976 and speechlike noise maskéBronkhorst and

_ ) ear can account for most, but not all, of the intelligibility
Plomp, 1988, 1992; Plomp and Mimpen, 19,7,9_ndﬁhese improvement afforded by spatial separation. Spatial unmask-
studies have consistently shown that the intelligibility of the

_ ! ) ing is also influenced by a binaural interaction effect that is
target speech increases systematically with the angular sepgased on differences between the low-frequency interaural

ration_ between the target and the masker. The release fromne delays(ITDs) and interaural level differencet_Ds) of
masking can exceed 10 dB when the target is presented dirq target and masker signa(urek, 1993: Levitt and
rectly in front of the listener and the masker is presented negt ,piner 196, Bronkhorst and Plomf1988 found that the
90 degrees in azimut{Bronkhorst, 2000 . ITD portion of this binaural interaction effect could account
Several different mechanisms contribute to this im-t5. 2o much as a 5-dB release from masking for a speech
provemept in. intelligibilit.y. Perhaps the mlost i.mportant is thegource at 0 degrees and a noise masker near 90 degrees when
increase in signal-to-noise ratiSNR) that inevitably occurs o head-shadow was removed from the stimulus, but that it
at one of the two ears when the target and masker signalg)yriputed only about 2.5 dB to the overall spatial release
originate from different directions in the horizontal plane. .5, masking in natural listening where the head-shadow
When two_competing sources are Io<_:ated at different angleéues were also available. More recently, Zuf@R93 inte-
in the horizontal plane, differences in the head-shadowing oy the better-ear and binaural interaction effects into a
effects for the two sources will cause one source to have gingle model capable of predicting intelligibility with a spa-

tially separated speech target and noise masker. For a more
3Electronic mail: douglas.brungart@wpafb.af.mil detailed review of the effects of angular separation in the
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“cocktail-party” effect, see the recent reviews by Ericson overlap in time and frequency but the listener is still unable
and McKinley (1997 and Bronkhorst2000. to segregate the acoustic elements of the target signal from

One aspect of the “cocktail-party” phenomenon that hasthe acoustic elements of a similar-sounding masker. Freyman
received almost no attention in the literature is the role thaand his colleagues have suggested that listeners derive a
spatial separation in distance plays in the perception of mulgreater benefit when two speech signals are spatially sepa-
tiple competing talkers in the region near the listener’s headrated in azimuth than when a speech signal and a noise signal
Virtually all previous multitalker experiments have focusedare spatially separated in azimuth because the listeners are
on relatively distant sound sources, lochiem ormore from  able to use differences in the apparent locations of the two
the listener. Because the anechoic HRTF is independent sounds to reduce the informational component of speech-on-
distance in this regiofBrungart and Rabinowitz, 1999dif-  speech masking(Freyman et al, 1999; Freymanet al,
ferences in the distances of a target and a masker shouRD0J). If this hypothesis is true, then there is reason to be-
have no impact on speech intelligibility when their overall lieve that spatial separations in distance that cause a differ-
levels are similar at the location of the listener. However,ence in the apparent locations of the target and masking
when the source is located within 1 m of the head, the HRTFounds will also produce a greater benefit when a target
is highly dependent on distance. Specifically, the ILD in-speech signal is masked by another speech signal than when
creases dramatically with decreasing distance in this region{ is masked by a noise signal. In this experiment, stimuli
while the ITD increases only modestlyBrungart and from a speech corpus that produces primarily informational
Rabinowitz, 1999 There are also substantial distance-masking in two-talker listening were used to determine
dependent spectral changes in the HRTFs of nearby sountthether the larger binaural advantages that have been re-
sources. Experiments have shown that listeners are able Brted in the segregation of competing speech signals that
use these distance-dependent changes in the HRTF to maREe spatially separated in azimuth also occur in the segrega-
reasonably accurate judgments about the distances of nearBgn of competing speech signals that are spatially separated
sound sources in free-field environmer®rungartet al,  in distance near the listener’s head.
1999; Brungart, 1999a Until recently, however, almost
nothing was known about the impact of these distancell. METHODS
dependent changes in the HRTF on the segregation of soung |isteners
sources near the listener’s head. . o .

In order to examine the effects of distance on the segre- A total of nine paid listeners, five male and four female,
gation of nearby sources, Shinn-Cunningham and her coParticipated in the experiment. All had normal hearirgl5
leagues (Shinn-Cunninghamet al, 200) have recently dB HL from 500 Hz to 8 kHz, and their ages ranged from 21

adapted Zurek's moddlL993 to account for the effects of to 55 years. All of tht_a listeners had participgted in pre_\/iou§
spatial separation in distance on the intelligibility ofanearbyexperlments that utilized the speech materials used in this
speech signal masked by a nearby speech-shaped noi§té’dy'

source. Their results have shown that virtually all of the ef- N

fects of spatial separation with a noise masker can be e>§' Stimuli

plained by spectral differences in the target and masker sigl- Speech materials

nals at the ear with the better SNR, and that binaural factors  The speech stimuli were taken from the publicly avail-
can explain only 1-2 dB of the release from masking ob-able Coordinate Response Meas(@&M) speech corpus for
tained by spatially separating the signal and masker in dismultitalker communications researdfBolia et al, 2000.
tance. However, there is some reason to believe that thesghis corpus consists of phrases of the form “Reddsll
results may underestimate the advantages of spatially sepsign) go to (color) (numbej now” spoken with all possible
rating multiple speech signals near the head. Recent studiggmbinations of eight call sign&arrow,” “baron,” “char-

with sound sources at distances greatenthan have shown lie,” “eagle,” “hopper,” “laker,” “ringo,” “tiger” ), four

that the binaural cues play a much larger role in the segreeolors (“blue,” “green,” “red,” “white” ), and eight num-
gation of speech from a competing speech signal at a diffeteers(1-8). Thus, a typical utterance in the corpus would be
ent location in azimuth than in the segregation of speecliReady baron go to blue five now.” Eight talketfour male,
from a competing noise signal at a different azim(fney-  four female were used to record each of the 256 possible
manet al, 1999; Hawleyet al., 2000. This difference seems phrases, so a total of 2048 phrases are available in the cor-
to occur because interfering speech signals and interferingus. Variations in speaking rate were minimized by instruct-
noise signals produce different kinds of masking: interferinging the talkers to match the pace of an example CRM phrase
noise signals produce only “energetic” masking, while inter- that was played prior to each recording. The sentences in the
fering speech signals may produce both “energetic” and “in-corpus, which are band-limited to 8 kHz, were resampled
formational” masking (Brungart, 2001b; Freymaretal, from the original 40-kHz sampling rate to 25 kHz to reduce
1999; Kiddet al, 1998. In this context, energetic masking computation time in the processing of the stimuli. The
refers to the traditional concept of masking where the interphrases were time aligned to ensure that the word “ready”
fering signal overlaps in time and frequency with the targetstarted at the same time in all the speech signals in the stimu-
signal in such a way that portions of the target signal ardus, but no additional efforts were made to synchronize the
rendered inaudible. Informational masking refers to the intereall signs, colors, and numbers in the competing CRM
ference that occurs when the target and masker signals do nplirases.
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80 - ‘ Kistler, 1989a, b The HRTFs used for this spatial process-
ing were derived from an earlier set of HRTFs measured for
nearby source locations with a Knowles Electronics Manikin
for Acoustic ResearckKEMAR). These HRTFs, which are
described in detail elsewher@Brungart and Rabinowitz,

. 1999, were measured in a large anechoic chamber with an
acoustic point source located directly to the left of the mani-
kin (90 degrees azimuthat distances of 12 cm, 25 cm, and
1.0 m from the center of the manikin’s head. The overall
level effects of distance and the frequency characteristics of
. the point source were removed from these HRTFs by sub-
tracting the free-field spectrum of the sound sousemea-

w
(=]

Relative Magnitude (dB)
N
o

] Average Speech Spectrum 7 sured by a single microphone placed at a location corre-
ol Speech-Shaped Noise ‘ sponding to the center of the manikin's hgadom the
10° ° 10t HRTFs measured at the manikin's left and right ears. The

Frequency (Hz) HRTF measurements were made in the frequency domain

FIG. 1. Average spectrum of the speech utterances in the CRM corpus ardd consisted of 600-point transfer functions with 32-Hz
frequency response of the filter used to shape the speech-shaped noigsolution from 100 Hz to 19.2 kHz.
maskers. Note that the speech signals in the CRM corpus have been low-  The filters used to spatially process the stimuli in this
pass filtered with an 8-kHz cutoff frequency. experiment were derived directly from these HRTFs using
h | d for thi i ‘ the following procedure. First, the headphones used in the
The CRMFgoerE was se ectef Er t 'S” egperlmer)é Ofexperiment (Sennheiser HD540 were placed on the
two reasons. First, the presence of the call sign provides geyvar manikin and the same frequency-domain method

convenient way to instruct the listener which phrase to attengIsed to measure the original HRTFs was used to measure the
to in the speech-on-speech masking conditions of the eXpergoo-point left- and right-ear transfer functions of the head-

ment. Second, the small response set of the CRM corp ones. These transfer functions were subtracted from the

makes it easy 10 Qetermine the correct cqlor an_d number i aw HRTFs for the left and right ears in order to determine
the target phrase in the presence of relatively high levels 0ﬂehe desired transfer functions of the headphone-corrected

energetic maskingBrungart, 2001n Previous experiments HRTFs for each stimulus location. Then the MATLAB FIR2

have shown that this insensitivity to energetic maSkingcommand was used to generate 251-point, linear-phase FIR

causei |nforr‘rk1.at|ona!thm?;kln%é?\)/l dominate n fpeetCTk'onﬁlters matching the magnitudes of the frequency responses
speech masking wi € corpus—in IWo-alker o¢ yho desired transfer functions over the frequency range
stimuli, listeners are generally able to hear the colors ané)

numbers spoken by both the target and masking talkers, bl]lctom 100 Hz to 15 kHz at a 44.1-kHz sampling rate. These

. . Ihear-phase filters were up-sampled to a 1-MHz sampling
are unable to correctly determine which color and number . .
rate in order to delay the contralateral-ear HRTF by the in-
were spoken by the target talk@rungart, 2001h Thus, the . : .
) ? . ) teraural time delay, which was determined from the average
CRM corpus is well suited to experiments such as this one . .
Slope of the unwrapped phase of the original interaural

that are designed to concentrate on the informational COMPQs 1 over the frequency range from 160 to 1700+
nent of speech-on-speech masking rather than on the ener-

. . ally, the HRTFs were down-sampled to a 25-kHz sampling
getic component of speech-on-speech masking. Note tha - L
. . rate to efficiently accommodate the 8-kHz band-limited
one would expect to find smaller differences between S . )
eech corpus used in this experiment. The resulting HRTFs

speech-on-speech masking and speech-on-noise maski\rs)\% . ) . .
with a measure of speech intelligibility that is more sensitive re stored in a MATLARB file and directly convolved with

to the effects of energetic masking, such as the identificatioﬁh.e target and maSker §|gna|s immediately prior to each
of nonsense syllables. stimulus presentation. Figure 2 shows the frequency re-

sponses of the HRTFs used for each source location in this
experiment(without headphone correctipnand the ILDs
] ) ) and ITDs corresponding to each set of HRTFs.

In some trials, a speech-shaped noise signal was used as Although these KEMAR HRTFs do not capture the
the masker. The spectrum of this noise masker was detefjigh-frequency, listener-specific detail that would be present
mined by averaging the log-magnitude spectra of all of thg, “jndividualized HRTFs, they do produce distance- and
phrases in the CRM corpus. This average spectrum was usgffaction-dependent cues that are similar to the ones that
to construct a 129-point finite impulse resportseR) filter o1 occur with a nearby sound source in the free field.

that was used to shape Gaussian noise to match the averagfey are therefore able to provide listeners with some infor-

2. Speech-shaped noise

spectrum of the speech signafsg. 1). mation about the directions and distances of virtual sounds.
) ) An earlier experiment that required listeners to localize noise
3. Spatial processing bursts that were processed with the same HRTFs used in this

The stimuli in the experiment were processed withexperiment has shown that listeners are able to localize both
HRTFs in order to simulate sound sources at different disthe distances and directions of nearby virtual sounds pro-
tances along the listener’s interaural axightman and cessed with the KEMAR HRTF$Brungart and Simpson,
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I Ipsilateral Ear (Left) Contralateral Ear (Right) sponse locations shown in the figure indicate that the HRTF
processing techniques used in this experiment can be used to
generate virtual sounds along the interaural axis that are per-
ceived at systematically increasing distances in roughly the
same direction relative to the listener. It is not possible to
know exactly what effect the nonindividualized HRTFs used
in this experiment had on performance, but it should be
-30| - - 25cm (ILD= 13 dB; ITD= 768 us) .
..... Tm  (ILD=6.8 dB; ITD= 689 us) noted that previous researchers who have compared the ef-
10° 10* 10° 10° 10° fect of spatial separation in azimuth on multitalker speech
Frequency (Hz) Frequency (He) perception with virtual sources generated with nonindividu-
FIG. 2. These curves show the frequency responses of the HRTF filters usédized HRTFs to the effects of spatial separation in azimuth
to spatially process the stimuli used in the experiment. The headphone r&n multitalker speech perception with free-field sources

sponse corrections described in the text have been removed from these plo Nelsonet al, 1999 Abouchacrat al. 1997: Hawleyet al
so they represent the frequency responses of the raw HRTFs measured di N ' N ! N

rectly from the KEMAR manikinlas described in Brungart and Rabinowitz, 999 or virtual sources generated with individualized
1999. The numbers in the legend show the average interaural level differHRTFS (Drullman and Bronkhorst, 200thave reported no
ence(ILD) (measured from overall rms power for a speech-shaped noisgignificant differences between the generic virtual presenta-

stimulug and the interaural time delaffTD) (implemented with a linear ; ot ; R ; ;
. ) ) ions and the more realistic free-field and individualized vir-
phase delay in the HRTF for the contralateral) éar each stimulus distance tions and the more realistic free-field and individualized

used in the experiment. Note that in each case the HRTF has been normépal presentations.
ized to the sound pressure level that would occur at the location of the center
of the head if the manikin’s head were removed.

Relative Magnitude (dB)

— 12.cm (ILD= 22 dB; ITD= 834 is)

4. Stimulus configurations

N . All of the target and masker stimuli were presented
2001). The polar plot in Fig. 3 shows the median responsealong the interaural axis directly to the left of the listener. A

locations in that experiment for three virtual sound location : . : ;
. o : .- “total of five different target and masker configurations were
along the listener’s interaural axis. Although the localization . ; .
tested(as shown in the first two columns of Fig).4n the 1

judgments of the listeners in the virtual experiment were : .
: —1 m configuration, both the target and the masker were
generally not as accurate as those of a different group o

; : : .rﬁresented at the same distance. In the 12 cm—1 m and 25
listeners who were asked to localize a nearby acoustic poi

. : : cm—1 m configurations, the target was presented at a closer
source in the free fle?d(Brungart, 1999 the median re- distance than the masker. Inthe 1 m —12 cm and the 1 m-25

cm configurations, the masker was presented at a closer dis-
tance than the target. The target and masker locations were
selected randomly in each trial in a process that resulted in
roughly twice as many trials with the target and masker co-
located &1 m than in the other possible configurations.

5. Normalization

In real-world environments, the overall intensity of a
stimulus varies with the distance of the source. Thus, if two
270 equally intense speech signals were separated in distance,
one would expect the closer speech signal to be substantially
easier to comprehend simply because it would be more in-
tense at the location of the listener; the contribution of bin-
aural cues to the release from masking would be minimal
relative to these distance-dependent intensity cues. There-
fore, in order to examine the contribution of binaural cues
and control for these distance-based intensity variations, the
‘ relative levels of the target and masker signals were adjusted
180 ' in two different ways. In thecenter-of-the-headhormaliza-
tion condition(COH), the overall rms levels of the target and
FIG. 3. Median direction and distance judgments for nearby virtual noisem_aSker signals were equallzed_ before they Were convolved
bursts. The results have been adapted from an earlier experiment that askaith the HRTFs, and the SNRs in the left and right ears were
listeners to move an electromagnetic position sensor to the perceived locgletermined by the relative levels of the HRTFs shown in Fig_

tion of a random-amplitude noise burst that was processed with the same sot This effectively normalized the rms levels of the target and
of HRTFs used in this experiment and presented over headplkBnesyart '

and Simpson, 2001Each point represents the median location of 162 trials MaSKing sounds at the center of the listener’s t‘(mth the
collected with seven normal-hearing listeners: the radius on the polar plohead removed from the sound figldn contrast, in the
represents the median response distdircem), and the angle on the polar  petter-ear normalization condition(BE), the rms levels of

plot represents the median response azinftldegrees Although the dis- target and masker were normalized after they were con-
tance judgments were somewhat compressed, the results clearly show thg}

the stimuli were perceived at systematically increasing distances at approx¥Olved with the appropriate HRTFS- The SNRs of the spa-
mately the same angle in azimuth. tially processed target and masking signals were computed
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BE Normalization COH Normalization 2001h.° Note that in the noise-masker conditions shown in

Ipsi Ear Contra Ear

e SNR (6B) SNR(dB) _ SNR(d5) SNA(d8) Trials Fig. 4, the SNRs in the ipsilateral and contralateral ears are 9

5 mim M O | 01| o e B dB lower than in the corresponding configurations with a
é mesem [T M O -5.1 0.0 -3.0 2.0 1305 speech masker.
5| mrzem | 7 M | 50 | oo | 77 | 7o | 130 The signals were presented at a comfortable listening
S| asomim [ M 1 O o0 | 54 33 | 49 | taze level (approximately 65 dB SPL on averages measured at
P zemtm | M 10 | oo | -es a5 | 66 | 1325 thg output of the headphones, and the overall level of each

I O | os | o0 | oo | o5 | 1 stimulus presentation was randomly roved over a 6-dB range
3 M in 1-dB steps This roving ensured that the listeners were
% T M i i
g | (mesem O [ 50| s0 | a1 | 70 i not able to use absolute level to identify the target and mask-
g 1m-12cm T MO -25.0 -9.0 -18.1 22 720 |ng phraseS.
S| smim|im T O 90 | -139 67 | 116 776

12em-1m | M ™ 00 | 237 45 | -164 841 C. Procedure

FIG. 4. Target and masker configurations used in the experiment. Column 2 In each trial, the .target phrase was Se'?Cted randomly
shows a graphical representation of the target and masker locations in eaffom the 256 phrases in the speech corpus with the call sign

configuration indicated in column 1. Columns 3—-6 show the average SNRSbaron," with the restriction that each talker was used the
(measured from rms poweof the spatially processed target and masker ¢o e nymper of times in each listening session. In the trials
signals in the listener’s leftipsi) and right(contrg ears for better-eaBE) . )
and center-of-hea@COH) normalization. Column 7 shows the number of With @ speech masker, the masking phrase was selected ran-
trials completed in each condition. domly from the 1176 phrases in the speech corpus with a
different call sign, a different color coordinate, and a differ-
ent number coordinate than the target phrase. Note that the
from their rms levels at each ear, and the filtered targetandom selection of the phrases resulted in same-sex target
speech signal was scalébly an equal amount in both ears and masking talkers in 50% of the trials and different-sex
to make the SNR at the ear with the greater S{itie better  target and masking talkers in 50% of the trials. In the trials
ear) equal to 0 dB. with a noise masker, a random Gaussian noise was filtered
The middle columns of Fig. 4 show the average SNRs awith the speech-shaped noise filter and gated rectangularly to
the ipsilateral and contralateral ears with BE and COH northe beginning and end of each phrase. The normalization
malization for the HRTF-processed stimuli in each of thescheme(COH or BE was also randomly chosen on each
target-masker configurations tested in the experiment. In BErial.
normalization, the SNR at the ear with the higher SNR is  The data were collected with the listeners seated in front
forced to be 0 dB, and the SNR in the other ear is determinedf the CRT of a Windows-based control computer in a quiet,
by the ILDs in the HRTFs. Note that the location of the sound-treated listening room. The stimuli for each trial were
better ear depends on the relative distances of the target agénerated by an interactive MATLAB script, which selected
masker. When the target is closer, the ipsilateral ear is théhe stimulus signals, processed the signals with the appropri-
better ear. When the masker is closer, the contralateral ear &e HRTFs, and presented the signals over headphSees
the better ear. In COH normalization, the SNRs at the twaheiser HD54pthrough a Soundblaster AWE-64 sound card.
ears are determined directly by the normalized levels of th&he listeners were instructed to listen for the target phrase,
HRTFs shown in Fig. 2. In both BE and COH normalization, which was always addressed to the call sign “baron,” and
the absolute difference between the SNR at the ipsilateral earse the mouse to select the color and number contained in
and the SNR at the contralateral ear is approximately théhe target phrase from an array of colored digits displayed on
same for each target and masker configuration. This differthe screen of the control computer. Each listener first partici-
ence is approximately equal to the difference in ILD betweerpated in a total of 1560 trials with a speech masker. These
the HRTF of the target position and the HRTF of the masketrials were collected in 13 blocks of 120 trials each, with
position. For example, in the 12 cm—-1 m configurationseach block taking approximately 15 min to complete. Each
where the ILD is approximately 22 dB for the 12-cm sourcelistener then heard a total of 1000 trials with a speech-shaped
and 7 dB for the 1-m sourcésee Fig. 2, the difference noise masker. These trials were collected in five blocks of
between the ipsilateral ear SNR and contralateral ear SNR 00 trials each, with each block taking approximately 20 min
approximately 15 dB. Small variations in these average SNRo complete. One or two blocks were run per day for each
levels occurred because of differences in the spectral contefistener over a period of several weeks. Note that some of the
of the target and masking signals and differences in the speckata were collected with normalization schemes or target-
tral shapes of the HRTFs at the two ears. masker distance configurations that are not discussed in this
In the speech-shaped noise masker conditions, thpaper, and that these points were excluded from the data
masker level was increased by 9 dB after the normalizatiomnalysis. Thus, the results that follow represent a total of
process in order to produce an SNR-09 dB at the normal- 7435 trials collected with the speech masker and 4913 trials
ization point. This was done because previous speecteollected with the noise masker.
perception experiments in our laboratory have shown that The distribution of these trials across the different target-
performance with the CRM is most sensitive to changes ifmasker configurations is shown in the last column of Fig. 4.
the relative level of a speech-shaped noise masker when thWithin each configuration, approximately half of the trials
SNR of the target phrase is approximatel® dB (Brungart, were conducted with BE normalization and approximately
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Masker Closer Target Closer approximately 85%—90% of the trials in all of the conditions
' tested. Apparently, the monaural cues that allow listeners to
segregate different-sex talkers are so effective that no addi-
tional intelligibility advantage can be obtained by presenting
the target and masking utterances at different distances.
When the target speech was masked by a same-sex
talker (circles in Fig. 5, substantial improvements in perfor-
mance occurred when the target and masking signals were
" spatially separated in distance. The overall percentage of cor-
rect identifications was 30—40 percentage points greater in
the 12 cm—1 m configuration than in the 1 m—1 m configu-
ration and about 25 percentage points greater in the 1 m—12
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Percent Correct Responses
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20} 5 Difreni-Sex Spaech cm configuration than in the 1 m—1 m configuration. There
o L2 Speech-Shaped Noise : was not much difference between the conditions where the
imolZemme2emAmeimo Zom-im o 2Sem-im o imeim closer talker was at 12 cm and the conditions where the

FIG. 5. Percentage of correct color and number identifications for two comClOSer talker was at 25 cm: performance was only about 10%
peting sound sources directly to the left of the liste(®r degrees azimuth  better in the 12 cm—1 m configuration than in the 25 cm—-1m
The left panels show performance for each target-masker ConﬁguraﬁOEOnfiguration(right panels of the figUI)e and was essentially

when the masker is closer than the target. The right panels show perfor- - . . .
mance when the target is closer than the masker. The two rows represent tf%entlcal in the 1 m—12 cm and 1 m—25 cm configurations

two different types of normalization used in the experiment. The symbols(l€ft panels of the figune Apparently most of the benefits of
represent different kinds of target and masking sigfassindicated by the  spatial separation in distance for same-sex competing talkers
legend. Note that the 1m—1m condition is shown in both columns of the can be obtained by moving one of the talkers within 25 cm
figure. The error bars show 95% confidence intervals calculated from the . , . .
raw data for each data point. of the listener’s head, even though the 6-dB increase in ILD
associated with a decrease in distance from 1 m to 25 cm is

half of the trials were conducted with COH normalization much smaller than the 15-dB increase in ILD associated with

Because the number of trials in each possible condition val? de\x/rﬁasethln td'Sta?CG fnolhm to 12 CIT(E'S' 2. h-shaped
ied across the listeners, all of the mean performance values . en the larget speech was masked by a speech-shape

in the results that follow were calculated by first finding the noise maske("trlangle_s n F'g' » the effects O.f spatial sepa-
itiohation were substantially different for the different normal-

and then averaging across these nine individual means iaation conditions. The benefits of spatial separation in dis-

determine overall performance. The standard errors bar§nce were greatest with the COH normalizatitp panels

shown in each condition represent an rms combination of th8f the f|gyre, W_here the percentage of .correct |dent|f_|cat|ons
systematically increased from approximately 40% in the 1

nine standard error values calculated for the individual lis- . . . .
teners m—1 m configuration to approximately 75% in the 1 m-25
' cm and 25 cm—1 m configurations, and to near 100% in the
Ill. RESULTS AND DISCUSSION 1 m_—l? cm and 12 cm-1 m conf|gurat|0n§. Whe_n BE nor-
malization was use¢bottom panels of the figufedistance

A. Overall results separation had a much smaller effect on performance. When
The overall results of the experiment are shown in Fig.the masker was closer than the target, the percentages of

5. The data from each target-masker configuration have bee‘??"fd respotns:as W'tThBE _notrrr]nahzauon wedr_e 20_2f5' per-
plotted separately for BE normalizatigibottom row and centage points fower than in the corresponding configura-

COH normalization(top row), and the speech-masking data tions with COH normalization, and when the target was

have been plotted separately for same-sex masking speeS ser than the masker, separation in distance essentially had
(circles, different-sex masking speectisquares and no effect on the intelligibility of the target phrase with BE

speech-shaped masking noigeangles. The left column normalization.
shows the results for configurations where the masker w
closer than the target talker, and the right column show
results for configurations where the target talker was closer The results in Fig. 5 suggest that there are some impor-
than the masker. Each data point in the figure represents thant differences in performance between conditions where
percentage of trials in which the listeners correctly identifiedthe target was closer than the masker and conditions where
both the color and the number contained in the target phrasthe target was farther away. These differences were exam-
containing the call sign “baron,” and the error bars represenined by conducting a three-factor repeated-measures ANOVA
the 95% confidence intervals of each data point. The resultfr the factors of target-masker configuratid@®? cm-1 m or
indicate that the effects of distance separation on speech i25 cm-1 m), relative target proximity(target closer or
telligibility are different for different types of maskers. When masker closgr and masker typésame-sex speech or speech-
the target speech was masked by a different-sex talkeshaped noigewith the percentages of correct responses for
(squares in Fig. b spatial separation in distance had little or each listener. The arcsine transform was applied to normalize
no impact on performance. The listeners correctly identifiedhe percentage data prior to conducting the ANOVA. The
both the color and number coordinates in the target phrase iresults of this ANOVA confirm that there was a significant

. Target proximity
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FIG. 6. Comparison of performance when the target was located closer thar 0~ 3 5 5 v
the masker and when the masker was located closer than the target. Th 10 Frequeggy ) 10° 10 Frequegé’y ) 10
asterisks indicate differences that were significant apti®.05 level(two-

tailed t-testg. The error bars show the 95% confidence intervals calculatedr|. 7. Effects of spectral shape on the intelligibility of speech at the ear
from the raw data in each configuration. with the better SNR in the 12cm—1ffeft pane) and the 1m—12cnright
pane) configurations of the experiment. These are the same 12 cm and 1 m

. . . . HRTFs shown in Fig. 2, but their relative levels have been adjusted to
interaction between the relative distance of the target and th&uaiize the overall power of speech-shaped target and masker sigitals

masker type K, g=6.573,p=0.033). This interaction is the same frequency spectrum shown in Figatthe location of the better
shown in more detail by Fig. 6, which directly compares ear with the same method used in the BE normalization conditions of the

. : ) experiment. In each case, the 20-band method developed by Ki@ep
performance in the target closer and masker-closer Condhas been used to calculate the articulation ind&k of the target signal

tions for each target-masker configuration and each mask@jhen the target is presented at 56 dB SPL and the masker is presented at 65
type. In the same-sex speech-masking conditions, the relativi® SPL. This difference in Al explains the substantially larger number of
locations of the target and masker signals had only a mode§@rrect responses that occurred in the masker-closer conditions of the ex-
impact on performance. The only significant difference oc-Perment
curred in the COH conditiortleft panel of Fig. 6, where
performance in the 12 cm—1 m configurati@arget closer  processed by either HRTF. Note that the spectral shapes of
was approximately 10% better than in the 1 m—12 cm conthe 12 cm and 1 m HRTFs amibstantially more similar at
dition (masker closer In part, this effect can be explained by the ipsilateral ear than at the contralateral ear, and that BE
the higher SNR that occurred at the better ear in the 12 cm—fiormalization produces an SNR in the 2—4-kHz range that is
m condition with COH normalizatior|.Figure 4 shows that 5-20 dB higher in the masker-closer condition than in the
the SNR ratio in the better ear was 1.5 dB higher in the 1Zarget-closer condition.
cm—1 m configuration than in the 1 m—12 cm configuration  In order to analyze the effects of these spectral differ-
(8.5 dB vs 7 dB.] This effect may also reflect a bias on the ences quantitatively, the articulation indéXl) was calcu-
part of the listeners to direct their attention to the closerdated at the better ear for a speech target presented at 56 dB
talker, who was located only a few centimeters from the earSPL masked by a speech-shaped noise masker presented at
In the noise-masking conditions, the relative distances 065 dB SPL with the 20-band method described by Kryter
the target and masker had the opposite effect on perfor1962. This calculation indicates that the Al at the better
mance. In three of the four noise-masking configurationsar was 0.24 when the target waslam and 0.10 when the
shown in Fig. 6, performance was significantly worse whentarget was at 12 cm. This difference may explain why per-
the target was closer than the masker than when it was fafermance in the 1 m—12 cm configuration was substantially
ther away than the masker. This performance differential wabetter than performance in the 12 cm—1 m configuration in
particularly large with BE normalizatiofright panel of the the noise-masking conditions with BE normalization. A pre-
figure), where the percentage of correct responses was morgous diotic experiment that measured performance in the
than 20 percentage points higher in the 1 m—-12 cm and CRM task as a function of Al with a speech-shaped noise
m—25 cm configurations than in the 12 cm—-1 m and 25masker(Brungart, 2001pfound that the percentage of cor-
cm—1 m configurations. The only noise-masking configuratect color-number identifications was approximately 90%
tion where performance was not significantly better with awhen the Al was 0.24compared to 71% in the 1 m-12 cm
more distant target was the 1 m—12 cm COH configurationgonfiguration of this experimentand approximately 50%
where performance was already near 100% in the 12 cm—When the Al was 0.Xcompared to 48% in this 12 cm—1 m
m configuration and no measurable effect of source proximeonfiguration of this experiment
ity was found. It is interesting to note that the spectral advantages of a
The somewhat counterintuitive effect that relative dis-more distant target talker did not have any meaningful effect
tance had on performance with the noise masker can be ern performance with the speech masker. This can be ex-
plained by spectral differences in target and masker HRTFplained by the fact that speech-on-speech masking with the
at the ear with the more advantageous SNR in each listeninGRM speech task is dependent primarily on informational
configuration. Figure 7 shows the transfer functions of thamasking rather than on energetic masking. Previous experi-
HRTFs of the target and masker at the “better ear” for aments have shown that listeners are able to hear both the
target at 12 cm and the masker at 1(left pane) and for a  target and masking phrases with the CRM corpus at SNRs
masker at 12 cm and a target at 1(right panel. In both  near 0 dB, and that most of their incorrect responses occur
cases, the relative levels of the transfer functions have bedrmecause the listeners are unable to segregate the content of
normalized with BE normalization to make the overall rmsthe target phrase from the content of the masking phrase
power of a speech-spectrum-shaped noise the same whéBrungart, 2001h Thus it is not surprising that relative per-
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formance in this task does not correspond to the prediction: Speech-Shaped Noise Same-Sex Speech
of the articulation index, which was designed specifically to L
characterize the effects of energetic masking in speech.
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C. Characterizing the advantages of spatial separation
in distance

Masker Closer
s
o

Percent Correct Responses Percent Correct Responses
N
o

To this point, the performance advantages that occur
when two talkers are spatially separated in distance have
been described in terms of a difference in the percentage o
correct identifications in the CRM task. Although this
method of measuring “spatial advantage” is appropriate for
comparing performance across different spatialization condi-
tions with the same masking sign@ls in the different-sex,
same-sex, and speech-shaped noise curves in Figt 5 o A 4 | = Normatzes spatel
generally not appropriate for comparing the relative advan- 05429 % 5 0 3 66 3 0 3 6 9 1215
tages of spatial separation across different speech stimuli o. Better-Ear Signal-to-Noise Ratio (dB)
different masking signals. These comparisons require metl’}—'IG. 8. Percentage of correct color and number identifications for two com-
ods of measuring spatial advantage that do not depend on thygting sound sources directly to the left of the liste(@ degrees azimuth

particular characteristics of the speech intelligibility test usechs a function of the SNR at the better ear. The left column shows results for
to make the measurements. the speech-shaped noise masker, and the right column shows results for the
. me-sex speech masker. The top row shows results when the masker is

One measure of spatlal advantage that can be genergipyser than the target, and the bottom row shows results when the target is

ized across different speech perception tests is the change dser than the masker. The results from the 1m—1m configuration are
the speech reception threshdl8RT) that occurs when the shown in both rows. The symbols show results for the different target-

; ; : sker configurations in each panel. The open symbols represent conditions
target and maSkmg S|gnals are spatlally separated. The SI:év]\nlli"tih BE normalization, and the shaded symbols represent conditions with

is defined as the minimum presentation _Ievel of the targeton normalization. The solid line shows performance as a function of
speech required to produce a predetermined threshold levsabnal-to-noise ratio in diotignonspatializegipresentations of the same tar-
of performance in the speech perception task. It is usua"%et and masker signals to the same panel of nine listéBensgart, 2000h

-
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. s he arrows in each panel show a decibel estimate of spatial advantage that
measured k,)y adaptl\,/ely ad]ustmg the level of the targe_ as been calculated from the difference between the better-ear SNR in the
speech until the desired threshold level of performance igg 12cm-1m conditionéopen circlesand the SNR required to achieve the
reached. A decibel measure of spatial advantage can be okeme level of performance in the corresponding diotic conditisoléd lines
tained by subtracting the SRT measured in the spatially sepéil each panel The error bars show 95% confidence intervals calculated

. : ._._ from the raw data for each condition.
rated condition from the SRT measured in the nonspatialized
condition. This method of measuring spatial advantage does

not depend on the difficulty of the particular speech intelli- giff K 6 . q h col
gibility task used in the experiment, so it provides a bettef© & different target-masker configuration and each column

means of comparing the advantages of spatial separatidiP'responding to a different type of masking sound. Within
across different stimulus and masker types than the change fifc! Panel, the symbols show performance in each target-
the percentage of correct responses. It also allows diredP@sker configuration as a function of the SNR at the better
comparison to the large number of experiments in the litera€a"- The open symbols show performance in the BE condi-
ture that have measured spatial advantage this way witHons (where the better-ear SNR was forced to 0.dihd the

noise maskergBronkhorst and Plomp, 1988; Festen andfilled symbols show performance in the COH conditions
Plomp, 1990; Hawlegt al, 2000; Shinn-Cunninghaet al,  (Where the better-ear SNR was determined by the HRTFs

2001; Peissig and Kollmeier, 199@nd with speech maskers The error bars on each symbol represent the 95% confidence
(Duquesnoy, 1983; Hawlegt al, 2000; Peissig and Koll- intervals for each data point. The lines in each panel of the
meier, 1997. figure show performance as a function of SNR from the pre-
In this experiment, performance in each condition wasvious nonspatializeddiotic) experiment that used the same
measured only at the two SNR values determined by the BEPeech-in-speech and speech-in-noise stimuli used in this ex-
conditions and the COH conditions shown in Fig. 4. Becaus@eriment(Brungart, 2001p
these SNR values resulted in different levels of performance  In the 1 m—1 m listening configurations, shown by the
in each condition tested, it is not possible to directly detertriangles in Fig. 8, overall performance was approximately
mine a decibel measure of spatial advantage from these réhe same as in the corresponding diotic configuration with
sults. It is, however, possible to derive a decibel estimate othe same SNR value at the better ear. This is not a surprising
spatial advantage by comparing the results of this experimerigsult, because no binaural or spectral difference cues were
to the results of a previous experiment that used the san@vailable to help segregate the target and masking signals in
panel of listeners and the same CRM stimuli to measuréhe 1 m—1 m configurations. It does, however, indicate that
performance as a function of SNR for nonspatializeidticy  the 1 m HRTFdhat were used to spatially process the stimuli
stimuli (Brungart, 2001h This method of estimating spatial had little impact on the overall intelligibility of the target
advantage is illustrated in Fig. 8. The figure separates thepeech.
data into four separate panels, with each row corresponding In the spatially-separated listening configurations, per-

J. Acoust. Soc. Am., Vol. 112, No. 2, August 2002 D. S. Brungart and B. D. Simpson: Spatial separation of nearby talkers 671



formance was generally better than in the corresponding dispectral cues could explain most of the 2.3-dB spatial advan-
otic configurations with the same SNR values at the bettetage found in the masker-closer configurations, and the ab-
ear. The right-facing arrows in the figure show a decibelsence of these spectral cues may explain why the spatial
estimate of this spatial advantage for the 12 cm—1 m and &dvantage was smallé®.9 dB) in the target-closer configu-
m-12 cm listening configurations with BE normalization rations. At the same time, there is little evidence that mon-
(open circles in the figudeIn each case, the spatial advan- aural spectral cues had much influence on performance in the
tage was estimated from the difference between the bettespeech-masker conditions. Indeed, the spatial advantage was
ear SNR in the spatially separated condition and the miniactually lower in the masker-closer conditions where the
mum SNR value required to achieve the same percentage ofonaural spectral segregation cues should have provided the
correct identifications in the corresponding diotic condition.most benefit. Overall, though, the spatial advantage was
For example, with the same-sex speech masker, correct iderpughly comparable in the target-closer and masker-closer
tifications occurred in approximately 75% of the trials in the configurations with the speech masker, suggesting that the
12 cm—1 m configuration when the better-ear SNR was 0 dBegregation was based primarily on binaural difference cues
(open circle in the top-right panel of the figlirén order to  that were symmetric across the two configurations. Thus, it
obtain comparable performance in the diotic condition, aappears that binaural cues were responsible for a large por-
better-ear SNR of approximately 4.1 dB would be requiredtion of the relatively large spatial advantages found for the
(arrow in the figurg Thus, the “normalized” spatial advan- Same-sex speech masker, but only for a small portion of the
tage in the 12 cm—1 m configuration is about 4.1 dB. Notg'elatively small spatial advantages found with the speech-
that we refer to this estimate of spatial advantage in the Bshaped noise masker.
condition as “normalized” spatial advantage because it com-  Further evidence that the segregation of speech from a
pares performance in nonspatialized and spatialized listeningoise masker is dominated by monaural cues is provided by
configurations that produce the same SNR at the better ediie relatively large influence that better-ear SNR had on per-
this is in contrast to other measures of spatial advantage thi2rmance in the noise-masking conditions of the experiment.
include the effects of any increase in better-ear SNR in thén all the spatially separated configurations tested with the
spatially separated condition. noise masker, large increases in performance occurred with
These estimates of normalized spatial advantage clearfie larger better-ear SNR values in the COH normalization
illustrate the differences that can occur between the percengonditions(comparing the open and black symbols in the left
age estimates of spatial advantage and decibel estimates @lumn of Fig. 8. This is in direct contrast to the spatially
spatial advantage. Spatial separation produced the largei¢Parated configurations with the speech masker, where per-
percentage point increase in performaiie0%) in the 12  formance increased only modestly in the COH conditions
cm—1 m speech-shaped noise condition with a closer maskégomparing the open and black symbols in the right column
(upper left corner of Fig. 8 However, because performance Of Fig. 8. Clearly the SNR at the more advantageous ear was
in the CRM test increases much faster with SNR with a noisé More important factor in determining performance with the
masker than with a speech masker, the decibel spatial advaR©ise masker than it was with the speech masker.

tage was substantially larger for the speech-masking condi- ©Overall, these data suggest that listeners who are at-
tions than for the noise-masking conditions. tempting to segregate a speech signal from a speech masker

The larger normalized spatial advantages that occurreH_erfO’m much better when they have access to the acoustic
in the speech-masking conditions of the experiment also sug?9nals at both ears than when they only have access to the
gest that binaural difference cues play a greater role i@cousnc signal at the ear .Wlth the h|ghe_r SNR. !n contrast,
distance-based speech segregation with a speech masker tiigfEners who are attempting to extract information from a
with a noise masker. The overall decibel measure of normalSP€ech signal masked by noise receive little benefit from
ized spatial advantage shown in Fig. 8 includes the effects diaVing access to the signals at both ears. This supports the
two different types of spatial segregation cues. The first is AYPOthesis that the binaural difference cues associated with
monaural spectral cue based on differences in the spectraPatial separation in distance contribute more to spatial un-
characteristics of the target and masking signals at the bett8fasking with an mfokrmanogal Speec?} masker thaE wlthlan
ear. The second is a binaural cue, often referred to as bina§"€r9etic noise masker. It does not, however, make it clear

ral advantage or binaural interacti¢urek, 1993; Hawley whether the difference is due to low-level binaural signal

et al, 2000, which allows listeners to segregate sounds Onorocessipg orifitis a higher—lgvel process related to a dif-
the basis of variations in the interaural difference cues prolference in the apparent locations of the sounds. The next

duced by the target and masking signals. In this experimen?eCtion describes a second experiment that was designed to

there is reason to believe the monaural spectral cue was rgg(plore this issue in more detail.

sponsible for most of the 2.3-dB normalized spatial advan-

tage found in the 1 m—12 cm noise configuration shown ilV- DISTANCE PERCEPTION IN TWO-TALKER

the top left panel of Fig. 8. As discussed in the previousspEECH STIMULI

section, differences in the spectral shapes of the 12 cmand 1 The results of the first experiment suggest that listeners
m HRTFs produce an SNR advantage at the better ear thate able to use the distance-dependent changes that occur in
substantially improves performance with the noise masker ithe HRTFs of nearby sound sources to segregate speech sig-
the masker-closer configurations but has little effect on pernals that originate from different locations along the interau-
formance in the target-closer configurations. These monauraal axis. They do not, however, provide any information
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about where the listeners perceived those speech signals. |_ 100 ' ' ' '

order to draw any definitive conclusions about the effect that'% « ol [ Target Closer
spatial separation in distance has on multitalker speech seg'c—;u% [l Sams Distancs
regation, it is necessary to verify that two conditions were g g-60f I Masker Closer |
met by the virtual stimuli presented in this experimet: §§4o
that the target and masking signals appeared to be located & 8
the same angle in azimuth a2) that the target and mask- g‘g-azo
ing signals appeared to be located at different distances. § ﬁi m
The first of these conditions is required to ensure that the £ ' ' ' ' '
listeners were not performing the segregation task on the.% 2 80F
basis of differences in the apparent directions of the targeis &
and masking signals. The results of a previous experimen‘g %60'
that measured localization judgments for noise bursts tha§§4o_
were processed with the same set of HRTFs used in experiL;.f, g
ment 1 (Brungart and Simpson, 20DpPprovide some evi- 5% 20 ﬂ' "}‘
dence that the two-talker stimuli used in this experiment met & : . : f}\ '
this “equal apparent azimuth” requirement. These results,
which are illustrated in Fig. 3, show that 12 cm, 25 cm, and §30'
1 m HRTFs measured at 270 degrees in azimuth with the §eo-
same techniques used to produce the HRTFs used in thigé
experiment all resulted in median location judgments nearZ £40
270 degrees. Although there was some variability in the re- §20_ H. ﬂ |‘}h
sponses, these results show that there was no systematic te ﬂ' ’_}‘ ﬁ
dency to perceive the stimuli at different locations in azi- O eomtm mam Irhom Ir120m
muth. Even if there were small differences in the apparent Target-Masker Configuration

azimuth locations of the signals, the impact of these differ- o ) )

Id be limited hat by th lative i it FIG. 9. Distribution of responses in experiment 2. Each group of three bars
gnces wou 'e iImited somew a_ y e_re allve INSENSIVghows the percentages of target-closer, same-distance, and masker-closer
ity of human listeners to changes in the directions of soundgesponses for a different target-masker configuration. Note that the leftmost
near the interaural axis. Experiments that have measured tfj@r in €ach group represents correct responses in the 12 cm-1 m and

. dibl IEMAA) for | | - cm—-1 m configurations, the middle bar represents correct responses in
minimum audible anglé ; ) for lateral source positions the 1 m—1 m configurations, and the rightmost bar represents correct re-
have found that the MAA is roughly 10 degrees for soundsponses in the 1 m-25 cm and 1 m—12 cm configurations. The top panel
sources at 75 degrees azimuth and roughly 20 degrees felpows the results for COH normalization, the middle panel shows the results

d 90 d imu@handl d for BE normalization, and the bottom panel shows the results averaged
sound sources at - egrees azimut@handler an across both normalization conditions. The error bars show 95% confidence
Grantham, 1992; McKinleyet al., 1994. Thus, the 3—6- intervals calculated from the raw data in each configuration.
degree variations in the median azimuth judgments for the
different HRTF distances shown in Fig. 3 are small relative
to the MAA in this region. Consequently, we do not believe Methods
the advantages of spatial separation in distance found in the The stimuli used in experiment 2 were almost identical
first experiment can be explained by differences in the apto those used in the speech-masking conditions of experi-
parent azimuth locations of the competing signals. ment 1. They consisted of pairs of randomly selected phrases
The results shown in Fig. 3 also provide evidence thafrom the CRM corpus that were processed with KEMAR
the “different apparent distance” requirement was met by thedRTFs measured at different distan¢é€ cm, 25 cm, or 1
stimuli used in the first experiment. Although the responsedn) along the listener's interaural axis. One of the phrases
were compressed relative to the range of simulated distancedl® target phragealways contained the call sign “baron,
the median response distances increased systematically wigh'd the other phraséhe masking phraselways contained

the simulated distances of the noise bursts. However, thide call sign *ringo.” The HRTF-processed stimuli were nor-
malized to have an SNR equal to 0 dB either at the center of

experiment did not measure perceived distance with virtua,[Ihe head(COH normalizatioh or at the ear with a higher
speech sounds, and it did not measure the listener’s ability thR (BE normalization. Then they were mixed toggther

localize the distances of two simultaneous virtual sound:sdigitally and played back to the listener over stereo head-
This makes it difficult to know for certain whether the lis- phones(Sennheiser HD540n a quiet, sound-treated listen-
teners in the first experiment were actually perceiving théng room. The overall level of each stimulus presentation
target and masking signals at different distances. In order tq3s randomly roved over a 6-dB range in 1-dB steps.
address this issue, a second experiment was conducted that Although the stimuli were similar to those used in the
examined how well listeners were able to judge the relativdirst experiment, the task was quite different. After each
distances of the target and masking talkers in the two-talkestimulus presentation, the listeners were asked to determine
stimuli used in the first experiment. whether the target phrase was closer than the masking
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phrase, the same distance as the masking phrase, or fartdeading intensity cue, the listeners in this condition per-
away than the masking phrase. They responded by using tHermed well above chance in identifying the 12 cm target
computer mouse to select “Baron Closer,” “Same Dis- talker as the closer talkéleft-hand side of the middle panel
tance,” or “Baron Farther” on the screen of the control com- in Fig. 9). The ability of the listeners to correctly identify the
puter. No feedback was provided about the actual locationeelative distances of the target and masking talkers without
of the stimuli. feedback and in the presence of misleading intensity cues
A total of seven listeners participated in the second exconfirms that the KEMAR HRTFs used in these experiments
periment, including five who also participated in the first provided sufficiently realistic acoustic cues for the listeners
experiment. Each listener participated in four blocks of 120to perceive the competing talkers at different distances.
trials, with each block consisting of five repetitions of all It is, however, apparent that the listeners were much
combinations of two target-masker voice configurationsbetter at segregating the two speech messages in experiment
(same-sex or different-sgxtwo normalization schemg8E 1 than they were at determining the relative distances of the
or COH), and five target-masker distance configuratitf’s  two speech signals in experiment 2. In the 12 cm-1 m con-
cm—-1m; 25 cm-1 m; 1 m-1 m; 1 m-25 cm; and 1 m—12figuration with BE normalization, for example, the listeners
cm). Note that, as in the first experiment, twice as manycorrectly identified both the color and number in the target
trials were collected in the 1 m—1 m configuration than in thephrase approximately 85% of the time in experiment 1

other configurations. (lower right panel of Fig. % but correctly identified the rela-
tive distance of the target talker in less than 50% of the trials
B. Results and discussion of experiment 2. Most of this reduction in performance can

Figure 9 shows the distribution of responses for eacﬂikely be attributed to the increased complexity of the task in

target-masker configuration and normalization scheme usegrPerment 2, where the listeners had to both identify the

in the experiment. The top panel shows the results for coHarget phrase and determine its relative distance at the same

normalization, the middle panel shows results for BE nor-ime- In contrast, “Steners were required only to identify the
rget phrase in experiment 1.

malization, and the bottom panel shows the results averagéa N :
One final interesting aspect of the data from the second

across these two normalization schemes. Within each target- ™| tis that th indicati fthe | dif
masker configuration, the left bar shows the percentage gi<penmentis that there were no indications ot the 1arge dit-
ences in performance that occurred in the same-sex and

target-closer responses, the middle bar shows the percenta %f . - .
erent-sex masking conditions of experiment 1. In fact,

of same-distance responses, and the right bar shows the pe&r- . . '
overall performance was identical with the same- and

gifferent—sex masking voices in experiment%2% correct

of each data point. responses Thus, although both experiments required the Ii§—
The averaged data shown in the bottom panel of thdeners tp .segregate the t"?“get phra_s e from the masking

figure indicate that the listeners were able to make reasorp-hrase’ it is apparent that differences in the vocal character-

ably accurate judgments about the relative distances of thléthS of the two talkers provided a much larger benefit in the

target and masking phrases. In the 12 cm—1 m, 1 m—12 cn?,pee,Ch i.ntelligibil'ity task ip experiment 1 than in the distance
and 1 m —1 m configurations, the listeners correctly identi-loCallzatlon task in experiment 2.

fied the relative location of the target phrase in approxi-
mately 60% of the trials. While this is far from perfect per- V. DISCUSSION AND CONCLUSIONS

formance, it is well above chance and is perhaps remarkably The results of these experiments provide insights into
good when one considers that the task required the listener tbe role that spatial separation in distance plays in determin-
correctly identify the phrase containing “baron” while si- ing the intelligibility of a nearby talker masked by a compet-
multaneously determining the location of that phrase relativéng nearby sound. When the listening task is relatively easy
to the masker. It is also important to note that these result® perform with spatially co-located signals, spatial separa-
cannot be explained by distance-dependent differences in thimn of the target and masker in distance does not improve
overall levels of the competing talkers. Although there was ahe intelligibility of the talker. This is apparent from the lack
systematic relation between overall intensity and distance inf any discernible differences between the conditions where
the COH normalization conditiongvhere the closer talker the target and masker phrases were presented at different
was always more intense in the left ear and less intense in thaistances and those where they were presented at the same
right ea), there were no consistent level-based distance cuedistance when two phrases were spoken by different-sex
in the BE normalization conditions. In the 12 cm—1 m con-talkers.

dition with BE normalization, for example, the closer target When the target phrase is masked by noise, spatially
talker was presented at the same level as the more distaséparating the target and masker can produce a tremendous
masking talker in the left ear, and at a level almost 15 dBimprovement in speech intelligibilitfrom 40% to near
lower than the more distant masking talker in the right earl00%. However, nearly all of this benefit is derived from
(see Fig. 4. Thus, depending on how the listeners integratedspectral differences in the target and masker signals at the
the intensity of the stimuli across the two ears, the overalbetter ear. The binaural difference cues that appear to domi-
level cue in the 12 cm—1 m condition with BE normalization nate the perception of distance for nearby sound sources
was either nonexistent or in opposition to the usual inverséBrungart, 1999acontribute little or nothing to our ability to
relationship between intensity and distance. Despite this missegregate a nearby talker from a masking noise—the overall

centage of target-farther respongas indicated in the leg-
end. The error bars represent the 95% confidence interval
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spatial advantage was not much larger than 2 dB even for theppears to be generally true that the binaural difference cues
largest spatial separations used in this experiment, and moassociated with spatial separation of the target and masking
of this overall spatial advantage was the result of monauratounds have a much greater impact on speech intelligibility
spectral cues at the listener’s better ear. This is consistentith speech maskers than with noise maskers. Freyman and
with the findings of Shinn-Cunninghaet al. (2001), who his colleagues have suggested that this occurs because differ-
showed that spatial unmasking effects with a noise maskegnces in the apparent locations of sounds can dramatically
are dominated by spectral “better ear” advantages, and thaieduce informational masking by enhancing the listener’s
binaural interaction effects account for less than 2 dB of aability to selectively attend to the target speech and avoid
total threshold shift of 25 dB or more for sound sourcesbeing distracted by the contents of the interfering speech
located at 15 cm and 1 m along the interaural axis of thesignal. If this is the case, then the results of this experiment
listener. They also found that their predictions overestimated¢an be explained in the same way: the informational masking
performance when the target and masker were at 90 degredbat occurred with the same-sex speech masker was reduced
suggesting that even 2 dB is a generous estimate of the actughen the target and masker were spatially separated in dis-
binaural advantage that can be obtained by separating thance because they appeared to originate at different loca-
distances of a nearby speech signal and noise masker.  tions in space. The results of the second experiment support
When the target phrase is masked by same-sex speedhjs hypothesis, because they show that the listeners gener-
however, spatially separating the target and masker can pr@lly perceived the talkers at different distances along the in-
duce improvements in intelligibility that substantially exceedteraural axis. However, further research is necessary to con-
those that would be predicted from spectral differences at thelusively determine whether the intelligibility advantages of
better ear. The overall spatial advantage of separating thgpatial separation found in experiment 1 were caused by dif-
target and masker in distance was as large as 5.5 dB whdfrences in the apparent locations of the competing sounds or
the SNR at the better ear was normalized to 0 dB, and morif they were the result of some other kind of binaural pro-
aural spectral cues seemed to contribute very little to thi€essing related to the enlarged ILDs that occur for sound
overall spatial advantage. In fact, in contrast to the relativelysources near the head.
minor role that binaural cues play in spatial unmasking with ~ Although the mechanisms involved are not yet fully un-
a noise masker, binaural cues appear to account for most gﬁrStOOd, it is clear from the results of these eXperiments that
the spatial unmasking that occurs with a speech masker. THEe spatial unmasking of speech associated with the tradi-
results in Fig. 5 show that spatial separation in distance imtional “cocktail-party” effect can be achieved by spatial
proved performance with a same-sex speech masker by abgifparation in distance as well as spatial separation in direc-
28 percentage points with BE normalization and by about 34ion when the target and masking sounds are located near the
percentage points with COH normalization. Thus, about 8504iStener. Additional experiments are now needed to examine
of the intelligibility improvement afforded by spatially sepa- the effects_that spat!al separation in distance has at locations
rating the talkers in distance was maintained when the SNRff Of the listener’s interaural axis in order to form a more
advantage at the better ear was eliminated. With the noiseomMPplete picture of the interactions that occur between ap-
masker, spatial separation in distance improved performandarent distance and apparent direction in the segregation of
by about 60 percentage points with COH normalization and©mMpeting sound sources near the head.
only by about 15 percentage points with BE normalization
(averaging the target-closer and masker-closer condjtionsACKNOWLEDGMENTS
Thus, only about 25% of the intelligibility improvement was
maintained when the better-ear SNR advantage was e"mi:arr
nated with a noise masker. Clearly binaural difference cue(E

play a much larger role in the spatial unmasking of soun ented at the 2001 International Conference on Auditory Dis-

sources that are spatially separated in distance when t ay in Espoo, Finland. This research was funded in part by
masker is same-sex speech than when the masker is spee PP:OSR LRIR,OlHE01COR

shaped noise.

These results are ConSIStent \_Nlth (_)ther recent mUItI'[":IlkefAlthough this does not preserve the exact phase information of the original
experiments that have found similar differences between thyrtrs, previous research has shown that linear-phase HRTFs that maintain
binaural advantages of spatial separation in azimuth with ahe correct low-frequency phase information are indistinguishable from
distant noise masker or a distant speech masker. Hanej{"RTFS that preserve the original phase informatidolkarni et al, 1999.

. he absolute azimuth errors were approximately 16 degrees with the virtual
et al. (2000, for _example, ?‘ISO_ fOUI?d that the binaural ad- sounds and approximately 9 degrees with the free-field sounds. The
vantages of spatial separation in azimuth were 3—4 dB largektimulus-response correlation coefficient in distance for sources along the
when two or more speech or time-reversed speech signal'@teraural axis was approximately 0.6 for the virtual sounds and approxi-
were used as the maskers than when two or more noise gpately 0.8 for the free-field sounds. . .

. . If the experiment were conducted Wwia 0 dB SNR in théetter ear with a
modulated noise signals were used as the maskers. Freymagise masker, performance in the CRM task would asymptote to near
et al. (1999 used the precedence effect to manipulate the100%. Conversely, if the experiment were conducted with%adB SNR in
apparent locations of a target and a masker without affectinghe better ear with a speech masker, performance would be in a region

the SNR at either ear, and found that apparent location had ghere SNR_ls known to have relat|v_ely little effect on perf(_)rmance. In
order to avoid these problems, the noise masker was normalized to a level

substantial effect _On speech intglligibility with a SpeEChlg dB higher than the level of the speech masker in each corresponding
masker but essentially no effect with a noise masker. Thus itstimulus configuration.
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