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Spatial unmasking of speech has traditionally been studied with target and masker at the same,
relatively large distance. The present study investigated spatial unmasking for configurations in
which the simulated sources varied in azimuth and could be either near or far from the head. Target
sentences and speech-shaped noise maskers were simulated over headphones using head-related
transfer functions derived from a spherical-head model. Speech reception thresholds were measured
adaptively, varying target level while keeping the masker level constant at the “better” ear. Results
demonstrate that small positional changes can result in very large changes in speech intelligibility
when sources are near the listener as a result of large changes in the overall level of the stimuli
reaching the ears. In addition, the difference in the target-to-masker ratios at the two ears can be
substantially larger for nearby sources than for relatively distant sources. Predictions from an
existing model of binaural speech intelligibility are in good agreement with results from all
conditions comparable to those that have been tested previously. However, small but important
deviations between the measured and predicted results are observed for other spatial configurations,
suggesting that current theories do not accurately account for speech intelligibility for some of the
novel spatial configurations tested. D01 Acoustical Society of America.
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I. INTRODUCTION 1999, all of the previous studies examined targets and
maskers that were located far from the listener. These studies
When a target of interes®) is heard concurrently with  examined spatial unmasking as a function of angular separa-
an interfering sounda “masker,” M), the locations of both  tion of T and M without considering the effect of distance.
target and masker have a large effect on the ability to deteadne goal of the current study was to measure spatial un-
and perceive the target. Previous studies have examined hQWasking for a speech reception task when a speech target and
T and M locations affect performance in both detectiely.,  a speech-shaped noise masker are within 1 meter of the lis-
see the review in Durlach and Colburn, 1978 or, for exampletener. In this situation, changes in source location can give
recent work such as Good, Gilkey, and Ball, 19%hd rise to substantial changes in both the overall level and the
speech intelligibility taskge.g., see the recent review by pinaural cues in the stimuli reaching the eég., see Duda
Bronkhorst, 2000 Generally speaking, when the T and M and Martens, 1997; Brungart and Rabinowitz, 1999; Shinn-
are located at the same position, the ability to detect or uncunningham, Santarelli, and Kopc 2000. Because the
derstand T is greatly affected by the presence of M; wherycoustics for nearby sources can differ dramatically from
either T or M is displaced, performance improves. those of more distant sources, insights gleaned from previous
While there are many studies of spatial unmasking forstudies may not apply in these situations. In addition, previ-
speech(e.g., see Hirsh, 1950; Dirks and Wilson, 1969; oys modelswhich do a reasonably good job of predicting
MacKeith and Coles, 1971; Plomp and Mimpen, 1981;herformance on similar tasks; e.g., see Zurek, 1988y not
Bronkhorst and Plomp, 1988; Bronkhorst and Plomp, 1990 aple to predict what occurs when sources are close to the
Peissig and Kollmeier, 1997; Hawley, Litovsky, and Colburn, istener precisely because the acoustic cues at the ears are so
different than those that arise for relatively distant sources.
dElectronic mail: shinn@cns.bu.edu For noise maskers that are statistically station@rch
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as steady-state broadband noise in anechoic settings, but n@tyersus M; the only spatial unmasking that can arise for T
for instance, amplitude-modulated noise or speech maskersaand M in the same direction is a result of equal overall level
spatial unmasking can be predicted from simple changes inhanges in the stimuli at the two ears. Moving T closer than
the acoustic signals reaching the eéegy., see Bronkhorst M will improve the SRT while moving T farther away will
and Plomp, 1988; Zurek, 1983For T fixed directly in front ~decrease performance, simply because the level of the target
of a listener, lateral displacement of M causes changé¥)in at both ears varies with distan¢equivalently. In contrast,

the relative level of the T and M at the edi®., the target to  when a source is within a meter of the head, the relative level
masker level ratio, or TMR which will differ at the two ears of the source at the two ears depends on distance. Changing
(a monaural effegtand (2) the interaural differences in T the distance of T or M can lead not only to changes in overall
compared to Ma binaural effect, e.g., see Zurek, 1998or  energy, but changes in the amount of unmasking that can be
relatively distant sources, the first effect arises because thaitributed to binaural factors, the difference in the TMR at
level of the masker reaching the farther ear decrefsas  the two eargas a function of frequengyand even which is
ticularly at moderate and high frequendies the masker is the better ear. In addition, overall changes in the level at the
displaced laterally (giving rise to the acoustic “head ears can be very large, even for small absolute changes in
shadow”. Thus, as M is displaced from T, one of the two distance. Although the distances for which these effects arise
ears will receive less energy from M, resulting in a “better- are small, in a real “cocktail party” it is not unusual for a
ear advantage.” Also, for relatively distant sources the mostistener to be within 1 meter of a target of interést., in the
important binaural contribution to unmasking occurs when Trange for which these effects are evident

and M give rise to different interaural time differences ~ We are aware of only one previous study of spatial un-
(ITDs), resulting in differences in interaural phase differ- masking for speech intelligibility in which large ILDs were
ences(IPD9) in T and M, at least at some frequenciesg.,  Present in both T and MBronkhorst and Plomp, 1988In

see Zurek, 1993 The overall size of the release from mask- this study, the total signal to one ear was attenuated in order
ing that can be obtained when T is located in front of theto simulate monaural hearing impairment. Unlike the
listener and a steady-state M is laterally displatauti both Bronkhorst and Plomp study, the current study focuses on the
are relatively distant from the listeneis on the order of 10 Spatial unmasking effects that occur when realistic combina-
dB (e.g., see Plomp and Mimpen, 1981; Bronkhorst andions of IPD and ILD, consistent with sources witht m of
Plomp, 1988; Peissig and Kollmeier, 1997; Bronkhorst,the listener, are simulated for different T and M geometries.
2000. Of this 10 dB, roughly 2—3 dB can be attributed to
binaural processing of IPDs, with the remainder resulting
from head shadow effectg.g., see Bronkhorst, 2000

If one restricts the target and masker to be at least 1 A common measure used to assess spatial unmasking
meter from the listener, the only robust effect of distance onsffects on speech tasks is the speech reception threshold
the stimuli at the ears is a change in overall lefeely., see  (SRT), or the level at which the target must be presented in
Brungart and Rabinowitz, 1999Thus, for relatively distant order for speech intelligibility to reach some predetermined
sources, the effect of distance can be predicted simply frofhreshold level. The amount of spatial unmasking can be
considering the dependence of overall target and maskeummarized as the differen¢m dB) between the SRT for
level on distance; there are no changes in binaural cues, thge target/masker configuration of interest and the SRT when
better-ear-advantage, or the difference in the TMR at the and M are located at the same position.

better and worse ears. In these experiments, SRT was measured for both

There are important differences between how the acousmearby” sources(15 cm from the center of the listener’s
tic stimuli reaching the ears change when a sound source jgead and “distant” sourceg1 m from the listener Tested
within a meter of and when a source is more than a metegonditions included those in whidii) the speech target was
from the listenele.g, see Duda and Martens, 1997; Brungartin front of the listener and M was displaced in angle and
and Rabinowitz, 1999; Shinn-Cunninghanal, 2000. For  distancef2) M was in front of the listener and T displaced in
instance, a small displacement of the source towards the ligingle and distance; artd) T and M were both located on the
tener can cause relatively large increases in the levels of thgide, but T and M distances were manipulated.
stimuli at the ears. In addition, for nearby sources, the inter-  The goals of this study were t&) measure how changes
aural level differencéILD) varies not only with frequency in spatial configuration of T and M affect SRT for sources
and laterality but also with source distance. Even at relanear the listener(2) explore how the interaural level differ-
tively low frequencies, for which naturally occurring ILDs ences that arise for nearby sources affect spatial unmasking;
are often assumed to be zefice., for sources more than and(3) quantify the changes in the acoustic cues reaching the
about a meter from the headLDs can be extremely large. two ears when T and/or M are near the listener.
In fact, these ILDs can be broken down into the traditional
“head shadow” component, which varies with direction and
frequency, and an additional component that is frequency Four healthy undergraduate studetgges ranging from
independent and varies with source laterality and distanc&9—-23 years performed the tests. All subjects had normal
(Shinn-Cunningharet al,, 2000. hearing thresholdéwvithin 15 dB HL) between 250 and 8000

In the “distant” source configurations previously stud- Hz as verified by an audiometric screening. All subjects were
ied, the better ear is only affected by the relative laterality ofnative English speakers. One of the subjects was author JS

Il. EXPERIMENTAL APPROACH

A. Subjects
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: ‘ FT5), and attenuatorsTDT PA4). The resulting binaural
analog signals were passed through a Tascam power ampli-
fier (PA-20 MKII) connected to Sennheiser headpho(it3

520 1l). No compensation for the headphone transfer func-
tion was performed. A personal computgateway 2000
486DX) controlled all equipment and recorded results.
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3. Spatial cues

In order to simulate sources at different positions around
the listener, spherical-head HRTFs were generated for all the
positions from which sources were to be simulated. These
HRTFs were generated using a mathematical model of a
spherical (9-cm-radiu$ head with diametrically opposed
point receivers(ears; for more details about the model or
traits of the resulting HRTFs see Rabinowgral, 1993;
Brungart and Rabinowitz, 1999; Shinn-Cunninghairal,

FIG. 1. Average spectral shape of speech-shaped noise masker and spe@®00). Source stimul(T and M) were convolved to generate
targets, prior to HRTF processing. binaural signals similar to those that a listener would expe-

rience if the T and M were played from specific positions in
with relatively little experience in psychoacoustic experi- gnechoic space.

ments; the other three subjects were naive listeners with N0 |t should be noted that the spherical-head HRTFs are not
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prior experience. particularly realistic. They contain no pinnae cues., con-
tain no elevation information are more symmetrical than

B. Stimuli true HRTFs, and are not tailored to the individual listener. As

1. Source characteristics a result, sources simulated from these HRTFs are distin-

In the experiments, the targéT) consisted of a high- guishably different from sounds that would be heard in a
context sentence sele,cted from the IEEE COrglEEE real-world anechoic space. As a result, the sources simulated

1969. Sentences were chosen from 720 recordings made b ith these HRTFs may not have been par'FicuIarIy “external-
two different male speakers. These materials have been e ed,” gltho_ugh they were generally localized at the simu-
ployed previously in similar speech intelligibility experi- ated direction. There was no attempt to evaluate the realism,

ments(Hawley et al, 1999. The recordings, ranging from gxte{;allza::oq, olrrlloczllz:g:_l't:y othhe sth:JIatedths ourcEs l.JS'I
2.41-3.52 s in duration, were scaled to have the same r 89 q EI%PFe”Ca' ca Il th s. None eeshs, € spherical-
pressure value in their “raw{nonspatializegforms. An ex- ea s contain all the acoustic cues that are unique to

ample sentence is “The DESK and BOTH CHAIRS were sources withi 1 m of thelistener(i.e., large ILDs that de-

PAINTED TAN,” with capitalized words representing “key pend on distance, direction, and frequency; changes in IPD
words” that aré scored in the experimeisee Sec. £ with changes in distangea result confirmed by comparisons

The masker(M) was speech-shaped noise generated tivith measurements of human subject and KEMAR HRTFs

have the same spectral shape as the average of the spe %f’] sources within 1 m(see, for example, Brown, 2000;

tokens used in the study. For each masker presentation, mn—Qunnmgham, 2000. Further, be_cause the unique
random 3.57-s sample was taken from a I684-§ sample acoustic attributes that arise for free-field near sources are

of speech-shaped noigihis length guaranteed that all words c@Ptured in these HRTFs, we believe that any unique behav-
in all sentences were masked by the npigégure 1 shows ioral consequences of listening to targets and maskers that

the rms pressure level in 1/3-octave badB SPL) of the are near the listener will be observed in these experiments.
24-s-long masking noise and the average of the spectra of the

speech samples used in the study. 4. Spatial configurations
] ) In different conditions, the target and masker were simu-
2. Stimulus generation lated from any of six locations in the horizontal plane con-

Raw digital stimuli (i.e., IEEE sentences and speech-taining the ears; that is, at three azimutB$, 45°, and 90° to
shaped noise sampled at 20 KHwere convolved with the right of midling and two distances from the center of the
spherical-head head-related transfer functiGiRTF9 off- head(15 cm and 1 m The 15 spatial configurations inves-
line (see below. T and M were then scale@n softwarg to  tigated in this study are illustrated in Fig. 2. The three panels
the appropriate level for the current configuration and trial.depict three different conditions: target location fixed G,
The resulting binaural T and M were then summed in soft-1 m) [Fig. 2@], masker fixed at0°, 1 m) [Fig. 2(b)] and
ware and sent to Tucker-Davis Technolodi€BT) hardware target and masker both at 90Fig. 2(c)]. All subsequent
to be converted into acoustic stimylising the same equip- graphs are arranged similarly. Note that the configuration in
ment setup described in Hawley al, 1999. Digital signals  which T and M are both located &°, 1 m) appears in both
were processed through left- and right-channel D/A convertpanels(a) and(b) of Fig. 2; this spatial configuration was the
ers (TDT DDS3-8), low-pass filters(10-kHz cutoff; TDT  (diotic) reference used in computing spatial masking effects.
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a) Target Fixed at (0", 1 m) ¢) Masker and Target at 90° were performed until the standard error in this final average

Mat0" M at 45° M at 90° M at 15 cm Mat1m
T - I ' was equal to or less than 1 dB.
wal o The T and M locations were not knowapriori by the
15om @) : @M el 15om| @y POT W subject, but were held constant through a run, which con-
___________ 1__ , sisted of ten trials. Runs were ordered randomly and broken
i PoT PoT : into sessions consisting of approximately seven runs each.
Mat : Mo o : Within a run, the first sentence of each block was re-
S ) O v o 7i® w peated multiple times in order to set the T level for subse-
: : ' quent trials. The first sentence in each run was first played at
o) Masker Fixed at (0" 1 1) Tatso 44 dB SPL in the better ear. The sentence was played repeat-
w Y HIY edly, with its intensity increased by 4 dB with each repeti-
Tat : : tion, until the subject indicatetby subjective repojtthat he
15 om could hear the sentence. The level at which the listener re-
ported understanding the initial sentence set the T level for
T the second trial in the run. On each subsequent trial, a new
Tm sentence was presented to the subject. The subject typed in
the perceived sentence on a computer keyboard. The actual

sentence was then displayélong with the subject’s typed

FIG. 2. Spatial configurations of targéf) and maskefM). Conditions:(a) responsgon a computer monitdvisible to the subjegtwith

T fixed (0°, 1 m); (b) M fixed (0°, 1 m): and(c) T and M at 90°. five “key words” capitalized. The subject then counted up

and entered into the computer the number of correct key

words perceived. Scoring was strict, with incorrect suffixes

scored as “incorrect;” however, homophones and misspell-
If we had simulated a masking source emitting the saméngs were not penalized. Listeners heard only one presenta-

energy from different distances and directions, the level otion of each T sentence.

the masker reaching the better ear would vary dramatically  If the subject identified at least three of the five key

with the simulated position of M. In addition, depending onwords correctly, the level of the T was decreased by 2 dB on

the location of M, the better ear can be either the ear nearehe subsequent trial. Otherwigee., if the subject identified

or farther from T. For instance, if T is located @0°, 1 m  two or fewer key wordg the level of the T was increased by

and M is located at90°, 15 cm [see Fig. c), bottom left 2 dB. Thus, if the subject performed at or above 60% correct,

panel, T is nearer to the right ear, but the left ear will be thethe task was made more difficult; if the subject performed at

“better ear.” or below 40% correct, the task was made easier. This proce-
In order to roughly equate the masker energgching  dure (which, in the limit, will converge to the presentation

the better earas opposed to keeping constant the distal entevel at which the subject will achieve 50% corneetas

ergy of the simulated masKemasker level was normalized repeated until ten trials were scored. SRT was estimated as

so that the root-mean-squdrens) pressure of M at the better the average of the presentation levels of the T on the last

ear was always 72 dB SPL. With this choice, the masker wagight (of ten) trials.

always clearly audible at the worse e@ven when the

masker level was lower at the worse )eand at a comfort-

able listening level at the worse e@ven when the masker IIl. RESULTS

level was higher at the worse ¢aOf course, the worse-ear A. Target-to-masker levels at speech reception

masker level varied with spatial configuration, and could ei-threshold

ther be greater or less than 72 dB SPL depending on the

locations of T and M.

5. Presentation level

In order to visualize the changes in relative spectral lev-
els of T and M with spatial configuration, the average TMR
in third-octave spectral bands was computed as a function of
center frequency at 50%-correct SRT and plotted in Fig. 3.

By construction(because T and M have the same spec-

All experiments were performed in a double-walled tral shapg the TMR is equal in both ears and independent of
sound-treated booth in the Binaural Hearing Laboratory offrequency for configurations in which T and M are located at
the Boston University Hearing Research Center. the same positiofi.e., for two diotic configurations and two

An adaptive procedure was used to estimate the SRT fozonfigurations with T and M at 90° However, in general,
each spatial configuration of T and M. In each adaptive runthe overall spectral shape of both T and M depends on spatial
the T level was adaptively varied to estimate the SRT, whictconfiguration and the TMR varies with frequency.
was defined as the level at which subjects correctly identified In the diotic reference configuration, the TMR +s7.6
50% of the T sentence key words. dB [e.g., see Fig. @), bottom left pandl In other words,

For each configuration, at least three independentwhen the diotic sentence is presented at a level 7.6 dB below
adaptive-run threshold estimates were averaged to form ththe diotic speech-shaped noise, subjects achieve threshold
final threshold estimate. If the standard error in the repeategerformance in the reference configuration. This diotic refer-
measures was greater than 1 dB, additional adaptive rurence TMR is plotted as a dashed horizontal line in all panels

C. Experimental procedure
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cated speech source to be presented at a relatively high level

| T meqat @ Am i Masker at 50 when it competes with a masker located in the same lateral

o e O S P Sonennemtn iy direction. This is even true when M is A m and T is at 15

N et _20 | I cm [top right panel of Fig. &)], despite the fact that the
@ . — @;wE better-(right-) ear stimulus is at a substantially higher overall
g = c = level than the worse¢left-) ear stimulus in this configura-
= " E 0....-,.-..-..-----"'"_ thﬂ

10 - o e d -10 *

® T e B. Mean diff i | TMR

Tom . Mean airrerence In monaura S
‘GOE ® '30 Q
25 25 25 25 25 25 25 25 25 25 . . . .
Gentor Froquercy (kHz) Gentor Frequency (kH2) The results in Fig. 3 show that the difference in the
b) Maskor Fixed at (0, 1m) TMRs at the two ears can be very large when either T or M
o ., Might Ear is near the listenefa direct consequence of the very large

o e L e ILDs that arise for these sourgeJhis difference is impor-

20 S ¥ tant for understanding and quantifying the advantage of hav-
g.ao R ing two ears, independent of any binaural processing advan-
'"E_E 0 tage. For instance, if a monaurally impaired listener’s intact

10 e ear is the acoustically worse ear, the impaired listener will be

2 U at a larger disadvantage for many of the tested configurations

-30D than vyhen both T and M are distant. In order to quantify the

2% 25 25 25 25 25 magnitude of these acoustic effects, the absolute value of the

Center Frequency (kHz) . . .
mean of the difference in left- and right-ear TMR was calcu-

FIG. 3. Target-to-masker level rati@R) in 1/3-octave frequency bands |ated, averaged across frequencies up to 8000 Hz.
for left (dotted lines with symbo)sand right(solid lineg ears as a function The leftmost data column in Table | gives the mean of
of center frequepcy at speech reception threshold. Conditi@ns: fixed |TMRright_TMRIeft| at SRT, averaged across frequency. Be-
(0% 1 m; (b) M fixed (0°, 1 m; and(c) T and M at 90°. cause the TMRs change with frequency, this estimate cannot
predict SRT directly; for instance, moderate frequencies
in order to make clear how the TMR varies with spatial (e.g., 2000—5000 Hzconvey substantially more speech in-
configuration. When threshold TMR at the better ear is loweformation than lower frequencies. Nonetheless, these calcu-
than the diotic reference TMR, the results indicate the preslations give an objective, acoustic measure, weighting all
ence of spatial masking effects that cannot be explained bfrequencies equally, of differences in the better and worse ear
overall level changes. In such cases, other factors, such aggnals.
differences in binaural cues in T and M, are likely to be From symmetry and because T and M have the same
responsible for the improvements in SRT. spectral shape, the difference in better- and worse-ear TMR
Figure 3a) shows the results when T is fixed @°, 1  is the same if M is held ai0°, 1 m) and T is moved or T is
m). For these spatial configurations, the TMR at the bettefixed and M is movedsee Table I, comparing top and center
(left) ear(dotted line with symbolsis generally equal to or sections.
smaller than the reference TMR. TMR is lowest when M is For configurations in which both T and M are far from
located at(45°, 1 m) (bottom center panglin this case, the the head, the acoustic difference in the TMRs at the two ears
TMR at low frequencies is as much as 14 dB below theranges from 5-10 dB, depending on the angular separation
diotic reference TMRthe TMR at higher frequencies is ap- of T and M. If T remains fixed and a laterally located M is
proximately equal to the diotic reference TMR he worse- moved from 1 m to 15 cnfor vice versa the difference
ear TMR (right ear; solid ling is often much smaller than between the better and worse ear TMR increases substan-
that of the better ear, particularly when M is at 15 cm. tially. For instance, with T fixed at0°, 1 m) and M at(90°,
When the masker is fixed at the reference posif@m1 15 cm), the difference in TMR is nearly 20 dBhird line in
m) [Fig. 3(b)], the TMR at the bettefright) ear(solid line) is  Table ). For spatial configurations in which one source is
below the reference TMR at all frequencies for all four casesqiear the head but not in the median plane, part of this differ-
in which T is laterally displaced. The magnitude of this im- ence in better- and worse-ear TMR arises from “normal”
provement is roughly the san(2—3 dB whether T is near or head-shadow effects and part arises due to differences in the
far, at 45° or 90°. In the diotic case for which T is@°, 1  relative distance from the source to the two eé&Bhinn-
m) and M is at(0°, 15 cm) [top-left panel in Fig. &)], the  Cunninghamet al,, 2000.
TMR is roughly 4 dB larger than in the diotic reference In the configurations for which both T and M are located
configuration. This result indicates a small spatiit- at 90°, there is no difference in the TMR at the ears when T
advantage in this diotic configuration compared to the “typi-and M are at the same distance. When one source is near and
cal” diotic reference configuration when T and M are both one is far, the TMR at the ears differs by roughly 13 dB.
distant after taking into account the overall level of M. It should be noted that there are even more extreme
In all four configurations for which both T and M are spatial configurations than those tested here. For instance,
located laterally[Fig. 3(c)], the TMR at the better ear is with T at(—90°, 15 cm and M at(+90°, 15 cm the acous-
roughly 3—4 dB larger at all frequencies than the diotic ref-tic difference in the TMRs at the two ears would be on the
erence TMR. In other words, listeners need a laterally lo-order of 40 dB(i.e., twice the difference obtained when one
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TABLE I. Spatial effects for different spatial configurations tested. Leftmost data column shows the mean of the
absolute diﬁerencéTMR,ighrTMR.efJ at SRT, averaged across frequencies up to 8000 Hz. The second data
column gives the predicted magnitude of the difference in the monaural left- and right-ear SRTs from the Zurek
model calculations. The third data column gives the binaural advantage calculated from Zurek model calcula-
tions (the difference in predicted SRT for binaural and monaural better-ear listening conditions

Left/right Left/right Binaural
asymmetry asymmetry advantage
(acoustic (Zurek (Zurek
analysis predictions predictions
(dB) (dB) (dB)
T M (15 cm M (0°) 0 0 0
©°1m M (459 17.5 14.6 2.0
M (90°) 19.6 17.9 1.5
M (1 m) M (0°) 0 0 0
M (45°) 9.8 7.5 2.4
M (909 6.4 52 2.2
M T (15 cm T (0° 0 0 0
(0°,1m T (45° 175 14.5 1.5
T (90°) 19.6 17.2 15
T@Am T (0°) 0 0 0
T (45° 9.8 7.5 1.9
T (90°) 6.4 5.2 2.2
T&M T (15 cm M (15 cm 0 0 0
(90°) M (1 m) 13.2 12.6 0.8
T(Am M (15 cm 13.2 12.6 0.9
M (1 m) 0 0 0

source is diotic and one source is at 90°, 15.chiis analy- the same distandeither at 15 cm, circles at left of Fig(®;

sis demonstrates that one novel outcome of T and M beingr at 1 m, squares at right of Fig.(d}], there is a 3-dB
very close to the head is that the difference in the TMRs aincrease in the level the target source must emit compared to
the two ears can be dramatically larger than in previouslyfhe reference configuration. When T and M are at different
tested configurations. distances, spatial unmasking results are dominated by differ-

ences in the relative distances to the head.
C. Spatial unmasking

Figure 4 plots the amount of spatial unmasking for each

spatial configuration.In the figure, the amount of “spatial 25.2) Target Fixed at (0", 1 m) 25,0} Masker and Target at 90°

unmasking” equals the decrease in the distal energy the tar oo |Vaske Diance o | TageDstance|

get source must emit for subjects to correctly identify 50% of 81 [ B 1m S [ BIm

the target key words if the distal energy emitted by the mask- g 19 " §’ 10

ing source were held constant. This analysis includes g ° 8 £ °

changes in the overall level of T and M reaching the ears 3 || * 2l e 8

with changes in source positidand assumes that SRT de- &, ® o 5

pends only on TMR and is independent of the absolute level ., @ 15 8

of the masker for the range of levels considgred 20— o U R S &
When T is fixed at0°, 1 m) [Fig. 4@)], the release from Masker Angle (deg) Masker Distance (om)

masking is largest when the 1-m M is at 45° and decreases |, b)Masker Fixedat (0", 1 m)
slightly when M is at 90°. The dependence of the unmasking s | Tt Distance

O 15¢m o

on M distance is roughly the same for all M directions: mov- [ B 1m °
ing M from 1 m to 15 cmincreases the required T level by g’zs )
roughly 13 dB for M in all tested direction€®°, 45°, and £
900). % 15 o
When M is fixed aheadFig. 4b)], moving the 1-m- g7 - g g

5
distant T to either 45° or 90° results in the same unmasking. . _ g
Moving the T close to the head5 cm results in a large 5 N

0 45 90

amount of spatial unmasking, primarily due to increases in Target Angle (deg)
the level of T reaching the ears. For a given T direction, the

effect of decreasing the distance of T increases with its latFIG. 4. Spatial advantagenergy a target emits at threshold for a constant-
eral angle. energy maskerrelative to the diotic configuration. Positive values are de-

. . . . creases in emitted target energy. Large symbols give the across-subject
Figure 4c) shows the spatial unmasking that ariseSmean: small symbols show individual subject results. Conditi@& fixed

when T and M are both located at 90°. When T and M are atoe, 1 m); (b) M fixed (0°, 1 m); and(c) T and M at 90°.
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D. Discussion %‘ .5

Our findings are generally consistent with previous re- £ 3)
sults that show that speech intelligibility improves when T & 1or ]
and M give rise to different IPDs, and that spatially separat- £
ing a masker and target tends to reduce threshold TMR. & 5r

However, in some of the spatial configurations tested, @
the threshold TMR at the better ear is greater than the TMR(§>‘<s 93 o p > 5
in the diotic reference configuration. For instance, in all four 10

spatial configurations with T and M at 9QFig. 3(c)], the 4
better-ear TMR is roughly the sani@dependent of the rela-
tive levels of the better and worse €aend elevated com-
pared to the TMR in the diotic reference configuration. These
results are inconsistent with predictions from previous mod-
els, which generally assume that binaural performance is al-
ways at least as good as would be observed if listeners were 05 1 2 5
presented with the better-ear stimulus monaurally. Discrep- Frequency (kHz)

ancies between the current findings and predictions from an

existing model(Zurek, 1993 are considered in detail in the FIG. 5. Binaural Al model assumption&urek, 1993. Panel(a) shows
next section maximal binaural advantagémprovement in effective target-to-masker

. . . level ratio or TMR as a function of frequency, which only arises when IPD
For distant sources, changing the distance _Of T or Myt T and M differ by 180°. Pandb) shows weighting of information at each
may change the overall level at the better ear, but it causes diquency for speech intelligibility.

essentially identical change at the worse ear. Thus, the dif-
ference between listening with the worse and the better €alS1ch band, derived from a simplified version of Colburn’s

:S indlepenfdent Or: Tl'and M distancfe \r/]vhen T Ian?f M ar(ra] 3Mmodel of binaural interactiofColburn, 1977a, Jy depends
eag 1 m from the listener. One of the novel effects t atjointly on center frequency and the relative IPD of target and

ahrisesh Wg.ifn eitherbT or M iShWi_tI_hl\iAan mﬁterbof the hdead iSmasker at the center frequency of the band. The advantage in
that the dilierence between the at the better and worsg particular frequency band equals the estimated binaural

ears can be dramatically Iarggr than if both T and M arehwasking level differencéBMLD) for a “comparable” tone-
distant(see Table)l. For the configurations tested, the differ- in-noise detection task. Specifically, if the difference in the

ence in the TMRs at the two ears can be nearly double thﬁ,D of T and M at the center frequency of baini$ equal to
difference that occurs when both T and M are at least a Metef .2 the binaural advantage in bands estimated as the
flrom the Ilsteneg[ggé 19%(18 fc_)lr a célol\t/llc ggfdlM 480°, expected BMLD when detecting a tone at the band center
5cm VEersus 9. or lotic and v 480°, 1 m]. , frequency in the presence of a diotic masker when the tone
Analysis of the spatial unmaskin@ig. 4) emphasizes as an IPD of rad. The maximum binaural advantage in a

the large changes in overall level that can arise with Smal[:and[taken directly from Zurek, 1993, Fig. 15.2, and shown

displacements of a source near the listener. For the COI’]figlilr-] Fig. 5a) as a function of frequendyoccurs when, at the

rations tested, the change in the level that the target MU$Ld center frequency, the IPD of T and M differ byrad.
emit to be intelligible again_st a constaqt I_evel masker rang€%yhen the difference in, the T and M IPD at the band center
f_rom __31 to +15 dB (relative to the diotic reference con- frequency is less tham rad, the binaural advantage in the
figuration. band is lower(in accord with the Colburn model The
amount of information {;) in each bandthe “band effi-
ciency”) is computed as

A. Zurek model of spatial unmasking of speech 0, R<-12 dB

Al Weight

IV. MODEL PREDICTIONS

Zurek (1993 developed a model based on the Articula- y={ R+12, —12 dB<R <18 dB (1)
tion Index (Al,? Fletcher and Galt, 1950; ANSI, 1969; Pav- ' R>18 dB
lovic, 1987 to predict speech intelligibility as a function of 30, Ri>18
target and masker location. Al is typically computed for aThis operation assumes that there is no incremental improve-
single-channel system as a weighted sum of target-to-masketent in target audibility with increases in TMR above some
ratios (TMRs) across third-octave frequency bands. Inasymptote(i.e., 18 dB and no decrease in target audibility
Zurek’'s model, the TMRs at both ears are considered, alongith additional decrements in TMR once the target is below
with interaural differences in the T and M. masked threshold.e., —12 dB). The analysis implicitly as-

To compute the predicted intelligibility, Zurek’s model sumes that the target is well above absolute threshold. Fi-
first computes the actual TMR at each ear in each of 1mally, the values ofy, are multiplied by the frequency-
third-octave frequency band&paced logarithmically be- dependent weights shown in Figd (which represent the
tween 200 to 5000 Hz The “effective TMR” (R;) in each  relative importance of each frequency band for understand-
frequency band is the sum of(1) the larger of the two true ing speechand summed to estimate the effective Al. The
TMRs at the left and right ears ar@) an estimate of the effective Al can take on values between QfQall R; are less
“binaural advantage” in band. The binaural advantage in than or equal to 12 dBand 1.0(if all R; are greater than or
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FIG. 6. Assumed relationship between Al and percent words correct as-
Frequency (kHz)

sumed for high-context speeths described in Hawley, 20pMashed lines

show threshold level for the experiments reported herein. . .
P P FIG. 7. Interaural phase differences as a function of frequency for the

spherical-head HRTF$a) Near distancé15 cm) in top panel.(b) Far dis-
equal to 18 dB. For a given speech intelligibility task and a tance(1 m).

given set of speech materials, percent correct is a monotonic

function of Al (e.g., see Kryter, 1962for the high-context  high-context speech task when the T and M levels equaled
speech materials used in the present study, this correspoflpse presented at SRT. Predictions are shown for binaural
dence, as derived by Hawlé#000, is shown in Fig. 6. listeners(x’'s) as well as monaural-left and monaural-right
ysmg this modeL Zurek1993 was able to predict the' listeners (triangles and circles, respectivelyThe relative
spatial unmasking effects observed in a number of studiefes of T and M used in the predictions are those at which
that used steady-state maskessch as broadband nojsend  gypjects correctly identified approximately 50% of the sen-
positioned both T and M at a distance of at least 1 m fromence key words. Thus, the model correctly predicts an ob-
the subject(e.g., Dirks and Wilson, 1969; Plomp and gerved result when the prediction is close to 50%. For our
Mimpen, 1981; Bronkhorst and Plomp, 1988, among others p,rposes, predictions falling within the gray area in each
In this paper, we apply this model to cases when the targgianel(within 10% of the defined 50%-correct threshotde
and/or masker are close to the subjét., 15 cm. considered to match measured performahiete that in the

B. Predicted speech intelligibility at speech reception
threshold

a) Target Fixed at (0°, 1 m) 106 c) Masker and Target at 90°
In order to calculate model predictions of the current § e
results, the IPDs in the spherical-head HRTFs were analyzec
Figure 7, which plots the IPD in the HRTRas a function of

frequency for the positions used in the study, shows that
IPD varies dramatically with source laterality and only * o/
slightly with distance(e.g., see Brungart and Rabinowitz,
1999; Shinn-Cunningharat al, 2000. Using the left- and SRR ... — % Masker Distance (om)
right-ear TMRs at the measured SFHig. 3), the difference

Predicted % Correct
Predicted % Correct

b) Masker Fixed at (0°, 1 m)
10¢

in T and M IPD was used to compute the effective TMRe = Binaura
TMR at the better ear, adjusted for binaural gaamd the 257 Fight Ear

“band efficiency” in each frequency band. From these val-
ues, the Al was calculated and used to predict percentag:
correct key words using the mapping shown in Fig. 6.

We applied a similar analysis to the left and right ear
stimuli in isolation(i.e., for a comparable configuration but .
with one of the ears “turned off). To generate these mon- :
aural predictions, the appropriate monaural TNIHg. 3
was used to compute the Al directlgxcluding any binaural FIG. 8. Predicted percent-correct word scores from model using TMRs and
contributiong. In this way, we predicted not only the binaural cues present at threshalittual performance indicated by gray

percentage-correct words for binaural stimuli but also |eft_regior‘). Bold exes show binaural model predictions; triangles and circles
give monaural, left- and right-ear predictions, respectively. Conditi@g:

and ri'ght-ear monaural Stimu."- fixed (0°, 1 m) and M at each of 6 locationgh) M fixed (0°, 1 m) and T at
Figure 8 shows the predicted percentage correct on OWwach of 6 locations; angt) T and M at 90° and 15 cm or 1 m.

Predicted % Correct

i
Target Angle (deg)
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model, predicted monaural performar(cgangles or circles gt Fixed 2t (06, 1 m) ¢) Masker and Target at 905

is always less than or equal to binaural performafees, 5 20 | VeskerDtance A: TS pance /,
because any binaural processing will only increase the AlS [ 8 1m oo Bim
calculated from the better eand hence the predicted level % g /
of performance E ol £, -
The one constant feature in Fig. 8 concerns the Worse-g_i %12 <:/
ear monaural predictions. In every configuration for which g & a
the TMR differs in the two earffour in Fig. 8a) (circles, 20 20 .
four in Fig. 8b) (triangles, and two in Fig. &) (rightmost = i — <
triangle in top panel, leftmost circle in bottom panehe Masker Distance (cm)
worse-ear, predicted percent correct is 0%. 25 D) Masker Fixed at (08, 1 m)
Figure 8a) shows predictions for T fixed ahead. For the  co; [Tegetdisance ° Prodetons
diotic configurationgleft side of Fig. 8a)] both ears receive 8%/ 8im L
the same stimulus, left- and right-ear monaural predictionsg ;s
are identical, and there is no predicted benefit from Iisteningg 10
binaurally. For all configurations in which M is at 1 [ilower g 2
panel, Fig. 8], binaural predictions fall within or slightly &
above the expected range. Predictions for the bd&éyj ear ::
are near 30% correct when the 1-m M is positioned laterally.

When M is at 15 cnjupper panel in Fig. @], the binaural Target Angle (deg)
model predictions are generally higher than observed perfor-

. L . ° FIG. 9. Spatial advantagenergy a target emits at threshold for a constant-
mance, but the error is only significant when M ig@®°, 15 energy maskerand model predictions, relative to diotic reference. Symbols

cm) (binaural prediction near 90% corrgcThe monaural  show across-subject means of measured spatial advantage, repeated from
better-ear prediction is slightly below measured performanceig. 4. Lines give model predictions: solid line for binaural model; dotted

when M is at(45°, 15 cm and substantially above measured and dashed lines for left and right edsithout binaural processingre-
rformance when M i 6(90° 15 cm spectively. In any one configuration, the difference between the solid line

pe 0, ance € S b C ) L and the better of the dotted or dashed lines gives the predicted binaural

Figure 8b) shows the predictions when M is fixed at contribution to unmasking; the difference between the dotted and dashed

(0°, 1 m. For this condition, the binaural predictions fit the lines yields the predicted better-ear advantage.

data well for all configurations in which T is at the farthér

m) distance/lower panel in Fig. &)]. For the distant, later- (dotted lineg predictions. To the extent that the model is
ally displaced T, better-ear predictions fall well below true accurate, the difference in binaural and better-ear predictions
binaural performancél19% correct for T at 45° and 90° at each spatial configuration gives an estimate of the binaural
When T is at 15 cm, the binaural model predictions are lesgsontribution to spatial unmasking; the difference between the
accurate, overestimating performance for T at 0° and undehbinaural and worse-ear predictions predicts how large the

estimating performance for T at 90°. impact of listening with only one ear can Hee., if the
In all four configurations in which T and M are posi- acoustically better ear is nonfunctiopal
tioned at 909Fig. 8(c)], the model predicts that both binau- The binaural predictions capture the main trends in the

ral performance and monaural better-ear performance shoutthta, accounting for 99.05% of the variance in the measure-
be much better than what was actually observed, with thenents. The only binaural predictions that are not within the

predictions ranging from 86% to 95% correct. approximate 1-dB standard error in the measurements corre-
spond to the same configurations for which the predicted
C. Predicted spatial unmasking percent-correct scores fail.

The Zurek model1993 was also used to predict the
magnitude of the spatial unmasking in the various spati
configurations. To make these predictions, the mapping i
Fig. 6 was used to predict the Al at which 50% of the key The spatial unmasking analysis presented in Fig. 9 sepa-
words are identifiedsee the dashed lines in Fig. 8Ve then rately estimates binaural, monaural better-ear, and monaural
computed the level that T would have to emit in order toworse-ear threshold# dB). From these values, we can pre-
yield this threshold Al for each spatial configurati@ssum-  dict the binaural advantagée., the difference between the
ing that the level emitted by M is fixg¢dand subtracted the binaural and the better-ear threshokhd the difference be-
level T would have to emit in the diotic reference configura-tween the better- and worse-ear threshdlalsleast to the
tion. Similar analysis was performed for left- and right-earextend that the Zurek, 1993 model is accuratdese values
monaural signals in order to predict the impact of havingare presented in Table I. The difference between the better-
only one functional ear. and worse-ear thresholdsecond data columrns calculated

Results of these predictions are shown in Fig. 9. In theas the absolute value of the differen@e dB) of the thresh-
figure, the large symbols show the mean unmasking found inld T levels for left- and right-ear monaural predictions. This
the binaural experiment§presented previously in Fig.)4 difference ranges from 5-18 dB for configurations in which
while the lines with small symbols show the correspondingT and M are not in the same location. Comparing these es-
binaural (solid line9, left-ear (dashed lines and right-ear timates(which weigh the TMR at each frequency according

aP' Difference between better- and worse-ear
rtlhresholds
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to the Al calculation to estimates made from the strict performance using the better ear alone. We know of only one
acoustic analysiévhich weigh all frequencies up to 8000 Hz study that found a binauralis-advantage for speech un-
equally; first data colummnshows(not unexpectedlythat the  masking. Bronkhorst and Plomfl988 manipulated the
two methods yield very similar results. The predicted binau-overall interaural level differences of the signals presented to
ral advantagdthird data column in Table)] defined as the the subjects in order to simulate monaural hearing loss. Sub-
difference between binaural and monaural better-ear modéécts were tested with binaural, better-ear monaural, and
predictions for each configuration, is uniformly small, rang-worse-ear monaural stimuli as well as conditions in which

ing from 0—2 dB. the total signal to one of the ears was attenuated by 20 dB. In
some cases, monaural performance using only the better-ear
E. Discussion stimulus was near binaural performance; in these cases, at-

tenuating the worse ear stimulus by 20 dB had a negligible

dicting the results for all spatial configurations similar to Impact on perform_ance. I bOt.h ears hgd roughly the same
those that have been tested previously. In fact, the modéliMR butthe IPDs in T and M d|ffered,.b|naural performance
fails only when T and/or M are near the head or when both TVa3 best, performance for left- and right-ear monaural con-
and M are located laterally. ditions was gqua[_and worse than b!naural performaince
and attenuating either ear’s total stimulus caused a small

Of the 15 independent spatial configurations tested, pre: o . . "
dicted performance is better than observed for six configur::%—l_thahiﬁgrada“on ml SRTbOtf{ most i!,ntereﬁt, mtr? orjrc:\;:gns
tions, worse than observed for one configuration, and i or which there was a clear *better eaff’e., when the

agreement with the measurements in the remaining eigt asbth:ch Iargetrtm on;e gabr tr;%n;ge o)hperformtz:]nce with |
configurations. In six of the seven configurations for which € betier ear attenuated by was worse than monaura

the model prediction differs substantially from observed perperformance for the better-ear stimulus, even though the

formance, T and/or M have ILDs that are larger than in pre_better-ear stimulus was always audible. The researchers

viously tested configurations. noted that this degradation in performance appears to be

The Zurek model uses a simplified version of Colburn’s“due o a "‘disturbing" effect of the relatively loud noise
model (1977a, b of binaural unmasking to predict the bin- presented in the other eaBronkhorst and Plomp, 1988, p.

aural gain in each frequency channel, given the interauraism)’ because the better-ear stimulus played alone yielded

differences in T and M. Colburn's original model accounts etter performance than the binaural stimulus. In the current

for the fact that binaural unmasking decreases with the mag?Xpe”m.em’ some of the configurations for which the binau-
nitude of the ILD in M because the number of neurons con- al predictions exceeded observed performance had a worse-
tributing binaural information decreases with increasing ILD.S& signal that was substantially louder than the better-ear

The simplified version of the Colburn model used in Zurek'ssé%r:al'l How;ver, vvlhen ;r was &0°, 15 cm anth wasda_tt q
formulation does not take into account how the noise ILD( , 1 m, binaural performance was worse than predicte

affects binaural unmasking. If one were to use a more Comlgetter-ear performance, even though the worse-ear signal

plex version of the Colburn binaural unmasking model, thevas quieter than the better-ear signal. One possible explana-

predicted binaural gain would be smaller for spatial conﬁgu-tIon for these results is that large ILDs in the stimuli can

rations in which there is a large ILD in the masker. Binauralsometimes degrade binaural performance below better-ear

predictions from such a corrected model would fall Some_monaural performance, even if the worse-ear stimulus is qui-
ter than the better-ear stimulus.

where between the current binaural and better-ear predi& . ) . .
P Finally, it should be pointed out that while the overall

tions. L
rms level of the stimuli was held constant at the better ear,

Unfortunately, such a correction will not improve the h ral tentin T and M ch d with il it
predictions. In particular, of the seven predictions that differ € spectral contentin 1 an changed with spatial position
a result of the HRTF processing. It may be that some of

substantially from the measurements, there is only one ca:saﬁS dict o f bl ith th |
in which decreasing the binaural gain in the model predictiont € prediction €rrors arise from problems wi € monaural,

could substantially improve the model fi at (0°, 1 m and not binaural, processing in the model. Further experiments
M at (90°, 15 cm; see Fig. %), circle at right sid’e of pangl are needed to directly test whether binaural performance is

In five of the remaining configurations in which the predic- "0 >< than monaural better-ear performance in spatial con-

tions fail [circle symbol at left of Fig. &) and all four ob- figurations like those tested.

servations in Fig. @)], even the better-ear model analysis

predicts more spatial unmasking than is observed, and in th\g_ CONCLUSIONS

final configuration[e.g., circle symbol at right of Fig.(B)]

both the binaural and better-ear analysis predict less unmask- The results of these experiments demonstrate that the

ing than was observed. In fact, for this configuration, anyamount of spatial unmasking that can arise when T and/or M

decrement in the binaural contribution of the model will de-are withn 1 m of alistener is dramatic. For a masker emit-

grade rather than improve the binaural prediction fit. ting a fixed-level noise, the level at which a speech target
The model assumes that binaural processing can onlgnust be played to reach the same intelligibility varies over

improve performance above what would be achieved if lis-approximately 45 dB for the spatial configurations consid-

tening with the better ear alone. Current results suggest thared. Much of this effect is the result of simple changes in

this may not always be the case; we found that measurestimulus level with changes in source distance; however,

binaural performance is sometimes worse than the predicteather phenomena also influence these results.

The Zurek model1993 does a very good job of pre-
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tenersg that are as much as 13 dB greater observed for con-
figurations in which T and M are at least 1 meter from thelintersubject differences were relatively modest in these experiments, with

Iistener[i.e. from Table I, when T is at0°, 1 m), the esti- an average sample standard deviation across the four subjects of 1.7 dB.
' ' ' ' These subject differences are shown in Fig. 4, but are left off of Figs. 3 and

mated left/right asymmetry is 19.6 dB for M €0°, 15 cm 4 for clarity.
and only 6.4 for M at90°, 1 m]. Specifically, for the con- ?The Al has since been extended and renamed as the Speech Intelligibility

figurations tested, the worse-ear TMR can be nearly 20 dg/ndex or Sii; see ANSI, 1997. o
. . “On average, the standard error in the SRTs across the four subjects is 0.85
lower than the better-ear TMR. While the current experi- g Erom this, we can estimate the corresponding standard error in percent-

ments did not measure performance of monaural listenersorrect estimates as follows. Near the 50%-correct point, the Al function is

irectly. this analvsi rts the view that having tw r roughly linear. Assuming all frequency bands have TMRs betweég
direc y, thiS analysis supports the vie at having two ea Sand 18 dB, the Al is linear with TMR. Thus, under these assumpfioas

provides an enormous advantage to listeners in Noisy enVinear the 50%-correct point with all frequency bands contributing to the Al
ronments, especially when the sources of interest are close tand not saturatedpercent correct is a linear function of TMR with a slope

the listener. However. much of the benefit obtained from of roughly 12%/dB. Multiplying the standard error in the estimate of SRT
) ! times this slope yields a rough approximation of the standard error in the

listening with two ears appears to derive from having two percentage correct of 0.85296=10.2%. Note that if some frequency

independent “mixes” of T and M, one of which often has a bands are inaudible or saturated, the estimated error in percent correct will

better TMR than the other. The specifically binaural process-2ctually be less than 10.2%.

ing advantages expected in the tested configurations are

comparable to those observed in prgwous StUdles_’ on thENSI (1969. ANSI 53.5-1969, “American National Standard Methods for
order of 2 dB. Of course, even 2 dB of improvement in TMR  the Calculation of the Articulation Index{American National Standards

can lead to vast improvements in speech intelligibility near Institute, New York.

SRT. leading to improvements in percent-correct word idenf\NSI (1997. ANSI 53.5-1997, “Methods for Calculation of the Speech
! g p p Intelligibility Index” (American National Standards Institute, New Yprk
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