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Binaural detection with spectrally nonoverlapping signals
and maskers: Evidence for masking by aural distortion products
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(Received 9 January 1997; accepted for publication 24 July)1997

Thresholds were measured for diotic tonal signals in the presence of interaurally delayed bands of
Gaussian noise. When the signal frequency was 525 Hz, the spectrum of the noise was either below
(highest frequency, 450 hior above(lowest frequency, 600 Hzhe frequency of the signal. When

the signal frequency was 450 Hz, the spectrum of the noise was always above the signal frequency
(lowest frequency, 600 HzSignals had a 250-ms duration and were temporally centered within the
300-ms long bursts of noise. The spectrum level of the noise was 60 dB. Thresholds obtained in all
three conditions varied essentially sinusoidally with the interaural delay of the noise. For signals
below the spectrum of the noise, the periodicities within the data were close to, but not identical
with, the periodicities of theignals This outcome is discussed in terms of masking produced by
aural distortion products stemming from interactions within the bands of hcfisean der Heijden

and Kohlrausch, J. Acoust. Soc. A8B, 3125—-31341995]. For signals above the spectrum of the
noise, the periodicities in the data suggested that masking was produced by components within the
band of noise. Patterns within the data are also discussed in terms of limitations concerning the
magnitude of external delays that can be matched by internal delays that are incorporated in modern
models of binaural processing. @997 Acoustical Society of Amerid&0001-496607)03211-4

PACS numbers: 43.66.Pn, 43.66.[0VH]

INTRODUCTION tion products having spectral components in fanefre-
guency region as the signal. Said differently, we attempted to
In a recent study, van der Heijden and Kohlrauschuse interaural delays of a band of noise to separate off-
(1995 showed that aural distortion products evoked by in-frequency masking.e., masking due to spectral components
teractions among the components of a band of noise detegpectrally distant to the signal frequendgom on-frequency
mined the detectability of a tonal signal whose frequencymasking(i.e., masking due to distortion products adjacent to
was belowthe spectral region of the noise. The level of theand/or overlapping with the signal frequency
noise was low enough to preclude similar effects due to re- Our expectation was that, if masking were ‘“on-
mote masking(e.g., Bilger and Hirsh, 1956 Van der frequency” due to distortion products, then the pattern of
Heijden and Kohlrausch found that the distortion productshresholds, as a function of interaural delay of the noise,
responsible for their “downward” masking effects had would reflect the frequency of the signal. That type of out-
level-dependent phases that were similar to those found witbome was reported in the classic studies of Rabateal.
odd-order distortion products such as the cubic differenc€1966 and Langford and Jeffre$4964, who measured the
tone(e.g., Goldstein, 1967In addition, van der Heijden and detectability of tonal signals masked by Gaussian noise hav-
Kohlrausch found that aural distortion products appeared ting components in the same spectral region as the signal. For
play no role when the frequency of the signal was above théhe type of on-frequency masking which they studied, the
spectral region of the nois@n “upward” masking condi- data showed oscillations at the frequency of the signal as the
tion). Their findings are consistent with well-known physi- masking noise was interaurally delayed.
ological and psychophysical observations concerning distor-  To our knowledge, there are no data available concern-
tion products. ing how binaural detectability varies with interaural delay
It occurred to us that a binaural paradigm could providewhen signal and masker occupy different spectral regions.
a further test of the ability of auditory distortion products to We are aware of only two studies dealing with binaural pro-
produce “downward” masking. The challenge was to differ- cessing in “off-frequency” conditions. McFaddeet al.
entiate between masking effects produced by components §1972 measured masking-level differences in a tone-on-tone
a noise stimulus per se and masking effects produced byaradigm with the signal placed spectrally above or below
internally generated distortion products. Our strategy was tothe sinusoidal masker and Hadt al. (1983 measured bin-
employ interaural delays of a band of noise and to use periaural detection in a notched-noise experiment. Neither of
odicities within the data to determine whether detectabilitythose two studies incorporated stimulus conditions involving
was due to(1) components within the band of noise, in this interaural delays. Therefore, the data obtained in those stud-
case remote from the frequency of the signal{@rdistor- ies may not directly bear on issues of interest here. Conse-
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guently, what the patterning of thresholds is as a function otignal frequencies of 450 and 525 Hz in the presence of the
delays in the maskers in the off-frequency case is an opehigher-frequency noise were collected in pairs. Three of the
guestion, which the data obtained in this investigation willauthors(AK, SP, and MH participated in the experiment.

help answer. All listeners had normal hearing and had extensive experi-
ence in formal binaural listening tasks. Initial testing was
I. METHOD conducted in single-walled, sound-attenuating chambers

Detection thresholds were determined using a threehoused in laboratories at IPO, The Ngtherlands, using Beyer
DT 880 headphones. Follow-up experiments were conducted

interval forced-choice adaptive procedufkeevitt, 1971. ¢ IPO and at th h tics laborat t the Uni
Each trial consisted of three 300-ms observation interval?_ and at the psychoacoustics laboratory at the Univer-

each separated by 200 ms. The signal occurred randoml !ty of C_:onr_1ec_ticut Health Center using TDH-39 earphones
with equala priori probability in each of the three intervals. U both institutions.

The listeners were provided with correct-answer feedbaclﬁ RESULTS

via a computer terminal. Each estimation of threshold begatlf

with the signal being easily detectable. The level of the sig- The behavioral thresholds are plotted in Fig. 1 along
nal was decreased after two consecutive correct responsesth curves representing the cosine functions that best fit the
and was increased after each incorrect response. This procespective sets of data. In Fig. 1, pan@sand (b), respec-

dure tracked the 70.7% correct point of the psychometridively, contain data obtained when the frequency was 525 Hz
function. The step size was 8 dB at the beginning of eacliclosed trianglesor 450 Hz(closed squarg¢sand when the

run, was reduced to 4 dB after the second reversal, and to r@ise had components ranging from 600 to 1100 Hz. Panel
dB after the fourth reversal. Ten more reversals were ob¢c) of Fig. 1 contains data obtained when the frequency of
tained using 2-dB steps. An estimate of threshold was obthe signal was 525 Hz and the components of the noise
tained by calculating the median of the levels over the temanged from 0 to 450 Hzclosed circles

last reversals. Final thresholds are the average of three such The data points represent means calculated across the
estimates. three listeners and the error bars represent the standard errors

Thresholds were obtained for tonal signals in the presof those means. Because we are principally interested in the
ence of a band of noise. In different conditions, the fre-patterning of the data as a function of ITD, individual differ-
guency of the signal was either below or above the frequenences in overall threshold were removed during the calcula-
cies composing the band of noise. When the band of noiston of the standard errors in each plot. This was done by
had components ranging from 600 to 1100 Hz, the frequencgubtracting the mean of the data of each listener from the
of the signal was either 450 or 525 Hz. When the band ofyrand mean, in each signal condition, respectively.
noise had components ranging from 0 to 450 Hz, the fre- Let us first consider data obtained with the higher-
guency of the signal was 525 Hz. Thresholds were measurddequency band of noisg=ig. 1, panelda) and(b)]. In both
with several interaural time delaybl'Ds) of the noise rang- cases, the thresholds vary with ITD in a manner that appears
ing from O to 2470us in steps of 13Qs. The bands of noise to be approximately cosinusoidal. Note that the patterns of
had a duration of 300 ms including 20-ms, cosine-squarethresholds obtained with the two signals are different, espe-
on/off ramps and had a spectrum level equivalent to 60 dRially for ITDs greater than 1000s. When the frequency of
SPL. The duration of the signals was 250 ¢meluding 20-  the signal was 525 Hfgpanel(a)], thresholds increased more
ms, cosin& on/off ramp$ and the signals were temporally steeply for delays greater than 1008 than did the thresh-
centered in the band of noise. The signals were always preslds obtained when the signal was 450 Hbanel (b)]. In
sented diotically(So resulting in a binaural configuration addition, when the signal frequency was 525 Hz, a maximum
commonly referred to as #6o0. in threshold occurred when the ITD was 1628 and per-

All stimuli were digitally generated utilizing a 32-kHz formance improved as ITDs were increased to 24%0 In
sampling rate and were played out using 16-bit D/A convert-contrast, when the signal frequency was 450 Hz, thresholds
ers. Before each block of trials that led to an estimate ofncreased for ITDs of up to 2080s or so.
threshold, a 4-s long circular buffer of Gaussian noise was We examined periodicities within the data using the
calculated and independent, 300-ms long, samples of thaimplifying assumption that the thresholds varied as a cosi-
noise were drawn randomly to produce the noise stimulus imusoidal function of ITD. We found the best fitting cosine
each observation interval. The buffers of noise were confunction (based on a least-squares critejidor the data
structed by first drawing independent samples from a Gausshown in panelga) and (b). Amplitude and frequency were
ian distribution and then applying a discrete Fourier transallowed to vary, but phase was constrained to be zero. This
form to those samples which resulted in a spectrum having was done because a value of zero ITD would be expected to
spacing of 0.25 Hz between components. The spectral contead to the poorest performan@ee., a maximum in thresh-
ponents outside the desired passband were set to zero anda@ld) given that the signals were presented in the So configu-
inverse Fourier transform yielded the desired 4-s-long circufation. That is, the zero ITD in the noise results in an NoSo
lar buffer of band-limited Gaussian noise. Noises constructedondition, a binaural configuration that does not contain in-
in this manner have a long-term spectrum with extremelyteraural differences.
steep spectral edges. When the frequency of the signal was 525 Hmanel

The testing of the conditions was completely random-(a)], the data were best fit by a cosine function having a
ized, except that the estimates of thresholds obtained witfrequency of 540 Hz and 84% of the variance in the data was
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BT T T T T T will be discussed in detail after other data are presented.
noise: 600-1100 Hz When the frequency of the signal was 450 HEg. 1,
signal: 525 Hz i panel(b)], the data were best fit by a cosine function having
a frequency of 469 Hgsolid line). That frequency accounted
for 87% of the variance in the data. Although the spectral
| content of the noise was the same as when the frequency of
v the signal was 525 Hpanel(a)], the frequency that best fits
the data is now 71 Hz lower than before. As before, the best
i fitting frequency is wellbelow the spectral content of the
} noise and close to the frequency of the signal. Overall, based
v on the frequencies that best fit the data, the patterning of the

— T T T T~ data in panelga) and (b) of Fig. 1 is consistent with the
0 500 1000 1500 2000 2500 hypothesis that the signals were masked by aural distortion
@ ITD (us) products.

Let us now, using the same fitting methods as before,
consider how well the data are fit by other frequencies be-
sides the best fitting ones. This will provide an indication of
how robust the data are in terms of being characterized by
the single cosine functions shown in panés and (b) of
7 Fig. 1. Panela) of Fig. 2 shows the percentages of variance
1 accounted for in the data presented in pari@lsand (b) of
8 Fig. 1 as a function of the frequency used to fit the data. Note
that the frequencies which account for the largest percent-
. ages in the data are clearly different for the two signal fre-
guencies, despite the fact that the external or physical noise
— was the same in the two conditions. Also note that specifi-
0 500 1000 1500 2000 2500 cation of aspectral regiorrather than a particular frequency
() ITD (ps) appears to be a more accurate description of the quality of

fits to the data by single cosine functions. Essentially identi-
604 § S Tt T cal amounts of variance were accounted for by a small band
| noise: 0-450 Hz of frequencies surrounding the best fitting one. Still, it is
signal: 525 Hz clearly the case that the spectral regions that provide the best
fits to the data are those that were expected to provide on-
frequency masking due to aural distortion products.

Let us now turn to the data obtained with the lower-
frequency band of noisgFig. 1, panel(c)]. The reader is
] reminded that the frequency of the sigriaR5 H2 in this
E ] condition wasabovethe spectral content of the noise, which

ranged from 0 to 450 Hz.

| The behavioral thresholds in par(e) vary as a function
0 500 1000 1500 2000 2500 of ITD, indicating that interaurally delaying a noise can dif-
© ITD (us) ferentially affect the detectability of a signal placed spec-

trally above the highest frequencies in the noise. The maxi-
FIG. 1. Average thresholds of the three listeners as a function of ITD of thdNUM release from masking, about 8 dB, occurred when the
noise. Error bars indicate across-listener standard errors computed after difD was 780us. The solid line in Fig. 1, pandkt), repre-
fefe”lce(s)";n(:j"(et;)a'\'/vglesohbign‘gsfsv ;imf‘*s éiﬁarggn‘t’:;? é’fomt: ;’;isesents the best fitting cosine function which, in this case, had
F:r?;ez ?rom 600 to 1100 Hz and when the freqpuency of the signal was eithe? frequency of 479 Hz and accounted fqr 79% of the vari-
525 Hz[panel(a), closed trianglesor 450 Hz[panel(b), closed squards ~ ance in the data. A frequency of 479 Hz is 29 Hz above the

The data points in panét) (closed circleswere obtained when the spectral highest components of the noise and 46 Hz below the fre-
content of the noise ranged from 0 to 450 Hz and the frequency of the signa&luency of the signal

was 525 Hz. Solid lines in each panel indicate cosine functions that best fit . .
the data. P Panel(b) of Fig. 2 shows the percentages of variance

accounted for the data in pang) of Fig. 1 as a function of

the frequency used to fit the data. Frequencies in the region
accounted for by that function. That function is representedetween about 450 and 510 Hz account for between 72% and
by the solid line in pane{a). Note that this best fitting fre- 79% of the variance of the data. In this case, the best fitting
quency of 540 Hz is welbelowthe spectral content of the cosine functions are welbelow the signal frequency and
noise and close to the frequency of the signal. This outcomslightly above the highest components of the noise. This out-
is consistent with the hypothesis that the signal was beingome, taken in conjunction with the data discussed earlier,
masked by aural distortion products, an interpretation thasuggests that different processes or mechanisms may mediate
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90 Y . ' . ' , . . . N7So condition such as those investigated here, equalization

S ,ln is accomplished via internal delays that compensate for the
3 f \ Vv ITD in the noise. The stimulus condition is thereby trans-
T 80} o u /V V\ formed into a new configuration in which the noise is, ide-
§ ./ > V\ ally, interaurally identica[No). After equalization, the signal
S / v \ v contains a time-delay equal to the internal delay required to
® 70+ ] / [ ] \ equalize the noise. In this manner, theS¢ condition be-
% -/ v \ '\ comes, after equalization, effectively equivalent to MoS
5 / [ ] v where 7 is the time delay of the signal corresponding to the
> 60 v \ internal delay required to match the external delay of the
R / . noise.
v \ Now, in our experiment, if the listeners were able to
50 L . T L . . . : match(internally) the ITD of the noise, then one would ex-
400 450 500 550 600

pect that N'So thresholds would vary in the same manner as
(a) Frequency (Hz) would thresholds obtained in an Ne$ondition with the
same signal frequency. In order to see if this were true, we
retested the same listeners in the three main conditions of our
original experiment utilizing an NoSstimulus configuration.

For each signal frequency, we used several ITDs that were
) equivalent to phase shifts of up to 180 deg. In addition, for
/ \ 1 reasons discussed later, we also obtained data usingr&o N

/ ‘\ stimulus condition.

90 T T T T T T T T T

701 . Lo .
/ PY The new data, obtained in the No8ondition, are plot-

/’ \ 1 ted in the three panels of Fig. 3 as open symbols. The data
o represented by closed symbols are replotted from Fig. 1.
When the signal was spectrally below the ndipanels
® ° 1 (@ and(b) of Fig. 3], thresholds obtained with ITDs of the
50 ./ . . . . o\ . ! signal greatly overlap thresholds obtained with ITDs of the
400 450 500 550 600 noise, provided that the ITD was less than g&0or so. For
(b) Frequency (Hz) larger values of ITD, thresholds obtained with ITDs of the
signal are consistentliower than thresholds obtained with
FIG. 2. The percentage of variance in the data of Fig. 1 accounted for by TDs of the noise. Pan€t) of Fig. 3 contains similar trends,
fitted cosines as a function of the frequency of the fitting cosine functions. Inggye for the fact that the thresholds obtained with ITDs of the

panel(a), this value is shown for the thresholds obtained when the spectral_. . . .
content of the noise ranged from 600 to 1100 Hz. The two different curvesSlgnal and thresholds obtained with ITDs of the noise now

represent the two different signal frequencies: 450(#lased squar¢sand ~ overlap for ITDs of up to about 80@s.
525 Hz(closed triangles In panel(b), the percentage of variance accounted We believe that the overlapping of the thresholds in the

for is shown for the thresholds obtained when the spectral content of th(N So and No$ conditions is evidence that the external de-
noise ranged from 0 to 450 Hz and the signal frequency was 52&lbized . . .
circles. lays were equalized or matched by appropriate internal de-
lays. This statement holds for the noise components originat-
binaural detection depending on whether the frequency oihg externally and for noise components generated internally
the signal is below or above the spectral content of the exby auditory nonlinearities. In contrast, the nonoverlapping of
ternal noise. N7So and No$ thresholds for larger delayslelays between
Although the data presented in the three panels of Fig. 500 and 100Qus or s9 is taken as evidence that the external
are well fit by cosine functions, close visual inspection indi-delays of the noisevere not matchedhternally. This sug-
cates that there are systematic departures from the best fittingests that there islamitation on the size of the ITD that can
cosine functions, especially for the thresholds obtained wittbe matched internally. If that were true, then how does one
the smaller values of ITD. Among the most striking ex- explain the pattern of thresholds obtained with ITDs too
amples are the thresholds in Fig. 1, pa(®@| for TDs rang-  large to be matched internally? Our hypothesis is that, for
ing from 260 to 780us. Those data clearly suggest a much|TDs too large to be matched internally, detection is based
more rapid decline in threshold than that described by then the interaural correlation coefficient. The interaural corre-
best fitting function. We were also concerned that those datktion coefficient is the value of the interaural correlation
appear to have a second maximum at an ITD of about 221function at lag zero. Therefore, decisions based on it do not
us that is located beyond the maximum displayed by the bestquire equalization accomplished via the delay line. Our
fitting cosine function of 479 Hz. These aspects of the datdypothesis differs from that made by Durla¢h972 and

60

% variance accounted for
°

\.
/

are addressed next in Sec. lll. others, who assume that detection depends on the “best
available internal delay” independent of whether that delay
IIl. DISCUSSION completely equalizes the external delay.

We begin by discussing the results in terms of Durlach’s ~ This line of argument leads us to look for two distinct
equalization-cancellation modéDurlach, 1963, 1972In an  regions in the data. In the region of “small” ITDghose that

2969 J. Acoust. Soc. Am., Vol. 102, No. 5, Pt. 1, November 1997 van der Heijden et al.: Aural distortion and binaural detection 2969



noise: 600-1100 Hz
signal: 525 Hz

50- i%
48 }

Threshold (dB SPL)
B
i

kN
e
e

S

R

<
«

3
<A
<

1000 1500
@) ITD (us)

T
2000

-
2500

S
B

noise: 600-1100 Hz
signal: 450 Hz

F S
N
1

S

o

1

HEHOH

.y
Y 3
s s

,

,

Threshold (dB SPL)
& &
1 1 1 1 2 2
=
=L
"

w
N
1

®
_q'_|
HH

0 500 1000 1500
(b) ITD (us)

T
2000

T T
2500

N
N
N

noise: 0-450 Hz
% signal: 525 Hz

)] (2]
[e] o
P P

Threshold (dB SPL)
[¢,]
ﬁ”

£
e
Lo
Lo
—e—|
o
o

of the noise that is responsible for the masking.

We now evaluate whether 480 thresholds obtained
with ITDs presumably too large to be matched internally can
be explained using the interaural correlation coefficient. We
will begin with the data obtained when the frequency of the
signal wasbelow the spectral content of the noise. We as-
sume that masking in this case was due to “on-frequency”
aural distortion products and that the patterning of the data
will reflect this. The methods used to evaluate this assump-
tion were a bit complicated. We inspected the autocorrelation
function of a 100-Hz-wide band of noise centered on the
frequency the signal. The bandwidth of 100 Hz was chosen
to approximate the bandwidth of noise at the output of a
critical band at these low signal frequencies. The spectrum of
the bands of noise contained a {ié spectral slope of 0.11
dB/Hz) favoring the higher frequencies. That value of spec-
tral slope was determined by taking the 8-dB difference in
detection thresholdobtained with an ITD of Qus) for the
two signal frequencies placed spectrally below the noise and
dividing that difference in threshold by the 75-Hz difference
in the frequency of the signals. We made the reasonable
assumption that the 8-dB difference in diofNdoSo thresh-
olds for the two signal frequencies occurred because the
noise power responsible for the masking differed by 8 dB
across the two signal frequencies. This type of spectrum,
“tilted” toward the higher frequencies, is consistent with the
literature concerning aural distortion produdesg., Gold-
stein, 1967; van der Heijden and Kohlrausch, 1)98&cause
of the spectral tilt, the autocorrelation function of the 100-
Hz-wide band of noise, although centered on the frequency
of the signal, is quasi-periodic with a frequency slightly
higher than the frequency of the signal.

We evaluated the autocorrelation functions of the two
noises for ITDs greater than 7Qgs, a value chosen by con-
sidering all the data. The process involved recastin@d
conditions into MWSo conditions, withp being the interaural
correlation of noise stemming from aural distortion products.

52 E . In order to do so, we had to obtain additional data using an
0 N7So stimulus configuration. ThesenSo (p= —1) thresh-
50— T T - — olds, in combination with the NoS@E + 1) thresholds ob-
0 500 1000 1500 2000 2500 tained in the main experiment, served as endpoints in the
© ITD (pus) function relating WSo detection thresholds @ In order to

obtain predictions of thresholds for intermediate valuep,of

FIG. 3. Open symbols in panela)—(c) indicate NoS thresholds as a func- . . . .
tion of the ITD of the signal. Closed symbols in panéi—(c) indicate W€ utilized the interpolation method recently described by

thresholds obtained in the corresponding spectral conditions using®e N van der Heijden and Trahiotid996.

configuration(these data are replotted from Fig. Different panels corre- The solid lines in panelé) and (b) of Fig. 3 represent

spond to different spectral conditions: the data in pa@lsand (b) were g : : :

obtained with the spectral content of the noise ranging from 600 to 1100 HPredlCtl(_)ns Obta_lr?ed for ITD_? 7005 using the Interaur_al

(and with signal frequencies of 525 and 450 Hz, respectivay the data ~ correlationcoefficientof the tilted-spectrum bands of noise

in panel(c) were obtained with the spectral content of the noise rangingrepresenting aural distortion products as discussed earlier.

from 0 to 450 Hz(and a signal frequency of 525 HzSolid lines indicate The reader is reminded that these predictions were made as-

predictions based on the interaural correlation of an interaurally delaye . h | hed I h

noise stimulus for ITDs greater than 7Q6. The dashed lines represent suming that external ITDs wenmgot mgtc ednternally. The

extensions of the predictions to include ITDs less thanZ8MN=So thresh-  correspondence between the predictions and the data appears

olds are indicated by asterisks. to be quite good in both cases. When the signal frequency
was 525 Hz panel(a)], the amount of variance in the data

can be matched internally the pattern of thresholds would accounted for by the predictions was 87%. When the signal

reflect the frequency of the signal. In the region of “large” frequency was 450 Hipanel(b)], the amount of variance in

ITDs (those thatannotbe matched internallythe pattern of the data accounted for by the predictions was 75%.

thresholds would reflect the periodicity in the autocorrelation A corollary of our theoretical position is that extending

2970
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the predictions to ITDgessthan 700us (the ITDs we have tion of noise for the smaller delays that can be internally
arguedare internally matcheglwould reduce the amount of matched and on the use of the correlation coeffidieet, the
variance accounted for in the data. Indeed, as shown by theorrelation function at lag zeydor larger delays that cannot
dashed line extensions to our predictions in Fig. 3, the prebe internally matched. Of course, it is possible that binaural
dictions for the smaller ITDs would be quite poor. When wedetection for “in-between” values of external delay may de-
included those values of ITD in the analysis, the amount ofpend upon a combination of both modes of processing and/or
variance accounted for decreased and was 67% and 65%, fardifferential weighting of internal delays depending on their
the 525-Hz and the 450-Hz signals, respectively. usefulness. In addition, our interpretations do not explicitly
Overall, our analyses strongly suggest that aural distoreonsider the potential use of “slipped cycles” for detection
tion products are responsible for the masking that occurre@hen external delays are large enough so that complete can-
when the frequency of the signal whslowthe spectral con- cellation is impossible. As discussed by Rabingral.
tent of the noise. In our judgment, the predictions based 011966, especially on pages 69 and 70, explanations of bin-
aural distortion products are remarkably good, especiallyaural detection data depending upon the use of slipped-cycle
when it is considered that the predictions were made by takinformation involve a myriad of complex issues and data. At
ing into account: only two behavioral thresholds and logicalthis time, we cannot provide an analysis of our data that
arguments concerning the properties of the aural distortioincorporates, let alone resolves, the complex issues discussed
products assumed to be responsible for the masking. by Rabineret al. However, we believe that future data ob-
As a check on the sensitivity of our analysis, we alsotained utilizing very large delay§epresenting multiples of
investigated the autocorrelation function assuming a criticathe periods of the signgldn our paradigm with masking
bandwidth of 200 Hz rather that 100 Hz. The amount ofproduced by aural distortion products may permit the use of
variance accounted for when the frequency of the signal wamformation in slipped cycles to be evaluated. Still, it appears
525 Hz dropped to 72%. The amount of variance accountetb us that our analyses are an appropriate beginning toward
for when the frequency of the signal was 450 Hz dropped tdhe understanding of binaural detection data obtained under
61%. We take this as evidence that the first analysis, usingonditions where aural distortion products could be respon-
the 100-Hz-wide critical bandwidth, was not a fortuitous suc-sible for the masking.
cess and that our data and methods have sufficient precision. We now present arguments that indicate that there is
We now consider predictions for the case when thesome other, unknown, factor that plays a role in binaural
525-Hz signal was spectrallgbovethe components of the detection when the signal frequency is above the masking
physical noise which ranged from 0 to 450 Hz. We investi-noise. Recall that, in order to make predictions for several
gated the interaural crosscorrelation of a 50-Hz-wide, rectanvalues of interaural correlation via our interpolation method,
gular, band of noise centered at 425 Hz. This band of noiseve had to measure thresholds using an3¢ configuration.
was chosen because we assumed that masking was producgds was done for all three of our main experimental condi-
by frequencies at the upper edge of the noise and that suchtians. Those thresholds, which are represented by asterisks in
band of noise would not be removed by an internal filterpanels(a)—(c) of Fig. 3, werevery closeto their N¥'So coun-

centered on 525 Hz, the signal frequency. terparts when the frequency of the signals Veager than the
Predictions obtained using the general method describespectral content of the noi§€ig. 3, panelda) and (b)].
above are shown as the solid line in pa@lof Fig. 3. Note Note, however, that the #&0 threshold measured with

that, in this case, the predicted thresholds are a poor fit to thihe frequency of the signabovethe spectral content of the
data and are consistentiygherthan the obtained thresholds. masker[Fig. 3, panel(c)], is 3 dB higher than its NrSo
In fact, using the mean as a predictor would provide a bettecounterpart. As a consequence, when the frequency of the
fit to the data. signal was above the spectral content of the noise, the MLD
It is not the case that our assumption concerning whictbetween NrSo and NoSo conditions is slightly less than 4
frequenciesproduced masking is responsible for the poordB. In contrast, the MLD between the equivalent3$ con-
predictions obtained in this condition. On the contrary, theditions (i.e., an ITD of about 100@s) and the NoSo condi-
data obtained with ITDs greater than 708 are extremely tions is about 7 dB. This is a very important differenée.
well fit by single cosine functions having a frequengighin  priori, one would expect that sSothresholdsfor which the
the upper regiorof the band of noise. In fact, cosine func- interaural correlation of the noise is1, would be equal to,
tions having a frequency in the range of 420—450 Hz, theor lower than, thresholds obtained with any other values of
uppermost region of the noise, each accounted for more thanteraural correlation of the masker. This means that the
90% of the variance in the behavioral data. At the same timeyariations in the thresholds obtained when the frequency of
a cosine function of 525 Hz, the frequency of the signalthe signal wasabovethe spectrum of the noise cannot be
accounted for less than 60% of the variance in the data cokxplained solely in terms of the interaural correlation of the
lected with ITDs greater than 7Q&s. Therefore, the inability masker. This interpretation comes from relations among the
to predict thresholds when the frequency of the signal waslata and does not entail assumptions concerning which spec-
abovethe spectral content of the noise m®t due to the tral components contributed to the masking.
periodicities in the data being somehow incompatible with At this time, we have no explanation for the masking
the spectral region assumed to be responsible for the mastiat occurred when the signal was spectrally above the noise
ing. and when the ITD of the noise was presumably too large to
Our interpretation of the data is predicated on cancellabe equalized. In future investigations, we plan to determine
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whether, and to what degree, binaural interference effect8ons are appreciated. We also thank Dr. H. Steven Colburn,
and binaural masking effects may combine or interact to dean identified reviewer, who correctly, yet supportively, stated
termine detectability for signals placed spectrally abovethat our original discussion section needed severe reorgani-
maskers and/or interferers. Binaural interference refers taation. Supported by research Grant No. NIH DC-00234
degradations in the ability to detect or discriminate interaurafrom the National Institute on Deafness and Other Commu-
differences in cases where masking effects can be ruled outication Disorders, National Institute of Health.
As discussed by Bernstein and Trahidti®95, binaural in-
_terference effects ar_e often asymmetric in that lOW'frEque_nc)éernstein, L. R., and Trahiotis, €1995. “Binaural spectral interference in
interferers affect high-frequency targets more than high- detection and discrimination paradigms,” #dvances in Hearing Re-
frequency interferers affect |0W-frequency targets. At this segrch: Proceedings of the 10th International Symposium on Hearing
time, it appears not too far-fetched to speculate that noisestdited by G. A. Manley, G. M. Klump, C. Koppl, H. Fastl, and H. Oek-

.. | b lized d. theref inghaus(World Scientific, Singapoje
containing large ITDs cannot be equalized and, thereforegjiger, R. C., and Hirsch, I. J(1956. “Masking of tones by bands of
cannot be canceled. Consequently, they may remain to affectoise,” J. Acoust. Soc. An28, 623—630.
detectability via binaural interference. Durlach, N. I.(1963. “Equalization and cancellation theory of binaural

; masking-level differences,” J. Acoust. Soc. ABb, 1206-1218.

I,n summary, we have presented data suggesting that, aBurIach, N. 1.(1972. “Binaural signal detection: Equalization and cancel-
ral dlstortlor?'products that are evoked by a band of.n0|se lation theory,” in Foundations of Modern Auditory Theory, Volume |I
have the ability to produce binaural masking of tonal signals edited by J. V. TobiagAcademic, New York pp. 365-466.
having a frequencjoe'owthe Spectra' content Of the noise_ Goldstein, J. L(1967). “Aural combination tones,” J. Acoust. Soc. AM1,

o : : 676-689.

The _dete_ctablllty of such _S|gnals is well ac_counted for b_yHaIL 3. W., Tyler, R. S., and Femandez, M. £1983. “Monaural and
Con_5|de”ng the expected mt_eraural correlation of agral dis- pinaural auditory frequency selectivity resolution measured using band-
tortion products evoked by interaurally delayed noise. We limited noise and notched-noise masking,” J. Acoust. Soc. A8)894—
conclude that aural distortion products can produce binauraLI898f- 4.7 L.. and Jeffress, L. AL96A. “Effect of noi i

. . angrora, I. L., an eriress, L. . eCtl Ol nolse crosscorrelation
as well monaural maSkmg effec(te.g., van der He”?'en an,d on binaural signal detection,” J. Acoust. Soc. A&, 1455-1458.
Kohlrausch, 1995 On the other hand, data obtained with evit, H. (1972). “Transformed up-down methods in psychoacoustics,” J.
tonal signals having a frequen@povethe spectral content  Acoust. Soc. Am49, 467-477. _
of the noise are not satisfactorily accounted for by considerMcFadden, D., Russell, W. E., and Pulliam, K. @972. *Monaural and
. . . . binaural masking patterns for a low-frequency tone,” J. Acoust. Soc. Am.
ing the interaural correlation of the noise. It appears that ¢; 34 543
another factor, perhaps binaural interference, limits binaurakapiner, L. R., Laurence, C. L., and Durlach, N(1966. “Further results
detectability for signals placed spectrally above masking on binaural unmasking and the EC model,” J. Acoust. Soc. AB.62—
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